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Pe3iome. BaxkxHyro poJib B BOCCTAHOBJICHUH MTOBPEXKICHHBIX OPIaHOB M TKaHE UTPAIOT Me3eHXUMaJIbHbIC
ctBoJioBble KiIeTKU (MCK) u nmpoaylpyeMble UMU MUKPOBE3UKYIsIpHbIe YacTUullbl (MB). OHU MOTYyT OBIThH
MCTOYHUKOM IIUTOKMHOB, aHTUAIIONITO3HBIX U CTUMYJIITOPHBIX pOCTOBBIX (pakTopoB. Kpome Toro, MB ocy-
mectBastoT TpaHcrmopT MPHK, MukpoPHK u curHanbHbIX 0€1KOB B MOBpPEXXASHHbIE TKAHU. DTO MOBbIIIA-
€T CITOCOOHOCTh KJIETOK K pereHepalii, MHIMOUpYyeT allonTo3, CIIOCOOCTBYET aHTMOTEHE3Y U CTUMYJIMPYET
nposmdepanuio Kietok. Llenbio uccienoBaHust ObLIO U3ydeHHE MMMYHOPETYJIMPYIOIINX U IIpopereHepa-
TOPHBIX CBOMCTB MUKPOBE3UKYJ ME3EHXMMaIbHbIX CTBOJOBLIX KjieToK (MCK-MB) Ha Monenu riaunepos-
MHAYLUMPOBAHHOM OCTpoii moyeuHoi HemoctaTouHOCTU (OITH) y Mblieit. DKCrepuMeHThl MPOBOIMUINCH
Ha Mblmax auHuu CBA Bo3pactoMm 3-4 mecsiua. OITH vHayuupoBaiu OTHOKpPAaTHBIM BHYTPUMBILIEUHBIM
BBeneHueM 50% rauueposa. MCK moiydaiim U3 KOCTHOTO MO3Ta 3J0POBBIX XUBOTHBIX, KYJIBTUBUPOBAIN
B CTAHJAPTHBIX YCJIOBUSAX. MUKPOBE3UKYJIBI TTOJyYalnd nyTeM LeHTpudyrupoBanus rpu 12000 g cynepHa-
tanta MCK nocje MHIyKIIMKU UX aIllonTo3a MyTeM KyJBTMBHUPOBAHMS B YCJIOBUSX IeNPUBALIIM KUCIOpOAa
u B becchiBopoTouHOM cpeae. MCK-MB BBoauIM BHYTPUBEHHO B PETPOOPOUTATBHBIN CUHYC Yepe3 CYTKU
nocne unaykiuu OITH. Jo3y MB paccunTbiBanu Kak 3KBUBaJeHTHYIO (TToaydeHHyo u3) 1 miH MCK, uto
coctaBisio 100 MK Ha Mblilb. 2KUBOTHBIX BBIBOAWIU U3 KCIIEpMMEHTa Ha 4-¢ U 11-e CyTKM 1mocjie UHb-
ek MCK-MB. 3abupanu mia3my KpoBU [IJIsI ONIpeaeeHUs] YPOBHSI KpeaTUHUHHA, MOYYy — JJIsl aHaJnu3a
anbOyMuHa, MOYKU — AJIsl TUCTOJIOTMYEeCKOTo ucceaegoBanus. Ilokazano, uto M B, nogyuupyembie MCK,
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JI0303aBUCUMO CTUMYJIMPOBAJIN TIpoJMdepaliiio CIVICHOIIMTOB KaK B CITOHTAHHOM, Tak M1 KOH-A MHIyL-
poBaHHOM TecTe. JlobaBieHne MB BbI3bIBaJIO CHUXKEHUE JOKCOPYOULIMH-UHAYLIMPOBAHHOTO arorTo3a ce-
JIE3€HOUHBIX TUM@POLUTOB Yy Mbilleii. BeposaTHo, B aTom ciydae, npoayuupyembie MCK-MB oxka3sbiBanu
MMMYHOCTUMYJIUPYIOIIee U aHTHanonToTu4eckoe neiicteue. Takske MB okasbIBaiu MOJOXUTEIbHBIN (-
¢deKT Ha BOCCTAHOBJICHUE CTPYKTYPHI M (DYHKIIMU TTOYCK B MOJIEIN OCTPOM MOYCUYHON HETOCTATOUYHOCTU Y
mbiieii. Mcnonb3oBanne MCK-MB B neuennu OITH, uHayuupoBaHHOM OOHOKpATHBIM BBeaecHueM 50%
TJIALIEPOJIa CITOCOOCTBOBAJIO CHIDKEHUIO YPOBHSI aJIbOYMIHA B MOUY€E M BOCCTAHOBJICHUIO YPOBHS KpeaTHUHWHA
B CBIBOPOTKE KPOBH XXUBOTHEIX. MoOpdoIorniyeckre UCCiIeToBaHMs ITOKa3al YMEHbIIIEHNE BEICOThI KJIIETOK
U IMaMeTpa cooupaTebHbIX TPyOOUEeK B MO3TOBOM BEIIECTBE M YMEHbIIIEHE HauOOJIbIIEeTro MOIepeyHOro
IuameTpa cynepduIraIbHBIX KIYOOUKOB B KOPKOBOM BEIIECTBE IMOYEK OOJbHBIX MBIIIeil. Takum obpa-
30M, IOJTYYECHHBIC PE3YJIBTAaThl CBUACTEIILCTBYIOT O 3HAYNUTEIBHBIX TEPAIeBTUUCCKUX U IIPOPETCHEPATUBHBIX
cBotictBax MCK-MB, koTOopbIe TpeOYIOT JTaTbHENIIIETO U3YUYeHUSI.

Karouesoie crosa: mezenxumanvhvle cmeonoswle Kaemku, MUKpO6e3UK).ivl, mepaneemuveckKkoe npumeHenue MUuKpoee3uKyi,
peecenepayus, ocmpdas no4e4Hasd Hedocmamouﬁocmb, 00ne3HU nouex

EXPERIMENTAL APPLICATION RESULTS OF MESENCHYMAL
STEM CELL MICROVESICLES IN THE MOUSE MODEL
OF ACUTE RENAL FAILURE

Ivanova LP.2 Seledtsova G.V.2, Seledtsov V.I.>, Khabalova T.S.2,
Dorzhieva A.B.?

@ Research Institute of Fundamental and Clinical Immunology, Novosibirsk, Russian Federation
b B. Petrovsky Russian Scientific Center for Surgery, Moscow, Russian Federation

Abstract. An important role in restoration of damaged organs and tissues is played by mesenchymal stem
cells (MSCs) and microvesicular particles (MV) produced by them. They can be a source of cytokines, anti-
apoptotic and growth stimulating factors. In addition, MVs carry out transport of mRNA, miRNA, and signal
proteins into damaged tissues. This increases the ability of cells to regenerate and to inhibit apoptosis, promote
to angiogenesis and stimulate cell proliferation. The aim of our research was to study the immunoregulatory
and pro-regenerative properties of mesenchymal stem cell microvesicles (MSC-MYV) in a model of glycerol-
induced acute renal failure (ARF) in mice. The experiments were carried out on CBA mice aged 3-4 months.
AKI was induced by a single intramuscular injection of 50% glycerol. MSCs were obtained from the bone
marrow of healthy animals and cultivated under standard conditions. Microvesicles were obtained by
centrifugation at 12000g of MSC supernatant after induction of their apoptosis by culturing under oxygen
deprivation conditions and in serum-free medium. MSC-MYV was injected intravenously into the retroorbital
sinus one day after induction of ARE. The MV dose was calculated as equivalent to (derived from) 1 million
MSCs, which was 100 uL per mouse. Animals were taken out of the experiment on days 4 and 11 after MSC-MV
injection. Blood plasma was taken to determine the level of creatinine, urine — for albumin analysis, kidneys —
for histological examination. It has been shown that MVs induced by MSCs dose-dependently stimulated
splenocyte proliferation in both spontaneous and Con-A induced tests. The addition of MV caused a decrease
in doxorubicin-induced apoptosis of splenic lymphocytes in mice. Probably, in this case, MV produced by
MSCs had an immunostimulatory and antiapoptotic effect. Also, MVs had a positive impact on the restoration
of structure and function kidneys in a model of ARF in mice. The use of MSC-MYV in treatment of acute renal
failure induced by a single injection of 50% glycerol contributed to decrease albumin level urine and restoration
of creatinine level in blood serum of animals. Morphological studies have shown decrease in the height cell and
collecting duct diameter in the medulla and a decrease in the largest transverse diameter of superficial glomeruli
in the renal cortex of sick mice. Thus, the obtained results indicate significant therapeutic and pro-regenerative
properties of MSC-MYV, which require further study.

Keywords: mesenchymal stem cells, microvesicles, therapeutic use of microvesicles, regeneration, acute renal failure, kidney disease
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Introduction

Increasing evidence indicates important role
of mesenchymal stem cells (MSCs) in restoration
damaged organs and tissues. Their cytoprotective
effect is due not only for processes homing and
differentiation, but also stimulation endogenous rege-
neration resident cells [8]. This occurs due to cyto-
kines secretion, anti-apoptotic and growth factors,
production of microvesicular particles (exosomes
and microvesicles) (MSC-MV), which purposefully
deliver mRNA, microRNA, and signal proteins for
damaged tissues [3, 5].

A number of experimental studies have shown
introduction of microvesicular particles (MV) lar-
gely repeats therapeutic effect of MSCs in various
experimental models of tissue damage, for example,
in acute damage of tubular epithelium induced
by intramuscular glycerol administration or acute
ischemia-reperfusion [2, 5, 6, 10]. Thus, in a model
with glycerol-induced acute renal failure (ARF), it
was shown that MVs carry on their surface CD29,
CD44, CD73, specific markers of MSCs, which
provide targeted MVs transport to the injury site. It
was also shown that MSC-MVs carry out horizontal
transport of mRNA MSCs and involve in control of
transcription, proliferation, and immunoregulation.
Once in the lesion, MV inhibit apoptosis and
stimulate proliferation of tubular epithelial cells,
thus significantly to reduce manifestations ARF in
laboratory animals [2]. Similar results were obtained
in experimental model kidney ischemia-reperfusion,
where it was also shown that MV reduce manifestations
postischemic nephrosclerosis and developing chronic
renal failure [6]. In our study, we analyzed the effects
of exposure MVs derived from MSCs on changes in
immunological, biochemical, and morphological
parameters during glycerol-induced acute renal
failure in mice.

Materials and methods

The experiments were carried out on linear CBA
mice aged 3-4 months. Acute renal failure was indu-
ced by single intramuscular injection of 50% glycerol
at a dose of 8.6 mg/kg. Resulting rhabdomyolysis has
mixed (ischemic, toxic, retention) effect on kidneys.
In preliminary experiments, we showed that such
an impact causes acute necrosis of proximal renal
tubules epithelial cells accompanied by a rather
significant increase in the level of blood serum urea.
All experiments on animals were carried out in
accordance with the “Rules for carrying out work
using experimental animals” (Appendix to the order
of the Ministry of Health of the USSR No. 755 of
1977).

Mesenchymal stromal cells were obtained from
bone marrow syngeneic mice by the method of
adhesion to cultural plastic. Bone marrow derived

from femurs and tibias was suspended in RPMI with
10% FCS. Bone marrow stroma was mechanically
destroyed with a glass homogenizer, washed twice,
and placed in culture dishes in complete medium
based on RPMI 1640. Non-adherent fraction of bone
marrow cells was removed at culture medium changes
starting from day 3. MSCs had classic fibroblast-like
phenotype and formed a continuous monolayer by 4™
week of cultivation. MSCs were removed from plastic
with 0.25% versene-trypsin solution, after which
cells were washed twice from culture medium and
resuspended in physiological saline.

After reaching monolayer, 1 x 10°/mL of MSCs
were subjected to apoptosis by culturing under oxygen
deprivation conditions and in a serum-free medium
for 1-3 days (the culture flask was placed in container,
a candle was lit nearby, and the lid was hermetically
closed). Under these conditions, cells enter state of
apoptosis, and their production of microvesicular
particles, especially fractions of 100-1000 nm,
increases significantly. At the end of cultivation,
1 million cells were centrifuged at 2000 g for 15 mi-
nutes to remove cell debris. The supernatant was
additionally centrifuged at 12000 g for 60 minutes at
4 °C. The resulting pellet was resuspended in 100 pL
of saline. Thus, standard for the amount of MV was
their preparation from 1 million cells and dilution in
100 pL of 0.9% NaCl solution. In some experiments,
protein content was determined in the obtained MVs
by the Bradford method, and MV size was estimated by
cytofluorimetry. The MV size was 100 nm-1000 nm,
which was confirmed by cytofluorimetry using the
FACS-CytoFLEX instrument.

MYV was administered intravenously into the mouse
retroorbital sinus one day after induction of acute renal
failure. The MV dose was calculated as equivalent to 1
million MSCs, which was 100 uL per mouse. Animals
with induced acute renal failure were withdrawn from
the experiment on days 4 and 11 after MV injection.
Blood plasma was collected to determine level of
creatinine, urine — for albumin analysis, kidneys for
histological examination, splenocytes for evaluation
of proliferation and cell cycle.

Effect of microvesicular particles on splenocyte
proliferation was studied in the 3H-thymidine in-
corporation test. Splenocytes were obtained by homo-
genizing the syngeneic mice spleens and then cultured
in a 96-well plate at 300,000 cells per well in complete
medium with or without addition MV for 3 days.
The dose MV was calculated from the protein by
Bradford method and added at 10 ug/mL, 30 ug/mL
and 90 pg/mL. H3-thymidine was added 16 hours
before finish culture. The results were evaluated on
B-scintillation counter.

Splenocytes from CBA mice were cultured 2 days
in a 6-well plate at 5 million cells per well in complete
medium in absence or presence of microvesicles at
90 ug/mL for determine effect microvesicular particles
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on resistance lymphocytes for apoptosis. Then, for
induce apoptosis, doxorubicin was added at a dose of
0.1 umol/I for a period of 24 hours. Next, cells were
removed, fixed with 0.5% paraformaldehyde, stained
with propidium iodide. The percentage of cells in the
state of apoptosis was evaluated on a FACSCalibur
flow cytometer. Splenocytes from healthy mice and
splenocytes from mice with glycerol-induced renal
failure were used in the experiment. Serum creatinine
was measured using BioVision, Creatinine (Mouse)
ELISA Kit rev 03/18, Catalog Number E4369-100
(Abcam); urinary albumin was measured using Mouse
Albumin ELISA Kit, Catalog Number ab108792
(Abcam).

For histological examination mice kidneys were
fixed in 4% formalin solution, then dehydrated
according to standard procedure and embedded in
paraffin. Paraffin sections 4-5 um thick were obtained
using a rotary microtome HM 340E (Carl Zeiss,
Germany), stained with hematoxylin and eosin,
Sirius red and Mallory. Light-optical examination
and microphotography were carried out using an
Axioskop 40 microscope (Carl Zeiss, Germany).
Morphometric analysis of kidney structures was
performed on paraffin sections. The values of
the following morphometric parameters were
determined: — diameters superficial renal glomeruli
(renal corpuscles); diameters collecting ducts and
height their cells, measured in the middle third renal
medulla. Morphometric calculation was performed in
a field of view with an eyepiece 10x/25 and a lens 63x.
The data obtained during the study were processed
using the one-way ANOVA method. Values were
calculated using GraphPad Prism 8 software. The
results were analyzed using the computer program
Graph prism 8. Student’s T-test was used to assess the
significance of differences.

Results and discussion

Figure 1 shows the results splenocyte proliferation
and their apoptosis levels after MSC-MV exposure.

We found a significant dose-dependent stimulatory
activity of MSC-MV in both spontaneous and
Con-A induced proliferative tests. The proliferative
activity of splenocytes increased 3-fold after addition
of 10 pug/mL MSC-MYV, cultivation in presence
of 30 and 90 pg/mL MSC-MV had an even more
pronounced effect (Figure 1A, B). Also, MV addition
caused decrease level of splenocyte apoptosis
(Figure 1C). Thus, microvesicles produced by MSCs
had an immunostimulatory effect and showed a high
potential in maintaining and stimulating cell growth.
Mice were induced with ARFE Three experimental
groups were formed for the study: intact animals;
mice with ARF; mice with ARF treated with MSC-
MYV. Functional and biochemical parameters of
excretory system and morphological changes in
structure kidneys were studied in this groups on days 4
and 11 after intravenous administration of MSC-MV.
After intramuscular injection of 50% glycerol on day 4
the level of urine albumin increased 3 times in experi-
mental group mice compared with intact animals.
MSC-MYV introduction led to decrease in albumin
(Table 1). The blood serum creatinine concentration
mice with acute renal failure on day 4 did not differ
from the values of intact mice, only on day 11 we
recorded a significant increase in this indicator by 1.5
times. The MSC-MY restored the level of creatinine
to control values in these experiments (Table 1). Thus,
MVs had a positive effect on restoration of glomerular
apparatus and excretory function of kidneys.
According to the results of morphological analysis,
it can be said that in the group of mice with induced
ARF on 4" day studies was enlarged (compared to
intact group) superficial glomeruli are detected in
the renal cortex. Cell height and collecting duct
diameter was increased in the medulla (Figure 2A).
Blood rheological properties in the papillae kidney
manifested in the form of plasma proteins sweating
and erythrocyte sludge. The urinary space of the
glomeruli of cortical substance is practically not
determined in the group ARF study kidney on 11™
day. It was probably caused by reduced an amount

TABLE 1. BIOCHEMICAL PARAMETERS IN URINE AND BLOOD SERUM OF MICE WITH ACUTE RENAL FAILURE ON DAYS 4

AND 11 AFTER EXPOSURE TO MSC MICROVESICLES.

Albumin concentration (ng/mL) in mice urine

Intact ARF ARF + MSC-MV

4™ day 298.61+51.55 172.60£74.39
98.41+£15.63
11t day 243.42+19.72 132.10+38.22
Creatinine concentration (ng/mL) in mice blood

Intact ARF MSC+ MSC-MV

4t day 2.379£0.090 2.65+0.12
2.24+0.16

11t day 3.11410.390 1.91+0.12*

Note. * p < 0.05, significance of differences in comparison with the ARF group.
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Figure 1. Proliferative response (A - in absence or B - in presence of Kon A) and splenocyte apoptosis (C) of mice in

response to MSC-MV exposure

Note. 10 pg/mL, 30 ug/mL, 90 pg/mL, MV concentration in culture liquid. ** p < 0.01; ** p < 0.001, significance of differences compared to

lymphocytes without addition of MV.
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Figure 2. Morphological changes of kidney structure in acute renal failure on day 4 (A) and day 11 (B) of the study
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of filtered urine. There is a sharp degeneration of
glomerular cells (the size of the mesangial cells, the
intercellular substance is reduced), the transverse size
of glomeruli themselves is increased (micrographs of
morphological data are not presented).

Morphological kidney changes were less pro-
nounced in the group of mice with injected MSC-MV
compared to the group ARF mice on research day
4. The height cells and collecting duct diameter are
reduced in renal medulla, while we recorded increase
the Henle loops lumen and decrease degeneration
of the Henle loops cells. There is also insignificant
decrease in the largest transverse diameter superficial
glomeruli (Figure 2A). Partial spontaneous resto-
ration structure kidneys occurred on the research
11" day, however, the MSC-MYV introduction
accelerates this process. There are minimal changes
in the size glomeruli kidneys, no dystrophic changes
were registered in the cortex (Figure 2B). Thus, in
the model AREF, pronounced regenerative effect of
microvesicles obtained from MSCs is noted. This
effect was confirmed both morphologically and
functionally by determining of albumin level in urine
and creatinine in blood serum.

Microvesicles have structures 100-1000 nm. Their
membrane separates from cytoplasmic membrane
cells and carries various enzymes, transcription
factors, mMRNA molecules. MV formation is
characteristic for many types of cells — leukocytes,
erythrocytes, stem and tumor cells. At present, their
participation in development of many cardiovascular
and neurological diseases, invasion and metastasis
tumor cells has been established [12]. The importance
of extracellular vesicles lies in their ability to transfer
biologically active molecules and genetic information
to other target cells, influencing their functions [3].
Stem cell-derived MVs promote tissue repair and
reduce inflammation in various models of ARF [4].

The hallmark of ARF is a rapid decline in kid-
ney function in parallel with loss of tubular cells, lea-
ding to an increase in urea and creatinine plasma.
MSC-MVs from a bone marrow accelerate to repair
of damaged tubular cells, promoting cell proliferation
and protecting cells from apoptosis [2]. The effects of
MYV are mainly associated with horizontal transfer of
genetic material [5]. For example, MSC-MV from a

References

bone marrow carry specific mRNAs that to stimulate
damaged recipient cells to re-enter a cell cycle [2].
There is also evidence that transfer of human IGF-1
receptor mRNA (present in bone marrow MSC-MYV)
to tubular cells is a fundamental event to initiate
kidney recovery [13]. In models of toxic acute
renal failure induced by cisplatin and gentamicin,
MSC-MV improved kidney function and reduced
classical histological signs of the disease [15]. Similar
results were obtained using umbilical cord blood
MSC-MYV, human liver stem cells, which showed high
clinical efficacy in experimental conditions of acute
renal failure.

Conclusion

In our work, we found MVs derived from MSCs are
able to enhance proliferation splenocytes and reduce
level of their apoptosis in an experimentally induced
system. Also, on the ARF model, we recorded an
improvement in excretory function of kidneys,
assessed by normalization of biochemical parameters
in urine and blood (albumin, -creatinine) and
restoration of morphological structure already on the
4™ day after introduction of MSC-MV. At the same
time, MSCs have immunoregulatory properties [9].
Immune system contribution in processes damage
and restoration renal tissue has been shown in a
number of works. In acute kidney injury, regardless
of genesis, there is an increased activity of many its
components, an enhancement in local production
of cytokines number, growth and colony-stimulating
factors [7, 11]. There are also data on a negative role
of T, B lymphocytes and activated macrophages in the
pathogenesis of renal failure. [11, 14]. At the same
time, T regulatory cells number increasing contributes
anti-inflammatory effect [1, 11]. Considering the
above, we believe it appropriate to further study
immunoregulatory properties not only MSCs, but
also microvesicles produced by them.
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