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Summary

In compliance with most observations, the multipotent
stromal cells (MSC) remain at the site of implantation
after local application, whereas intravenously adminis-
trated MSC first appear in lungs followed by distribution
to different tissues and organs, however, at much small-
er quantities. Moreover, there are data on predominant
migration of systemically infused MSC into liver, and
not into the lungs. Destruction and elimination of intro-
duced MSC, according to published data, occurs in the
spleen, kidneys and liver. Due to controversial results
on MSC distribution and elimination from the body,
the aims of our study were as follows: to investigate the
fate of tissue-injected autologous bone marrow-derived
multipotent mesenchymal stromal cells (MMSC) en-
tering liver, kidneys and lungs, as well as to obtain new
evidence for their elimination from the body via these
organs.

Materials and methods

The work is based on morphological evaluation of lungs,
liver and kidneys from 6-mo old male rats (Wag inbred
strain) at different terms after subcutaneous injection
of MMSC labeled with membrane-binding Vybrant®
CM-Dil dye. Morphological patterns and distribution of
labeled objects in these organs were investigated using
visible and luminescent microscopy.

Results

The first luminescent macrophages observed with
rhodamine colour-filter were initially revealed in the
lungs one week after MMSC injections. The number
of luminescent cells and intensity of their fluorescence
increased gradually over successive 2-4 weeks. By
2-3 weeks, this red tint was revealed in the inclusions
of epithelial cells in some bronchioles. The Vybrant®
CM-Dil-labeled objects were sometimes detected at the
very edge of alveoli, and even partially located in alveo-
lar lumen. The objects stained by Vybrant® CM-Dil were
not found in liver and kidneys at any observation terms.

Conclusion

Following subcutaneous injection, MMSCs and their
fragments seem to enter bloodstream and migrate to the
lungs, where these cells are phagocytized by macrophag-
es. Only after filtration in lungs, the MMSC debris can
further disseminate throughout the body. Elimination
of detritus from injected MMSC is possible in lung al-
veoli and further, via bronchial system, to the ambient.
Vybrant® CM-Dil-labeled MMSC fragments were not
found in liver and kidneys, thus disagreeing the litera-
ture data on potential role of these organs in the destruc-
tion or removal of injected autologous or foreign MSC.
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Introduction

The increasing implementation of cellular therapies into
clinical practice and development of personalized medicine
requires appropriate studies of differentiation, organ distri-
bution, destruction and elimination of widely used multipo-
tent stromal cells (MSC). According to the work of most re-
searchers, the MSCs remain at the site of implantation after
local administration, whereas intravenously infused MSCs
first appear in lungs, being later on distributed to different
tissues and organs [1, 2], however, at much fewer quantities.
Moreover, there are reports on predominant migration of
systemically administrated MSC into liver, and not into the
lungs [3, 4].

The final fate of exogenously introduced MSC is still un-
clear. There are reports that MSCs are absorbed by immu-
nocompetent cells of the recipient [5, 6], there is evidence
of the production of antibodies against transplanted MSC
with their rejection [7], the recipient can acquire immuni-
ty to MSC after repeated administration via increase in the
percentage of T-cells [8]. Another possible way of eliminate
MSC is that they can undergo apoptosis and disintegrate. The
results of studies by A. Galleu et al. [9] are very interesting,
they showed that apoptosis of MSC immediately after ad-
ministration may be necessary for therapeutic efficacy. The
destruction and elimination of introduced MSC, according
to published data, occurs in the spleen [10], kidneys [10-12]
and liver [10, 11]: the organs responsible for the destruction
of other cells. However, Y. Takasaki et al. [4] found very few
injected MSC in kidneys, and Y. Lei et al. [3] generally reject
the possibility entering of such cells in the kidneys.

Due to the controversial data from literature about distri-
bution and disappearance of MSC from the body, the aims
of our study were as follows: to investigate final fate of tis-
sue-injected autologous bone marrow-derived multipotent
mesenchymal stromal cells (MMSC) entering liver, kidneys
and lungs, as well as to obtain new evidence for their elimi-
nation from the body via these organs.

Materials and methods

The experimental study was designed to perform morpho-
logical examination of lungs, liver and kidneys from male
rats (Wag inbred strain) at 6 months of age (body mass 180-
200 g).

It was performed at different terms after subcutaneous
MMSC injections as made during cosmetic procedures. All
manipulations with animals were carried out in aseptic op-
erating room, in compliance with the "Rules for the Works
Using Experimental Animals".

Isolation, characterization, preparation and
introduction of MMSC in the experiment

MMSC were isolated from the bone marrow of syngeneic
rats, characterized and cultured in accordance with our pre-
vious works [5, 6]. The second-passage MMSC were mem-
brane-stained by Vybrant® CM-Dil solution (Thermo Fisher
Scientific, USA), with maximal absorption wavelength of
553 nm, emission at 570 nm [5, 6]. The dye was added to
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MMSC suspension (5 uL per 10° cells in 1 mL serum-free
culture medium), then gently and thoroughly mixed by pi-
petting, and left for 20 min in a CO, incubator at 37°C, un-
der 100% humidity. Then, MMSC were centrifuged for 5 min
at 1500 rpm, the medium with the dye was discarded, and
MMSC were resuspended in a new aliquote of warm medi-
um. After 3-fold washing, MMSC were resuspended in warm
medium and brought to a concentration of 10° cells/mL.
Thereafter, following skin disinfection with ethyl alcohol,
100 pL of MMSC suspension in culture medium (1 mL con-
tained 1x10° cells with a viability of >92%) was injected sub-
cutaneously by insulin syringe into the region of upper third
of the femur/inguinal ligament. The animals were sacrificed
at 1; 2; 3; 4; and 5 weeks after MMSC injection. Intact rats
were used as a control. In each group, 12 animals were used
at any experimental point.

Sample processing for morphology studies

For morphological evaluation, the fragments of lungs, liver,
and kidneys were isolated. The objects were fixed in a 4%
paraformaldehyde in phosphate buffer solution (pH 7.4)
for at least 24 hours, then dehydrated in a series of increas-
ing ethanol concentrations. The samples were cleared with
xylene, and embedded into Histoplast. The sections with a
thickness of 5-7 pm were stained by hematoxylin and eosin,
and examined with Axioimager M1 light microscope (Zeiss,
Germany) at a magnification of <1200x.

In addition, unstained sections were examined in the lumi-
nescence mode of Axioimager M1 microscope using colour
filters for Alexa Fluor 488 (excitation range 450-490 nm, reg-
istration range 515-. nm) and for Rhodamine (Rhod - ex-
citation range 540-552 nm, registration range 575-640 nm).
Tissue examination under UV light with Alexa Fluor 488
filter was aimed for detecting green background autofluores-
cence, which, firstly, provides good contrast for other lumi-
nescent objects, e.g., with Rhodamine filter (red color and its
shades are clearly visible on a green background). Secondly,
it is possible to see the structure of the studied tissues and
better localize the objects with red luminescence in a distinct
organ [5, 6].

Automatic exposure was used for obtaining microphoto-
graphs, when combining the images using Alexa Fluor 488
and rhodamine filters. Thus, one may obtain green and red
(or orange and yellow) color, depending on prevalence of
the glow intensity using distinct filters. Brighter fluorescence
when using an Alexa Fluor 488 filter gives green lumines-
cence, using a rhodamine filter produced red color. Yellow
luminescence and its shades resulted from mixing green and
red colors at different ratios [5, 6].

Results and discussion

The first luminescent objects of various shape and size, when
applying rhodamine filter, were revealed in lungs by one
week after MMSC injection (Fig. la). Numbers and fluo-
rescence intensity of such luminous particles gradually in-
creased over the observation period of 2-4 weeks (Fig. 1b, c,
d). Only at 5th week, the number of luminescent structures
decreased slightly, but remained detectable in significant
number of cells. Most likely, the large fluorescent objects
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should represent macrophages, and smaller luminescent in-
clusions are their lysosomes. This conclusion was made on
the basis of the following visual data [5, 6]: (1) Cell size: only
few cells can exceed 20 pm in diameter, and macrophages
are among such large cells; (2) Presence of many oval, clearly
limited, fluorescent inclusions of different-size, which, most
likely, are lysosomes. It should be noted that MMSC cyto-
plasm is rather evenly stained by Vybrant® CM-Dil [13]; (3)
Irregular cell shape.

Most likely, the Vybrant® CM-Dil-labeled MMSCs seem to
penetrate into the bloodstream with time [6], migrate to the
heart and arrive to lung, where are captured by numerous
perivascular and alveolar macrophages, as it happens in oth-
er tissues [6]. Due to phagocytized material, the macrophage
lysosomes become luminescent when exposed to UV light.
When using Rhodamine colour filter [5, 6], one cannot also
exclude staining of macrophage membranes by Vybrant®
CM-Dil.

Due to short lifetime of injected MMSC in the tissues, an
opportunity exists for migration of both cells and their
fragments (debris) through blood flow into pulmonary cir-
culation [5, 14, 15]. This MMSC debris is adsorbed by pul-
monary macrophages causing staining of their structures.
There is an opportunity of macrophage migration with other
antigens, including those with Vybrant® CM-Dil-stained de-
tritus, from the tissues via blood to the lungs. In any case,
the lung tissues and structures do not contain any intact Vy-
brant® CM-Dil-labeled MMSC, but only their fragments, or
debris-containing macrophages.

Hence, the described time-dependent dynamics of lumi-
nescent cell numbers in the lungs could be well explained
by gradual replacement of injected MMSCs and relevant
structures by cell populations differentiating from the own
recipient cells. According to the literature data, this process
is maximally expressed in rats within 2-3 weeks after the

Figure 1. Rat lungs at different terms after inguinal subcutaneous MMSC injection. The combined images were
obtained in luminescent mode of the microscope using Alexa 488 and rhodamine colour-filters

A, Numerous objects with predominant fluorescence obtained with Rhodamine filter are contained within alveolar wall one

week after the MMSC injection.

B, Paravasal arrangement of structures with predominantly glowing inclusions with Rhodamine filter at 2 weeks after MMSC

administration.

C, The objects with predominant fluorescence revealed with Rhodamine filter are observed in the wall of alveoli at 3 weeks after

MMSC injection.

D, Four weeks after MMSC application: the particles with more intense fluoresce seen with Rhodamine filter are located in the

alveolar wall.
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MMSC administration, when labeled cells disappear from
the tissues, and the number of luminescent macrophages in
regional lymph nodes becomes the largest [5].

Thus, one may suggest that, the detritus from injected
MMSCs site early arrives to lungs, i.e., the cell fragments
which were initially non-viable or died in situ soon after ad-
ministration, due to drastic changes in their viability [5, 14,
15]. Then, starting from 2 weeks, when there is a massive
elimination of labeled cells from tissues [5], the content of
the dye-labeled objects in the lungs increases sharply, when
using a Rhodamine colour-filter. It could be suggested that
the stained MMSCs or their detritus do not enter lungs at
later terms, and only macrophages that have previously ab-
sorbed a large volume of labeled objects will show fluores-
cence. Consequently, the luminescence intensity and the
number of fluorescent cells will gradually decrease, due to
the migration of such macrophages, their destruction and,
possibly, due to the gradual lysis of stained structures, with a
decrease in the Vybrant® CM-Dil concentration.

It should be especially noted that after 2 weeks, upon care-
ful examination of the lungs, a red tint was found in the in-
clusions in the epithelial cells of some bronchioles (Fig. 2a),
which contained a certain amount of cellular detritus, these
was clearly visible when staining sections by hematoxylin
and eosin (Fig. 2b). At week 3, the inclusions in epithelial
cells of individual bronchioles showed a more distinct red
staining when exposed to UV light via a Rhodamine filter. A
careful study sometimes showed oval objects with weak red
fluorescence, similar to cells with destruction phenomena:
the empty cell membranes after loss of its content, organelles
(Fig. 2c). Peribronchial tissues in such areas were abundantly
infiltrated by macrophages (Fig. 2d).

It should be noted that sometimes, also at 2-3 weeks after
MMSC injection, the Vybrant® CM-Dil-labeled objects were
located on the very edge of alveolar lining, being even par-
tially located in the alveolar lumen (Fig. 2e, g), where many
macrophages with signs of destructive changes were detect-
ed in H&E-stained sections (Fig. 2f, h).

It is possible that such a pattern is associated with elimina-
tion of MMSC detritus (or macrophages with large amounts
of such MMSC debris) from the body. It is likely that mac-
rophages with large amounts of MMSC detritus from capil-
laries and larger vessels of the lungs, are also dying, and their
fragments appear first at the edge, and then within alveolar
lumens (or phagocytes migrate into the lumen of alveoli,
where they die and undergo destruction) from where they
are eliminated outwards through the bronchi and trachea. It
is also possible that macrophages with MMSC detritus from
other tissues can migrate to the lungs and undergo destruc-
tion. Labeled Vybrant® CM-Dil detritus of previous MMSCs,
and now macrophages, appears in the alveolar lumens, from
where it is eliminated to the ambient via bronchi of different
sizes, staining some epithelial structures as well.

Thus, MMSC could get into the lungs from the inguinal sub-
cutaneous tissues via blood vessels. The Vybrant® CM-Dil-la-
beled MMSC and their detritus are absorbed in lungs by
numerous macrophages located near vessels and in alveolar
septae. The macrophages may die, after accumulating a lot
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of antigenic particles, and these incompletely lysed sub-
stances, including Vybrant® CM-Dil-labeled MMSC detritus
and, possibly, stained membranes of these phagocytes, first
appear in alveolar walls, and, later, in their lumens. Conse-
quently, these substances are eliminated through the bron-
chi outwards. This is evidenced by both stained inclusions
in bronchiolar epithelium and Vybrant® CM-Dil-labeled
fragments of cells, most likely macrophages, in alveoli and
bronchi.

At all observation periods, the objects stained by Vybrant®
CM-Dil were not found in liver and kidneys. Apparently,
the subcutaneously injected MMSCs, if they enter blood
flow, or these cells completely settle in the capillary network
of the pulmonary circulation and do not reach the indicat-
ed organs. Another reason is that their macrophages do not
adsorb antigens such as MMSC and their debris from the
blood. This coincides with some results of Lei et al. [3] and
Takasaki et al. [4], who detected no MSC or found very little
this cells after their systemic administration in the kidneys,

Fig. 2. Morphological data concerning possible elimi-
nation of MMSC detritus via the lungs in experiment
(see page 71)

A, Small inclusions in the bronchiolar epithelium at 2 weeks
after MMSC injection fluoresce red with Rhodamine filter.
The combination of images obtained in the luminescent
mode of the microscopy using Alexa 488- and rhodamine
filters.

B, Cellular detritus in the bronchiolar lumen represented in
the photo "a". (Hematoxylin/Eosin staining).

C, Cells with a significant predominance of fluorescence
with Rhodamine filter are located next to bronchiole at
3 weeks after MMSC injection. An object similar to a cell
with destruction phenomena, is weakly glowing when using
Rhodamine filter, being located in the bronchiolar epithe-
lium (arrow). Combined images obtained by luminescence
microscopy using Alexa 488- and Rhodamine filters.

D, Tissues adjacent to the bronchiole represented in picture
"c" are largely infiltrated by macrophages (Hematoxylin/Eosin
staining).

E, Distinct objects located just along the edge of alveoli 2
weeks after the MMSC injection glow much brighter when
using a Rhodamine filter: combined images obtained by lu-
minescent microscopy with Alexa 488 and Rhodamine fil-
ters.

F, Oedematous effusion, macrophages and red blood cells
are located in alveolar lumen, presented on the picture "e"
(Hematoxylin/Eosin staining).

G, Objects of various sizes with intense fluorescence when
using Rhodamine filter are located along the edge and in lu-
men of alveoli (arrow) 3 weeks after MMSC use. The com-
bined images were obtained by luminescent microscopy
with Alexa 488 and Rhodamine filters.

H, The limited area of alveolar lumen presented in picture
"g" contains edematous effusion with fibrin, erythrocytes
and macrophages, some phagocytes show destruction signs.
(Hematoxylin/Eosin staining).
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but contradicts other data from these and other researchers
[3, 4, 10-12], especially reports of higher MSC numbers in
liver than in lungs [3, 4], and on destruction and elimination
of injected MSC by liver [10, 12] and/or kidneys [10-12].

Conclusion

Hence, one may conclude that MMSCs injected into the sub-
cutaneous tissues and their detritus enter blood flow and end
up in the lungs, where these cells are phagocytized by mac-
rophages. The MMSC debris can disseminate throughout the
organism only after filtration in lungs. In lungs, the elimi-
nation of detritus from injected MMSC could proceed via
alveoli and further, through the bronchial system, to the am-
bient. Vybrant® CM-Dil-labeled MMSC fragments were not
found in liver and kidneys. Therefore, it contradicts some lit-
erature data on important role of these organs in destruction
or removal of injected autologous or foreign MSCs.
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Bo3MOXKHOCTb NMNMUHALUWUKN BBel@HHbIX MVJIbTUNOTEHT-

HbIX CTPOMAJIbHbIX KJIETOK Yepes3 Jierkue

HUrops B. Maii6oponus ', Poman B. Macios !, Tatesana B. Muxeesa ', Cepreit B. Mapuykos ',
Buranuua V1. Maitbopopuna 2, Anexcauap A. Illepena !

! LleHTp HOBBIX MeAMLIMHCKUX TeXHOMOrnit, PefepanbHOE TOCYapCTBEHHOE OIOKETHOE YUpexeHe HayKu «VIHCTUTyT
XyuMudecKo 6uonorun u pyngameHTanbHoit Meaniyuusl CO PAH», HoBocubupck, Poccns

2 VIHCTUTYT MOJIEKY/LAPHOI Iatonoruu 1 naroMmopgonorun, OefepanbHplil HAYYHO-UCCIIELOBATENIbCKIIL LIEHTP
¢byHIaMeHTaIbHOI Y TPAaHCIALMOHHOI MeguunHbl, HoBocubupck, Poccus

Pe3slome

CornacHo paboram OONBUIMHCTBA WCCIIENOBATENEN,
IpY MECTHOM IPMMEHEHUM MYIbTUIIOTEHTHbIE CTPO-
manbuble kaeTku (MCK) ocraroTca B MecTe MMIIIaH-
Tanuu, a BBefieHHble BHyTpuBeHHO MCK cHavasna oka-
3bIBAIOTCS B JIETKMX U TOJIBKO IIOTOM pacCIpefe/IsIioTCs
10 BCEMYy OpraHNu3My, HO Y>Xe B 3HAYMTENTbHO MEHb-
1IeM KOJIm4ecTBe. BMecTe ¢ TeM MMEITCS COOOIEHs
0 INpPEeMMYIIeCTBEHHO Murpauuy MHQY3MPOBaHHBIX
cucremHo MCK B meyenb, a He B yierkne. Paspymenne
u amuMuHaiusa BBemeHHbIX MCK, 1o maHHBIM uTe-
paTypbl, IPOUCXOANUT B Cele3eHKe, MOYKAX ¥ MeYeHM.
B cBA3M c MPOTMBOPEUMBOCTHIO INTEPATYPHBIX JAHHBIX
o pacpepenenun u ucuyesHopenuy MCK u3 opranus-
Ma OblTa ITOCTaBJIeHA Lie/lb MCCIeNOBaHNA — U3YYUTD
BO3MOYXHOCTD TIOMAIaHNsA B I€YeHb, ITOYKM U JIETKIE
MyJIbTUIIOTEHTHBIX ME3€HXVMHBIX CTPOMAJIbHBIX Kjle-
ToKk (MMCK) mocjie ux TKaHEBOJ MHBEKIUN, a TaKXKe
MOTyYUTh HOBbIE JOKAa3aTeNbCTBA MX SNMMUHALINM U3
OpraHyusMa yKasaHHBIMJ OpraHaMIu.

Matepuan n metoauka

PaboTa ocHOBaHa Ha pesymbraTaX MOP(OIOTMIEecKO-
IO JMCCHIENOBaHM JIETKMX, TIeYeHNU M MOYeK KPBIC-CaM-
1[0B MHOpenHol nmuHMKM Wag B pasHble CPOKM IIOCIIE
IIOFKOXKHOJI MHDBeKIyM B maxoByl obmacte MMCK,
OKpAIlleHHBIX MeMOpaHO-criennpnIecKuM KpacuTeneM
Vybrant® CM-Dil. Metofamu CBETOBOJ U TIOMUHEC-
LIEHTHOJI MMKPOCKOIVM DPErUMCTPUPOBAIN IIOSBJIEHVE
U pacIpefie/ieHlie MeYeHBIX OOBEKTOB B YKa3aHHBIX
OpraHax.

Pesynbrarthl

Yepes 1 mepmemio mocie BBefeHnss MMCK, B merkmx
MOABWIVCH IIepBble TIOMUHECHMpPYIOLe Makpodarn,
BBLSIB/IsIEMBIE TP IIOCPEACTBE CBeTOGMIBTPA [ PO-
TaMuHa. B Teyenne 2-4 Hemenb KOMMYECTBO TaKUX CBe-
TAIVXCA KJIETOK IIOCTEIIEHHO HapacTaeT, TAKXKe yBeJIl-
YJBAeTCA MHTEHCUBHOCTD X (rroopeceHym. CirycTs
2-3 Hepmenu ObUI HalileH KPacHBI OTTEHOK BO BKJIIOYE-
HUSX B SIINATENNATBHBIX KIIETKaX OTIE/IbHBIX OPOHXMOIL.
Vuorga Meyensie Vybrant® CM-Dil 06bexTsI 651111 pac-
IIOJIOXKEHBI IT0 CAMOMY Kpalo aJIbBEOJI I JaXke YaCTUIHO
HaXOJWINCh B IPOCBeTe ambBeol. OOBEKTHI, OKpAIIIEH-
uele Vybrant® CM-Dil, He 6bUIi HalifieHBI B IIeYeHN U
MTOYKAX BO BCE CPOKI HAOTIOIEHIS.

3aKnyeHune

ITocne mMHBEKIMM B TOAKOXXHO-XMPOBYIO KIeTYar-
Ky MMCK »n ux ¢pparMeHTsI II0Iafa0T B KPOBOTOK U
OKa3bIBAIOTCS B JIETKUX, I'le (arOLUTUPYIOTCI MaKpoO-
¢aramu. Tonpko mocie GUIBTPALVM B JIETKUX, feOpuc
MMCK MOXeT AMCCEMUHUPOBATH IO BCEMY OpPTaHMU3-
My. B 7Terkyx Bo3MoKHa S1VIMUHALVA [IeTPUTA VIH'bEIIV-
posanHbpix MMCK B anbBeosbl 1 lajiee, 9epes CUCTEMY
OpOHXOB, BO BHEIIHIOIO Cpeny. B meyeHu u moykax Me-
gensle Vybrant® CM-Dil ¢pparmentst MMCK HajifeHbI
He ObUIY, YTO HEe COOTBETCTBYET JaHHBIM JIUTEPATYPbI O
Ba)KHOI POJIM 3TUX OPTAaHOB B IECTPYKIUY MK yHasie-
Huu BBefeHHbIX n3BHe MCK.
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