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ABSTRACT

The strain of mice with immunodeficit provides a popular experimental model in oncological, immunological, and
transplantation studies. Athymic nude mice (Nudes) are usually used to explore the engraftment, growth, invasive infil-
tration, and potency to develop metastases for different types of cancer, as well as to test in preclinical assessment new
anti-tumor medical products. Nude-mutation in Foxnl gene results in the congenital thymus dysgenesis, and, as a con-
sequence, in the lack of T-lymphocytes. In its turn, it leads to the suppression of the immune functions which involve
T-cells. It is generally accepted that Nudes’ immune deficiency provides an opportunity to engraft in them immunologi-
cally incompatible human tumors that are xenogeneic for mice.In our study we have shown that there are some types
of tumors that cannot be engrafted in BALB/c Nude mice. In particular, we have discovered that tumor cells deficient in
p53 gene are not able to grow in Nude mice.Furthermore, we have used in vitro model system to demonstrate that the
exosomes released by the fibroblasts of BALB/c Nude mice suppress the growth of the very same tumor cell lines that
cannot be engrafted in these mice, but the exosomes do not affect the growth of the tumor cells that can be engrafted
successfully. One of the possible mechanisms of tumor growth suppression in BALB/c Nude mice is the transfer of the
exosomes containing wild type p53 protein from the surrounding tissues to tumor cells with gene p53 damage.
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INTRODUCTION

Experimental models of human diseases play an impor-
tant role both in understanding what biological and
genetic factors influence phenotypic characteristics
of the disease and in developing the strategy for its
treatment.When using in vitro cell models for human
tumor research one should take into consideration that,
though these studies are necessary, they are reduction-
ist, as often the parameters of the cell culture cannot be
equated with the tumor growth inside the host’s body
where the tumor has specific micro-environment. Mod-
eling human cancer with the help of genetically flawed
mice is an alternative way to study carcinogenesis in
vivo. It provides an opportunity to detect cell and molec-
ular changes taking place at the initiation of cancer and
during its further progression (Stakleff, 2003, Shultz,
2014; Boone, 2015).

One of the mechanisms preventing formation and
growth of the malignant tumors in human body is
immune system, and in particular, cell immunity based
on the activity of T-lymphocytes attacking tumor cells.
To research anti-tumor activity of the immune system
the mice with deficient T-cell immunity are widely used.
Athymic mice line BALB/c Nude is generally accepted as
a model for this kind of experiments. The main advan-
tage of this experimental model is natural immunode-
pression resulting from the functional deletion in Foxn1
gene. As the result of the deletion, thymus is either dete-
riorated or absent, and, as a consequence, the number
of T-cells is negligible, and, therefore, cell immunity is
inhibited (Pignata,1996; Frank, 1999; Zuklys, 2016). In
cancer research a large number of various tumor cell
lines are used for inoculation hence, it is comparatively
easy to engraft a tumor being studied in the mice just
inoculating the host-animal with the tumor cells. It is
believed that BALB/c Nude mice can host even immu-
nologically incompatible, xenogneic for mice human
tumors, (Liebman, 2007; Zeineldin, 2014; Conrad, 2015).

However, in our study we discovered that not all tumor
grafts could grow in BALB/c Nude immune deficient mice.
We were not able to reach a positive result of inoculation
with primary glioma lines developed in our laboratory.
The fact led us to the idea of an alternative mechanism
of tumor growth inhibition - the mechanism which did
not involve the immune system. If the mechanism exists,
then even though Nude mice lack T-lymphocyte mediated
cell immunity, the mechanism will account for inhibition
of the growth of inoculated human tumor cells.Taking
into consideration the growing amount of the data that
point to participation of exosomes in formation, develop-
ment and inhibition of cancer (Webber, 2015; Yu, 2015),
we suggested that the discovered phenomenon of tumor
growth inhibition in BALB/c Nude mice was possibly a

result of the influence of the exosomes formed in the tis-
sues surrounding the tumor.

Exosomes are extracellular membrane nano vesicles
that are released from multivesicle bodies into extracel-
lular space through exocytosis (Huang, 2013). The abil-
ity of the exosomes to be efficient transporters of exog-
enous proteins and RNA into cells-recipients has been
reported (Shtam, 2013; Haney, 2015; Srivastava, 2016).
Earlier in our experiments in vitro we demonstrated that
the exosomes released from the cells, which contained
wild type of the p53 protein, were able to inhibit the
growth of the cancer cells lacking the same protein. Fur-
thermore, the exosomes both released by the cell lines
and isolated from human blood plasma carried one of
the main tumor suppressors - protein p53 (Burdakov,
2017; Jorgensen, 2015, Burdakov, 2017).

In this study we now present some arguments in
favor of our assumption that one of the factors inhibit-
ing inoculated tumor growth in BALB/c Nude athymic
mice may be negative effect of exosomes on tumor cells.
The effect may be based on the reaction of the inocu-
lated tumor cells deficient in p53 gene to the wild type
p53 protein, which exists in exosomes released by the
surrounding tissues.

MATERIALS AND METHODS

CELL LINES AND CULTIVATION CONDITIONS

In our study we used both transplantable and primary
human cell lines: HT-1080 (fibrosarcoma), GI-V, GI-R,
Gl-Sh (primary cultures of glioma cells, developed in
our laboratory), transplantable culture of rat cells C6 (rat
brain glioma), and fibroblasts of BALB/c Nude mice. Cells
were cultivated in DMEM/F12 medium (Biolot, Russia)
supplemented with 10% fetal bovine serum (Biolot, Rus-
sia), without antibiotics, under 5% COZY at 37°C. When
tumor cells of each of the lines were cultivated with iso-
lated exosomes, the exosomes had final concentration in
the culture of 10" - 10" exosomes/ml.

Isolation of exosomes in the systems in vitro

Conditional medium was collected from growing cell cul-
ture. Then, it was consequently centrifuged at 2,000 g and
at 20,000 g to eliminate dead cells and their fragments.
The procedure was repeated until the amount of the puri-
fied conditional medium reached 500 ml. This amount
of collected purified conditional medium was used to
isolate exosomes by ultracentrifuging. Beckman coulter
ultracentrifuge was used (45Ti rotor) at 100,000 g for 2
hours. After that, the residue was suspended in 100 ml of
PBS and underwent the second ultracentrifugation at the
same conditions. The exosomes obtained as the result of
the second sedimentation were used in the experiments.
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Evaluation of the cell survival rate

The cells were suspended in Versene/Trypsin solution
(Biolot, Russia), and the survival rate was evaluated
through direct calculation of the cells with the help of
vision-based automated cell counter Scepter (Millipore,
USA). To visualize cell survival, the cells of GI-V, GI-R,
Gl-Sh and C6 lines were seeded into 12-well plates in the
concentration equal for all the cell lines (10,000 cells per a
well). After that we added equal amounts of the exosomes
harvested from the conditional medium of the fibroblasts
of BALB/c Nude mice to all the cell lines. As the control
cells formed a monolayer, all the cells in the well plates
were stained with Crystal Violet (Fluka AG, Germany). The
data were analyzed by Student’s t test. Data are shown as
the mean + SEM (standard error of the mean).

Animal care and engraftment rate evaluation

Adult BALB/c Nude mice, 7-8 weeks of age and 18-20
grams of bodyweight, were purchased from the laboratory
animal breeding center “Pushchino” (Pushchino, Russia).
All procedures for mouse care and use were conducted
in accordance with the National Standard of the Rus-
sian Federation GOST R 53434-2009: Principles of good
laboratory practice (introduced 01.03.2010 by Federal
Agency for Technical Regulation and Metrology, pub-
lished by Standardinform, Moscow, 2010). The protocol
was approved by scientific committee of the Division of
Molecular and Radiation Biophysics of National Research
Center “Kurchatov Institute” B.P.Konstantinov St Peters-
burg Nuclear Physics Institute (Gatchina, Russia).

Animals were housed in groups of three per cage
(males and females were housed separately) with ad libi-
tum access to food and water in standard polycarbonate
cages (width: 300 mm, depth: 400 mm, height: 200 mm)
and maintained under standard conditions of tempera-
ture (22 +2°C), humidity (55 + 10%), artificial 12-hour
light-dark cycle (lights on at 8:00 A.M., lights off at 8:00
P.M.). The mice were fed on the nutrient extruded and
granulated food designed for experimental rodents (LLC
«Laboratorkorm», Russia).

Tumor inoculations were performed through intra-
muscularly injections of 150,000 to 1,000,000 tumor
cells. To estimate the engraftment rate for each tumor
cell line, not less than 20 BALB/c Nude immune defi-
cient athymic mice were used.

RESULTS AND DISCUSSION

Evaluation of engraftment in BALB/c Nude immune
deficient athymic mice for tumor cell lines

To evaluate the engraftment rate we took 5 different
tumor cell lines, which were cultivated in our laboratory.
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Two of them were standard transplantable cell lines:
HT-1080, C6. The rest three lines (GL-V, GL-R, GL-Sh)
were primary lines of human gliomas, developed in our
laboratory. In the experiments with each of the cell lines
not less than 20 BALB/c Nude immune deficient athymic
mice were used. In the first experiment engraftment
was performed through intramuscularly injections of
150,000 tumor cells per animal. As the result there were
two polar outcomes: transplantable tumor lines HT-1080
and C6 engrafted in 100% of the animals; tumor lines
GL-V, GL-R did not engraft at all (fig. 1). Engraftment
rate of the latter lines (GL-V, GL-R) did not change with
the increase in the amount of inoculated cells up to
1,000,000 cells per animal.

Analysis of survival rate of the tumor cell lines after
treatment with the exosomes from the fibroblasts of
BALB/c Nude mice

We assumed that negative results of engraftment of
some of the tumors in BALB/c Nude athymic mice
stemmed from the ability of exosomes to inhibit tumor
cell growth. To confirm the assumption, we decided to
compare the engraftment rate obtained in the experi-
ments with the survival rate of the same tumor cell lines
after they had been treated with the exosomes from the
fibroblasts of BALB/c Nude mice. To carry out the com-
parison, we used standard ultracentrifugation methods
described previously, (Lasser et al., 2012 and Shtam et al
2013) to isolate exosomes from the condensed cultural
medium after growing fibroblasts of BALB/c Nude mice
in it. Cells from the analyzed lines were seeded onto
24-well plates in the equal concentration. Then, equal
amounts of the isolated exosomes were added to all of
the tested tumor cell lines. In 10 days after the exosomes
had been added, the number of living cells was calcu-
lated for each of the studied tumor cell lines.

The results of the calculation are presented in fig. 2.
Addition of the exosomes isolated from the fibroblasts
of BALB/c Nude mice did not affect the survivability
of the tumor cells HT-1080 and GL-Sh. However, exo-
some addition to the cells of the tumor lines GL-R u
GL-V resulted in significant decrease in their survivabil-
ity (fig. 2). Survivability of the glial cells of GL-R cell
line decreased by almost three times, and survivability
of the cells of the cell line GL-V decreased by more than
10 times. The obtained results point to the ability of the
BALB/c Nude cell exosomes to inhibit the growth of the
target cells GL-R and GL-V in in vitro experiments. It
correlates with the negative results of in vivo inocula-
tion of the cells of these tumor lines to BALB/c Nude
immune deficient mice.

Exosomes, participating in inter-cellular communica-
tion by transporting RNA and specific proteins between
cells, are able to cause both functional and epigenetic
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FIGURE 1. Engraftment rates of the tumor cell lines in BALB/c Nude immune

deficient athymic mice

(a) Table of engraftment rates of the tumor cell lines C6, HT-1080, GL-Sh, GL-R

u GL-V.

(b) Examples of the engrafted tumors HT-1080 and GL-Sh.

changes in the recipient cells (Grange, 2011; Kobayashi,
2014). Both discovery of p53 oncosupressor in the
exosomes of the human blood plasma and their ability
to affect proliferation of p53-negative cells confirm their
important role in control over oncogenesis (Burdakov,
2017; Jorgensen, 2015). Protein p53 is the main par-

ticipant of many signaling pathways through which cell
reactions to stress are regulated. The protein is able to stop
cell-division cycle and/or to cause apoptosis, thus pre-
venting uncontrollable cell division - reproduction of the
cells with damaged genome. In human malignant tumors
p53 gene is the one that most often is found mutated
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FIGURE 2. Survival rates of the tumor cell lines C6, HT-1080, GL-Sh, GL-R and GL-V after treatment with the
exosomes from the fibroblasts of BALB/c Nude mice
(a) Histograms of survival rates of the tumor cell lines after treatment with the exosomes from the fibroblasts of

BALB/c Nude mice.

(b) Survival of the cell lines C6, HT-1080, GL-Sh, GL-R and GL-V after coculturing with the exosomes from the
fibroblasts of BALB/c Nude mice demonstrated by means of Crystal Violet staining.
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(Levine, 2009; Vogelstein, 2013; Kandoth, 2013). There
are a number of mouse model studies demonstrating that
restoration of the function of wild type p53 may result in
tumor regression (Ventura, 2007; Xue, 2007).

We assume that negative effect of the exosomes con-
taining wild type p53 protein on inoculated tumor cells
may be one of the factors which prevent the engraftment
of the tumor in BALB/c Nude athymic mice.

It is a common knowledge that any experimental
model based on the usage of the athymus Nude mice
has its restrictions: immunodeficiency is severe, but not
absolute (there still exists humoral adaptive immune
system and undamaged congenital immunity). Hence,
despite almost complete lack of functioning T-lympho-
cytes, both congenital immune response and high activ-
ity of NK-cells are able to restrict the speed of engraft-
ment and to decrease metastatic potency of majority of
tumors (Shultz, 2005; Shultz, 2014; Szadvari, 2016).

However, the data on the engraftment rate of differ-
ent tumor cell lines we present in this study point to a
clear division of the tumors into two groups: the tumors
engrafting in BALB/c Nude mice and the tumors which
cannot be engrafted in BALB/c Nude mice. Basing on
the vast statistics we discovered no variations in the
engraftment rate for each of the tumors used in the study
(fig.1a). These facts cannot be explained only by exist-
ence of the rudimentary immunity in immune deficient
mice. We assume that one of the possible mechanisms of
the engraftment inhibition involves systemic influence
of mouse’s own exosomes on the inoculated tumor cells.
It is necessary to remark that the cells with the wild type
of p53 protein (HT-1080) had 100% engraftment rate,
while GL-V cells lacking endogenous p53 protein (Kova-
lev, 2015) could not be engrafted at all.

Then we examined the sensitivity of all the tumor cell
lines used for inoculation to the influence of the exosomes
isolated from the fibroblasts of BALB/c Nude mice. The
results we received in the experiments in vitro showed
that cells of the GL-R cell line and especially p53-nega-
tive GL-V line were sensitive to such influence: the cells
from abovementioned tumor cell lines died as the result of
addition of the exosomes from the fibroblasts of BALB/c
Nude mice to the tumor cell culture.The results obtained
support the hypothesis that exosomes circulating in the
body are able to perform a defense function controlling
oncogenesis through onco suppressor p53.
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