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Introduction

Mesenchymal stem cells (MSCs) are tissue-derived stem or predecessor cells that are

already partially committed to the developmental pathway of a particular tissue type, so they
can produce only certain cell types. As tissue stem cells they are obviously capable of self-
renewal through asymmetric cell divisions, but in addition to creating specialized daughter
cells for specified functions, they are also able to produce undifferentiated progeny or even
proper stem cells.
Mesenchymal stem cells are primarily capable of producing cell types typical to mesodermal
tissues; thus, they readily differentiate into bone, cartilage, fat, smooth muscle, and tendon
[1]. According to some literature sources, MSCs can be differentiated into ectodermal and
endodermal tissues as well under special culturing conditions, although this ability, commonly
referred to as unorthodox plasticity, is highly controversial [2]. It is widely accepted that
MSCs can be isolated from almost any kind of human tissue and organ [3]. Beside the bone
marrow, MSCs can be isolated easily from adipose tissue, the Wharton jelly of the umbilical
cord, but also from the thymus, liver, lung, kidney, spleen, muscle, and many other tissues
including the aorta/vena cava wall or the brain [4,5].

MSCs are also notable for their prominent immunosuppressive and anti-inflammatory
potential. This property of MSCs is highly relevant to therapy [6], and can be exploited to
treat severe disorders characterised by dysregulated and increased immune response such as
graft-versus-host disease, Crohn’s disease, multiple sclerosis, osteoarthritis, diabetes mellitus
type I, or systemic lupus erythematosus [7-10]. MSCs have a strong inhibitory effect on the
function of all cell types of the natural and adaptive immune system [11-13].

With particular relevance to my field of research, MSCs have a very strong inhibitory
effect on T cell functions. MSCs reduce the proliferation of activated T cells, promote
regulatory T cell formation, and change the cytokine profile of different T cell subsets
[14,15]. While much is known about the inhibitory action of cytokines and soluble factors
produced by MSCs, and the strong immunosuppressive activity MSCs exert in co-cultures,
partly due to direct cell-cell contact, is well characterised, the role of MSC-derived
extracellular vesicles (EVs) in the functional inhibition of T lymphocytes is still poorly
understood. Until now, only a few studies have examined the immunomodulatory effect of
MSCs on T lymphocyte function, and the results are rather controversial with regard to
whether the efficacy of EVs in in vitro experiments approximates that of the direct presence

of MSCs [16-19].



Recently, the role of EVs in the directed transfer of membrane proteins and cytoplasmic

components between different cell types has been extensively investigated, and this field has
grown into a prominent scientific research area [20,21]. EVs play a very important role in the
complex information transfer between different cell types, since they are capable of targeting
a variety of compounds and proteins at high concentrations and also provide protection for a
variety of molecules — e.g. ribonucleic acids such as miRNAs, mRNAs — against degradation
[22]. EVs also play a pivotal role in the support and spatial extension of the donor cell
function, such as the delivery of antigen presenting complex (MHCII-antigen complex) or the
promotion of tumor cell proliferation.
Of all EV varieties, microvesicles (MVs) and exosomes (EXOs) have the greatest scientific
interest. These two EV subpopulations are classified based on their size, but the mechanism of
vesicle formation is completely different as well. Exosomes measure in the range of 50-100
nm and are generated by the spontaneous or stimulus-evoked exocytosis of multivesicular
bodies [23,24]. In contrast, microvesicles are in the range of 100—1,000 nm and are released
directly from the plasma membrane [25]. Both exosomes and microvesicles carry on their
surface a plethora of membrane-associated proteins — including many membrane receptors —,
but they contain only few nuclear proteins. Similarly, both EV subtypes carry a multitude of
miRNAs and mRNAs in addition to non-coding RNA molecules, and coding RNA molecules
have been shown to be translated in the recipient cells following incorporation of the EVs.
The cargo of EVs is also responsible for the post-transcriptional regulation of miRNAs, and it
is involved in epigenetic changes as well. Furthermore, exosomes play an important role in
antigen presentation by delivering MHCII-peptide complexes, and these particles are also
involved in non-classical protein secretion pathways, such as leaderless secretion whereby the
exported protein has no N-terminal signal sequences [26,27].

During my own research I have found that the plasticity of MSCs becomes radically
reduced within a short period of time, until senescence finally ensues. This is a common and
significant practical problem; therefore, it is a general expectation in in vitro experimental
work that, as much as possible, MSCs of low passage number should be used. For
experiments of extended duration that require standardization and optimization, such as those
utilizing MSC-derived extracellular vesicles, an immortalized mesenchymal stem cell line can
be of huge benefit, of course only as long as these cells possess those properties of primary
cells that are relevant to the experimental work. While it would be imperative to validate any
result obtained with such immortalized cells on primary cultures, the use of immortalized cell

lines would assuredly facilitate the work, and the risk of continued use of precious primary
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cultures could be eliminated. In addition to the phenomenon of replicative senescence, high
heterogeneity of primary cultures is another significant problem. Reproducibility of in vitro
works using primary MSCs is highly dubious since experiments usually use primary cells
originated from different donors, and these cells have a very different life span. The situation
is further aggravated, among others, by the fact that bone marrow-derived MSC cultures
isolated from healthy donors show remarkable heterogeneity in growth and differentiation
capability, but this heterogeneity can not be related to the age or gender of donors [28]. The
problem of heterogeneity could also be eliminated by creating immortal MSC lines from

primary MSC cultures.

Aims

1. Our primary aim was to investigate the transport processes between T lymphocytes and
adipose tissue-derived mesenchymal stem cells, in which the transport processes of
membrane and cytoplasmic components were also monitored. We investigated the role of
extracellular vesicle populations, microvesicles and exosomes, and compared the results
with those seen in co-cultures. The cell and EV membrane was labeled with PKH67
fluorescence membrane labeling dye and the transport of cytoplasm was monitored by

calcein assay.

2. In addition to the human T-cells, the efficacy of membrane and cytoplasmic calcein
transfer was also tested between mouse thymocytes, human Jurkat lymphoma cells, and
adipose tissue-derived mesenchymal stem cells. AD-MSCs derived from C57Bl16 mice
were utilized as well; thus, beside the allogeneic models, we have also tested xenogeneic

experimental models.

3. To clarify the precise mechanism of transferring cytoplasmic components, we have also
examined the significance of microvesicles and direct cell-cell contacts. The transfer of
fluorescent calcein between T lymphocytes and human MSCs was assessed by confocal
microscopic observation of co-cultures where the membrane was labeled Dil and the

cytoplasm was labeled with calcein.

4. The immunosuppressive activity of mesenchymal stem cells on T lymphocytes was

investigated after receptor-specific or mitogen activation of T cells. In addition to the
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inhibition of T cell proliferation, for which two different assays were used (resazurin and
CFSE cell proliferation assay), the inhibition of interferon gamma production of cytotoxic
and helper T cells was also studied. The dose-dependent effect of the human AD-MSC-
derived microvesicles or exosomes on T cells was investigated separately. The effect of the
MSC-conditioned medium (MSC-CM) depleted of extracellular vesicles was tested in
serial dilutions. Finally, the inhibition of T cell proliferation and IFN-y production was
determined in co-cultures. In these experiments, an allogeneic experimental model was
used, and in co-culture experiments different cell ratios were tested. The inhibition of cell
proliferation was also studied using Jurkat cells by examining the functional effect of

MSCs in co-cultures, MSC-derived MVs or EXOs per se, and MSC-CM.

5. In another line of work, we also aimed to immortalize Ad-MSCs from human donors using
a lentiviral gene delivery system. Different immortal cell lines were created by delivering
different genes or gene combinations: hTERT, Bmi-1, hTERT + Bmi-1, hTERT + SV40T.
Our further aim was to investigate whether these cell lines retained their multipotent
differentiation ability and maintained their genomic stability during long-term cultivation

while continuing to meet the defining criteria of mesenchymal stem cells.

Methods

e Microvesicle and exosome preparations were extracted from the cell culture supernatants

by the combination of differential centrifugation and gravitational filtration.

e The size distribution and concentration of extracellular vesicles were determined using
the Dynamic Light Scattering Analysis (DLS) and the Izon qNano device based on the

resistive pulse sensing phenomenon.

e  Morphological studies of extracellular vesicle subsets were performed using transmission

electron microscopy (TEM).

e Surface antigen pattern of the cells and extracellular vesicles was determined by flow

cytometry after antibody labeling.



To study the transfer of membrane vesicles or cytoplasmic materials, PKH67 and Dil
fluorescence membrane labeling dyes or calcein assay were applied. The efficiency of the
transfer was determined by flow cytometric measurements, but we also examined the

interactions in co-cultures by using confocal laser scanning microscopy.

To investigate the immunosuppressive effects of mesenchymal stem cells, MSC-derived
extracellular vesicles and MSC-conditioned medium, resazurin cell proliferation assay,
carboxyfluorescein succinimidyl ester cell proliferation assay (CFSE), and intracellular

interferon gamma (IFN-y) immunoassay were used.

The functional effect of activated T cell-derived extracellular vesicles on mesenchymal

stem cells was demonstrated by prostaglandin E2 immunoassay.

The immortalized mesenchymal stem cell lines were established using a lentiviral gene

delivery system.

Quantitative real-time PCR (RT-qPCR) reactions were performed to determine the copy

number of the provirus as well as to quantify gene expression.

Effective expression of the different immortalizing genes was demonstrated by
telomerase enzyme activity measurements (TRAPEZE XL Telomerase Detection Kit) as

well as immunocytochemical staining of the generated gene products.

For cellular proliferation and cellular senescence investigations, resazurin cell

proliferation assay and senescence-associated 3-galactosidase staining were used.

Primary mesenchymal stem cells and successfully immortalized stem cell lines have also
been tested for multilineage differentiation ability by using the following methods:

- Immunocytochemical studies

- Detection of ALP activity by the addition of chromogenic substrate

- Detection of extracellular calcium with Alizarin red staining

— Detection of Intracellular lipid droplets with Oil Red O staining

To demonstrate and confirm the supposed transformation event, karyotype determination

and in vivo tumor-formation assay were performed in NOD/SCID gamma mice. The



associated cell cycle assays were performed using flow cytometer after labeling the DNA

content with propidium iodide.

Results

1. Neither murine thymocytes, nor human T lymphocytes or Jurkat cells are able to
incorporate significant amounts of membrane components from the different EV
subpopulations when AD-MSCs were used as the donor cells, regardless of whether
allogeneic or xenogeneic experimental set-up was used. The same was observed in co-

culture conditions where no membrane transfer was detected.

2. In line with these data, neither vesicle fraction had any effect in our functional tests when
the immunosuppressive effects of AD-MSC-derived EVs were assessed. Neither MVs
nor EXOs reduced the proliferation rate or the IFN-g production of the activated T

lymphocytes, even when EVs were added in huge excess of the number of cells.

3. In contrast, AD-MSCs incorporated large amounts of membrane components independent
of the source of origin. The results of the co-culture models were successfully reproduced
by the addition of sufficient amounts of MV or EXO particles; hence we proved that

extracellular vesicles are responsible for the delivery of the membrane components.

4. In our subsequent functional assay where MSCs were treated with MVs or EXOs derived
from activated T cells, a robust increase in secreted prostaglandin E2 was observed in a
dose-dependent manner. Thus, we have successfully demonstrated that T lymphocytes
can directly influence the immunosuppressive activity of MSCs through extracellular

vesicles.

5. We found that neither mouse thymocytes nor Jurkat lymphoma cells are able to
incorporate  MSC-derived cytoplasmic calcein, but a very intensive bidirectional
cytoplasmic transport process exists between MSCs and T cells. In order to transmit the
cytoplasmic calcein for the acceptor cells, it is essential to establish close cell-cell
interactions between MSCs and T cells, and the role of EVs cannot be demonstrated in

this process. In our investigations we have proved the pivotal role of a so far unknown



interaction, where intensive transfer of cytoplasm between the two cell types occurs

through tunneling nanotubes.

6. While the soluble mediators of AD-MSCs collected from healthy individuals have
pronounced suppressive effect on both the proliferation rate and IFN-y production of
activated T cells, co-culturing of the two cell types is needed to achieve maximal
suppression of the T cell function. Accordingly, the intensive cytoplasmic transport
process between the MSCs and T cells mediated by the tunneling nanotubes has been
shown to have a determining effect on the function of T cells, and it is likely to influence

the phenotype of MSCs as well.

7. In our experiments aimed to immortalize the MSCs, the transfer of the Bmi-1 gene alone
has been shown to significantly prolong the population's lifespan; however, by the 60th
population doubling (PD) the entire population showed senescence. The transfer of the
hTERT gene in itself resulted in transformation of certain cells, which later gained a

significant selection advantage (after PD83).

8. With the combined introduction of hTERT and Bmi-1 genes, we succeeded in
establishing a stable immortal AD-MSC cell line whose basic properties, including
differentiation potential, did not change compared to the primary cells. Also, in the case

of this cell line no transformation event was found.

Conclusions

Despite recent efforts to elucidate the physiological mechanisms responsible for the
suppressive effect of MSCs on T cell function [29,30], data on contact-dependent or
membrane mediated signaling between these two cell types are incomplete. The latest
findings confirmed the role of membrane-transported bioactive molecules in modulating the
immune response, and these molecules have been shown to be carried by EVs [31-33].

According to our results, neither murine thymocytes, which are mostly immature T cells,
nor human T lymphocytes or Jurkat cells are able to incorporate considerable amounts of
membrane components from the different EV subpopulations when AD-MSCs are used as the
donor cells, irrespective of whether allogeneic or xenogeneic experimental setup is used. In

line with these data, neither vesicle fraction had any effect in our functional tests when the
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immunosuppressive effects of AD-MSC-derived EVs were assessed. Neither MVs nor EXOs
reduced the proliferation rate or the IFN-y production of the activated T lymphocytes.
Interestingly, using a reverse experimental setup, AD-MSCs incorporated large amounts of
membrane components independent of the source of origin, and no significant differences
could be observed between the allogeneic and xenogeneic models. In our subsequent
functional assay where MSCs were treated with various doses of EVs derived from activated
T cells, a robust increase of secreted prostaglandin E2 was observed in a dose-dependent
manner upon both MV and EXO treatment.

On assessing the potential transfer of cytoplasmic components between T cells and MSCs,
we found that neither mouse thymocytes nor Jurkat cells incorporated calcein from AD-MSC
donors; only human peripheral T lymphocytes were able to contact the cytoplasm of MSCs
and this cytoplasmic material transfer was bidirectional. Still, a significant difference could be
observed between the allogeneic and xenogeneic models, suggesting an active recognition of
a cell surface component on MSCs by human T lymphocytes. Close cell-cell contacts are
required for a significant cytoplasmic material transfer between AD-MSCs and T cells, and
the role of extracellular vesicles cannot be demonstrated in this process. To further investigate
the mechanism responsible for the calcein transfer between MSCs and T lymphocytes, co-
cultures were analyzed with confocal laser scanning microscopy. Plenty of tunneling
nanotubes could be observed between these cells, which were originated from the human T
cells. Interestingly, nanotubes are able to form between Jurkat cells, too; however, we could
not observe these structures between human MSCs and Jurkat lymphoblastoid cells.

In summary, based on our results we can conclude that an active communication exists
between MSCs and T cells through T cell-dependent mechanisms, which include vesicular
and tunneling nanotube-mediated transfer of T cell components to MSCs. Receiving
microvesicles, exosomes and cytoplasmic components originated from T cells profoundly
alters the immunomodulatory activity of MSCs, shifting them toward a more suppressive state
and inducing the production of soluble factors such as prostaglandin E2. Our results also show
that nanotube-mediated transfer of cytoplasmic components is bidirectional between these
cells; therefore, the MSC-derived cytoplasmic components may modulate the function of T
cells as well.

In the second major part of our work, human primary AD-MSCs were immortalized using
a lentiviral gene delivery system. Both crucial problems that usually occur when primary
mesenchymal stem cells are applied, namely, high heterogeneity of samples and replicative

senescence, can be eliminated by the derivation of immortal cell lines from primary MSC
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cultures. The hTERT gene was introduced in combination with the Bmi-1 and SV40T genes
via lentiviral transduction. We also tested whether the introduction of hTERT or Bmi-1 genes
alone is capable of immortalizing the AD-MSCs, or the immortalization can only successfully
accomplished by coexpression of these genes.

In our experience, the Bmi-1-only population was unable to evade senescence and
eventually ceased to proliferate at PD 60, although the increase of mean proviral copy number
over time suggested that clones overexpressing Bmi-1 might have enjoyed selective
advantage.

When introducing the hTERT gene alone, we noted that the unlimited replication
capability maintained by hTERT provides a fertile ground for obtaining potentially
transforming mutations. After PD 83, one or mores clone in the population underwent
transformation and gained a selective advantage. The resulting clonal cell line proliferated
much more intensely when compared to the original population, did not exhibit senescence-
associated B-galactosidase staining, and showed complete lack of contact inhibition.

However, with the combined introduction of hTERT and Bmi-1 genes, we succeeded in
creating an immortal AD-MSC cell line that did not show any transformation events and

whose differentiation potential did not change compared to the primary cells.
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