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ABSTRACT

Dental pulp is a promising source of mesenchymal stem cells
for use in cell therapy and regenerative medicine. Methods for
storing stem cells with minimum compromise of cell viability,
differentiation capacity and function should be developed for
clinical and research applications. The aim of this study was to
evaluate whether human dental pulp stem cells (hDPSCs)
isolated and cryopreserved for 1, 7 and 30 days maintain
viability and expression of specific stem cell markers. Human
dental pulp stem cells were isolated from 23 healthy patients
aged 18 to 31 years. Dental pulp was enzymatically dissociated,
and CD105+ cells were separated using the Miltenyi™ system.
The hDPSCs were cryopreserved using the Kamath and
Papaccio methods. Post-cryopreservation viability was
measured by flow cytometry (7AAD) and by the expression of
the phenotype markers CD105+/ CD73+, CD34-/CD45-. The
Papaccio method showed greater cell viability for cells that

had been frozen for 30 days (59.5%) than the Kamath method
(56.2%), while the Kamath method provided better results for
1 day (65.5%) and 7 days (56%). Post-cryopreservation
expression of the markers CD105+/CD34- was greater after 1
and 7 days with the Kamath method and CD105+/CD45- were
expressed after all 3 cryopreservation times. There was greater
expression of CD73+ in the hDPSCs after 1 and 7 days with
the Kamath method, and after 30 days with the Papaccio
method.

These results suggest that hDPSCs express mesenchymal stem
cell markers after cryopreservation. However, cryopreservation
time may affect marker expression, probably by altering
the spatialconfiguration of cell membrane proteins or by
compromising cells at a certain level of differentiation.

Key words: Cryopreservation, Mesenchymal stem cells,
Phenotype, Cell viability, Dental pulp, Regenerative medicine.

EVALl:IACIéN DE DOS METODOS DE CRIOPRESERVACION
DE CELULAS TRONCALES DE PULPA DENTAL HUMANA

RESUMEN

La pulpa dental es una fuente promisoria de células madre
mesenquimales para ser utilizadas en terapia celular y
medicina regenerativa. El desarrollo de métodos que permitan
almacenar las células madre con minimo compromiso de la
viabilidad celular, capacidad de diferenciacion y funcion es
necesario para aplicaciones clinicas e investigacion. El
objetivo de este estudio fue evaluar si las células troncales de
pulpa dental humana (hDPSCs) aisladas y criopreservadas
durante 1, 7 y 30 dias conservan la viabilidad y expresion
de marcadores especificos de células troncales pos
crio-preservacion. Para esto, las hDPSCs se aislaron de 23
pacientes sanos entre 18 y 31 arios. La pulpa dental se disocio
enzimdticamente, y las células CD105+ se separaron mediante
el sistema Miltenyi™. Posteriormente, las hDPSCs se
criopreservaron utilizando el método de Kamath y de
Papaccio, se evaluo la viabilidad pos crio-preservacion por
citometria de flujo (7AAD) y la expresion de marcadores
CD105+/ CD73+, CD34-/CD45-. El método de Papaccio,

INTRODUCCION

The discovery of stem cells and their potential has
led to the development of new cell therapy
strategies'2. The availability and cryopreservation

mostré mayor viabilidad celular a los 30 dias (59,5%)
comparado con el método de Kamath, a 1 dia (65,5%) y 7 dias
(56%) respectivamente. Se observo mayor expresion de los
marcadores CD105+/CD34- a 1y 7 dias pos-criopreservacion
con el método Kamath y CD105+/CD45- a los 3 tiempos de
criopreservacion. CD73+ presento mayor expresion en las
hDPSCs a las 24 horas y 7 dias con el método de Kamath, y al
mes con el método Papaccio.

Estos resultados sugieren que las hDPSCs expresan marca-
dores de células troncales mesenquimales postcriopreservacion.
Sin embargo el tiempo de criopreservacion podria modificar
la expresion de los marcadores probablemente por alterar
la configuracion espacial de las proteinas de membrana
celular; o por comprometer a las células a cierto grado de
diferenciacion.

Palabras clave: Criopreservacion, Células troncales
mesenquimales, Fenotipo, Viabilidad celular, Pulpa dental,
Medicina regenerativa.

of stem cells have thus become the subjects of
intensive research.

Human dental pulp stem cells (hDPSCs) have high
potential for proliferation, self-renewal and
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differentiation into odontoblasts, osteoblasts,
chondrocytes, myocytes, adipocytes, neurons and
corneal epithelial cells'343. Moreover, the ease of
obtaining healthy temporary or permanent teeth
when they are extracted for treatments such as
orthodontics makes dental stem cells an attractive
source for autologous transplant as well as for the
creation of specialized biobanks providing a
reliable supply for applications in regenerative
medicine and dentistry. Methods should be
developed for storing hDPSCs which involve
minimum loss of cell viability and preserve their
differentiation potential and function.

The success of hDPSC isolation declines over time.
When cell cultures are kept for a long time, certain
complications and limitations may arise, such as 1)
reduction in their differentiation potential, 2)
senescence and apoptosis as a result of serial
passages, 3) potential genetic alterations and 4) high
costs>¢. These are the reasons why cryopreservation
is proposed as the most effective method for
maintaining cells available in the long term for future
clinical applications in transplants”°. However, the
effects of cryopreservation on the properties of
human dental pulp stem cell (hDPSCs) are not clear.
Zhang et al.!° reported that after being stored in
liquid nitrogen for two years, hDPSCs maintain
their potential for proliferation and differentiation
into specific cell lineages' although the post-
cryopreservation hDPSC isolation success rate may
decline due to the formation of ice crystals during
the freezing process. The use of cryoprotectants
such as dimethyl sulfoxide (DMSO) is therefore
suggested to prevent crystals formation!!.

The cryopreservation process may cause cell damage
which could be associated to cryoprotectant toxicity or
osmotic imbalance upon subjecting the cryoprotectant
to freezing and thawing. Several studies have thus
related the stress factors in cryopreservation to the
activation of cell death signaling cascades’. DMSO is
the most frequently used cryoprotectant in different
methods of cryopreservation. It penetrates cells and
forms hydrogen bonds with the water molecules,
preventing the flow of water from the cytoplasm, and
minimizing dehydration and formation of intracellular
ice. However, the most effective cryopreservation
protocol for maintaining post-cryopreservation
cell viability has not yet been established. Thus,
the aim of this study was to evaluate the effect
of two cryopreservation methods, one reported by

Papaccio et al. '? and the other by Kamath'3, which use
the same cryoprotectant (DMSO), to assess the
viability and phenotype of mesenchymal stem cells
obtained from human dental pulp after undergoing
cryopreservation for 1, 7 and 30 days. Selecting the
best method for maintaining these hDPSC features is
important for their use in biobanks in order to ensure
the quality of cryopreserved cells.

MATERIALS AND METHODS

Collection and transportation

of extracted teeth

Extracted teeth were obtained from the Dental Clinic
at El Bosque University from patients aged 18 to 31
years, with tooth extraction indicated for therapeutic
purposes such as included or impacted third molars,
or for orthodontic purposes, without caries or
periodontal disease. The study was approved by the
institution’s research ethics committee, and prior
informed consent was obtained from the patients.
Immediately after extraction, the teeth were placed
in sterile phosphate buffered saline (PBS) and
transported in ice to the laboratory for processing.

Human dental pulp stem cell (hDPSC)
processing and culture

To obtain the dental pulp, the teeth were disinfected
with sodium hypochlorite followed by several rinses
in sterile phosphate buffered saline (PBS). A high-
speed rotary instrument with a sterile Zekrya bur was
used to cut them at the cementoenamel junction under
constant manual irrigation with sterile PBS. The
crown portion was removed manually once the pulp
chamber had been approached in order to avoid
damaging the tissue. The tissue was placed in DMEM
culture medium supplemented with 100U/mL
penicillin, 100 pg/mL streptomycin and 2.5 pg/mL
amphotericin. Then the tissue was enzymatically
dissociated in a solution of 3mg/mL collagenase and
4mg/mL dispase. Cell number and viability were
checked in a Neubauer chamber using trypan blue
exclusion test. After obtaining an average 1x107 cells,
they were subjected to magnetic separation using
Miltenyi MiniMACS system and CD105+ antibody
conjugated magnetic microbeads, following the
manufacturer’s instructions. The cell fraction that
passed through the column was cultured for use as
negative control in flow cytometry tests. The eluted
fraction was the enriched fraction of CDI105+
hDPSCs. The CD105+ hDPSCs were cultured in 24-
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well dishes according to experimental design (Table
1), and kept in NH CFU-F medium (Miltenyi Biotec)
at 37°C and 5% CO, until 70% cell confluence was
achieved.

HDPSC cryopreservation

Once cell confluence was obtained, the hDPSCs
were cryopreserved (2.5x10° cells) for 1, 7 and 30
days using Method 1, reported by Papaccio et al.'?:
10% DMSO + 90% fetal bovine serum (FBS), and
Method 2, adapted from Kamath et al.'*: 10%
DMSO + 70% FBS + 20% NH Stem cells Medium.

Evaluation of hDPSC viability and phenotype
after cryopreservation

To determine the efficiency of the cryopreservation
protocols, following the freezing times, the cells
were thawed in a water bath at 37°C, followed by
centrifugation at 2000 rpm. Cell viability was
evaluated using flow cytometry with 7-AAD (7
Aminoactinomycin D), a stain which is excluded
by viable cells and has high affinity for DNA in
dead cells, and phenotype markers expression
CD105+/CD73+/CD34-/CD45- in the FACS
CANTO II flow cytometer (Becton & Dickinson).
These markers are used to characterize mesenchymal
stem cells according to the consensus of the
International Society for Cellular Therapy (ISCT)'“.
When the culture reached 90% confluence after
cryopreservation, the hDPSCs were rinsed in
phosphate buffered saline (PBS), trypsin was added
at a concentration of 0.25%, and they were
centrifuged at 1,500g for 4 minutes, after which the
cells stained with trypan blue were counted in
inverted microscope with Neubauer chamber. Four
Eppendorf tubes were used for the experiment:
(1) contained 2.5 x 105 unmarked cells, (2) was

isotope control containing CD105 marked with
phycoerythrin (PE) conjugated with IgG1 (MACS
Miltenyi Biotec) and CD45 marked with fluorescein
isothiocyanate (FITC) marked with IgG2 (MACS
Miltenyi Biotec), (3) contained 2.5 x 10° cells with
CD105 antibodies marked with PE conjugated with
IgG1 (MACS Miltenyi Biotec), CD34 marked with
FITC conjugated with 1gG2a (MACS Miltenyi
Biotec), CD45 marked with peridinin chlorophyll
protein (PERCP) conjugated with IgG2a (MACS
Miltenyi Biotec); and (4) contained 2.5 x 10° cells
with the CD73 antibody marked with (PE)
conjugated with IgG1 (MACS Miltenyi Biotec) and
7-AAD. They were all incubated for 2 hours before
reading in the flow cytometer.

Statistical Analysis

The T-test was used for parametric data and U-
Mann Whitney test for non-parametric data. A value
of p<0.05 was considered statistically significant.

RESULTS

A heterogeneous hDPSCs cell population was
obtained from extracted human dental pulp subjected
to enzymatic dissociation. The heterogeneous cell
suspension was then subjected to magnetic separation
using Miltenyi MINIMACS technology to isolate
hDPSC CD105+ cells. Under inverted microscope,
the cells obtained in fraction CD105+ (hDPSCs) were
fibroblast-like, non-refringent and had well-defined
spherical nuclei (Fig. 1A). Fibroblast colony-forming
units (CFU-F) typical of mesenchymal stem cells were
also observed (Fig. 1B). The cells obtained in fraction
CD105- were fusiform, fibroblast-like, with
cytoplasmic prolongations. The nucleus/cytoplasm
ratio was 1/3, suggesting that they may be fibroblasts
(Fig. 10).

Fig. 1: In vitro morphology of cells obtained by magnetic separation using the Miltenyi system. A. Pulp fibroblasts of the CD 105-
fraction (20x). B. Human dental pulp stem cells hDPSC CD105+ (40x). C. hDPSC CD 105+ colony forming unit (20x). Bar 20 um.
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Comparison of the number of viable cells before
and after cryopreservation showed that in spite of
the fact that viability declines with freezing time,
the Kamath method provided better results for
number of viable cells (Table 1).

The viability of hDPSC cells after cryopreservation
was evaluated by flow cytometry using the
fluorescent 7AAD stain. Unstained cells (7TAAD-)
are viable and stained cells (7AAD+) are dead. For
cells that were cryopreserved for 30 days, the
Papaccio method showed greater percentage of
viability (59.5%) than the Kamath method (56.2%).
Nevertheless, the Kamath method provided better
viability results for cells cryopreserved for 1 and 7
days (65.5% and 56%, respectively) (Fig. 2).

With regard to immunophenotyping by flow
cytometry, for the Papaccio method we observed
that cells show greater expression of the markers
CD105+/CD34- after 1 and 7 days of freezing
(99.9%) than after 30 days (89%). The values for
the Kamath method (95.8%, 97.8% and 94.5% after
1, 7 and 30 days, respectively) differed significantly
(p = 0.05; Fig.3). There was greater expression of
CD105+/CD45- with the Papaccio method for all 3
cryopreservation times (95.4%, 96% and 93.2%,
respectively) than with the Kamath method (93.5%,
94.2% and 81.3%, respectively). The differences
were significant at p = 0.05 (Fig.3). Moreover, post-
cryopreservation hDPSCs did not express the
markers CD34-/CD45-, suggesting that they are not
hematopoietic stem cells.

The CD73 marker was found to have less
expression after 1 day with both cryopreservation
methods, with 84% and 79.6%, respectively. At 7
days they were 97.6% and 94.8% respectively, and
at 30 days, expression declined to 72.8% with the
Papaccio method, in contrast to 94.8% with the
Kamath method (p= 0.05; Fig.3).
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Fig. 2: Percentage of post-cryopreservation hDPSC which
express the phenotypes CD105+/CD34-, CD105+/CD45-,
CD45-/CD34- and CD73+. A. Kamath cryopreservation
method, B. Papaccio cryopreservation method (p= 0.005).
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Fig. 3: Percentage of viable post-cryopreservation hDPSC
using 7AAD dye-exclusion stain, for the Papaccio and Kamath
methods.

Table 1: Cell counting ofhDPSCwithout cryopreservation and following the postcryopreservation methods (n=18).

Kamath Method

Cryopreservation Average = SDM

Average = SDM

Papaccio Method

Average = SDM Average = SDM

time without cryopreservation with cryopreservation without cryopreservation with cryopreservation
1 day 266500 + 143411 165417 + 126709 207500 + 38891 80000 + 0

7 days 305833 + 155168 221417 + 96981 165000 + 21213 75000 + 35355

30 days 378000 + 211644 3144 + 1596 963750 + 1253347 381 + 539

Data are expressed as means +/-standard deviation
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DISCUSSION

Freezing mesenchymal stem cells in stable state is
an essential requisite for their application in tissue
engineering and regenerative medical applications.
The standardization of cryopreservation protocols
for these cells has enabled the creation of banks to
make them available for future applications in
transplants or therapies required to ensure patient
survival.

The purpose of cryopreservation is to reduce cell
metabolic activity for long periods of time while at
the same time preserving viability, phenotype and
differentiation potential®. However, it may induce
alterations in chemical, thermal and electrical
properties of cell membranes, organelles and
molecular structures involved in cell-cell/cell-
extracellular matrix interactions.

In this study, mesenchymal stem cells were
obtained from human dental pulp from permanent
teeth. It was evaluated whether they preserve
their characteristic phenotype and viability after
cryopreservation in liquid nitrogen for 1, 7 and 30
days, comparing the Papaccio method'? (10%
DMSO and 90% FBS) and the commercial Kamath
method' (10% DMSO, 70% FBS and 20% culture
medium).

Ideal cryopreservation and subsequent recovery of
viable cells depend on various parameters: (1) the
processing time and storage temperature after
isolation; (2) the sampling protocol; (3) the
cryopreservant selected; (4) the freezing and
thawing protocols and (5) the long-term storage
temperatures®.

In this study, the pulp tissue samples were
transported at 4°C in DMEM culture medium
supplemented with 100U/mL penicillin / 100 pug
/mL streptomycin and 2.5 pg/mL amphotericin to
eliminate any contaminant proceeding from the oral
cavity'*. The pulp tissue was processed for cell
culture within 3 hours after extraction. In a previous
study, Temmermany et al. stored the tissue after
extraction for 24h at 4°C in culture medium
supplemented with antibiotics'?, which might have
reduced the recovery of viable tissue cells!>.

The hDPSCs were obtained from dental pulp by
enzymatic dissociation with collagenase/dispase for
2 hours with constant stirring at 37°C, as reported
by Woods et al.? It has been suggested that this
procedure may compromise the integrity of cell
membranes®. Although explant culture is more

convenient than enzymatic digestion, the cells
migrate slowly from the tissue fragments until they
attain confluence after approximately 2-3 weeks!'®.
Moreover, enzymatic digestion enables CFU-F
colony-forming units to be obtained after 1 - 2
weeks in culture, making it the most efficient
method!”!8.

Gronthos et al. and Batouli et al. used the enzymatic
digestion method and showed that hDPSCs
differentiate into odontoblast-like cells which form
the dentin matrix in vivo, suggesting that this
method does not alter the differentiation potential
of stem cells'®!. In contrast, it was shown that with
the explant culture method, cells are potentially
able to differentiate into odontoblasts and form
mineralized nodules in vitro**?. To conclude,
enzymatic digestion is an efficient method for
isolating hDPSCs which meet the typical criteria
for postnatal somatic stem cells?*, such as high
proliferation rate, clonogenic nature and co-
expression of specific markers!®. In our study,
enzymatic digestion and subsequent magnetic
separation did not affect cell confluence, which was
achieved at 2 weeks in culture, compared to the
study by Temmerman et al.,!> where confluence was
achieved at 23 days. In addition, colony-forming
units (CFU-F) were observed, as reported by
Polisetty et al.?

Cryopreservation is the process of cooling and
storing cells, tissues or organs at temperatures
beneath -80°C, and usually as cold as —196°C, to
maintain their viability?¢. The cooling process
involves complex phenomena of water crystallization
and changes in intracellular and extracellular solute
concentrations, which may be harmful to cell
survival. In addition, it has been reported that cell
exposure to low temperatures induces stress leading
to cell death?®-28,

The main steps for the cryopreservation of most cell
types are usually: (1) isolating cells, (2) adding
cryopreservant, (3) inducing ice crystals in the cell
suspension after a certain cooling rate (-1 to -
10°C/min), (4) long-term storage at cryogenic
temperatures (usually in liquid nitrogen), (5) rapid
thawing at 37°C, (6) removal of cryoprotectant by
centrifuging, and (7) seeding cells to enable their
growth in culture®-3°.

Cell damage due to cryopreservation may be due to
a combination of the following: (1) cryoprotectant
toxicity3!*2; (2) osmotic damage due to exposure
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of cryoprotectants to freezing-thawing?33; (3)
formation of intracellular ice during cooling?** and
(4) re-crystallization of intracellular ice during
warming®*. Several studies have associated
cryopreservation stress factors to the activation of
cell death signaling cascades?.

Conventional techniques for freezing stem cells,
which include slow freezing, rapid thawing and
vitrification have proved refractory for these cells,
which exhibit low survival rates®.

The low efficiency of stem cells to cryopreservation
has been partly attributed to the fact that they need
to be in close physical contact with one another
within the colony to enable cell-cell signaling?®.
These observations show that this type of cell is
highly sensitive to cryopreservation.

Heng et al. suggested for the first time that
apoptosis, rather than necrosis, is the primary
mechanism for the loss of viability in human
embryonic stem cells during freezing/thawing with
conventional slow cooling protocols’’. They
showed that most cells (~98%) are viable
immediately after thawing (determined by trypan
blue exclusion) and that cell viability declines
gradually over time in culture at 37°C*. DMSO
(Me2S0) has been used as a cryopreservant for
hematopoietic stem cells (HCP)* and is currently
used in conventional protocols. For therapeutic
stem cell applications, cryopreservation is
performed immediately after isolation*’, using 1-2
M DMSO concentrations in a freezer with a
controlled cooling rate of -1 °C / min, storage and/or
transportation below -135°C, preferably between -
150 and -196°C, and rapid thawing at 37°C*#45. The
DMSO penetrates the cells and forms hydrogen
bonds with the water molecules, blocking the flow
of water from the cytoplasm and minimizing
dehydration and the formation of intracellular ice
during cryopreservation?-4°, In addition, both the
bovine fetal serum and the NH culture medium in
the Papaccio and Kamath methods may protect cells
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from oxygen free radicals which are formed during
freezing®’.

In this regard, it has been noted that cryopreservation
can in fact compromise hDPSC viability, regardless
of the freezing method used. However, it has been
observed that the Kamath method provides higher
values for cell viability on the first and seventh days
(65.5% and 56%, respectively), while the Papaccio
method does so at 30 days of freezing (59.5%)
(Fig.3). Woods et al.® determined that dimethyl
sulfoxide at concentrations of 1 to 1.5 M is a better
cryoprotectant than ethylene glycol and propylene
glycol at the same concentrations. In fact, this
concentration is equivalent to the 10% DMSO
employed in both cryopreservation methods used
in this study.

With regard to the expression of stem cell markers,
it was found that the cells preserve their
undifferentiated cell phenotype regardless of the
freezing method. However, a reduction in the
expression of CD73+ was observed after 7 and 30
days with both freezing methods.

The CD73 marker or 5’-ectonucleotidase is
considered as a lineage marker for mesenchymal
stem cells and is believed to be related to cell
adhesion mechanisms, because it has been found
co-expressed with integrin a2 type molecules,
which has characterized CD73 as a cell adhesion
mediator in MSCs. The presence of CD73- cells
suggest that they lose their capacity to differentiate
into cardiac myocytes, although they do keep their
potential to differentiate into adipocytes and
osteoblasts in vitro*->

These results suggest that although hDPSCs lose
cell viability after cryopreservation, they keep
mesenchymal stem cell marker expression.
However, this expression depends on freezing
time, probably due to the alteration of the 3-D
shape of cell membrane proteins or because
cells are compromised at a certain level of
differentiation.
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