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Stem cell conditioned medium exhibits a huge regenerative potential but low concentration of cytokines, high
development cost, and scalability challenges are major deterrents to product advances. This research studied
impact on vascular endothelial growth factor (VEGF) and hepatocyte growth factor (HGF) secretions after
preconditioning human dental pulp stem cells (HDPSCs) with diverse factors, viz., Deferoxamine (250 pM),
Epidermal Growth Factor (EGF) (2 ng/ml), Angiotensin I (SmM) and Insulin Transferrin Selenium (ITS) (1%),
and Niacinamide (5 mM). Additionally, advantage of using “pooled population” of HDPSCs was ascertained.
HDPSCs were incubated under standard culture conditions using optimized growth media. On reaching 80%-—
85% confluency, media was discarded and fresh serum free media with preconditioning factors, initially one
at a time and subsequently in combination, was added. Spent media, collected after 48 hours of incubation,
was used for enzyme-linked immunosorbent assay testing of selected cytokines. In comparison to control,
preconditioning factors, used in isolation showed varied but significant upregulation in the secretion of VEGF
but down regulation of HGF. When used in combination, VEGF secretion increased almost 10 times of control
with no significant change in HGF level. Results demonstrated importance of choosing right preconditioning
factors and right interplay of preconditioning factors to enhance secretions. This research paves the path to
develop an effective and commercially viable conditioned medium that can be used as “biological active” for
pharmaceuticals and for developing “customized” serum free medium enriched with selected cytokines.

1. INTRODUCTION

Stem Cells (MSCs) can modulate pattern, quantity, and type

Scientists see a huge potential in using conditioned medium
as “biological active” to treat a number of ailments wherein
paracrine effect creates desired results for stem cells [1,2].
Studies reveal that level and type of paracrine factors secreted by
different stem cell resources play an important role in influencing
cell recruitment and tissue repair. Although scientists have been
successful in deriving these trophic factors in the laboratory, low
concentrations of growth factors/cytokines, and high cost for
developing stem cell conditioned medium are major deterrents
to product advances. Recent studies show that Mesenchymal
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of secretions in vitro through a preconditioning process [3—5].
This is a major advancement as it opens up new avenues of
creating conditioned medium of choice through an interplay
of preconditioning factors and gives rise to the possibility of
influencing these parameters in order to increase the output of any
particular growth factor/cytokine. However, there are no reports
studying the relative impact of different preconditioning factors
on secretions when used individually and synergistic impact
when used in combination. The emphasis of this research was
to develop “commercially viable” biological active along with
“efficacy”. It was postulated that source of stem cell will play a
pivotal role in preparation of conditioned medium and a robust
“Master Bank™ and “Working Cell Bank,” which can be utilized
over multiple outputs to ensure reproducibility and scalability,
will be imperative. Human Dental pulp was identified as the
stem cell source owing to ease and convenience in collection,
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an important factor to build a large Master Bank [6]. Better
proliferation rates and differentiation capacity in comparison to
bone marrow, cord tissue, or adipose tissue reinforced the choice
of dental pulp stem cells for developing the conditioned medium
[7]. This research work was based on following hypotheses- (1)
Mesenchymal stem cells from Dental pulp would have significant
advantage in quantity over mesenchymal cells isolated from other
sources. (2) Pooled population of mesenchymal stem cells would
offer better cell yield and viability for developing conditioned
medium. (3) Presence of preconditioning factors would influence
secretion of growth factors from pooled dental pulp stem cells
(DPSC) population when used in isolation or in combination.
This research, hence, focused on validation of dental pulp stem
cell advantage over other sources and evaluation of hypothesized
benefit of using ‘pooled’ stem cell population. An exploratory
route was taken to identify various preconditioning factors that
are likely to influence output of secretions. Through this research,
relative impact of using preconditioning factors in isolation
and combination was also studied. This study may help in the
development of conditioned medium product, which is effective,
scalable, reproducible, commercially viable, and customized to
enhance specific secretions.

2. MATERIALS AND METHODS
2.1. Preparation of Master Cell Bank

Dental tissue was harvested in an aseptic environment. Chopped
pieces of dental pulp tissue were allowed to adhere to cell culture
dish in presence of growth media - Alpha Minimum Essential
Medium- Alpha MEM with 20% fetal bovine serum (FBS) +2 mM
Glutamine + 100 mM ascorbic Acid + Penicillin/Streptomycin
(100 pg/ml). Within a short time, cells migrated out of the tissue
over the surface of the culture plate. Primary cells, thus obtained,
were sub-cultured over multiple passages after transferring to
fresh culture plates and finally cryopreserved in DMSO.

2.2. Comparison with Stem Cells from Other Sources

Cell cultures were initiated with 1,000 cells/cm?in 6-well plates with
MSC:s from different stem cell sources, such as dental pulp, adipose
tissue, umbilical cord, and bone marrow. Cells were allowed toreach
confluence in Alpha MEM supplemented with 20% FBS, 2mM
Glutamine, 100mM ascorbic Acid and Penicillin/Streptomycin
(100 pg/ml) as normal culture conditions. Cells were washed
with Dulbecco’s Phosphate Buffered Saline (DPBS) and detached
using 0.25% trypsin. Cells were then counted

2.3. Preparation of Working Cell Bank

Five different samples of dental pulp stem cells maintained in
Master Bank were thawed and equal concentration of cells that
needed to be pooled were taken. Samples were seeded in T25 flask
at a density of 5,000 cells/cm?. Therefore, 1,25,000 cells were
seeded in a T25 flask (approximately 25,000 cells were taken from
each sample). Pooled suspension was inoculated in a sterile T25
flask and incubated in CO, incubator at normal culture conditions.
Cells were incubated till 80%—-90% confluency was attained. These
cells were then cryopreserved in Dimethyl Sulfoxide (DMSO) for
future use.

2.4. Production of Standard Conditioned Medium

2.4.1. Preparation of growth media for MSCs

Growth medium was prepared as follows —

Alpha MEM with 20% FBS + 2mM Glutamine + 100 mM ascorbic
Acid + Penicillin/Streptomycin (100 pg/ml)

2.4.2. Revival of cryostock for production of conditioned medium
using serum free media

One milliliter of cryopreserved cell stock at passage level 5 (P5)
was thawed and transferred in a 15 ml centrifuge tube. 2 ml of
media was added slowly to 15 ml centrifuge tube. Tube was
centrifuged for 5 minutes at 1,500 rpm and supernatant was
discarded. Cell pellet was re-suspended in 1 ml PBS. Tube was
centrifuged for 5 minutes at 1,500 rpm and supernatant was
discarded. Cell pellet was re-suspended in 1 ml of media and
cells were seeded in appropriate flask/plate and 4 ml of media
was added. Flask was incubated in CO, incubator at normal
culture conditions. At 80%—-85% confluency, spent media was
collected and discarded and cells were washed after addition of
1 ml of PBS to appropriate flask/plate. Fresh serum free media
was added. Flask/plate was incubated in CO, incubator at 37°C,
20% oxygen and pH 7.4 for 48 hours. After 48 hours, spent media
was collected and used for enzyme-linked immunosorbent assay
(ELISA) testing of selected cytokine. Analysis was conducted for
vascular endothelial growth factor (VEGF) and hepatocyte growth
factor (HGF). All experiments were conducted in triplicates and
the average readings were used for analysis.

2.4.3. Cytokine testing of conditioned medium

Testing was conducted as per the user manuals of the ELISA kits
(Invitrogen) for the selected cytokines. Viz. VEGF and HGF.

2.5. Testing of Cytokine Secretion using Different
Preconditioning Factors

Cells were revived at passage 5 level (P5) in T25 flask and incubated
in CO, incubator at 37°C, 20% oxygen and pH 7.4 for 48 hours.
Media was discarded after cells reached 80-85% confluency 1 ml
PBS was added and appropriate flask/plate was washed. Fresh
serum free media was added with preconditioning factors (one at
a time and subsequently all together). The preconditioning factors
tested were as follows: EGF—2 ng/ml, Niacinamide—5 mM,
insulin transferrin selenium (ITS)—1%, Angiotensin—100 nM,
Deferoxamine—250 pM. Appropriate flask/plate was incubated
in CO, incubator at 37°C for 48 hours. Spent media was collected
after 48 hours and used for ELISA testing.

3. RESULTS AND DISCUSSION

3.1. Comparison of Growth Kinetics of Dental Pulp Stem Cells
with Stem Cells from Other Sources

Objective of this study was to confirm dental pulp stem cell
advantage over others through comparison of growth kinetics
of mesenchymal stem cells obtained from dental pulp and other
sources viz. umbilical cord, bone marrow and adipose tissue.
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While mesenchymal stem cells are present in multiple tissues
of the body, they differ in population numbers and proliferation
capacities as per anatomical location. Pittenger et al have reported
500 times more cells from adipose tissue when compared with
equivalent amount of bone marrow mesenchymal stem cells.
Studies have demonstrated higher proliferation rates of umbilical
cord MSCs and adipose tissue derived MSCs in comparison to
bone marrow. Comparative study performed by Lu et al revealed
significantly slower population doubling (PD) times for BM —
MSCs against UC - MSCs. Peng et al listed PD times of 24 hours
for umbilical cord MSCs, 45.2 hours for adipose derived MSCs
and 61.2 hours for bone marrow mesenchymal stem cells [8].

In this study, growth kinetics of mesenchymal stem cells isolated
from various sources were studied. For drawing conclusions, it
would have been ideal to compare stem cells from various sources
isolated from a similar age group, if not same individual but it
was practically impossible. Yet, an attempt was made to prove
better growth kinetics of dental pulp stem cells as compared to
other sources viz. bone marrow, umbilical cord and adipose tissue
derived mesenchymal stem cells.

3.1.1. PD time

PD time studied at passage five has been reported in the
Figure 1: PD time of MSCs across various stem cell sources. PD
time was calculated using formula: TD = tplg2/(IgNH-1gNI). NI:
the inoculums cell number; NH: the cell harvest number, and t: the
time of the culture (in hours). Data is presented in hours.

As stated, dental pulp stem cells showed the lowest PD time
followed by umbilical cord stem cells. This was one of the
pivotal observation of the study suggesting dental pulp stem cell
advantage over other sources.

3.1.2. PD/cumulative PD

PD and cumulative PD across different stem cell sources have
been depicted in Figure 2: PD of MSCs across different stem cell
sources and Figure 3: Cumulative PD of MSCs across various
stem cell sources respectively. PD was determined by the formula:

80 -
_ 69.12
2 70 A
5

60 -
E 54.13
g s
A 4143
%" 40
H 27.85
g 30
H
% 20 4
2 10
="

0

DPSCs AT MSCs BMMSCs UCMSCs

Figure 1: PD time of MSCs across various stem cell sources. Abbreviations:
DPSCs = dental pulp stem cells; AT MSCs = Adipose tissue mesenchymal
stem cells; BMMSCs = bone marrow mesenchymal stem cells; UCMSCs =

umbilical cord mesenchymal stem cells.

PD =LogNH-LogNI/Log2; where NI: number of cells at seeding
time and NH: number of cells at harvesting time. Cumulative
Population Doubling (CPD) was determined by the formula:
CPD = PD of each passage + PD of previous passage [9].

Study results corroborated with PD time and maximum number
of PD and cumulative PD were observed in descending order for
dental pulp stem cells, umbilical cord mesenchymal stem cells,
bone marrow mesenchymal stem cells and adipose tissue MSCs.

3.1.3. Cell yield

Cell yield obtained at end of passage five (P5) are reported in the
Figure 4: Cell yield of MSCs across various stem cell sources.
Highest cell yield was observed for dental pulp stem cells as
compared to other sources.

This comparative study was conclusive on ‘dental stem cell
advantage’ over other sources. Along with ‘collection benefits’,
dental pulp stem cells were proved to be an optimal source of stem
cells for producing conditioned medium.
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Figure 2: PD of MSCs across different stem cell sources. Abbreviations:
DPSCs = dental pulp stem cells; AT MSCs = Adipose tissue mesenchymal
stem cells; BMMSCs = bone marrow mesenchymal stem cells; UCMSCs =

umbilical cord mesenchymal stem cells.
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Figure 3: CPD of MSCs across various stem cell sources. Abbreviations:
DPSCs = dental pulp stem cells; AT MSCs = Adipose tissue mesenchymal
stem cells; BMMSCs = bone marrow mesenchymal stem cells; UCMSCs =

umbilical cord mesenchymal stem cells.
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Figure 4: Cell yield of MSCs across various stem cell sources. Abbreviations:
DPSCs= dental pulp stem cells; AT MSCs = Adipose tissue mesenchymal
stem cells; BMMSCs = bone marrow mesenchymal stem cells; UCMSCs =
umbilical cord mesenchymal stem cells.

3.2. Cell Viability of ‘Pooled’ Population of Dental Pulp Stem
Cells

Pooled biologics have been proved to be better than autologous
biologics as per published studies [10]. It can be postulated
that best cells persist along the doctrine of ‘survival of fittest’
phenomenon. Hence, for this research, stem cells sourced from
Master Cell Bank were pooled and expanded to create Working
Cell Bank. Significant improvement in product specification
parameters reinforced the advantage of using pooled population
as compared to individual samples stored in Master Cell Bank.
The decreased standard deviation amongst the samples as shown
in Figure 5 — Comparative Analysis — before and after pooling
of stem cells, reinforce the point of reproducibility and thereby
benefit of using pooled population of stem cells.

Improvement was observed in viability percentages and stem cell
marker expression results. While viability percentages before
pooling ranged from between 86% to 95%, post pooling viability
percentage of over 94% was recorded. Cells showed a positive
expression of over 97% for CD90 and C105 and negative expression
for CD31 (less than 1%) post pooling. Spindle shaped morphology
of dental pulp stem cells remained intact during the study.

Working Cell Bank of pooled population of dental pulp stem cells
with superior viability percentage and expression with stem cell
markers reinforced the reproducibility advantage assuring limited
batch-to-batch variations during manufacture of conditioned
medium on a commercial scale. Further, considering ease of
availability of DPSCs, robustness of processing protocol, scope
for large-scale expansion maintaining their stem cell properties,
research exemplified possibility of creating a large working cell
bank, an edge over other stem cell sources.

3.3. Impact of Different Preconditioning Factors on Cytokine
Secretion at Passage Level 5 (PS) Tested after 48 Hours

3.3.1. Comparative impact of different preconditioning factors
when used in isolation

Human or bovine sera are usually added to culture media to
stimulate cell growth and proliferation as they provide basic
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Figure 5: Comparative analysis—before and after pooling of stem cells.

nutrients, help in cell attachment, minimise mechanical damage and
aid in pH maintenance. However, limited safety profile with high
risk of contamination, donor variation hindering reproducibility
have been deterrents to use in therapeutic applications. Better
reproducibility and safety profile are promised by serum free
media, however they are not considered at par to serum in
promoting cell proliferation [11]. Since the intent of the study was
to develop a conditioned medium for human use, reproducibility
and safety profile were considered prime in making a choice
of culture medium. Hence, serum free medium was chosen for
producing conditioned medium.

Effect of various preconditioning factors on secretion of selective
cytokines was compared against conditioned medium using serum
free media as control. During this research, preconditioning factors
encompassed chemical component like deferoxamine, growth
factors and hormones such as Epidermal Growth Factor (EGF),
Angiotensin I and ITS and vitamins like Niacinamide. Selection
was done consciously to represent segments of chemicals, growth
factors and vitamins.

Deferoxamine: Selection of this chemical component was based on
earlier studies wherein preconditioning of MSCs culture medium
with deferoxamine increased secretion of hypoxia inducible factor
(HIF) — alpha maintaining characteristics of stemness and cell
survival [12].

EGF: Recent studies have demonstrated short-term pretreatment
with EGF induce high quantity of proteins and has been considered
one of the key preconditioning regime to improve secretion of
proteins in secretomes [13].

Niacinamide/Nicotinamide: This vitamin was known to play
a pivotal role in Adenosine Triphosphate (ATP) production and
thereby in cell proliferation.

Angiotensin I: Recent studies have indicated pretreatment of MSCs
with Angiotensin II (Angiotensin I is a precursor to Angiotensin II)
enhanced paracrine production of VEGF and angiogenesis [14].

ITS: ITS has been widely used to supplement culture medium to
reduce amount of FBS. Since serum free medium was chosen for
creation of Final Conditioned Medium, ITS had been identified as
one of preconditioning factors.

Study results have been illustrated in Figure 6—Comparative
Analysis—Cytokine secretions in isolation and combination.
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Figure 6: Comparative analysis—cytokine secretions in isolation and
combination.

Observations across preconditioning factors have been explained
in detail below:

* Deferoxamine: there was a sixfold increase in VEGF secretion
as compared to serum free media used as a control. However,
use of deferoxamine decreased secretion of HGF. Recent data
has shown that usage of iron chelator deferoxamine (150 uM
or 400 uM) as preconditioning factor during development of
adipose derived conditioned medium increased quantum of HIF
which in turn increased secretions of cytokines like VEGF and
angiopoetin 1 without impacting morphology and mesenchymal
properties of cells [15]. Study results corroborated with
published reports.

e Epidermal growth factor: Similar to deferoxamine, an
upregulation in secretion of VEGF with EGF but the quantum
increase was not as high as observed with deferoxamine.
Downregulation for HGF was observed during research
although the downregulation of HGF was not as significant as
observed for deferoxamine.

* Niacinamide: Niacinamide is one of several vitamins essential
for cell proliferation. It acts as a precursor for energy cofactors
such as nicotinamide adenine dinucleotide, nicotinamide
adenine dinucleotide phosphate and their reduced forms NADH
and NADPH. These cofactors act as essential coenzymes
in ATP production and as substrates for nuclear enzyme
poly-ADPribose polymerase-1. It has been used as a major
component in wide range of cell culture media including
classical and serum free media. Representing vitamins amongst
preconditioning factors, niacinamide was used to boost level
of cytokines/growth factor. Similar to EGF, upregulation was
observed in VEGF while downregulation was seen for HGF in
comparison to serum free medium.

e Angiotensin I: Similar to published reports, this factor showed
fourfold increase in VEGF secretion while downregulation of
HGF was recorded in comparison to serum free medium.

e ITS: Insulin promotes glucose and amino acid uptake,
lipogenesis, intracellular transport, and the synthesis of
proteins and nucleic acids. Transferrin is an iron carrier and
it may also help to reduce toxic levels of oxygen radicals
and peroxide. Selenium, as sodium selenite, is a co-factor
for glutathione peroxidase and other proteins, and is used as

an anti-oxidant in media. As expected, ITS showed fivefold
increase in VEGF secretion in comparison to serum free
medium. However, downregulation was observed for HGF
again.

3.3.2. Comparative Impact of different preconditioning factors

As depicted in Figure 6—Comparative Analysis—Cytokine
secretions in isolation and combination, there was significant
upregulation in secretion of VEGF and similar HGF levels
when compared to readings obtained with serum free condition.
VEGF secretion was almost 10 times of serum free condition.
Enumerating the unique features of developed conditioned
medium when preconditioning factors were used synergistically—
(1) Quantum of VEGF secretions was almost at par to serum
containing medium. (2) VEGF was secreted in quantities needed
for therapeutic effectiveness. (3) VEGF quantities in the developed
conditioned medium were comparable to marketed products.
Undoubtedly, with use of ultrafiltration techniques and established
hypoxic preconditioning, VEGF secretion is likely to increase
multifold further increasing the efficacy of conditioned medium.
Additionally, HGF levels too were comparable to serum free
medium conditioned medium when used in combination as shown
in Figure 6. Here too, narrowing of standard deviation ranges in
comparison to control stand evidence to the reduced variability
in cytokine secretions and thereby reproducibility benefits. It has
been a first time where multiple preconditioning factors were used
to develop condition medium.

4. CONCLUSION

This exploratory study comprising comparative analysis of varied
preconditioning factors, in isolation and combination, attempts
to address two prime issues in current stem cell medium product
development process. First, the study conclusively demonstrates
the ability to increase/modify cytokine secretions in stem cell
conditioned medium through right choice and right interplay of
preconditioning factors, especially in cases of low concentrations
of growth factors/cytokines. Possibility of selectively titrating
varied preconditioning factors to control cytokine secretions has
been conclusively proven in the study. This study is a good starting
point to optimize culture conditions and selectively increase
growth factors as demanded by the medical/research condition.
This study is unique in its comparative analysis of a wide range of
preconditioning factors, used both in isolation and combination in
the same experimental design, thus eliminating all biases. Second,
the study drives the possibility of the use of pooled population
of HDPSCs for developing a commercially viable conditioned
medium product. Better growth kinetics of dental stem cells help
in building larger working stem cells banks, thereby aiding better
scalability. One of the unique features of this study is the use of
pooled population of stem cells, which opens up an additional
avenue of consideration in the product development process. This
investigation sets the foundation for future possibility of producing
“customized” conditioned medium products aligned to clinical
needs by controlling upregulation or downregulation of cytokines
through an interplay of various physicochemical parameters.
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