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Abstract: Isolates of mesenchymal stromal cells (MSCs) contain a mixed cell population of stem cells, multipotent and
unipotent progenitors, and differentiated cells. It is speculated that the useful subpopulation for tissue engineering and cell
therapy will be the multipotent progenitor cells or the stem cells. The colony forming unit-fibroblast (CFU-F) assay is an
in vitro assay for clonogenicity, which is one property of the stem/progenitor cell population of MSCs. Our goal was to
generate standard protocols that would permit the expansion and maintenance of CFU-F. Previous work reported that low
plating density and/or exposure to 5% oxygen vs. 21% oxygen increased proliferation rate and enhanced expansion of
MSCs. Here, we characterized the effect of both plating density and oxygen concentration on MSCs derived from
Wharton’s jelly (WJCs). We found that reducing oxygen concentration from 21% (room air) to 5% during expansion
increased cell yield and maintained CFU-F, without affecting the expression of surface markers or the differentiation
capacity of WJCs. In addition, reducing plating density from 100 cells/cm? to 10 cells/cm? increased CFU-F frequency.
Therefore, plating density and oxygen concentration are two important variables that affect the expansion rate and
frequency of CFU-F of WJCs. These results suggest that these two variables might be used to produce different input

populations for tissue engineering or cellular therapy.
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INTRODUCTION

Mesenchymal stromal cells (MSCs) are defined by their
plastic adherence, their expression of characteristic surface
markers antigens and their in vitro differentiation potential
towards bone, cartilage and fat [1]. MSCs may be isolated
from most adult and fetal tissues (perhaps as pericytes) [2-4].
Owing to their ability to differentiate into cells of mesen-
chymal lineages and to their unique immune properties,
MSCs have been tested in clinical trials for a variety of dis-
eases including graft vs. host disease (GVHD), myocardial
infarction, osteogenesis imperfecta, and other diseases [5,6].
In the case of myocardial infarction, a meta-analysis of
clinical trials reported that bone marrow (BM) cells have a
positive functional effect following myocardial infarction
with no increased risk [7]. Since MSCs are a mixed cell
population and it is unknown which cell fraction is
responsible for their clinical effects, it has been speculated
that in vitro expansion protocols may be used to produce
more potent cells [8].

While it is unknown which cells in the MSC isolates are
most potent clinically, several hypotheses about which is the
effective MSC population have emerged. One hypothesis
states that MSCs with the highest proliferation would be
most useful clinically [9]. Since higher CFU-F in BM
transplants is correlated with better functional recovery after
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myocardial infarction [10], another hypothesis is that high
colony forming unit-fibroblast (CFU-F) frequency indicates
the effective isolates. Another hypothesis states that MSCs
from younger individuals are superior to those from older
people since the capacity of BM-MSCs to proliferate and
differentiate decreases with age and CFU-F frequency
decreases with donor age, too [11]. In addition, prior disease
in the donor may have negative effects on BM-MSCs
[12,13]. To synthesize these hypotheses: MSCs from young,
disease-free individuals that are expanding rapidly and
contain high CFU-F may be the most potent MSCs for
cellular therapy.

We speculate that MSCs derived from Wharton’s jelly of
the umbilical cord (WJCs) will be potent for cellular therapy,
since WJCs are collected non-invasively and painlessly from
disease-free newborns [14]. Furthermore, WJCs meet the
definition of MSCs and they expand faster than BM-MSCs
[15, 16], and our pilot work and work from JE Davies
laboratory indicate that WJCs have higher CFU-F frequency
than has been reported for BM-MSCs (Lopez et al., ISSCR
abstract 2010; [17]). Pre-clinical data suggests that WJCs
may have utility in treating immune disorders such as
GVHD [18-23], or other immune diseases [24]. While WJCs
have greater expansion potential and higher CFU-F fre-
quency compared to BM-MSCs, they have yet to be
clinically tested.

In order to optimize cell preparation for therapy, here, we
evaluated the effect of oxygen concentration and plating
density on WJCs during expansion. We hypothesized that
MSCs cultured in 5% oxygen tension and at low density (10
cells/ cm?) would maintain CFU-F frequency and grow faster
compared to WJCs maintained at 21% oxygen and high
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density (100 cells/ cm?). We found a potent effect of oxygen
tension and plating density on WJCs expansion and did not
find an effect on differentiation capacity or surface marker
expression. These optimized methods permit rapid expansion
of WJCs for pre-clinical and clinical evaluation.

MATERIAL AND METHODS
Human Subjects

Kansas State University’s Institutional Review Board
(IRB) reviewed this work (protocol # 5189, 3515 and 3996).
After birth, the umbilical cord was placed in sterile saline
and stored at 4° C until it was processed. The umbilical cord
was processed within 24 hours of birth in a biosafety cabinet
(BSC) using universal precautions (BSL2).

Isolation and Expansion of WJCs

A method for isolation of WJCs has been described [14].
A modification of those methods is described here. The
umbilical cord was rinsed with Dulbecco’s Phosphate
Buffered Saline (DPBS, Invitrogen, cat # 14190-250) to
remove as much blood as possible. The cord was cut into 3-5
cm lengths and rinsed again. The cord was slit length-wise
and the blood vessels were removed. Tissue was digested in
a collagenase and hyaluronidase enzyme solution at 37°C for
45 minutes (Collagenase Type |, Invitrogen catalog # 17100-
017 @ 300units/ml; Hyaluronidase, Fisher catalogue #
ICN15127202 @ 1mg/ml in Phosphate Buffered Saline with
3mM CacCl,). Next, the tissue was transferred into Stomacher
bags (Brinkmann catalogue # 030020278), into the inner
tissue filter bag, along with 25 ml of enzyme solution. The
air in the bag was removed. The bag was heat-sealed and
processed in the Stomacher (Stomacher 400, Brinkmann
catalogue # 030010159) at 150 rpm for 10 minutes at 37° C.
The bag was removed, and the outside was sprayed with
70% alcohol and placed inside the BSC. The cells and
enzyme solution was collected from the outer bag and
centrifuged at 1000 rpm for 5 minutes at 20° C. The super-
natant was discarded and the pellet was suspended in 1 ml of
growth medium. The red blood cells (RBCs) in the pellet
were lysed with Sigma red blood cell lysing buffer
(catalogue # 7757) using the manufacturer’s protocol. Live
cell count was done using a hemocytometer. The cells were
plated on tissue culture plastic at a density of 10,000 live
cells/ cm? The cells were grown to 85-90% confluence prior
to passage 0->1. To passage, the cells were rinsed twice with
DPBS, followed by 0.05% Trypsin/EDTA for 5 minutes at
37° C. The trypsin was inactivated by adding 3 volumes of
growth medium and the cells were pelleted by centri-
fugation.

For Project 1, cells were counted and transferred to a new
plate or flask at a concentration of 10,000 cells per cm? in
fresh medium and incubated at 37 °C, saturating humidity
and 5% CO,. The plates and/or flasks were checked for con-
fluence every day and the cells were fed every other day by
removing half the medium and replacing it with fresh
medium. Cells were grown for four days prior to passage.
For serum-free conditions, the cells were grown on 0.1%
gelatin-coated flasks. The standard growth medium used is a
2% serum DMEM medium described previously [14] and the
serum-free medium used was previously described by
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Battula et al., [25]. For Project 2, CFU-F assays were
performed by platlng 6 repllcates of 100, 500 or 1000 WJCs
into 6 well plates (9 cm? surface area) to yield platlng density
of approximately 10, 50 and 100 cells per cm?. In a pilot
work, plating at densities higher than 100 cell per cm? yield
too many colonies to count at 7 days. After 7-10 days of
culture, medium was removed and the plates washed with
DPBS, and cells were fixed with methanol for 5 min. The
plates were air-dried and stained with cresyl violet, rinsed,
and air-dried. CFU-F colonies (1 — 8 mm diameter) were
counted manually by two investigators who were blinded to
the experimental conditions. After all counting was
completed, the data was decoded and averaged. The CFU-F
assays were performed between passage 1-6 on eight isolates
in more than three independent trials. In a random subset
of the CFU-F plates at the 10 and 50 cells per cm? density,
the average size of the colonies was determined
independently by two investigators who were blind to the
experimental conditions. Using established criteria for
colony selection, colony size was determined by measuring a
random selected axis diameter using an eyepiece micrometer
at an overall magnification of 1x. At least 70, non-
overlapping colonies were measured by each investigator.
Each colony was counted once by an investigator. No
attempt was made to insure that the two investigators
counted the same colonies. Colony Forming Efficiency
(CFE) was calculated as the number of colonies per the
number of plated WJCs.

Differentiation of MSC

Osteogenic differentiation was performed on WJCs at
either passage 4 and 8. Briefly, 2x10* WJC were cultured in
24 well Falcon plates. The growth medium was replaced
with Invitrogen Osteogenic medium for 21 days of culture.
The cells were then fixed with methanol and stained with
von Kossa stainas previously described [26]. Chondrogenic
differentiation was performed on WJCs at either passage 4
and 8. Briefly, 4x10° WJCs were cultured either in 3D
culture as a pellet in a 15 ml centrifuge tube or in 2D culture
in a 24 well tissue culture plates. The growth medium was
replaced with Stem Cells Technologies Chondrogenic
medium for 21 days of culture. The cells in culture plates
were fixed and stained with Mason’s Trichrome stain.

Project 1: Effect of Serum-Free Medium and 5% Oxygen
on Growth Rate

The cells from P1-P6 were grown in four growth
conditions — 1) 21% oxygen (room air) and standard growth
medium with 2% serum, 2) 21% oxygen and serum-free
medium, 3) 5% oxygen and standard growth medium with
2% serum and 4) 5% oxygen and serum-free medium. The
same isolate was processed for each of the four conditions
using 2 identical NuAire AutoFlo two gas incubators (5%
CO,, 21% or 5% O,, 37°C, 90% humidity). The serum-free
medium was formulated as described previously by Battula
V. et al.: Knockout DMEM medium (Invitrogen 10829) with
20% Knockout serum replacer (Invitrogen 10828-028), 1mM
L-Glutamine, (Sigma 49419), 0.1 mM B-mercaptoethanol,
(Sigma, M7522); 1% non-essential amino acids, (Invitrogen
11140); 5 ng/ml bFGF, (Invitrogen 13256-029) [25]. At each
passage, 250,000 cells were plated in a T-25 flask and
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cultured for four days in each of the four culture conditions
and then counted using a hemocytometer and the Trypan
blue exclusion method to determine live/dead cells. The
“standard growth medium with 2% serum” has been
described previously [14].

Growth Curve and Population Doubling Time

To obtain the cell proliferation growth curve and
calculate the mean population doubling time, 250000 cells
were plated in T-25 flasks (Corning catalogue # 430639),
and fed every 2 days. After 4 days of growth, the cells were
detached and counted using a hemocytometer. Population
doubling was calculated using the formula:

log(final cell number)-log(initial cell number)x3.32
Time dif ference (T2-T1)

Inverse of

Flow Cytometry

Flow cytometry was used to examine surface markers:
CD13, CD44, CD49e, CD90 and CD105. The cells were
lifted for passaging and resuspended in DPBS at 1-2 million
cells/ml. An aliquot of the cell suspension was added to 12 x
75 mm Falcon polystyrene tubes. The appropriate amount of
conjugated antibody or isotype control was added to each
tube (PE isotype control IgG1, BD Biosciences catalogue #
555749 @ 1pl/100ul cell suspension; FITC isotype control
IgG2b, BD Biosciences catalogue # 556655 @ 10ul/100ul
cell suspension; PE CD13 1gG1, BD Biosciences catalogue #
555394 @ 10ul/100ul cell suspension; PE CD44 1gG2b BD
Biosciences catalogue # 556655 @ 10u1/100pul cell suspen-
sion; PE CD49e 1gG1, BD Biosciences catalogue # 555617
@ 10ul/100pl cell suspension; PE CD90 IgG1 BD Biosci-
ences catalogue # 555596 @ 5ul/100ul cell suspension; PE
CD105 1gG1, Fitzgerald catalogue # RDI CD105NPE
@3ul/200ul cell suspension). Tubes were incubated at room
temperature in the dark for 15-20 min. After the incubation,
the cells were washed with PBS and the results were
obtained by reading the output of a FACSCalibur flow
cytometer. For each tube, 10000 events were collected and
the data was analyzed using Cell Quest software. Following
adjustment of forward and side scatter to exclude debris and
include WJCs, isotype (Negative) control gates were set at
1%.

Immunofluorescence Evaluation

For immunofluorescence, plates were washed with
DPBS, fixed with 4% paraformaldehyde for 5 minutes at
room temperature. Nonspecific staining was blocked by
incubating with 5% normal goat serum (NGS) for 30
minutes. Samples were incubated with conjugated antibodies
at room temperature in the dark for 20 minutes. Cells or
colonies were screening using conjugated antibodies against
human PE-CD271 (BD Pharminogen catalogue# 557196),
FITC-CD44 (BD Biosciences catalogue# 555478), or rabbit
anti-nestin (Chemicon). All antibodies were used at 1:100-
1:200 dilution. After incubation, plates were washed twice
with DPBS. In the case of nestin, an AlexaFluor 488 second-
ary anti-rabbit antibody was used to localize the primary
antibody, followed by triple rinsing with DPBS. As a nega-
tive control, WJCs were staining using isotype control anti-
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bodies (PE mouse 1gG BD Biociences catalogue# 555743)
and FITC mouse IgG (BD Biociences catalogue# 555748).
Cell nuclei were stained with 1 pg/ml 4'-6-Diamidino-2-
phenylindole (DAPI) for five minutes and plates were rinsed
with DPBS. Fluorescence was examined using a Nikon
Eclipse TE2000-S microscope equipped with epifluore-
scence filters and micrographs taken with a Roper CoolSnap
ES using Metamorph software.

Telomerase Activity

Telomerase expression was evaluated by telomerase
repeat amplification protocol (TRAP) using a commercial kit
(TRAPeze® XL Telomerase Detection Kit, MILLIPORE
catalogue# S7707) according to manufacturer’s protocol. At
passage 3, cells were detached and 2x10° cells were used for
TRAP analysis. Positive control cells were embryonic stem
cells (ESCs, provided by J. Hong).

Semi-Quantitative RT-PCR

Total cellular RNA was extracted using the Qiagen
RNeasy miniPrep kit or by TRIZOL LS using the manu-
facturers’ protocol. The RNA extraction was followed by
DNase treatment. Complementary DNAs to mRNA were
generated by reverse transcription of 2 pg of total RNA
using oligo dT12-18 as a template and Superscript Il reverse
transcriptase according to the manufacturer’s instructions.
Following first strand synthesis, the sample was treated with
RNase H. Semi-quantitative RT-PCR was performed in
duplicate at two different DNA loading concentrations: 2 ng
and 20 ng. PCR amplification was performed using a BioRad
iCycler iQ5 was performed as follows: 95°C for 5 min,
followed by 40 cycles; each cycle consisted of 95°C for 30
sec, 60°C for 30 sec, and 72°C for 45 sec, and a final
extension of 72°C for 5 minutes. PCR primers were designed
using Primer 3 software (Gene, primer pairs, amplicon size
are listed in Table 1). PCR primers for HAS1, HAS2, HAS3,
Oct4, Nanog, Cadherin 2, GD2 synthase, beta-actin were
validated in pilot work. Positive and negative control RNA
was collected from human teratocarcinoma cells (NTera2
cells, ATTC), human bone marrow mesenchymal stromal
cells at P1 and P4 (Osiris), and human fibroblasts (ATCC).
The threshold count, Ct, was determined using Sybr green
signal and the iCycler software version 3.1. A ACt value was
calculated by subtracting beta-actin Ct value from the Ct
value of the gene of interest.

Table 1. Flow Cytometry Results

21% + GM 21% + SFM 5% +GM | 5% + SFM
CD13 68% + 10 67% + 12 47% + 11 67% + 12
CD44 84% + 7 88% + 3 64% + 15 64% + 14
CD49% 76% + 14 84% + 15 70% + 14 52% + 14
CD90 96% + 2 92% + 4 85% + 7 82%+8
CD105 81%+9 80% + 7 60% + 14 53% + 23
N=4
Statistics

Analysis of variance was used to test the significance of
main effects and interaction terms. After finding a significant
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main effect or interaction, post hoc testing was performed to
evaluate planned comparisons using Scheffe’s test. Statis-
tical significance was set at alpha < 0.05.

RESULTS
WJC lIsolates

For Project 1, eight cords (five male and two female and
one cord of unknown sex) were used. WJC isolates were
collected and held overnight prior to isolating WJCs (5/7
cords obtained after normal vaginal delivery, 1/7 cords
obtained after Caesarian-section, 1/7 cord obtained after
unknown delivery method, average cord length 52 cm,
average of 790,000 cells from each umbilical cord at PO,
average of 15,192 cells isolated/cm length). For Project 2,
eight cords (four male and four female) were used. Umbilical
cords were collected and processed within 24 hours of birth.

Randomly selected WJCs isolates that were expanded in
21% oxygen or 5% oxygen were confirmed to differentiate
along the chondrogenic and osteogenic lineages using non-
quantitative analysis. Oxygen concentration did not affect
differentiation to chondrogenic or osteogenic lineages (see
Fig. 1).

7

5% oxygen

Chondrogenic differentiation Control

- - S

v A
i
A
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Project 1: Effect of Oxygen Concentration and Serum-
Free Medium on in Vitro Expansion

Fig. (2) shows cumulative population doubling of WJCs
over passages 2-6 when the cells were grown in 5% or 21%
oxygen, and in two different expansion media: standard
growth medium with 2% serum or serum-free medium
(SFM). ANOVA revealed that main effect: Oxygen Con-
centration was significant (Fy 1, = 214.2, p< 0.01), the main
effect: Medium was not significant (Fy 1, = 3.8, p> 0.05), the
repeating measures term: Passage was significant (F44 =
616, p< 0.01). Post hoc analysis revealed that the growth rate
of WJCs, based upon the cumulative population doublings
per passage, was significantly fasterin 5% oxygen than in
21% oxygen. Post hoc testing showed that exposure to 5%
oxygen accelerated growth from the first passage after
exposure and this accelerated rate continued through passage
6 (see Fig. 2, middle panel). Population doubling time was
significantly less when the cells were grown in 5% oxygen,
compared to cells grown in 21% oxygen: averaging 51 hrs
for cells grown in 5% oxygen versus 62 hrs for cells grown
21% oxygen for passages 2-6. In contrast, comparing the
standard growth medium with 2% serum to SFM, growth
rates were not different. The interaction term: Oxygen

Fig. (1). Oxygen concentration did not modify osteogenic or chondrogenic differentiation of WJCs. WJCs at passage 4 were differentiated
into cells of chondrogenic (top) or osteogenic lineage. TOP: WJCs culture in chondrogenic differentiation medium in culture (left), or WJCs
maintained in control, undifferentiated conditions (right) for 21 days. Cartilage differentiation was seen by Mason’s Trichrome staining for
collagen fibers. BOTTOM: WJCs maintained in osteogenic medium (right) or control medium (left) for 21 days. The formation of
mineralized matrix was revealed by von Kossa staining. Note that oxygen concentration at 5% or 21% during the culture and differentiation
did not impact differentiation of Wharton’s jelly-derived mesenchymal stromal cells (WJCs).
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Fig. (2). Effect of oxygen concentration and composition of the medium on WJCs expansion on population doubling. TOP panel left:
Cumulative population doublings. WJC cultured in 5% oxygen (low O,) grew faster than those grown in 21% oxygen (high O,), as indicated
by greater number of cumulative population doublings. TOP panel right: There was no difference between the cumulative growth between
our standard medium containing 2% serum and growth factors and serum-free medium. MIDDLE panel left: Population doublings at each
passage. While WJCs were initially plated at the same density, ANOVA followed by post hoc analysis revealed that WJCs in 5% oxygen
grew faster from the first passage. MIDDLE panel right: There was no difference in WJC growth rate between the two media tested: Both
serum-free medium (SFM) and our standard growth medium with 2% serum (SGM) grew faster in 5% oxygen than in 21% oxygen, as
indicated by greater number of population doublings at each passage. BOTTOM panel left: Population doubling time over passage: WJCs
increased their growth rate over passage. WJCs grown in 21% increased their growth rate more than WJCs grown in 5% oxygen. Mean and
standard error of the mean are plotted. Abbreviations: GM: growth medium with 2% serum; SFM: serum-free medium; 5% O,: 5% oxygen
concentration; 21% O,: 21% oxygen concentration.
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concentration x Passage was significant (F448 = 3.3, p <
0.05). Inspection of the growth curve (Fig. 2, top) and plot-
ting population doubling time vs. passage (Fig. 2, bottom)
indicated that growth rate increased with passage (doubling
time decreased) in both oxygen concentrations. Cells grown
in 21% oxygen decreased population doubling time from 65
hr at P1 to 59 hr at P6, a 10% difference. In contrast, cells
grown in 5% oxygen condition decreased their population
doubling time from 53 hr at P1 to 50 hr at P6, about a 5%
difference (Fig. 2, bottom). This may reflect adaptation to in
vitro culture.

Flow Cytometry

Following expansion in two different oxygen concentra-
tions and in two different growth media, surface marker exp-
ression was evaluated by flow cytometry. Using ANOVA,
there were no effect on the expression of surface markers
CD13, CD44, CD49e, CD90 and CD105. Representative
data from one isolate is shown in Fig. (3): WJCs positively
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stained for CD13, CD44, CD49, CD90 and CD105. A
summary of the data from four isolates is provided in
Table 1.

Semi-Quantitative RT-PCR

Hyaluronan synthase (HAS) activity isoforms | through
111 were evaluated because the WJCs synthesized hyaluronic
acid (HA) and the WJCs express the receptor for HA, CD44.
We hypothesized that HAS isoforms might be different
between serum-free and the 2% serum enriched medium
since HA plays a role in the mitogenic effect of PDGF-BB
[27], and since HAS | gene expression is differentially
regulated the BM-MSC of myeloma patients [28]. ANOVA
revealed no significant main effects: Oxygen concentration
or Medium, or interaction effects: Oxygen x Medium. There
was a significant main effect: Passage (F124 = 8.0, p < 0.05)
and a significant interaction term: Gene x passage (Fz.s =
9.5, p < 0.05). These data are presented in Fig. (4). The
expression of the pluripotency genes Oct4 and Nanog were

5% + GM 5% + SFM
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Fig. (3). Immunophenotyping profile of Wharton’s jelly cells (WJCs) cultured in both 21% and 5% O, concentration using our standard
growth medium with 2% serum (GM) and serum-free medium (SFM). Flow cytometry analysis of mesenchymal stromal cell (MSC) surface
markers showed no changes in MSC-related surface markers by either 5% or 21% oxygen concentration or between the two medium
evaluated over 6 passages. Note: Data shown is representative of four isolates that were tested. Table 1 show averaged data for four isolates
that were tested. The percentage shown in each histogram represents the % of positively stained cells in each histogram.
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Fig. (5). Effect of oxygen concentration or plating density on Colony Forming Efficiency (CFE). The colony forming efficiency (CFE) was
defined as the ratio of the number of Wharton’s jelly cells (WJCs) per observed colonies. Left: Overall, CFE was significantly higher when
WJCs were cultured in 5% oxygen concentration. Right: Overall, CFE was significantly greater at lower initial plating density. The lowest
density used here (10 cells/cm?) had higher CFE than CFE at either 50 or 100 cells/ cm? plating density. Mean and standard error of the mean

are plotted. Abbreviations: CFE: colony forming efficiency.

evaluated, too. Neither Oct4 nor Nanog was expressed in
WJCs. In contrast, Oct4 and Nanog were expressed in NT2
positive control cells (data not shown).

Project 2: Effect of Oxygen Concentration and Plating
Density on CFE

Each WJC isolate was divided between three plating
density groups (10, 50 and 100 cells/ cm?) and 2 oxygen

tension groups (21% and 5%) and grown from passage 1
through passage 5. CFU-F was assessed at each passage. The
observed CFU-F was normalized to account for different
plating density by dividing by the number of WJCs plated to
generate colony forming efficiency (CFE) statistic. ANOVA
revealed significant main effects: Plating density (Fpg3 =
37.4, p< 0.01) and Oxygen concentration (Fig3 = 5.8,
p<0.05), and a significant interaction term oxygen concen-
tration x passage (F43 = 2.8, p< 0.05).
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As shown in Fig. (5), overall CFE was improved from an
average of 25.2 + 2.1 WJCs to produce one CFU-F in 21%
oxygen to 19.9 + 1.6 by incubation in 5% oxygen, a 21%
improvement. Similarly post hoc analysis showed that
Iowerlng the density of the cells improved CFE: 10 cells/
cm produced significantly higher CFE than 50 or 100 cells/
cm? CFE improved significantly from an average of 36.5 £
2.1 WJCs to produce one CFU-F at 100 cells/ cm?, to 20.0 +
2.0 at 50 cells/cm? to 10.6 + 1.7 at 10 cells/ cm?, see Fig.
(5). Post hoc anaIyS|s of the interaction between oxygen
concentration and passage revealed that maintaining WJCs
in 5% oxygen maintained CFE; however, expansion in 21%
oxygen resulted in maintaining CFE at passage 1-4 and
significant decrease CFE at passage 5 (see Fig. 6).

X,
[] 5% |

s04 I 21%

40

CFE

30

20 A

10 A

1 2 3 4 5
Passage

Fig. (6). Interaction between Colony Forming Efficiency (CFE) and
passage. CFE was not significantly different when Wharton’s jelly
cells are grown in the two different oxygen concentrations from
passage 1 through 4. At passage 5, however, WJCs grown 21%
oxygen had lower CFE than WJCs grown in 5% oxygen. Mean and
standard error of the mean are plotted. Abbreviations: CFE: colony
forming efficiency; 5% O,: 5% oxygen concentration; 21% O,:
21% oxygen concentration.
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Colony Size

There was no difference in the colony size measure-
ments between the two investigators and their colony size
measurements were pooled. From ANOVA, the main effect:
Plating density was significant (Fys67 = 9.29, p <0.01) and
the main effect: Oyxgen concentration missed significance
(Fise7 = 3.32, p = 0.07, two tailed) and the interaction term:
Plating density x oxygen concentration was not significant
(F1s67 = 0.05, p> 0.05). Post hoc analysis revealed that the
colonies in the 50 cells/ cm? condition Were significantly
larger than colonies in the 10 cells/ cm?® condition by 8%
(25.16 + 0.48 for 10 cells/ cm? vs. 27.49 + 0.56 for 50 cells
per cm?).

Wharton’s Jelly CD271 Positive Cells are Restricted to
Colonies

As shown at the top of Fig. (7), colonies derived from
WJCs were analyzed by immunofluorescence. We observed
CD271-positive cells within a subset of cells within colonies
and not elsewhere. In contrast, as shown at the bottom of
Fig. (7), nestin-positive cells were found in colonies and in
the cells that did not form colonies in WJC cultures.

Telomerase Activity

The TRAP assay was run in triplicates on WJCs at
passage 3 in two independent experiments: WJCs exposed to
5% oxygen or 21% oxygen for three passages (long term
culture) or WJCs exposed to 5% or 21% oxygen for one
passage (two passages at 21% and then moved to 5% oxygen
for one passage, short term culture) or heat-inactivated cells
(WJCs and rat undifferentiated embryonic stem cells as a
negative control) and undifferentiated rat embryonic stem
cells as positive control (supplied by James Hong). The A

Fig. (7). Immunocytochemistry of Wharton’s jelly cells. TOP: CD271 immunofluorescence staining of Wharton’s jelly cells (WJCs). Left
panel: Phase contrast micrograph of Wharton’s jelly cells in culture. Second panel from left: CD271 immunofluorescence detected with PE
(red). Positively stained CD271 cells were only found in a portion of the core of each colony and not elsewhere. Third panel from left:
Combination of CD271 staining shown in red with nuclear staining by DAPI shown in blue. Right panel: Negative control made by staining
with the PE isotype control antibody only. Bottom: Nestin immunofluorescence staining of WJCs (Top) and positive control (immortalized
mouse neural progenitor cells, C17.2, bottom). Note that, in contrast to CD271 where only a sub-population of WJCs in colonies is stained,
virtually all WJCs were stained by nestin, including colonies. Calibration bar = 500 micrometers.
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Fig. (8). Effect of short-term versus long-term exposure to either 5% oxygen or 21% oxygen on telomerase expression. TRAP assay was
used to measure telomerase activity, each point was run in triplicate and averaged. This is representative data from two independent trials.
LEFT panel: Long-term culture (3 passages) in either 5% oxygen concentration or 21% oxygen concentration (measurements made at
passage 3). The Wharton’s jelly cells (WJCs) exposed to 5% oxygen had higher telomerase expression than WJCs cultured in 21% oxygen.
The positive control (POS) is telomerase expression by rat embryonic stem cells (supplied by James Hong). RIGHT panel: Short-term
culture (1 passage) in either 5% oxygen concentration or 21% oxygen concentration (measurements made at passage 3). There was no
change in telomerase expression when cells are moved from 21% to 5% oxygen for one passage only.

threshold count (ACt) values were calculated by subtracting
the average Ct for heat-inactivated cells. TRAP assay was
run on two independent experiments and the results are
shown in Fig. (8). Note that no statistical analysis was
conducted on this pilot data. TRAP assay revealed that
WJCat passage 3 which were grown in 5% oxygen for three
passages (long-term culture) had apparently higher
telomerase expression than WJCs grown in 21% oxygen (left
panel in Fig. 8). In contrast, WJCs at passage 3 which were
grown in 21% oxygen for 2 passages and moved to 5% for
the last passage (short-term culture) had apparently the same
amount of telomerase as WJCs grown in 21% (right panel in
Fig. 8). Heat inactivation significantly reduced telomerase
expression (data not shown) and rat undifferentiated
embryonic stem cells had high telomerase expression
(labeled as positive control, POS, in Fig. 8).

DISCUSSION

Here, the effects of oxygen concentration, plating densi-
ty, passage, and culture medium were examined on
Wharton’s jelly-derived MSCs (WJCs). Oxygen concentra-
tion and plating density had potent effects on WJC expan-
sion which was indicated by differences in population
doubling time and CFE. There was no effect of growth in
serum-free medium when it was compared to our standard
growth medium which contains 2% serum, growth factors
and cytokines [14]. We hypothesized that reduced oxygen
concentration during culture would increase WJC expansion
rates and CFE since previous work had shown that reduced
oxygen concentration during culture has potent effects on
expansion of bone marrow-derived MSCs [29-35] and WJCs
[36,37]. We speculated that plating density would impact
WJC expansion based upon previous work using bone
marrow-derived MSCs which had shown that MSC have
more rapid expansion after plating a low density [38].
Additionally, our work fits with previous work where WJCs

were plated at extremely low density (< one cell per well)
and very high CFE of 1 colony per 3-4 WJCs [17]. Together
our work suggests that the parameters: oxygen concentration
and plating density have a great impact on WJC expansion
and CFE and that use of serum-free medium did not affect
expansion rate.

With regards to oxygen concentration during expansion,
our results show that 5% oxygen concentration increases the
growth rate and improves CFE compared to 21% oxygen.
The effect on growth rate was significant from the first pas-
sage and continues throughout the first five passages, and
lowered oxygen concentration improved CFE of WJCs.
These findings suggest two things. First, that the physio-
logical effects of oxygen occur within the first days of
culture and are maintained for at least five passages, and
second that lowered oxygen concentration improves CFE. In
this regard, our results using WJCs are consistent with the
effect of oxygen concentration on bone marrow MSCs [31].
In a previous report, Lavrentieva et al., compare the effect of
1.5, 2.5, 5% oxygen to 21% oxygen exposure for 72 hrs on
growth of WJCs [36]. They found that 72 hrs of exposure to
2.5% oxygen concentration had a significant enhancement of
growth compared to 21% oxygen, and 5% oxygen showed a
trend to increase cell number that was not significant. The
increased growth was correlated with an increase in hypoxia-
inducible factor 1 alpha. A second group, Farias et al.,
reported that WJCs culture in 5% oxygen concentration
maintained higher CFE and greater overall growth compared
to 21% oxygen [39]. In contrast, another group reported that
reduced oxygen (2%) enhanced proliferation rate of WJCs,
but the enhancement required exposure of WJCs for five
passages before reaching statistical significance [37]. Our lab
was the first to show that 5% oxygen concentration affects
both cell expansion rate and CFU-F from the first passage.
We found that the effect of oxygen concentration was on
expansion rate and CFE was maintained for at least four
passages. Thus, our data is supported by previous reports and
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extends previous work on WJCs maintained in < 21% oxy-
gen concentration culture conditions [39,37]. Additionally,
we report that the interaction term: oxygen concentration x
passage was significant. We found that CFE was consistent
over passage when WJCs were cultured in 5% oxygen for
passages 1-5. In contrast, WJCs cultured in 21% oxygen,
CFE decreased at passage 5. To our knowledge, this is the
first report of significant interaction between oxygen con-
centration and passage, Farias et al., observed loss of CFE in
WJCs maintained for 37 days in culture at 21% oxygen,
while CFE was maintained at a stable level in 5% oxygen.

Oxygen concentration has broad physiological effect and
affects many cell types. For example, reduction in oxygen
concentration enhances reprogramming efficiency of diploid
cells towards induced pluripotent stem cells [40], and may
have a role in stabilizing the genome during replication to
prevent aging effects (see review by [41]). The observed
effect of reducing oxygen concentration on CFE and
expansion rate are accompanied by induction of hypoxia
inducible factors (HIFs) in a variety of cell lines [42-44] and
in WJCs [36], however the exact mechanism(s) responsible
for the observed effects on proliferation are not clear. For
example, it is not clear whether HIF or other effects of
reduced oxygen promotes faster expansion.

Transduction of telomerase is one method to immortalize
cells and has been previously shown to affect population
doubling time [45,46]. Previously, our group reported that
telomerase is expressed in WJCs [47] and other groups have
linked lowered oxygen tension culture with enhanced
telomerase activity and delayed replicative senescence [48-
50]. In the pilot study reported here, enhanced telomerase
activity was observed in WJCs at passage 3 that were
cultured in 5% oxygen compared to 21% oxygen for
passages 1-3. In contrast, WJCs which were grown in 21%
oxygen and moved to 5% for passage 2->3 did not demons-
trate increased telomerase activity. These observations
suggest that enhanced telomerase may be associated with the
decrease in population doubling time that is found with
culture adaptation, and that telomerase is not likely to be
responsible for the initial increase in growth rate observed at
first passage.

The role of reactive oxygen species in DNA damage has
been previously reviewed [41,51]. One possible mechanism
underlying these findings is DNA damage/ telomere shorten-
ing by reactive oxygen in the 21% oxygen concentration
condition. Therefore, it is possible that oxidative stress may
be mitigated by including antioxidants in the medium such
as vitamin C or beta mercaptoethanol, etc, or by using lower
glucose concentration to reduce metabolic reactive oxygen,
if one did not have access to a CO, and O, regulated
incubator.

While reducing oxygen concentration from 21% to 5%
enhanced growth rate and CFE, we did not observe an effect
on HAS isoforms I, Il or Ill, or on Oct4 or Nanog gene
expression, osteogenic or chondrogenic differentiation capa-
city or MSC surface marker expression. Similarly, work
from Nekanti et al., reported that reducing oxygen concen-
tration to 2% did not change Oct4 expression, osteogenic or
chondrogenic differentiation capacity or influence surface
marker expression [37]. In contrast, work from Ren et al.
indicated that culturing bone marrow MSCs under 8%
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oxygen tension increased proliferation rate (and increased
the percentage of cells in S and G2/M phase of cell cycle),
decreased Oct4 expression, modified surface marker expres-
sion for CD44 and CD13, and enhanced differentiation of
MSCs [52]. Thus, WJCs may have a different physiological
response to reduced oxygen concentration culture compared
to bone marrow MSCs. These differences in differentiation
capacity of MSCs from bone marrow vs. Wharton’s jelly
may impact their use for certain clinical applications, such as
using MSCs in tissue engineering or for repair of bony
defects. It is not clear from the present work whether reduced
oxygen concentration during expansion affects other pro-
perties of MSCs, such as immunophysiology or cytokine
production. Therefore, it is unknown whether reduced
oxygen concentration during expansion would impact
MSC’s use in treatment of graft versus host disease
(GVHD), for example:

A second variable examined here was plating density.
We showed that lowering plating density from 100 cells/cm?
to 10 cells/cm? increased the CFE of WJCs. This finding is
consistent with what has been reported for bone marrow-
derived MSCs [53]. Using bone marrow MSCs,
Sotiropoulou et al., found that reducing plating density from
5,000 cells/cm? to 50 cells/ cm? had a huge impact on
proliferation and growth index [53]. Nekanti et al. evaluated
the effect of plating density on expansion rate in an attempt
to optimize expansion of WJCs [54]. They found that the
lowest density they evaluated (1000 cells/cm?) had the
fastest proliferation rate and that the proliferation rate
decreased in a density-dependent fashion (slowest prolifera-
tion rate at their highest density, 5000 cells/cm?). While we
did not correlated proliferation rate and plating density, the
clonogenicity of MSCs and, thus, CFE, is directly correlated
with proliferation rate. Therefore, our findings of increased
CFE with decreasing plating density are in agreement with
the expansion data of Nekanti et al.

While the effect of plating density on CFU-F has not
been systematically evaluated in WJCs till date, the work of
JE Davies lab [17,55] supports the notion that reducing
plating density enhances CFE in WJCs. Sarugaser et al.
reported that at passage 0, 1 colony in their CFU-F assay was
found in 333 plated WJCs and that more CFU-F were found
at higher density, suggesting a paracrine effect enabling
clonogencity of WJCs [55]. In a follow-up paper, the
Davies’ lab reported finding 1 CFU-F for 3-4 for WJCs,
when WJCs were plated at the ultra-low density of 1 to 0.2
cells per well [17]. While this finding contradicts their earlier
report that CFU-F increased with plating density, the
observed frequency of CFU-F is consistent with the
frequency observed here (1 CFU per 10 WJCs). In contrast
to what has been reported for WJCs here and for bone
marrow-derived MSCs (cited above), plating density was not
a critical variable in adipose-derived MSCs [56]. The
mechanism(s) or factors underlying the plating density effect
are not known. At higher plating density, paracrine signaling
or metabolic products may down-regulate MSCs self-
renewal and affect clonogenic frequency. We also found that
plating density affects colony size: colonies were signifi-
cantly larger when the WJCs were plated at 50 cell/cm?
density compared to 10 cells/cm?®. This finding fits with a
previous observation from bone marrow-derived MSCs
where the small, round cells observed at low plating density
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were found to be the rapidly renewing subpopulation [57,
58]. Our data suggests that plating density has two effects:
first, lower plating density increases the percentage of smal-
ler cells and, second, decreasing plating density increases
CFE by enhancing proliferation rate.

We found that culturing WJCs at 5% oxygen concen-
tration and at a density of 10 cells/cm? were optimal condi-
tions to maintain CFE and producing maximal proliferation
rate. Cell number is one aspect to consider for cellular
therapy. Others have suggested that lower oxygen concentra-
tion during expansion may improve MSC cell therapy
products. For example, work by Liu showed that brief
hypoxic exposure improved MSCs for cellular mobilization
and homing function by up-regulation of SDF-1 CXCR4
mediated homing [59]. Ren et al., reported that reduced
oxygen concentration enables differentiation of MSC [52].
Others reported diametrically different results [48]. There-
fore, it is likely that standard operating procedures (SOP)
will need to be optimized for each MSC tissue source and
clinical application.

We did not find a significant interaction: Plating density
X 0Xygen concentration. It is worth noting that maximal CFE
was found at the lowest plating density (10 cells/cm?) in 5%
oxygen conditions. In the context of optimizing production
of cells for clinical use, our data suggest that combination of
reduced plating density and expansion in 5% oxygen concen-
tration would be optimal for maintain CFE and maximizing
WJC expansion rate.

The third variable examined was medium components.
Specifically, we compared the growth rate of WJCs expan-
ded in our standard growth medium that contains 2% serum
and growth factor with a serum-free medium formation
containing bFGF that was previously described [25]. We
found no differences in growth rate between the two medium
formulations over 6 passages of expansion. Animal serum is
considered as a potential problem in clinical trials as patients
may generate antibodies against serum protein that remain
on cells that have been expanded in animal serum [60,61].
Furthermore, many laboratories use selected lots of serum
since serum lot is an important variable in MSC expansion
[62,63]. Since lot selection is time consuming and a potential
limitation for clinical use of MSCs, SOP that eliminates
animal serum would be advantageous for MSCs. Therefore,
limiting or excluding animal serum for expansion of cells
destined for cellular therapy has been an important
consideration [64]. Here, we report that using serum-free
medium did not impact expansion of WJCs. The major
limitation of using serum-free medium is the requirement to
coat plates with 0.1% gelatin or other special plate coatings
to insure good adherence and expansion in serum-free
medium. This limitation impacted the present report, since
we did not examine the effect of serum-free medium on CFE
or differentiation, since we were concerned that introducing
a different ECM would confound our comparison further.
The question of whether serum-free medium impacts differ-
entiation was not addressed here and should be addressed in
the future before MSCs expanded in SFM can be considered
for clinical trials.

As recently reviewed by Bianco et al., identification of
the stem cell subpopulation within MSC cultures is elusive
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[65]. The two properties of MSC stem cells that can be
evaluated in vitro are self-renewal and differentiation. To
demonstrate these stem cell properties, self-renewal is mea-
sured by the CFU-F assay and MSCs may be differentiated
into specialized cells of the mesodermal lineages, such as
chondrogenic or osteogenic lineages. Since these properties
are expressed in vitro assays, they may not accurately
represent the number of MSC stem cells in vivo. As rev-
iewed by Bianco et al., no markers distinguish multipotent
MSC stem cells from more committed and less potent
progenitor MSCs. Clonogenic MSCs can be enriched
prospectively by certain surface markers such as STRO-1
[66], MCAM/CD146 [67] or CD56, CD105, CD140b,
CD271, CD349, etc. [25,68,69]. Here, WJCs in the colonies
were shown to express CD271. Other work suggests that
MSC stem cells in bone marrow are nestin-positive e.g., [70-
72]. In previous work, our group [73] and others [74] have
shown that nestin is expressed by a population of
undifferentiated WJCS. The percentage of WJCs that express
nestin decreases with differentiation [73]. In pilot work
shown here, we found that nestin co-localizes with CD271-
positive cells in WJC colonies. The results presented here
and our pilot work would agree with previous reports that
show that bone marrow-derived MSCs expressing CD271
together with CD140b or CD105 may enriched for CFU-F.

Telomerase has a role in cell proliferation and main-
taining long telomeres. Recent work has shown that reduced
oxygen concentration during culture up-regulates telomerase
in stem cells [74, 75]. Other work has shown that telomerase
may increase cell proliferation rate [76]. Here, we showed
higher levels of telomerase expression in WJCs exposed to
5% oxygen for three passages, which correlates with
increased cell proliferation rate and CFE. Previously, it was
shown that WJCs express telomerase [47] and can maintain
long telomeres up to 15 passages [74]. Therefore, it is likely
that reducing oxygen concentration in culture up-regulates
hypoxia inducible factors (HIFs) and downstream effects
from HIF activation include increased cell proliferation and
maintenance of CFU-F, perhaps by affecting telomerase.
Further work is needed to demonstrate that lower oxygen
concentration in culture maintains the number of stem cells
in MSC cultures.

This study revealed that oxygen concentration and plat-
ing density affect several biological properties of WJCs.
Reduction of oxygen concentration enhanced expansion rate
and CFE, without observable impact on WJC surface mark-
ers expression, differentiation to bone or cartilage, or HAS,
Nanog or Oct4 gene expression. We did not find any
interaction or additive effect of oxygen or plating density.
These results suggest that these two variables can optimized
to produce an SOP for generation of WJCs for tissue
engineering or cellular therapy.
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