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Expansion of Cord Blood CD34" Cells in Presence of
zVADfmk and zLLYfmk Improved Their In Vitro
Functionality and In Vivo Engraftment in NOD/SCID
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Abstract

Background: Cord blood (CB) is a promising source for hematopoietic stem cell transplantations. The limitation of cell dose
associated with this source has prompted the ex vivo expansion of hematopoietic stem and progenitor cells (HSPCs).
However, the expansion procedure is known to exhaust the stem cell pool causing cellular defects that promote apoptosis
and disrupt homing to the bone marrow. The role of apoptotic machinery in the regulation of stem cell compartment has
been speculated in mouse hematopoietic and embryonic systems. We have consistently observed an increase in apoptosis
in the cord blood derived CD34" cells cultured with cytokines compared to their freshly isolated counterpart. The present
study was undertaken to assess whether pharmacological inhibition of apoptosis could improve the outcome of expansion.

Methodology/Principal Findings: CB CD34" cells were expanded with cytokines in the presence or absence of cell
permeable inhibitors of caspases and calpains; zZVADfmk and zLLYfmk respectively. A novel role of apoptotic protease
inhibitors was observed in increasing the CD34" cell content of the graft during ex vivo expansion. This was further reflected
in improved in vitro functional aspects of the HSPCs; a higher clonogenicity and long term culture initiating potential. These
cells sustained superior long term engraftment and an efficient regeneration of major lympho-myeloid lineages in the bone
marrow of NOD/SCID mouse compared to the cells expanded with growth factors alone.

Conclusion/Significance: Our data show that, use of either zZVADfmk or zLLYfmk in the culture medium improves expansion
of CD34" cells. The strategy protects stem cell pool and committed progenitors, and improves their in vitro functionality and
in vivo engraftment. This observation may complement the existing protocols used in the manipulation of hematopoietic
cells for therapeutic purposes. These findings may have an impact in the CB transplant procedures involving a combined

infusion of unmanipulated and expanded grafts.
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Introduction

Cord Blood serves as an alternate source of hematopoietic stem
cells for patients with malignant and non malignant conditions for
whom HLA matched donors are not available. Cord blood
possesses several inherent advantages over the bone-marrow—
derived hematopoietic stem cells like the ease of procurement and
low risk of severe graft-versus-host disease (GVHD) [1]. Unfortu-
nately despite these attractive features, cord blood transplantations
for adult patients still lag behind due to a low number of nucleated
cells and CD34" cells within a single cord blood collection. Double
cord transplantation and a combined infusion of an unmanipulated
and an expanded graft have been tried in clinics to tackle this
problem [2,3,4,5]. Thus the strategies to expand either CD34" cells
or the selected subpopulations from cord blood are an area of active
research. Last few years witnessed various clinical trials in the
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transplantation of expanded graft and have demonstrated the safety
and the feasibility of the expansion procedures [6,7,8,9]. However
in majority of cases the common problem confronted was the
altered behavior of the cultured hematopoietic stem/progenitor
cells (HSPCs) making the expanded graft less competent in
transplant settings. The expansion culture is known to cause several
cellular defects like loss of stem cells, down regulation of adhesion/
migration properties, reduced clonogenicity and initiation of
apoptosis [8]. This may render the already fewer stem cells
compromised causing an altered marrow engraftment. Some of the
earlier studies have pointed out the role of apoptosis cascade in
maintaining the stem cell compartment [10,11]. The role of two
cysteine proteases; caspase and calpain has been highly implicated
in programmed cell death in many cell systems [12,13].

The impact of apoptosis in the hematopoietic compartment has
been pointed out by Liu and colleagues as they demonstrated an
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engraftiment defect, when the cultured CD34" cells were
transplanted into the SCID model due to the activation of the
apoptotic CD95 pathway [14]. Our previous studies also suggested
a negative impact of apoptosis on the behavioral aspects of frozen
mouse bone marrow cells [15]. The pan caspase inhibitor
zVADfmk is used in cryopreservation studies as well [16]. More
over, we have consistently observed a three to four fold increase in
apoptosis upon cytokine stimulation of CB derived CD34" cells
compared to their fresh counterparts.

Keeping these findings in mind, we hypothesized that the
prevention of apoptosis may play an important role during the ex
vivo expansion of HSPCs. To validate this hypothesis, we
employed a strategy of transient regulation of apoptosis by using
the cell permeable inhibitors of two major apoptotic proteases;
caspase and calpian as supplements to the cytokine containing
expansion medium. We observed a significant improvement in the
CD34" cell expansion upon protease inhibition. The expanded
graft also exhibited superior in vitro and in vivo functional
properties.

Our data reveals a novel role of apoptotic protease inhibitors in
stimulating hematopoiesis in vitro, thereby improving the quality
of expanded grafts. The observations herein may contribute to the
expansion protocols when used either singly or in conjunction with
other methods.

Results

Presence of zZVADfmk and zLLYfmk improves the cell
yield and reduces apoptosis during ex vivo expansion
We observed a higher incidence of apoptosis, when the cord
blood derived CD34" cells were cultured with cytokines compared
to their freshly isolated counterparts (Figure S1). Thus we sought
to assess the role of cell permeable inhibitors of cysteine proteases;
caspase (zVADfmk) and calpain (zLLYfmk) as supplements in the
serum free culture of CD34" cells. We noticed that after the ex
vivo culture, the total cell yield increased up to 3070 fold, relative
to the nput cell number in all the three sets in various cord blood
units analyzed (data not shown). However, the presence of
zVADfmk or zLLYfmk resulted in a significantly higher cell yield
compared to the control on the 10™ day (Figure S2A, n=6).
Apoptosis in the culture was analyzed by a multiparametric
study combining the protein and transcript analysis. Annexin V
staining was carried out to detect the initial phase of apoptosis. A
shown in Figure 1A, there was a significant reduction in the
Annexin V+ population in the cells expanded with zZVADfmk/
zLLYfmk compared to the control (p0.003, p0.002, n=15). We
further observed that both the caspase and calpain inhibitors
reduced the activation of caspases with an equal efficiency. The
presence of active downstream/executioner caspases viz caspase3/
7, was significantly reduced in the test sets as assessed from a cell
free cytosolic enzymatic assay (Figure 1B, p 0.010, p 0.017, n=4).
Similarly, the transcript level analysis showed a reduction in the
expression of major members of the apoptotic machinery. The
expression of various genes for caspasel, caspase 3 and caspase 8
was studied along with Fas antigen/CD95 (Figure 1C). There was
a 1.25 fold reduction in the ICE/caspl mRNA in the test cells
compared to control. The caspase 3 mRNA was down regulated
1.3-1.5 times, whereas caspase 8 was down regulated by 1.5 times
in the test cells. The Fas/CD95 was down regulated 2 fold in the
cells expanded in presence of zZVADfmk, and was reduced 2.75
times in the cultures expanded in the presence of zLLYfmk.
Reduction in the apoptosis was accompanied by an increase in
the bcl-2° population. Figure 1D depicts the representative
flowcytometry profile showing a higher becl-2* population. Since
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bcl-2 expression is known to augment the stem cell functionality,
we compared the control and zVADfmk/zLLYfmk cultured cells
that co express bcl-2 along with the CD34 marker. There was a
substantial increase in the number of bcl-2* cells within the CD34
compartment upon protease inhibition as revealed by a two colour
flowcytometry analysis (Figure S2B, n=4).

Presence of cysteine protease inhibitors favoured the
expansion of CD34" cells

The expansion efficiency mainly relies on the CD34" cell
content of the graft. The addition of zVADfmk or zLLYfmk
during the in vitro expansion significantly increased the total
CD34" cell content compared to the control (Figure 2A). More
over there was a 3 fold increase in the CD34"CD38™ cell content
in the presence of either the compounds (Figure 2A, n=5).The
surface CD34 expression at individual cell level was remarkably
increased in the test sets as confirmed from confocal laser
microscopy, implicating a role of these two compounds in the
modulation of CD34 turn over (Figure 2B, n = 3).

To corroborate the above observation of enhanced generation
of CD34" cells in culture, we analyzed the relative abundance of
the gene expression of CD34 in the both the experimental
conditions. The quantitative real time PCR analysis revealed a
higher transcript level of CD34 in the presence of zVADfmk/
zLLYfmk compared to the control confirming the above
observations. (Figure 2C, n=3). These findings were noteworthy
as it unveiled a hitherto unknown role of two known apoptotic
inhibitors in regulating the CD34" population at both the protein
and transcript levels.

Apart from increasing the CD34 gene expression, the presence
of zVADfmk and zLLYfmk up regulated the notch receptor 1(3-5
fold), and its ligand jagged 1 (4-5 fold) which is one of the crucial
signaling pathway involved in the maintenance of stem cell
compartment in the hematopoietic system. These results indicated
that despite the conventional role of reducing the apoptosis level,
these compounds extended their function in positively regulating
the stem cell pool in the expanded cells by activating the notch
signaling. (Figure 2C, n=3).

The expanded HSPCs were predominantly myeloid
committed in nature

In order to check whether the incorporation of the protease
inhibitors leads to a proliferation associated differentiation, we
analyzed the expanded cells for the presence of lymphoid and
myeloid lineages. We observed that 50-70% the expanded CD34*
cells co-expressed the myeloid marker CD33 and a remarkable
increase in the myeloid progenitor population (CD347CD33") was
observed in the zZVADfmk/zLLYfmk cultured cells compared to
the control indicating the presence of more progenitor cells upon
protease inhibition (Figure 3A, p0.014, p0.049, n = 3). Moreover,
the negligible percentage of CD34"CD33™ subset ruled out the
possibility of the binding of mature myeloid cells to CD34. This
was assessed by the double immunostaining of CD34
vs.CD33. The data further revealed that virtually all the cells
examined were CD34719” (B lymphoid) and CD34*CD3™ (T
lymphoid) after the culture period. Figure 3B depicts a
representative flowcytometry profile of the same.

Enhanced colony formation of the cells expanded in the
presence of protease inhibitors

In vitro colony formation reveals the presence of early progenitors
in the culture, which can differentiate into myeloid or lymphoid
colonies in the presence of a combination of growth factors. The
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Figure 1. ZVADfmk and zLLYfmk reduced the level of apoptosis during ex vivo expansion. (A) The expanded control and zZVADfmk/
zLLYfmk cells were assessed for the expression of pro and anti apoptotic molecules. Annexin V staining was carried out to detect the apoptotic
population. The percent annexinV* population decreased significantly when the CD34" cells were cultured in the presence of either of the protease
inhibitors showing a reduced level of apoptosis in the culture. Data represented as mean positive population = standard deviation from five
independent experiments n=5 (B) The presence of active caspases (Casp3/7) in the culture was assessed using a cell free cytosolic enzymatic assay
and the zVADfmk/zLLYfmk sets showed a significant reduction in the activity of these caspases as assessed from four different CB units. Data is
represented as mean * standard deviation. (n =4). (C) The transcript analysis of various pro apoptotic genes like caspase 1, caspase 3, caspase 8 and
CD95/Fas, revealed a reduction in their expression upon protease inhibition compared to the control. (D) The analysis for the presence of anti
apoptotic bcl-2 showed a significant increase in the cells expanded with zZVADfmk/zLLYfmk. Representative flowcytometry profile is shown. (Black

line- Isotype, green line — control, pink line — zZVADfmk and blue line- zLLYfmk respectively (n=4).

doi:10.1371/journal.pone.0012221.g001

CD34" cells expanded with and without apoptotic inhibitors were
seeded in semi solid methyl cellulose medium with the growth factor
combinations as described in methods. The multipotential differen-
tiation ability of HSPCs in the methyl cellulose assay showed a
significant increase in the total and differential colony formation in
the presence of either of the compounds compared to the control.
Figure 4A is the mean data of 4 different samples showing a 3.5 fold
increase in the total CFU units in the zVADfmk/zLLYfmk sets.
(p0.042, p 0.03, n =4). Differential colony count of a representative
sample is shown in Figure 4B showing an increase in all the three
major colonies (Burst forming unit erythroid- BFU E, Granulocyte-
macrophage-megakaryocytes — GEMM and granulocyte-macro-
phage-GM) in the presence of inhibitors.
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The cells expanded in the presence of protease inhibitors
contained higher number of Long term culture initiating
cells

The LTC system not only offers an approach to investigate the
proliferative and differentiative events, but also reflects the self-
renewal ability of HSCs. The expanded control and zVADfmk/
zLLYfmk exposed HSPCs were cultured on an irradiated
supportive stromal feeder layer for further five weeks followed
by colony forming assay. The cells expanded in the presence of the
compounds retained significantly higher number of primitive
population (LTC units) compared to the control sets. The data of a
representative sample is shown in Figure 4C.There was a 2.5-3.5
fold increase in the number of GM colonies in the cells expanded
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Figure 2. Presence of cysteine protease in the culture favored the expansion of CD34" cells. (A) The expanded control and zZVADfmk/
zLLYfmk exposed HSPCs were stained using anti human CD34 antibody and was quantitated by flowcytometry. The percent positive population was
normalized to the respective cell yield on the 10" day (n=5). The CD347CD38 cell content of the expanded test HSPCs was significantly increased.
(B) Collected HSPCs were immunostained using anti human CD34 antibody and analyzed by confocal microscopy. There was a remarkable increase in
the CD34 intensity when the cells were expanded in the presence of the protease inhibitors showing that the inclusion of these compounds
increased the basal CD34 expression. Bar=10 pum. (C) Quantitative real-time analysis showing a higher gene expression of CD34, notch1 and jagged 1

in the test expanded HSPCS relative to the control.
doi:10.1371/journal.pone.0012221.g002

in presence of inhibitors. Moreover, these cells generated the
erythroid and CFU mix colonies whereas the control cells formed
only the GM colonies. The presence of GEMM colonies, in
comparison to the control, signifies the preservation of more
primitive cells in those sets. Similar increase in total LTC units was
observed with different expanded cord blood units (Figure S2C,
n=3).

Protease inhibition improved the engraftment of ex vivo
expanded HSPCs

To assess the in vivo engraftment ability of the expanded graft,
we intravenously administered the cultured control and test cells
into sub lethally irradiated NOD/SCID mice as described in
methods. 10° cells of the expanded end product were used for intra
venous infusion. The animals were sacrificed on 16™ week post
transplant and the level of human engraftment was assessed. The
percent engraftment in each set was compared to the PBS infused
irradiated recipient to detect the background staining if any. Both
the expanded control and zVADfmk/zLLYfmk expanded cells
engrafted the irradiated recipient. However, the animals, which
received the HSPCs, expanded in the presence of either of the
inhibitors showed a higher engraftment than the animals that
received the HSPCs expanded with growth factors alone. These
superior engraftment potential correlated well with the in vitro
results. Figure 5A shows the engraftment of huCD45 and huCD34
in the bone marrow of individual animals revealing the superior
potential of the zZVADfmk/zLLYfmk expanded graft compared to
the standard cytokine expanded graft (p=0.001, p0.001). The
representative flow contour plots are shown in Figure S3A and
Figure S3B.The multilineage engraftment was assessed by using a
panel of antibodies against lympho-myeloid lineages. The presence
of zZVADfmk or zLLYfmk was found to be beneficial in generating
a higher myeloid (CD33), megakaryocytic (CD41a) and lymphoid
(CD19) population in the bone marrow of the irradiated recipient
(Figure 5B). The representative flow contour plots are shown in
Figure S3C-E.

The presence of protease inhibitors in the media was also
beneficial for the expansion of frozen-thawed cord blood
units

Cord blood transplantations in the clinics mainly involve the use
of cryopreserved grafts. Our current observations with fresh cord
blood units clearly suggested that an optimized anti apoptotic
strategy in frozen units will have a significant and positive impact
during expansion, thereby potentially improving their clinical
utility. In order to test this hypothesis, we carried out the
expansion of frozen CD34" cells with and without the two
compounds and found that the two protease inhibitors were
equally effective. Apoptosis was found to be reduced in the
zVADfmk/zLLYfmk cultured cells. AnnexinV" population and
caspase-3 expression was reduced as shown in Figure 6A and
Figure 6B (n=3). Concomitantly a higher bcl-2 expression was
seen in those cells compared to the control (Figure 6C, n=3).
There was an increase in the CD34" cell content up to 3.5—4 fold
in the presence of zZVADfmk/zLLYfmk relative to the control
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(Figure 6D, n = 3). The clonogenic potential was also assessed and
found to be significantly higher as shown in Figure 6E (n=4).

These observations prompted us to assess the possibility of
cryopreservation of the expanded HSPCs from fresh CD34" cells.
Post thaw analysis revealed a higher recovery of both viable and
nucleated cells from the cells expanded in the presence of these
compounds. The CD34" population was maintained to a
significantly higher extent along with the primitive CD34"CD38~
subset. This reflected in the higher colony formation and LTC
output (data not shown), thus underscoring the fact that the
beneficial effect of these two additives during expansion, persisted
even after the freezing stress.

Overall, our findings highlight the potential use of these two
compounds in the expansion protocols so as to yield a superior
quality graft which may benefit in transplant settings.

Discussion

Cord blood is an established source for stem cell transplantation
procedures. In contrast to marrow, GD34" cells from cord blood
possess higher proliferative potential, and a higher frequency of
long term and SCID repopulating cells [17]. However, the limited
number of cell dose in this source has prompted researchers to
develop alternative methods to increase the cell number. Ex vivo
expansion is one approach to increase the number in a clinically
relevant manner [18]. This strategy overcomes the limitation
posed by low cellularity of CB units for unrelated transplants in
adults. Development of reliable methods for the expansion of cord
blood stem cells is critical to ensure their further clinical
application. Many investigators have employed various methods
to expand the HSCs; either by genetic/epigenetic approaches or
by using specific compounds which affect self renewal pathways
[19,20,21,22]. Tanaka H et al. has used a Hox decoy peptide for
expansion and reported a nearly 2 fold increase in the CD34™ cells
[20]. Use of valproic acid has also resulted in a 2 fold expansion of
CD34" cells as shown by Seet et al [22]. Recently Nishino and
colleagues have used a c- MPL agonist to expand the CD34 cells
[21]. Several groups have reported varying cell yield depending on
the source of isolated cells and the culture conditions [23,24] Ueda
and colleagues have amplified HSPCs in serum free medium and
found that the combination of SCF, TPO, FIt3-L IL-6 and I1L-6-R
as growth factors was superior in expanding SRCs. They
demonstrate a 45 fold increase in total cell number [25]. We
report a 30-70 fold increase in total nucleated cell yield in all three
sets after ex vivo expansion using a similar combination of
cytokines used by Ueda et al except for IL-6R. However, the
concentrations used were much lower than those used by them.
The use of Stem pro media which is formulated to support the
amplification of HSCs might have also contributed for the robust
cell expansion even in control cells. [26] The experimental
‘control’ in our cultures, thus served as a normal expanded graft.
Keeping this ‘control’ as background we have further aimed to
increase the quality and functionality of the expanded HSPCs by
supplementation of apoptotic protease inhibitors.

Here we demonstrate for the first time that the reduction in the
level of apoptosis brought about by zVADfmk and zLLYfmk
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Figure 3. Lineage assessment of the expanded HSPCs. (A)The expanded HSPCs were double immunostained with CD34 vs. lineage antibodies
like CD33 (myeloid) CD19 (B lymphoid) and CD3 (T lymphoid) cells. 50-70% of cells comprised of CD34"CD33" myeloid with a negligible percentage
of CD34+CD19" and CD347CD3" cells. The zZVADfmk/zLLYfmk expanded cells showed a significant increase in the CD347CD33+ subset as compared

to the control. (B) Representative flowcytometry profile showing the double Immunostaining of CD34 vs CD33, CD19 and CD3.

doi:10.1371/journal.pone.0012221.g003

during the ex vivo culture of HSPCs, increases the CD34" cell
content and enhances the functional properties of the graft. The
maintenance of HSCs requires the coordination of complex
pathways that involve control of self-renewal, differentiation and
apoptosis as reviewed by Alenzi et al [27]. Of note, Hatzold and
colleagues have revealed a striking functional link between
apoptosis and asymmetric cell division in C.elegans [28]. Their
studies point out to an evolutionary conserved role of apoptosis in
stem cell biology. Furthermore another body of research

highlighted that the over expression of anti apoptotic bcl-2
maintained the mouse embryonic stem cells in an undifferentiated
state in a feeder free condition [29]. Domen and colleagues have
shown that a block in apoptosis has increased the HSC pool in bcl-
2 transgenic mice [10]. An elegant work by Imai et al in murine
system showed that the use of zVADfmk facilitated the
engraftment of mouse marrow cells in an intra bone marrow
transplantation [30]. These evidences link the negative regulation
of apoptosis with the maintenance of stem cell pool.
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Figure 6. The presence of protease inhibitors in the media was also beneficial for the expansion of frozen-thawed CB units. (A)
Representative flowcytometry profile showing a reduced number of Annexin V' population when the frozen CD34" cells were expanded in the
presence of either of the compounds, n=3. (B) The cytosolic caspase 3 expression was remarkably reduced in the zZVADfmk/zLLYfmk sets compared
to the control counterpart as analysed by confocal microscopy. (C) Concomitantly the bcl-2 expression in those cultures increased relative to the
control, showing a reduction in the apoptosis cascade. Results presented are representative fields confirmed from at least 3 different samples.
Bar=10 um. (D) The percent CD34" population was quantified by FACS and it was observed that CD34™ cell content increased (3.5-4 fold) fold when
the frozen thawed CB units were expanded in the presence of either of the compounds (n=4). (E) The clonogenic potential of the test expanded cells
showed a significant increase in the differential colony formation. The presence of GEMM colonies were remarkably higher compared to the control

frozen cells. Data of a representative experiment is shown (n=4).
doi:10.1371/journal.pone.0012221.g006

Our observations with cord blood derived CD34" cells also
indicate that a similar regulatory role of apoptosis exists in the
human progenitor compartment as well. The supplementation of
the expansion media with the protease inhibitors, did not cause an
enhanced differentiation, but preferentially expanded the CD34*
population, overcoming the major hurdle in the expansion
protocols. CD34 expression assessed by confocal microscopy
revealed that both surface and cytoplasmic pattern (data not
shown) of CD34 existed. However the intensity was consistently
higher in test sets as described in results. Higher CD34" cell
content is important in the light of transplantation settings.
Moreover we observed a three fold increase in CD34"CD38™ cell
content during expansion in the presence of either of the
compounds. Since the regulation of apoptosis cascade was a
transient phase in our studies, the DNA damaged cells are
expected to die off after the withdrawal of inhibitors. Thus the
survival of abnormal stem cells which may be a concern from the
translation point of view may be minimal in our cultures. However
further studies are required to address this possibility.

Earlier studies have shown the significance of notch, and its
ligands, in the expansion and self renewal of HSPCs [31,32]. The
recent preclinical and clinical observations by Delaney et al
revealed that notch mediated expansion results in marked increase
in the stem/progenitor cells and the SRCs [33]. Our observation
of the up regulation of gene expression of the notch receptor and
its ligand jagged 1 suggested that the addition of these two
compounds during expansion, activated the notch signalling
molecules. In this context, it would be interesting to explore the
other signalling pathways also which has a direct role in the
regulation of the stem cell pool.

The increased bcl-2 expression evident in zVADfmk/zLLYfmk
sets is functionally relevant as bcl-2 has been reported to augment
the stem cell functionality [34]. Janzen et al have shown that
caspase-3 null mice harbour long term hematopoietic stem cells to
a higher extent compared to the wild type animal [35]. The
negative regulation of caspases has also been shown to be
necessary for the pluripotent state of embryonic stem cells [36].
All these observations speculated a possible role of caspases and
other cysteine proteases in the maintenance of stem cell turn over.
We demonstrate that the increased expansion efficiency of cord
blood CD34" cells in the presence of anti apoptotic agents was
associated with a concomitant reduction in the activity of major
caspases. The down regulation of Fas antigen is relevant here as it
is shown to inversely correlate with the homing efficiency of
CD34" cells [14]. More over, Bryder D et al have demonstrated a
negative impact of Fas mediated apoptosis in the self renewal of
hematopoietic stem cells [11]. However, whether there is a
possibility of faster senescence/shorter life time due to a higher
proliferation rate (upon apoptosis inhibition) needs to be further
looked into.

We further show the beneficial effect of protease inhibition on
the functional properties of the expanded cells. The multipotent
colony forming ability of the test cells was remarkably higher
compared to the control sets as assessed by colony formation and
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LTC assays. The immature population of GEMM colonies
increased significantly in both the assays indicating an increased
survival and preservation of stem cells in the expanded test sets.
Our experiments with frozen thawed cord blood units demon-
strated the equal effectiveness of these compounds during the in
vitro expansion underscoring their clinical utility.

Expansion has been reported to compromise on the engraftment
potential of HSCs. Expansion of both HSCs and HPCs are
essential, since the committed progenitors give rise to an immediate
short term engraftment where as the primitive HSCs in the graft
sustain hematopoiesis throughout [37]. The myeloid restricted
HSPCs are critical for the initial phase of clinical transplantation as
observed by several investigators [17,38]. The end product of our ex
vivo cultures were predominantly myeloid committed in nature with
a significantly higher CD34" cell content in the presence of
zVADfmk/zLLYfmk which resulted in an improved engraftment in
animals that received those grafts (>0.1% positive human cells were
considered as a cut off for engraftment as per Mattia et al [39] ). The
presence of lymphoid (huCD19) engrafiment in the bone marrow
using cord blood expanded HSPCs are reported by a few
investigators [25,40]. In our studies, the engraftment in NOD/
SCID mice was carried out for a period of 16 weeks, which is a
permissive duration for the lymphoid engraftment to be seen, albeit
less prominent compared to the engraftment detected by huCD45
and huCD34 markers. The higher number of immature GEMM
(CFU mix) colony formation ex vivo upon protease inhibition, very
well translated in regenerating a higher multilineage engraftment in
NOD/SCID mice.

Taken together our results unveil a novel role of two apoptotic
inhibitors; zZVADfmk and zLLYfmk in stimulating hematopoiesis
in vitro and improving the engraftment potential in vivo, making
the expanded graft superior to the cytokine cultured HSPCs. Our
findings may help in adding a further step in refining the
expansion protocols to yield a graft competent in transplant
settings.

Methods

Collection of Umbilical cord blood and isolation of CD34"
cells

Cord blood samples were collected from local hospitals with
written informed consent from the mother. The institutional review
board (IEC-Institutional ethical committee, NCCS) approved
protocols for the uses of human samples were followed. Mononu-
clear cells were separated from the cord blood by ficoll hypaque
(density 1.077 g/ml, Sigma Aldrich, St.Louis MO) density gradient
centrifugation. CD34" cells were isolated from the mononuclear

cells using Dynal beads as per manufacturer’s instructions
(Dynabeads M-450 CD34; Dynal, ASA, Oslo, Norway).

Ex vivo expansion of CD34" cells in serum free medium
CD34 cells were seeded at a density of 5x10* cells/well/500 ul
of Stempro medium (GIBCO, Grand Island, NY), in 24 well
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plates. Cytokines, IL-6, SCF, TPO, and Flt-3-L (all growth factors
were from Peprotech Inc, Rocky Hill, NJ) were used at a final
concentration of 25 ng/ml with (test cells) and without (control
cells) the addition of either zZVADfmk -100 nM or the zLLYfmk
10 uM (MP Biomedicals, Aurora, Ohio). Cells were cultured for
10 days and were collected from the suspension cultures and
centrifuged (1000 rpm for Sminutes). Further the cells were
quantitated for expansion and apoptosis by various methods.
After expansion, these cells were either used for assessing the
mvitro functionality by CFU, and LTC assay or were used for in
vivo engraftment in NOD/SCID mice. Thus in vitro and in vivo
studies were carried out using independent CB units.

Flowcytometry analysis

Phenotypic analyses of the expanded cells were carried out at
the 10" day. Cells were analyzed for the expression of surface
markers like Annexin V, CD34, CD38, Bcl-2, CD33, CD19 and
CD3 (BD pharmingen- San Jose, California). The expanded
control and treated cells were collected and suspended in 1xPBS
containing 0.1% BSA. After the addition of antibodies the cells
were incubated for 40 min on ice. Excess antibody was removed
by washing with PBS and the cells were fixed using 1%
paraformaldehyde solution and kept at 4°C till acquiring.
Intracellular bcl-2 expression was analysed using hamster anti
human antibcl-2 antibody (Beckton Dickinson; San Jose, Califor-
nia). For this the cells were fixed and permeabilized using BD
fixperm kit (BD pharmingen -San Jose, California) and the
staining was done as per manufacturer’s instructions. Appropriate
isotype controls were kept for each set. For Annexin V staining,
the washed cells were suspended in 1 x Binding buffer and 5 pL of
Annexin V FITC, (BD pharmingen -San Jose, California) for 15
minutes at room temperature. 10 pl of PI solution was then added
and analysed by flowcytometry. Total cells in the FSC and SSC
pattern were gated after excluding the debris. A minimum of
10,000 events were for each sample on either FACS Cantoll
(Beckon Dickinson San Jose California) using FACS Diva software
or on FACS Calibur (Beckon Dickinson San Jose California) using
cell quest pro software.

Immunofluorescence and Confocal microscopy

Ex vivo expanded HSPCs were analyzed for the expression of
CD34 and the apoptosis related proteins like caspase 3 and bcl-2.
Mouse antthuman CD34 antibody (BD pharmingen, San Jose,
California), mouse antithuman bcl-2 and rabbit anti human
caspase-3 (Santacruz biotech, Santacruz, CA, USA) antibodies
were used at 1:50 dilutions. Goat anti rabbit polyclonal IgG FITC
and goat anti mouse monoclonal IgG FITC (BD pharmingen, San
Jose, California) were used at 1:100 dilution. Cells were fixed in
4% paraformaldehyde, permeabilized with chilled 50% methanol
(as per requirement) and blocked with PBS containing 1% BSA for
1 hour. Primary antibodies were incubated overnight at 4°C,
washed with PBS and then incubated with the secondary
antibodies at room temperature for 1 hour. Slides were washed
in PBS twice and mounted in mounting medium. Confocal images
were obtained using a Zeiss LSM 510 laser scanning microscope.
Results presented are representative fields confirmed from a
minimum of 3 different biological samples.

Cellular Caspase 3/7 activity assay

After 10 days of culture, the control and the zVADfmk/
zLLYfmk exposed cells were collected and were subjected to lysis
to obtain the cell free cytosolic fraction, as per the assay kit
mstructions. The Z-DEVD-R110 substrate based assay was
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carried out as per the manufacturer’s instructions (Molecular
Probes, Eugene, Oregon, USA).

Reverse Transcription Polymerase chain reaction

mRNA was isolated from the expanded cells using Dynabeads
mRNA DIRECT kit as per the manufacturers instructions
(Invitrogen, Dynal ASA, oslo Norway). The eluted mRNA were
reverse transcribed to cDNA by using reverse transcriptase (Sigma
Aldrich, St Loius, MO) and oligo-dT primers (invitrogen) as per
the instructions and PCR was performed with specific primers.
The thermal cycle used was (95°C for 2 min, 95°C for 45 sec,
annealing (as per different genes) for 45 sec, extension 72°C for
2 min) for 35 cycles and a final extension at 72°C for 5 minutes.
The amplified product was run in 2% agarose gel and stained with
EtBr (Ethidium bromide). The images were captured in a gel
documentation system (Syngene Ingenius, NJ 08830, USA). The
densitometric quantification of the amplified PCR products were
done using Quantity One software (BioRad, Philadelphia, PA).
The primer sequences used were as described in Figure S4.

RNA isolation and Real-time PCR analysis

Total RNA was isolated using Trizol reagent (Sigma Aldrich, St
Loius MO) as per manufacturer’s instructions. The isolated RNA
was quantitated using nanodrop spectrophotometer (ND1000).
First strand ¢cDNA synthesis was carried out by using ‘high
capacity cDNA archive kit’ (Applied Biosystems, Foster City, CA)
with random hexamers. 1 pug RNA of each sample was reverse
transcribed to cDNA in 10 pl of final volume. 1 pl of the prepared
cDNA was used for real-time PCR of each gene. The real time
PCR was performed using the SYBR-Green PCR master mix
(Applied Biosystems, Foster City, CA) and specific gene primers in
a 7500 ABI-prism sequence detection system (Applied Biosys-
tems). The final reaction volume for real time PCR was 20 ul for
each gene and the thermal cycle used was 50°C for 2 min, 95°C
for 10 min, (95°C for 15 sec, 60°C for 1 min) for 40 cycle.
Samples without reverse transcription were used as negative
controls. All qRT-PCR values were normalized to 18 s and
calculated according to manufacturer’s instructions.

Colony Forming Unit assay

CFU assays were performed using the semisolid methyl cellulose
media as described earlier [41]. After 14 days of culture, colony
forming unit of Granulocytes-Macrophages (CFU-GM), Burst
Forming Unit Erythroids (BFU-E), and mixed colonies of
Granulocyte- Erythroid-Macrophage- Megakaryocytes (GEMM)
were scored under an inverted microscope.

Establishment of long term cultures

The LTC system allows the detection of very primitive HSPCs
in the culture system. The L'TC assay was carried out as described
earlier [42]. After the 5 week culture period, the non-adherent and
the adherent fractions were pooled and then were subjected to the
colony formation assay.

Engraftment of expanded cells in NOD-SCID mice

The NOD/LtSZ-scid/scid mice were obtained from Jackson
Laboratories (The Jackson laboratory, 610 St.Bar Harbor, Maine
04609, USA) and were bred in the animal facility of our institute.
The study was conducted adhering to the institution’s guidelines
for animal husbandry and has been approved by IAEC-NCCS/
CPCSEA (Institutional animal ethical committee-NCCS/Com-
mittee for the Purpose of Control and Supervision of Experiments
on Animals. Approval number: IACUC-Institutional Animal Care
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and Use Committee, EAF-Experimental Animal Facility/2004/B-
71). Animal procedures involving intra-venous infusion were
carried out under anesthesia causing minimal pain and distress to
the animals. The approved protocol did not prohibit the use of
anesthesia. During the experimentation period the animals were
supervised under trained personals taking utmost care.

Mice at 4-6 weeks of age were exposed to sub lethal dose of 300
rads total body irradiation from a ®°Co source (Gammachamber
5000, BRIT, Navi Mumbai, India). 10° expanded cells from each
set were mixed with an equal proportion of irradiated supportive
cells taken from CD34 depleted fraction of non cultured cells, and
were infused through the tail vein into the sub lethally irradiated
mice (n = 3). Mice were sacrificed at 16" weck post transplant to
assess the human engraftment.

The human engraftment in the bone marrow was detected by
using huCD45 (pan hematopoietic) and huCD34 (stem/progenitor
cells). The multilineage engraftment in the bone marrow was
assessed by immunostaining the BM cells with a panel of
antibodies against human lineage markers comprising CD33
(myeloid), CD41a (megakaryocyte), and CD19 (B lymphoid). All
antibodies were purchased from BD pharmingen (Beckton
Dickinson; San Jose, California). The cells were blocked with
mouse IgG (Fc blocker) for 10 min at 4°C to reduce the non
specific binding and were then incubated with the antibodies along
with their respective isotype controls for 45 min at 4°C. In each
experiment, one group of animals were kept which were irradiated
and infused with PBS to detect the non specific background
staining. RBCs were lysed with Lysis Buffer (Beckton Dickinson,
San Jose, California) and the cells were washed twice with 1 x PBS
containing 0.1% BSA. The cells were then fixed using 1%
paraformaldehyde in PBS and a minimum of 50,000 events were
acquired on FACS Cantoll (Beckton Dickinson, San Jose,
California).

Statistical analysis

The statistical differences between groups were analysed by one
way repeated measure analysis of variance using the software
SIGMA STAT (Jandel Scientific Corporation, San Rafael, CA) for
all the experiments. All comparisons were between control vs
zVADfmk and control vs zLLYfmk. The values were plotted as
mean * standard deviation Probability value: *p=0.03,
*#p=0.01, & **p=0.001 were considered statistically significant.

Supporting Information

Figure S1 Apoptosis analysis of unexpanded and expanded
HSPCs. Apoptosis was compared in the freshly isolated cord blood
derived CD34+ cells to their cytokine cultured counterpart. The
AnnexinV+ cells (apoptotic) increased 3—4 folds in the cultured

References

1. Gluckman E, Rocha V, Chevret S (2001) Results of unrelated umbilical cord
blood hematopoietic stem cell transplant. Transfus Clin Biol 8: 146-154.

2. Kang HJ, Lee JW, Kim H, Shin HY, Ahn HS (2009) Successful first-line
treatment with double umbilical cord blood transplantation in severe aplastic
anemia. Bone Marrow Transplant.

3. Kelly SS, Sola CB, de Lima M, Shpall E (2009) Ex vivo expansion of cord blood.
Bone Marrow Transplantation. pp 1-9.

4. Majhail NS, Brunstein CG, Wagner JE (2006) Double umbilical cord blood

transplantation. Curr Opin Immunol 18: 571-575.

. Kogler G, Nurnberger W, Fischer J, Niechues T, Somville T, et al. (1999)
Simultaneous cord blood transplantation of ex vivo expanded together with non-
expanded cells for high risk leukemia. Bone Marrow Transplant 24: 397-403.

6. Jaroscak J, Goltry K, Smith A, Waters-Pick B, Martin PL, et al. (2003)
Augmentation of umbilical cord blood (UCB) transplantation with ex vivo-
expanded UCB cells: results of a phase 1 trial using the AastromReplicell
System. Blood 101: 5061-5067.

o

@ PLoS ONE | www.plosone.org

12

Expansion of CB CD34+ Cells

counterpart implicating a higher incidence of apoptosis when the
cells were cultured with growth factors alone in a serum free
condition. An identical FSC/SSC gating strategy was followed for
all samples on both day 0 and day 10.

Found at: doi:10.1371/journal.pone.0012221.s001 (0.98 MB TTF)

Figure 82 Higher cell yield, bcl-2 expression and LTC output
upon protease inhibition. (A) The total nucleated cell yield after
the exvivo expansion. The presence of zZVADfmk and zLLYfmk
showed a higher cell yield compared to the control. Data are
represented as mean * standard deviation (n =6) (B) Two colour
flowcytometry analysis revealed the presence of a higher number
of bel-2+ cells in the CD34 compartment of the total HSPCs. The
expanded HSPCs were immunostained for CD34. The stained
cells were fixed and permeabilized and counter stained with anti
bcl-2 antibody and analysed on FACS. The profile shows the
percent bcl-2+ cells in the gated CD34 population. (C) Table
summarizes the data of total LTC units formed from cultured
control and test HSPCis, assessed from three different cord blood
units. The total LTC output was significantly higher when the
CD34+ cells were expanded in the presence of either of the anti
apoptotic compound, revealing the presence of primitive stem cells
in them. Data is represented as mean * standard deviation (n = 3).

Found at: doi:10.1371/journal.pone.0012221.5002 (2.79 MB TTF)

Figure 83 Human multilineage engraftment in the bone marrow
of NOD/SCID mice. (A-B) Representative flowcontour plots
showing the presence of higher huCD45 and huCD34 engraft-
ment in the marrow of mice that received the cells cultured in the
presence of zVADfmk/zLLYfmk (C-E) The human myeloid
(CD33), megakaryocyte (CD4la) and B lymphoid (CD19)
engraftment in the bone marrow.

Found at: doi:10.1371/journal.pone.0012221.s003 (1.30 MB TTF)

Figure S84 Primer sequences used for PCR analysis. Table
summarizes the list of the primer sequences used to perform the
PCR reaction.

Found at: doi:10.1371/journal.pone.0012221.s004 (0.64 MB TTF)

Acknowledgments

The authors thank Dr. Girish Godbole of Mangeshkar and Sanjeevan
hospitals, Dr. Prakash Daithankar of Onkar hospital and Dr.Arvind
Sangamnerkar of Colony nursing home for providing clinical samples. We
thank Ms.Nikhat Firdaus Siddiqui for technical assistance.

Author Contributions

Conceived and designed the experiments: LL. Performed the experiments:
SVM. Analyzed the data: SVM LL. Wrote the paper: SVM VPK LL.
Principal investigator of the project: LL. Co-investigator of the project:
VPK.

7. de Lima M, McMannis J, Gee A, Komanduri K, Couriel D, et al. (2008)
Transplantation of ex vivo expanded cord blood cells using the copper chelator
tetracthylenepentamine: a phase 1711 clinical trial. Bone Marrow Transplant 41:
771-778.

8. Hofmeister CC, Zhang J, Knight KL, Le P, Stiff PJ (2007) Ex vivo expansion of
umbilical cord blood stem cells for transplantation: growing knowledge from the
hematopoietic niche. Bone Marrow Transplant 39: 11-23.

9. Macmillan ML, Blazar BR, DeFor TE, Wagner JE (2009) Transplantation of ex-
vivo culture-expanded parental haploidentical mesenchymal stem cells to
promote engraftment in pediatric recipients of unrelated donor umbilical cord
blood: results of a phase I-II clinical trial. Bone Marrow Transplant 43:
447-454.

. Domen J, Cheshier SH, Weissman IL (2000) The role of apoptosis in
the regulation of hematopoietic stem cells: Overexpression of Bel-2 increases
both their number and repopulation potential. J Exp Med 191: 253—
264.

August 2010 | Volume 5 | Issue 8 | 12221



26.

. Neumar RW, Xu YA, Gada H, Guttmann RP, Siman R (2003)

. Bryder D, Ramsfjell V, Dybedal I, Theilgaard-Monch K, Hogerkorp CM, et al.

(2001) Self-renewal of multipotent long-term repopulating hematopoietic stem
cells is negatively regulated by Fas and tumor necrosis factor receptor activation.

J Exp Med 194: 941-952.

. Bakshi A, Keck CA, Koshkin VS, LeBold DG, Siman R, et al. (2005) Caspase-

mediated cell death predominates following engraftment of neural progenitor
cells into traumatically injured rat brain. Brain Res 1065: 8-19.

_ross-talk
between calpain and caspase proteolytic systems during neuronal apoptosis.
J Biol Chem 278: 14162-14167.

. Liu B, Buckley SM, Lewis ID, Goldman Al, Wagner JE, et al. (2003) Homing

defect of cultured human hematopoietic cells in the NOD/SCID mouse is
mediated by Fas/CD95. Exp Hematol 31: 824-832.

Sasnoor LM, Kale VP, Limaye LS (2005) Prevention of apoptosis as a possible
mechanism behind improved cryoprotection of hematopoietic cells by catalase
and trehalose. Transplantation 80: 1251-1260.

Stroh C, Cassens U, Samraj AK, Sibrowski W, Schulze-Osthofl K, et al. (2002)
The role of caspases in cryoinjury: caspase inhibition strongly improves the
recovery of cryopreserved hematopoietic and other cells. FASEB J 16:
1651-1653.

. Barker JN, Wagner JE (2003) Umbilical-cord blood transplantation for the

treatment of cancer. Nat Rev Cancer 3: 526-532.

. Broxmeyer HE, Cooper S, Hass DM, Hathaway JK, Stehman FB, Hangoc G

(2009) Experimental basis of cord blood transplantation. Bone Marrow
Transplantation. pp 1-7.

. Moore MA, Dorn DC, Schuringa JJ, Chung KY, Morrone G (2007)

Constitutive activation of FIt3 and STAT5A enhances self-renewal and alters
differentiation of hematopoietic stem cells. Exp Hematol 35: 105-116.

. Tanaka H, Matsumura I, Itoh K, Hatsuyama A, Shikamura M, et al. (2006)

HOX decoy peptide enhances the ex vivo expansion of human umbilical cord
blood CD34+ hematopoietic stem cells/hematopoietic progenitor cells. Stem
Cells 24: 2592-2602.

. Nishino T, Miyaji K, Ishiwata N, Arai K, Yui M, et al. (2009) Ex vivo expansion

of human hematopoietic stem cells by a small-molecule agonist of c-MPL. Exp
Hematol 37: 1364-1377 ¢1364.

Seet LF, Teng E, Lai YS, Laning J, Kraus M, et al. (2009) Valproic acid
enhances the engraftability of human umbilical cord blood hematopoietic stem
cells expanded under serum-free conditions. Eur J Haematol 82: 124-132.

. Piacibello W, Sanavio F, Garetto L, Severino A, Bergandi D, et al. (1997)

Extensive amplification and self-renewal of human primitive hematopoietic stem

cells from cord blood. Blood 89: 2644-2653.

. Danet GH, Lee HW, Luongo JL, Simon MC, Bonnet DA (2001) Dissociation

between stem cell phenotype and NOD/SCID repopulating activity in human
peripheral blood CD34(+) cells after ex vivo expansion. Exp Hematol 29:
1465-1473.

. Ueda T, Tsuji K, Yoshino H, Ebihara Y, Yagasaki H, et al. (2000) Expansion of

human NOD/SCID-repopulating cells by stem cell factor, FIk2/Flt3 ligand,
thrombopoietin, IL-6, and soluble IL-6 receptor. J Clin Invest 105: 1013-1021.
Daley JP, Dadey BM, Wysocki MG Ex vivo expansion of human
hematopoietic progenitor cells in serum-free STEMPRO ™' -34 medium.
Focus.

@ PLoS ONE | www.plosone.org

13

27.

30.

31.

32.
33.

34.

36.

37.

38.

39.

40.

41.

42.

Expansion of CB CD34+ Cells

Alenzi FQ, Alenazi BQ, Ahmad SY, Salem ML, Al-Jabri AA, et al. (2009) The
haemopoietic stem cell: between apoptosis and self renewal. Yale ] Biol Med 82:
7-18.

. Hatzold J, Conradt B (2008) Control of apoptosis by asymmetric cell division.

PLoS Biol 6: e84.

. Yamane T, Dylla SJ, Muijtjens M, Weissman IL (2005) Enforced Bcl-2

expression overrides serum and feeder cell requirements for mouse embryonic
stem cell self-renewal. Proc Natl Acad Sci U S A 102: 3312-3317.

Imai Y, Adachi Y, Shi M, Shima C, Yanai S, et al. (2009) Caspase Inhibitor,
ZVAD-fmk, Facilitates Engraftment of Donor Hematopoietic Stem Cells in
Intra-Bone Marrow-Bone Marrow Transplantation. Stem Cells Dev.

Karanu FN, Murdoch B, Gallacher L., Wu DM, Koremoto M, et al. (2000) The
notch ligand jagged-1 represents a novel growth factor of human hematopoietic
stem cells. J Exp Med 192: 1365-1372.

Chiba S (2006) Notch signaling in stem cell systems. Stem Cells 24: 2437-2447.
Delaney C, Heimfield S, Brashem-Stein C, Voorhies H, Manger RL, et al.
(2010) Notch-mediated expansion of human cord blood progenitor cells capable
of rapid myeloid reconstitution. Nat Med 16: 232-236.

Ogilvy S, Metcalf D, Print CG, Bath ML, Harris AW, et al. (1999) Constitutive
Bcl-2 expression throughout the hematopoietic compartment affects multiple
lineages and enhances progenitor cell survival. Proc Natl Acad Sci U S A 96:
14943-14948.

. Janzen V, Fleming HE, Riedt T, Karlsson G, Riese M]J, et al. (2008)

Hematopoietic stem cell responsiveness to exogenous signals is limited by
caspase-3. Cell Stem Cell 2: 584-594.

Fujita J, Crane AM, Souza MK, Dejosez M, Kyba M, et al. (2008) Caspase
activity mediates the differentiation of embryonic stem cells. Cell Stem Cell 2:
595-601.

Hogan CJ, Shpall EJ, Keller G (2002) Differential long-term and multilineage
engraftment potential from subfractions of human CD34+ cord blood cells
transplanted into NOD/SCID mice. Proc Natl Acad Sci U S A 99: 413-418.
Ballen KK (2005) New trends in umbilical cord blood transplantation. Blood
105: 3786-3792.

Mattia G, Milazzo L, Vulcano F, Pascuccio M, Macioce G, et al. (2008) Long-
term platelet production assessed in NOD/SCID mice injected with cord blood
CD34+ cells, thrombopoietin-amplified in clinical grade serum-free culture. Exp
Hematol 36: 244-252.

Piacibello W, Sanavio F, Severino A, Dane A, Gammaitoni L, et al. (1999)
Engraftment in nonobese diabetic severe combined immunodeficient mice of
human CD34(+) cord blood cells after ex vivo expansion: evidence for the
amplification and self-renewal of repopulating stem cells. Blood 93: 3736-3749.
Kale VP, Limaye LS (2001) Cryopreservation of human hematopoietic cells with
membrane stabilizers and bio-anti oxidants as additives in the conventional
freezing medium. J Hematotherapy and Stem cell Research 10: 709-718.
Sasnoor LM, Kale VP, Limaye LS (2003) Supplementation of conventional
freezing medium with a combination of catalase and trchalose results in better
protection of surface molecules and functionality of hematopoietic cells.
J Hematother Stem Cell Res 12: 553-564.

August 2010 | Volume 5 | Issue 8 | 12221



