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Abstract

Background

Stem cell factor (SCF) can stimulate hematopoietic stem cell (HSC) expansion; however,
the specific structural region(s) of SCF protein that are critical for this function are still
unknown. A novel monoclonal antibody (named 23C8) against recombinant human SCF
(rhSCF) was previously found to inhibit the ability of rhSCF to enhance HSC expansion,
making it possible to identify the relevant active region to HSC.

Methods

Eleven polypeptides were synthesized, which were designed to cover the full-length of
rhSCF, with overlaps that are at least 3 amino acids long. ELISA was used to identify the
polypeptide(s) that specifically react with the anti-SCF. The effects of the synthetic polypep-
tides on human HSC expansion, or on the ability of the full-length rhSCF to stimulate cell
proliferation, were evaluated ex vivo. Total cell number was monitored using hemocytome-
ter whereas CD34" cell number was calculated based on the proportion determined via flow
cytometry on day 6 of culture.

Results

Of all polypeptides analyzed, only one, named PO, corresponding to the SCF protein
sequence at residues 39-56, was recognized by 23C8 mAb during ELISA. PO stimulated
the expansion of CD34" cells derived from human umbilical cord blood (UCB). Addition of
PO increased the numbers of total mononucleated cells and CD34™ cells, by ~2 fold on day
6. PO also showed partial competition against full-length rhSCF in the ex vivo cell expansion
assay.
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Conclusion

Residues 39-56 of rhSCF comprise a critical functional region for its ability to enhance
expansion of human UCB CD34" cells. The peptide PO is a potential candidate for further
development as a synthetic substitute for rhSCF in laboratory and clinical applications.

Introduction

Umbilical cord blood (UCB) has become a very important source of hematopoietic stem cell
(HSC) transplantation post myeloablative and non-myeloablative therapies [1-3). Because of
UCB stem cells” higher tolerance of human leukocyte antigen disparity, relative to bone mar-
row or peripheral blood stem cell grafts, they provide a significantly greater chance of finding a
donor for clinical hematopoietic stem cell transplantation [4, 5). However, the limiting cell
doses provided by a single CB unit have been associated with delayed hematopoietic recovery
for both neutrophils and platelets. Delayed neutrophil engraftment has been associated with
early transplantation-related mortality primarily from infection [6, 7). For this reason, it is nec-
essary to develop a safe and high-efficiency ex vivo expansion strategy, so that adequate
amounts of stem cells can be generated and used for clinical applications [8-10).

Stem cell factor (SCF) is a growth factor encoded by the Sl locus on mouse chromosome 10
[11-13) and has been mapped to human chromosome 12q22-12q24 [14, 15). The structural
organization of the SCF gene has already been reviewed [16, 17). SCF has been shown to signif-
icantly increase the survival and expansion of HSCs ex vivo and contribute to the self-renewal
and maintenance of HSCs in vivo. Previous studies indicated that SCF can effectively expand
HSCs ex vivo when supplemented with other cytokines, including thrombopoietin (TPO),
FLT-3 ligand (FL-3L), interleukin 3 (IL-3) and granulocyte colony stimulating factor (G-CSF)
[18-22). HSCs express the CD34 marker on their surface and the CD34" cells are capable of
colony formation, proliferation and self-renewal [23).

In our previous studies [24), by using a prokaryotic expression system, we obtained recom-
binant human SCF (thSCF), which is capable of causing significant increases in CD34" cell
expansion. We then selected a novel monoclonal antibody (mADb) against rhSCF, named 23CS8,
through the use of hybridoma technology. We discovered that the binding of 23C8 to rhSCF
leads to inhibition of rhSCF’s biological activity to expand CD34" cells.

The specific epitope recognized by 23C8 may constitute a crucial region for the binding of
rhSCF to and/or activation of its receptor KIT. Thus, a short polypeptide encompassing that
epitope might have bioactivities similar to those of rhSCF. Experimental confirmation of this
hypothesis is important, as the identified peptide could serve as the prototype for developing
synthetic substitutes that are not only more economical, but also more potent, than the full-
length rhSCEF, for research and clinical applications.

In the present study, we synthesized overlapping polypeptides of rhSCF and employed
ELISA to identify the specific polypeptide(s) that positively react with 23C8. In addition, each
polypeptide was also tested for its ability to stimulate the expansion of human UCB-derived
CD34" cell ex vivo. We found that the polypeptide corresponding to amino acid 39-56 of
rhSCF (named PO0) was the only peptide that interacted with 23C8 in ELISA, or enhanced
human UCB CD34" cell expansion ex vivo. Our results indicated that amino acid 39-56 is a
critical functional region for enhancing human UCB CD34" cell proliferation. Our findings
suggest that the peptide PO is a good prototype for the development of synthetic substitutes for
rhSCF.
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Materials and Methods
Ethics Statement

All research involving animals was conducted according to relevant national and international
guidelines. Female BALB/c mice (specific pathogen-free; 8-10 weeks old, weight 18.0 ~ 25.6 g),
obtained from the Experimental Animal Center of Soochow University (Suzhou, China), were
used for mAb production. The experiment protocols were approved by the Institutional Ani-
mal Care and Use Committees of Soochow University (IACUC permit number: SYXK(Su)
2012-0045), and were in accordance with the Guidelines for the Care and Use of Laboratory
Animals (National Research Council, People’s Republic of China, 2010). We further attest that
all efforts were made to ensure minimal suffering.

All fresh UCB samples by written consultation of volunteer patients were provided by
Suzhou Municipal Hospital (Suzhou, China). The consultation forms were signed by the par-
ticipated patients. The study and all necessary signed forms were approved by the Hospital's
Ethics Committee and Research Ethics Advisory Committee.

Cell lines and reagents

The PQEG60 plasmid and E.Coli BL 21 were obtained from QIAGEN (Valencia, CA, USA). Iso-
propyl-1-thio-88- D-galactopyranoside (IPTG) was from Bio-Basic Inc (Amherst, NY, USA) to
induce recombinant SCF expression in bacteria. Guanidine Hydrochloride was from Amresco
Inc (Solon, OH, USA). Urea was from Shanghai Experimental Reagent Inc (Shanghai, China).
RPMI 1640 medium and STEM PRO®)-34 SFM medium were from Gibco (Grand Island, NY,
USA). Fetal bovine serum was from Hyclone (Logan, UT, USA). Goat-anti-mouse immuno-
globulin G (IgG) conjugated with alkaline phosphatase was from Biolegend (Canada). Pre-
stained protein molecular weight marker was from Bio-Rad (USA). Biotin conjugated goat
anti-mouse-IgG was from Biolegend (San Diego, CA, USA). Mouse monoclonal antibody iso-
typing reagent kit and streptavidin-peroxidase was from Sigma-Aldrich (St. Louis, MO, USA).
MACS immunomagnetic absorption column separation device and CD34 MicroBead Kit, was
from Miltenyi Biotec (Germany). rhTPO and rhFLT-3 were from Pepro Tech (USA). Anti-
human CD34 mAb conjugated with phycoerythrin was from Immunotec (Canada). Peptides
were synthesized by Nanjing Genscript Inc. (Nanjing, China).

UCB collection and CD34™" cells isolation

Fresh UCB samples were obtained within 6-8 hours of delivery from Suzhou Municipal Hospi-
tal (Suzhou, China). UCB CD34" cells were isolated from total mononucleated cells (MNC)
with the MACS immunomagnetic absorption column separation device and CD34 MicroBead
Kit, according to the manufacturer’s instructions (Miltenyi Biotec, Germany). MNCs were
obtained by density centrifugation, with use of Ficoll-Hypaque Premium reagent (GE health-
care, USA). The purity of CD34" cells was verified using flow cytometry, with an anti-human
CD34 mAb conjugated with phycoerythrin (PE, Immunotec, Canada) and a model BD FACS-
Verse flow cytometer (BD, USA).

rhSCF and mAb 23C8 generation

Prokaryotic expression system was utilized to produce rhSCF as described previously [21, 24).
Briefly, BL21 E. coli transfected with rhSCF-expressing vector was proliferated in 2 x YT
medium (250 rpm shaking, 37 °C). rhSCF expression was induced by isopropylthio-b-d-galac-
toside (IPTG) at final concentration of ImM. Purified rhSCF was obtained after dialysis of
inclusion body against a serial of refolding buffers, CM Ion Exchange Chromatography, and
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Supersex-75 chromatography [25). rhSCF with biological activity was used for mAb produc-
tion in BALB/c mice, using standard methods developed in our laboratory [26). Spleen cells
from immunized mice were fused with sp2/0 myeloma; the hybridomas were cultured in hypo-
xanthine-aminopterin-thymidine (HAT) medium, and the supernatants of the culture were
screened for affinity toward rhSCF using ELISA. Positive cultures were then limiting-diluted
for isolation of mAb cell lines. The mAbs obtained from the cell culture supernatant of individ-
ual mADb cell line were further purified through Protein G affinity chromatography according
to the standard IgG protein purification protocol. The obtained mAb 23C8 was identified via
Western blots for its specificity. A mouse monoclonal antibody isotyping reagent kit (Sigma,
USA) was used to identify the mAb subtype.

Peptide synthesis and ELISA

Eleven polypeptides were designed and synthesized (Sangon, Shanghai and Genscript, Nan-
jing), with 3-9 amino acids overlap, to cover the full length of rhSCF. They were P0: 39-56; P1:
1-18; P2: 10-24; P3: 22-44; P4: 50-72; P5: 70-92; P6: 89-107; P7: 103-125; P8: 121-146; P9:
142-160; P10: 152-164. ELISA was performed using standard protocol as described previously
[26). Briefly, 1 ug of each peptide, or BSA, or purified rhSCF protein, in 100 pl, was used to
pre-coat wells of a 96-well-plate at 4°C overnight. The 23C8 mAb was applied at a 1:500 dilu-
tion, and incubated at 37°C for 1h. All tests were carried out in triplicates. Production of rhSCF
in E.coli and purification using gel filtration, and production of mAb (23C8) and further purifi-
cation using protein G affinity column, has also been described previously [21, 26).

Test of ex vivo expansion of UCB CD34" cells

Human CD34" cells were isolated as described above, and then cultured (6.4 X 10* cells in each
well in a 24-well-plate) in 1 ml of STEM PRO®)-34 SFM medium, supplemented with 10%
fetal bovine serum, 100 ng/mL Pen/ Strep, and 2 mM L-glutamine (Gibco, USA), as well as 20
ng/ml rhTPO and 100 ng/ml rhFlt3-L (Pepro Tech, USA). Additional reagents were added
where indicated, including rhSCF protein (100 ng/ml) and peptides (100 ng/ml, each). Regard-
ing to mAb addition groups, 100 ng/ml rhSCF combined with 23C8 was added at 0.1, 0.2, 0.5,
1.0 and 2.0 molar ratio to rhSCF; 100 ng/ml PO along with 23C8 was added at 0.1, 0.2, 0.5 and
2.0 molar ratio to PO. The mAb or the buffer was pre-incubated with rhSCF or PO at 37°C for
0.5 h before they were added to the assay wells. All groups were cultured for 6 days in an incu-
bator with humidified air containing 5% CO,. Culture medium was replenished on the third
day post planting. Total cell number was monitored using hemocytometer, whereas CD34" cell
number was calculated based on the total cell number and the proportion of CD34" cells deter-
mined via flow cytometry (BD, USA) on day 6 of culture, using the anti-human CD34 mono-
clonal antibody conjugated with PE fluorescein (Miltenyi Biotec, Germany).

Colony Forming Unit Assays

MethoCult H4230 methylcellulose medium (Stem Cell Technologies, Vancouver, Canada)
were thawed overnight in a 4°C refrigerator. Six-day-old cells from FT, FT+rhSCF and FT+P0
groups were prepared at 11X of the final concentration required. Then, 0.3 mL of the cells were
added to 3 mL of MerhoCult medium; duplicate cultures were prepared using 1.1 mL of the
cell suspension in each 35-mm dish. The cells were incubated for 14-18 days at 37°C under 5%
CO2 and > 95% humidity. The various colony-forming units (CFU), including the erythroid
burst-forming units (BFU-E), the granulocyte-erythrocyte-macrophage-megakaryocyte colony
forming units (CFU-GEMM), and the granulocyte-monocyte colony forming units
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(CFU-GM), were observed with a bright-field microscope, 16 days after the cells were plated in
MethoCult medium. A colony with >100 cells was counted as a positive colony.

Competition assay

Human CD34" cells were purified as described above, and then cultured (7.0 X 10* cells in
each well in a 24-well-plate, n = 4) as described above. There were two experimental arms: one
with rhSCF (100 ng/ml) addition, the other without. PO was added to both arms to final con-
centrations of 0-100 ng/ml.

Statistical analysis

One-way analysis of variance (ANOVA), followed by Dunnett’s multiple comparison test, was
used for comparisons among the various groups. Results are considered statistically significant
when P value is less than 0.05.

Results
Production of rhSCF and specificity of anti-rhSCF mAb

rhSCF was obtained from inclusion bodies following IPTG-induced expression in E.coli. High
purity of rhSCF protein was obtained after gel filtration of Supersex-75 chromatography (Fig
1A). A hybridoma cell line was selected to be positive for rhSCF in ELISA. Culture supernatant
was collected and mAb 23C8 was further purified using protein G affinity column (Fig 1B).
The specificity was also confirmed by western blot assay (Fig 1C). The anti-rhSCF mAbs did
not detect any bands in total E. coli cell lysate (in the absence of IPTG), and did not cross-react
with rhG-CSF either. The antibody detected one band with expected molecular weight for
rhSCF (~ 18 kD) in rhSCF-expressing E. coli cell lysate (induced with IPTG) and inclusion
bodies, as well as the purified rhSCF, indicating mAb 23C8 was the specific antibody against
rhSCF and it was further subtyped as mouse IgG1 by ELISA analysis.

Inhibitory effect of mAb 23C8 on rhSCF stimulating CD34™ cell ex vivo
expansion

rhSCF significantly increased the expansion of total cells and CD34" cells at final concentration
of 100ng/ml supplemented with other two cytokines, Flt3-L, and TPO [24). The rhSCF
enhanced the total cells expansion folds [from 3.00+0.81 to 9.60+1.04 (P<0.05)], and CD34"
cells [from 0.84+0.21 to 3.06+0.17 (P<0.05)] on day 6. The activity of rhSCF can be neutralized
by mAb 23C8 at molar ratio of more than 0.5 molar fold over rhSCF (Fig 2). This result indi-
cates that the mAb 23C8 can competitively inhibit the enhancement of rhSCF to CD34" cell
expansion.

Identification of peptide(s) that interact with the anti-SCF 23C8

A library of 11 polypeptides covering the full length of the rhSCF protein was synthesized.
These were designed to overlap by a minimum of three amino acids, as shown in Fig 3A. For
PO, which was difficult to purify due to inherent high hydrophobicity and low isoelectric point,
two lysine residues were added to the N-terminus and one lysine was added to the C-terminus.
All peptides were tested at the same concentration (100 ng/ml) using ELISA, with use of rhSCF
as the positive control and bovine serum albumin (BSA) as a negative control (both added also
at 100 ng/ml). An additional negative control was included in which P0 was tested without the
addition of 23C8. As shown in Fig 3B, PO, of all peptides tested, was the only one that was
detected by 23C8.
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Fig 1. Purity of rhSCF and specificity of anti-rhSCF. (A) SDS-PAGE of purified rhSCF protein (Coomassie
Blue staining). Lane 1: Prestained molecular weight markers Lane 2:Non-induced bacterial lysates. Lane 3:
IPTG Induced bacterial lysates; Lane 4: Inclusion body; Lane 5: Purified rhSCF protein (5ug protein loaded).
(B) SDS-PAGE of purified monoclonal antibody 23C8 (10 ug protein loaded; Coomassie Blue staining). (C)
mAb 23C8 specifically recognized rhSCF, but not other protein, in Western blot analysis. Samples loaded in
lanes 1 to 4 were Non-induced bacterial lysates, rhSCF Inclusion body, Purified rhSCF protein, and Purified
G-CSF protein, respectively. Purified rhSCF and G-CSF were loaded at 10 ug for each lane.

doi:10.1371/journal.pone.0141485.g001

Ability of the synthetic peptide(s) to stimulate UCB CD34" cell expansion

The ex vivo CD34" cell expansion assay was conducted using affinity-purified UCB CD34"
cells from individual donors, with use of rhSCF as the positive control. Total mononucleated
cell number and CD34" cell number were counted on day 6. The addition of rhSCF to the basal
medium (containing FL and TPO) led to a 4-fold increase in expansion index for total mono-
nucleated cells and a 5-fold increase for CD34" cells, relative to groups with the basal medium
alone (Fig 4A and 4B). Of all 11 peptides tested, only PO was able to stimulate cell expansion.
Addition of PO to the basal medium increased expansion index for both total cells [from 3.15
+0.99 to 7.58+0.87 (P<0.001)] and CD34" cells [from 1.07+0.11 to 2.63+0.43 (P<0.001)]. Rep-
resentative flow cytometry results showed the purity of the CD34" population before and after
culturing (Fig 4C). High-purity CD34" cells were used as initial cells for experiments (Fig 4C,
day0). After 6 days of culturing ex vivo, CD34" proportion decreased to 30%-40% in all three
groups (Fig 4C). Results of the CFU Assay (Fig 4D) showed that the cells from both FT+rhSCF
group and FT+P0 group could form various colonies, including BFU-E, CFU-GEMM and
CFU-GM. Both groups produced significantly greater numbers of CFU colonies than the FT
group (negative control) did; but there was no significant difference between the two groups,
indicating that PO is similar to rhSCF in its ability to stimulate human CD34" cell expansion
and to maintain the multi-lineage differentiation potential. Furthermore, the stimulatory
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Fig 2. Inhibition of the activity of rhSCF by the monoclonal anti-rhSCF antibody. UCB CD34" cells were
affinity-purified and cultured with StemPro basal medium supplemented with Flt-3 ligand and TPO (FT).
Media was supplemented with 100 ng/ml rhSCF where indicated (SFT). Anti-rhSCF mAb was added at 0.1,
0.2, 0.5, 1 and 2 molar fold to rhSCF. Total nucleated cell (A) and CD34* cell (B) proliferation folds were
determined on day 6. Cell proliferation fold was calculated as the fold increase [(after expansion)/(before
expansion)] in cell counts. One-way ANOVA followed by Dunnett’s Multiple comparison test. Data represent
means + SD, n =4 *, ** P<0.05, P<0.01, respectively, mAb groups compared to SFT group.

doi:10.1371/journal.pone.0141485.g002

activity of PO toward CD34" cells, like that of the full length SCF, was inhibited by the mAb
23C8 at molar ratio of more than 0.5 molar fold over PO (Fig 5).

Ability of PO to compete against rhSCF in the ex vivo expansion assay

The results in Fig 4 suggested that, although PO is capable of stimulating CD34™ cell expansion,
it is less potent than the full length rhSCF. Thus, we reasoned that, if PO and rhSCF stimulate
CD34" cell expansion by binding to the same molecular target, presumably the SCF receptor
KIT, then the presence of PO may block the ability of rhSCF to stimulate cell expansion. As
shown in Fig 6A and 6B, while addition of PO to the basal medium at 20-100 ng/ml led to fur-
ther stimulation of cell expansion, addition of PO to basal medium that already contains rhSCF
led to partial, but significant inhibition of cell expansion. However, P1 (as a negative control),
showed no effect on cell expansion (Fig 6C and 6D).

Discussion

Human SCF has two major isoforms, one soluble and one transmembrane; they are generated
by alternative splicing, which either retains or excludes a proteolytic cleavage site between the
extracellular domain and the transmembrane domain that allows the production of the shorter,
soluble isoform [14, 27). SCF binds to and activates KIT, which is a type III transmembrane
receptor tyrosine kinase [28, 29), and is expressed in HSCs at all stages of development [22).
The rhSCF produced in our laboratory was recombinant soluble human SCF, which consisted
of 164 amino acids (Fig 3A). The bioactivity of this rhSCF, which is fully competent in stimu-
lating human CD34" cell expansion ex vivo, could be blocked by the novel SCF monoclonal
antibody 23C8 produced in our previous study [24).

Our initial analysis of the putative binding site of 23C8 on rhSCF localized it to the first 104
amino acids from the NH2-terminus [24). Given that the western blot assay used in that earlier
study would only detect primary structure, rather than three-dimensional structure, we have
performed ELISA in the present study, which is capable of detecting conformational as well as
linear epitopes. Furthermore, to narrow the search to a smaller region of rhSCF, we screened
11 overlapping peptides (ranging from 13 to 26 amino acids) that cover the full length of
rhSCF. The present result, which identified peptide 0, corresponding to amino acids 39-56 of
the rhSCEF, as the location of the binding site, is consistent with the earlier finding.

PO appeared to be less potent than the full-length rhSCF protein both in ELISA and in the
ex vivo cell expansion assay. For the screening assays, PO and full-length rhSCF were added in
equal amounts (100 ng/ml), which meant that the molar concentration of PO was ~10 fold
higher than that of rhSCF. However, under those conditions, rhSCF was still more robust than
PO in binding to the anti-SCF antibody in ELISA, or to their cellular target (presumably KIT)
in the ex vivo expansion assay. It is likely that, although none of the other peptides analyzed
had significant, direct interactions with the anti-SCF, they may contribute to the overall con-
formational structure of the full-length rhSCF protein, in ways that allow stronger interaction
of the protein with the antibody than PO does. Similarly, in the CD34" cell expansion assay (Fig
4), even though PO was the only peptide that was able to further stimulate cell proliferation, the
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Fig 3. ELISA analysis of a panel of synthetic overlapping peptides covering the entire rhSCF sequence. (A) Position (underlined) of peptides along the
rhSCF sequence. Eleven overlapping peptides (P0-P10; ranging from 13 to 26 amino acids) covering the full length of the soluble rhSCF protein were
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means + SD, n = 4. *** P<0.001, compared to BSA control group. One-way ANOVA followed by Dunnett’s multiple comparison test.

doi:10.1371/journal.pone.0141485.9003

other regions of the protein may be important in maintaining optimal conformation for activa-
tion of the SCF receptor, and the consequent enhancement of cell expansion.
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numbers of total mononucleated cells (MNC; A) and CD34* cell (B) were determined using flow cytometry on day 6. Cell proliferation fold was calculated as
the fold increase [(after expansion)/ (before expansion)] in cell counts. (C) Representative flow cytometry results showing the purity/proportion of CD34*
population before/after culturing. (D) Types of CFU colonies formed from CD34" cells of the three groups. Data represent means + SD, n = 4. *** P<0.001,

*<0.05, compared to FT basal medium group. One-way ANOVA followed by Dunnett’s multiple comparison test.

doi:10.1371/journal.pone.0141485.g004

Notably, peptide 0 contained three lysine residues (two at N-terminus and one at C-termi-
nus) that were not present in SCF; these were added to increase the isoelectric point and solu-
bility of the peptide. These added residues are unlikely recognized by the antibody, given that
the antibody recognized the full length protein, which does not contain these residues. How-
ever, it is possible that these added sequence might also contributed to a reduction in the ability
of PO to activate CD34" cell expansion, or to compete against rhSCF for binding to the anti-

SCF antibody.

SCF activates its receptor KIT by inducing KIT dimerization, which leads to conformational
changes in the membrane proximal immunoglobulin-like domains [30). The binding sites
between SCF and KIT have been identified through analysis of crystal structures of binding
complexes between SCF and KIT [30, 31). Based on the crystal structure, SCF homodimer
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Fig 5. Inhibition of P0’s activity by mAb 23C8. UCB derived CD34" enriched cells were cultured with FT
basal medium, with additional supplements of rhSCF (100ng/ml, marked as SFT) or PO (100ng/ml, marked as
POFT), Anti-rhSCF monoclonal antibody strain 23C8 was also included in the treatment, at 0.1, 0.2, 0.5 and 2
molar fold to PO. The number of total MNC (A) and CD34" cell (B) were calculated on day 6. Data represent
means + SD, n = 3. * P<0.05, mAb treatment groups compared to POFT group. One-way ANOVA followed by
Dunnett’'s multiple comparison test.

doi:10.1371/journal.pone.0141485.g005

interacts with the D1-D3 region of KIT to induce KIT dimerization. The three binding sites
between mouse SCF and KIT involve multiple residues in SCF, including N97-R104 (to KIT
D1), 150-L88 (to KIT D2), and N6-N11 and K81/D85 (to KIT D3). The corresponding contact
sites in human SCF are contained in multiple peptides that were analyzed here for ability to
activate CD34" cell expansion. The fact that the peptide PO alone, but no other peptide ana-
lyzed, including those containing the binding sites to KIT, such as P1 (binds to D3) and P6
(binds to D1), was able to activate KIT-like function in our cell system suggests that it alone
can induce receptor dimerization, albeit at lower efficiency than the full length SCF protein.
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Fig 6. Inhibition of rhSCF activity by PO0. Affinity-purified umbilical cord blood CD34* cells from three donors were cultured in FT basal medium alone (FT
arm), or supplemented with 100 ng/ml thSCF (SFT arm), and with varying amounts of PO (0—100 ng/ml) (A, B) or P1 (0—-100 ng/ml) (C, D). The numbers of
total MNC (A, C) and CD34" cell (B, D) were determined on day 6. Data represent means + SD, n = 3. *, ** **¥* P<(.05, P<0.01, P<0.001, respectively,
compared to corresponding control group (no PO or P1 added). One-way ANOVA followed by Dunnett’s multiple comparison test.

doi:10.1371/journal.pone.0141485.9006

PLOS ONE | DOI:10.1371/journal.pone.0141485 October 27,2015 12/14



@’PLOS ‘ ONE

Active Region of Stem Cell Factor for Expanding Cord Blood CD34* Cells

Furthermore, the residues directly contacting D2 (V50/D54) in this region are contained in
both PO (L39-L56) and P4 (V50-N72, yet only PO was apparently able to bind KIT, which sug-
gested that the sequence before V50 (part of the B-helix) is important for maintaining correct
conformation for binding to KIT. In that regard, further demonstration of direct binding of PO
to KIT and structural analysis of the binding complex may guide future attempts to design
more effective small molecule ligands for KIT.

Conclusion

Residues 39-56 of thSCF comprise a critical functional region for its ability to enhance expan-
sion of human UCB CD34" cells. The peptide PO is a potential candidate for further develop-
ment as a synthetic substitute for rhSCF in clinical applications.

Acknowledgments
We thank Dr. Zhihua Ren for useful discussion.

Author Contributions

Conceived and designed the experiments: Y] BS XD. Performed the experiments: BS JF. Ana-
lyzed the data: Y] BS W] WD XD. Contributed reagents/materials/analysis tools: XD JF. Wrote
the paper: BS XD Y].

References

1. CohenY, Nagler A. Umbilical cord blood transplantation—how, when and for whom? Blood reviews.
2004; 18(3):167—79. PMID: 15183901

2. CohenY, Kreiser D, Mayorov M, Nagler A. Unrelated and related cord blood banking and hematopoi-
etic graft engineering. Cell and tissue banking. 2003; 4(1):29-35. PMID: 15256867

3. Scholbach J, Schulz A, Westphal F, Egger D, Wege AK, Patties |, et al. Comparison of hematopoietic
stem cells derived from fresh and cryopreserved whole cord blood in the generation of humanized
mice. PloS one. 2012; 7(10):e46772. doi: 10.1371/journal.pone.0046772 PMID: 23071634

4. Kelly SS, Sola CB, de Lima M, Shpall E. Ex vivo expansion of cord blood. Bone marrow transplantation.
2009; 44(10):673-81. doi: 10.1038/bmt.2009.284 PMID: 19802023

5. Montrone C, Kokkaliaris KD, Loeffler D, Lechner M, Kastenmuller G, Schroeder T, et al. HSC-explorer:
a curated database for hematopoietic stem cells. PloS one. 2013; 8(7):70348. doi: 10.1371/journal.
pone.0070348 PMID: 23936191

6. Brunstein CG, Gutman JA, Weisdorf DJ, Woolfrey AE, Defor TE, Gooley TA, et al. Allogeneic hemato-
poietic cell transplantation for hematologic malignancy: relative risks and benefits of double umbilical
cord blood. Blood. 2010; 116(22):4693-9. doi: 10.1182/blood-2010-05-285304 PMID: 20686119

7. BarkerJN, Weisdorf DJ, DeFor TE, Blazar BR, McGlave PB, Miller JS, et al. Transplantation of 2 par-
tially HLA-matched umbilical cord blood units to enhance engraftment in adults with hematologic malig-
nancy. Blood. 2005; 105(3):1343-7. PMID: 15466923

8. LiaoW, AguilaJR, YaoY, Yang J, Zieve G, Jiang Y, et al. Enhancing bone marrow regeneration by
SALL4 protein. Journal of hematology & oncology. 2013; 6:84.

9. Noulin F, Manesia JK, Rosanas-Urgell A, Erhart A, Borlon C, Van Den Abbeele J, et al. Hematopoietic
stem/progenitor cell sources to generate reticulocytes for Plasmodium vivax culture. PloS one. 2014; 9
(11):e112496. doi: 10.1371/journal.pone.0112496 PMID: 25393299

10. YangJ, Aguila JR, Alipio Z, Lai R, Fink LM, Ma Y. Enhanced self-renewal of hematopoietic stem/pro-
genitor cells mediated by the stem cell gene Sall4. Journal of hematology & oncology. 2011; 4:38.

11.  Zsebo KM, Williams DA, Geissler EN, Broudy VC, Martin FH, Atkins HL, et al. Stem cell factor is
encoded at the Sl locus of the mouse and is the ligand for the c-kit tyrosine kinase receptor. Cell. 1990;
63(1):213-24. PMID: 1698556

12. HuangE, Nocka K, Beier DR, Chu TY, Buck J, Lahm HW, et al. The hematopoietic growth factor KL is

encoded by the Sl locus and is the ligand of the c-kit receptor, the gene product of the W locus. Cell.
1990; 63(1):225-33. PMID: 1698557

PLOS ONE | DOI:10.1371/journal.pone.0141485 October 27,2015 13/14


http://www.ncbi.nlm.nih.gov/pubmed/15183901
http://www.ncbi.nlm.nih.gov/pubmed/15256867
http://dx.doi.org/10.1371/journal.pone.0046772
http://www.ncbi.nlm.nih.gov/pubmed/23071634
http://dx.doi.org/10.1038/bmt.2009.284
http://www.ncbi.nlm.nih.gov/pubmed/19802023
http://dx.doi.org/10.1371/journal.pone.0070348
http://dx.doi.org/10.1371/journal.pone.0070348
http://www.ncbi.nlm.nih.gov/pubmed/23936191
http://dx.doi.org/10.1182/blood-2010-05-285304
http://www.ncbi.nlm.nih.gov/pubmed/20686119
http://www.ncbi.nlm.nih.gov/pubmed/15466923
http://dx.doi.org/10.1371/journal.pone.0112496
http://www.ncbi.nlm.nih.gov/pubmed/25393299
http://www.ncbi.nlm.nih.gov/pubmed/1698556
http://www.ncbi.nlm.nih.gov/pubmed/1698557

@’PLOS ‘ ONE

Active Region of Stem Cell Factor for Expanding Cord Blood CD34* Cells

13.

14.

15.

16.

17.

18.

19.
20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Copeland NG, Gilbert DJ, Cho BC, Donovan PJ, Jenkins NA, Cosman D, et al. Mast cell growth factor
maps near the steel locus on mouse chromosome 10 and is deleted in a number of steel alleles. Cell.
1990; 63(1):175-83. PMID: 1698554

Anderson DM, Williams DE, Tushinski R, Gimpel S, Eisenman J, Cannizzaro LA, et al. Alternate splic-
ing of MRNAs encoding human mast cell growth factor and localization of the gene to chromosome
12g22-g24. Cell growth & differentiation: the molecular biology journal of the American Association for
Cancer Research. 1991; 2(8):373-8.

Geissler EN, Liao M, Brook JD, Martin FH, Zsebo KM, Housman DE, et al. Stem cell factor (SCF), a
novel hematopoietic growth factor and ligand for c-kit tyrosine kinase receptor, maps on human chro-
mosome 12 between 12g14.3 and 12qgter. Somatic cell and molecular genetics. 1991; 17(2):207-14.
PMID: 1707188

Galli SJ, Zsebo KM, Geissler EN. The kit ligand, stem cell factor. Advances in immunology. 1994; 55:1—
96. PMID: 7508174

Weng YP, Ku WY, Wu MH, Tsai YL, Chen CY, Kuo CA, et al. Full-length recombinant human SCF1-
165 is more thermostable than the truncated SCF1-141 form. PloS one. 2014; 9(7):e103251. doi: 10.
1371/journal.pone.0103251 PMID: 25061857

Ashman LK. The biology of stem cell factor and its receptor C-kit. The international journal of biochem-
istry & cell biology. 1999; 31(10):1037-51.

Broudy VC. Stem cell factor and hematopoiesis. Blood. 1997; 90(4):1345-64. PMID: 9269751

Dahlberg A, Delaney C, Bernstein ID. Ex vivo expansion of human hematopoietic stem and progenitor
cells. Blood. 2011; 117(23):6083—-90. doi: 10.1182/blood-2011-01-283606 PMID: 21436068

Jiang Y, Jiang W, Qiu Y, Dai W. Effect of a structurally modified human granulocyte colony stimulating
factor, G-CSFa, on leukopenia in mice and monkeys. Journal of hematology & oncology. 2011; 4:28.

Kent D, Copley M, Benz C, Dykstra B, Bowie M, Eaves C. Regulation of hematopoietic stem cells by
the steel factor/KIT signaling pathway. Clinical cancer research: an official journal of the American
Association for Cancer Research. 2008; 14(7):1926-30.

Xu D, O TM, Shartava A, Fowles TC, Yang J, Fink LM, et al. Isolation, characterization, and in vitro
propagation of infantile hemangioma stem cells and an in vivo mouse model. Journal of hematology &
oncology. 2011; 4:54.

Fan J, Ding X, Jiang Y. A novel monoclonal antibody of human stem cell factor inhibits umbilical cord
blood stem cell ex vivo expansion. Journal of hematology & oncology. 2012; 5:73.

Ren Z, Wang Y, Jiang W, Dai W, Jiang Y. Anti-tumor effect of a novel soluble recombinant human endo-
statin: administered as a single agent or in combination with chemotherapy agents in mouse tumor
models. PloS one. 2014; 9(9):e107823. doi: 10.1371/journal.pone.0107823 PMID: 25229620

Liu XX, Jiang YP. Pharmacokinetic study of a novel recombinant human granulocyte colony-stimulating
factor in rats. Chinese medical sciences journal = Chung-kuo i hsueh k'o hsueh tsa chih / Chinese
Academy of Medical Sciences. 2010; 25(1):13-9. PMID: 20449948

Huang EJ, Nocka KH, Buck J, Besmer P. Differential expression and processing of two cell associated
forms of the kit-ligand: KL-1 and KL-2. Molecular biology of the cell. 1992; 3(3):349-62. PMID: 1378327
Wypych J, Bennett LG, Schwartz MG, Clogston CL, Lu HS, Broudy VC, et al. Soluble kit receptor in
human serum. Blood. 1995; 85(1):66—73. PMID: 7528574

Zsebo KM, Wypych J, McNiece IK, Lu HS, Smith KA, Karkare SB, et al. Identification, purification, and
biological characterization of hematopoietic stem cell factor from buffalo rat liver—conditioned medium.
Cell. 1990; 63(1):195-201. PMID: 2208278

Yuzawa S, Opatowsky Y, Zhang Z, Mandiyan V, Lax |, Schlessinger J. Structural basis for activation of
the receptor tyrosine kinase KIT by stem cell factor. Cell. 2007; 130(2):323-34. PMID: 17662946

Liu H, Chen X, Focia PJ, He X. Structural basis for stem cell factor-KIT signaling and activation of class
Il receptor tyrosine kinases. The EMBO journal. 2007; 26(3):891-901. PMID: 17255936

PLOS ONE | DOI:10.1371/journal.pone.0141485 October 27,2015 14/14


http://www.ncbi.nlm.nih.gov/pubmed/1698554
http://www.ncbi.nlm.nih.gov/pubmed/1707188
http://www.ncbi.nlm.nih.gov/pubmed/7508174
http://dx.doi.org/10.1371/journal.pone.0103251
http://dx.doi.org/10.1371/journal.pone.0103251
http://www.ncbi.nlm.nih.gov/pubmed/25061857
http://www.ncbi.nlm.nih.gov/pubmed/9269751
http://dx.doi.org/10.1182/blood-2011-01-283606
http://www.ncbi.nlm.nih.gov/pubmed/21436068
http://dx.doi.org/10.1371/journal.pone.0107823
http://www.ncbi.nlm.nih.gov/pubmed/25229620
http://www.ncbi.nlm.nih.gov/pubmed/20449948
http://www.ncbi.nlm.nih.gov/pubmed/1378327
http://www.ncbi.nlm.nih.gov/pubmed/7528574
http://www.ncbi.nlm.nih.gov/pubmed/2208278
http://www.ncbi.nlm.nih.gov/pubmed/17662946
http://www.ncbi.nlm.nih.gov/pubmed/17255936

