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Enabling Technologies for Cell-Based Clinical Translation

Safety and Efficacy of Megakaryocytes Induced From
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ABSTRACT

Becauseof a lackofplatelet supply andaU.S. FoodandDrugAdministration-approvedplatelet growth
factor, megakaryocytes have emerged as an effective substitute for alleviating thrombocytopenia.
Here, we report the development of an efficient two-stage culture system that is free of stroma, an-
imal components, and genetic manipulations for the production of functional megakaryocytes from
hematopoietic stem cells. Safety and functional studies were performed in murine and nonhuman
primate models. One human cryopreserved cord blood CD34+ cell could be induced ex vivo to pro-
duce up to 1.03 104 megakaryocytes that included CD41a+ and CD42b+ cells at 82.4%6 6.1% and
73.3%6 8.5% (mean6 SD), respectively, yielding approximately 650-fold higher cell numbers than
reported previously. Induced humanmegakaryocytic cells were capable of engrafting and producing
functional platelets in the murine xenotransplantation model. In the nonhuman primate model,
transplantation of primatemegakaryocytic progenitors increased platelet count nadir and enhanced
hemostatic function with no adverse effects. In addition, primate platelets were released in vivo as
early as 3 hours after transplantation with autologous or allogeneic mature megakaryocytes and
lasted for more than 48 hours. These results strongly suggest that large-scale induction of functional
megakaryocytic cells is applicable for treating thrombocytopenic blood diseases in the clinic. STEM
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SIGNIFICANCE

Because of platelet shortage and a lack of U.S. Food and Drug Administration-approved platelet
growth factor,megakaryocytes have been regarded as an effective substitute for platelets. This study
showed an efficientmethod to generate functional megakaryocytes fromCD34+ cells. The amount of
megakaryocytes derived fromone cord blood unit (5million CD34+ cells) could, in theory, be used for
treatment for approximately 30 patients.Moreover, autologous and allogeneic transplantation stud-
ies in nonhuman primates strongly suggest the safety and efficiency of these induced megakaryo-
cytes. This investigation may serve as a novel way to alleviate thrombocytopenia in the clinic.

INTRODUCTION

Plateletsplayacrucial role inphysiologicalhemosta-
sis, and reduced platelet numbers lead to coagula-
tion defects and uncontrollable bleeding [1–3].
Severe and prolonged thrombocytopenia fre-
quently occurs in patients receiving high-dose che-
motherapy or in thosewhoundergo hematopoietic
stem cell (HSC) transplantation [4, 5]. At present,
platelet transfusion is the primary method for pro-
tecting these patients from thrombocytopenic
bleeding. However, platelet transfusion therapy in
theclinic remains limitedbecauseofa lackofsupply,
short shelf-life, and potential refractoriness to re-
peated transfusions [6].

In general, the delay in platelet recovery
after chemotherapy or autologous/allogeneic HSC
transplantationmaybepartly associatedwith an in-
sufficiency ofmegakaryocyte (MK)-committed cells
[7].Therefore,onestrategytoaccelerateplatelet re-
covery is to implant a sufficient number of MK-
committed repopulating cells until hematopoietic
reconstitution occurs in the patient [8]. It has been
reported that a higher proportion of megakaryo-
cytic progenitors (MKPs) in transplanted grafts pos-
itivelyaffects theplatelet recovery [9,10].However,
a sufficient number of ex vivo expandedMKs is dif-
ficult to obtain for clinical applications. Although
some research groups have obtained immortalized
MKP cell lines from induced pluripotent stem (iPS)
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cells [11, 12], their safety remains questionable, given that these cell
lines were obtained from virus-transduced iPS cells. Alternatively,
human cord blood (hCB)-derived stem cells have emerged as an ex-
cellent source for HSC transplantation because of their ease of collec-
tion, their greater proliferation rate, and less stringent requirements
for HLA matching [13–15].

A major hurdle in generating MKs ex vivo is low purity of in-
duced MKs after CD34+ cell expansion. Several groups have tried
toproduceMKsbyamultistep culture system inwhichCD34+ cells
werenot specifically expanded, therebyproducingmature cells of
various lineages [16, 17]. In addition, most in vivo studies in the
past were simply related to kinetics and engraftment in murine
models, which are limited by the relatively short life span of mice
and species differences between humans and mice. Nonhuman
primates are considered to be valuable mammalian models for
cell transplantation studies because the regulation of hematopoi-
esis in thesemodels is physiologically relevant to humans [18, 19].

Here, we demonstrate a stem cell expansion and differentia-
tion platform that can generateMKPs andmatureMKs ex vivo on
a large scale. We also evaluated long-term safety and platelet-
releasing efficacy of induced megakaryocytes in murine and non-
human primate models.

MATERIALS AND METHODS

Cytokines, Antibodies, and Reagents

Recombinant human stemcell factor (SCF), Flt-3 ligand (Flt-3L), inter-
leukin (IL)-3, granulocyte colony-stimulating factor (G-CSF), thrombo-
poietin (TPO), granulocyte-macrophage colony-stimulating factor
(GM-CSF), and insulin were purchased from Biopharmagen Corp.
(Suzhou, China, http://www.biopharmagen.com/). IL-6 was pur-
chased from PeproTech Inc. (Rocky Hill, NJ; http://www.peprotech.
com). StemRegenin 1 (SR1) was from Selleck Chemicals (Houston,
TX, http://www.selleckchem.com/). Fluorescein isothiocyanate
(FITC)-conjugated anti-CD61 antibody, FITC-conjugated anti-CD41a
antibody, phycoerythrin (PE)-conjugated anti-CD34 antibody,
allophycocyanin (APC)- conjugated anti-CD42b antibody, PE-
conjugated anti-P-selectin (CD62P) antibody, APC-conjugated
anti-CD15antibody, andPE-conjugatedanti-CD19antibodywere
purchased from BD Biosciences (San Diego, CA, http://www.
bdbiosciences.com). Putrescine, selenium, transferrin, and ADP
were from Sigma-Aldrich (St. Louis, MO, http://www.sigmaaldrich.
com). B-27 supplementswere from Thermo Fisher Scientific Life Sci-
ences (Waltham, MA, http://www.thermofisher.com).

Animal Care and Ethics Statements

All research involving animals was conducted according to rele-
vant national and international guidelines. Male NOD/SCID mice
at 5–6 weeks of age were purchased from the Shanghai Labo-
raroty Animal Co. (SLAC, Shanghai, China, http://www.slaccas.
com/). The mouse experiment protocols were approved by the
Institutional Animal Care and Use Committees of Soochow Uni-
versity (IACUC Permit Number SYXK [Su] 2012-0045).

Cynomolgus macaques were from the Medical Primate Re-
search Center of the Institute of Medical Biology, Chinese Acad-
emy of Medical Sciences, and housed and bred according to the
guidelines. The experimental protocols were reviewed and ap-
proved by the Yunnan Province Experimental Animal Manage-
ment Association (Permit Number SYXK-YN 2010-0009) and the
Experimental Animal Ethic Committee of the Institute, which

complied with the humane regulations of replacement, refine-
ment, and reduction [20].

Collection of CD34+ Cells

Fresh hCB samples and cryopreserved hCB nucleated cells were
obtained from Suzhou Municipal Hospital (Suzhou, China) after
written informed consent that was approved by the Suzhou Mu-
nicipal Hospital Ethics Committee and Research Ethics Advisory
Committee. Mononuclear cells were isolated by a Ficoll-Paque
(GE Healthcare, Marlborough, MA, http://www.gehealthcare.
com) density gradient centrifugation [21]. CD34+ cells were
enriched from mononuclear cells by magnetic cell sorting using
aMACS Direct CD34MicroBead Kit (Miltenyi Biotec, Amsterdam,
The Netherlands, http://www.miltenyibiotec.com) as per the
manufacturer’s instructions. Enriched CD34+ cells were con-
firmed by flow cytometry (BD Biosciences) after staining with a
PE-conjugated anti-CD34 antibody with a purity ranging from
91% to 98%.

Cynomolgusmacaque peripheral blood (PB) CD34+ cells were
mobilized with 200 mg/kg G-CSF and 200 mg/kg SCF on 5 consec-
utive days. On days 6 and 7, 15–20mlmobilized PBwas collected.
CD34+ cells were enriched by using anti-CD34 IgM andMACS IgM
microbeads (Miltenyi Biotec) according to the manufacturer’s in-
structions and as described previously [22, 23]. Enriched CD34+

cells were cryopreserved and thawed at indicated time points
for culture.

Cell Culture

In the first stage of culture, 43 104 hCB or cynomolgus mobilized
PB CD34+ cells were seeded in a 24-well plate in 1 ml of Iscove’s
modifiedDulbecco’smediumcontaining putrescine (100mM), se-
lenium (5 ng/ml), insulin (25 mg/ml), human albumin (1%, vol/
vol), transferrin (50 mg/ml), and B-27 supplements (2%, vol/vol)
(referred to asmodified IMDMmedium) for 6 days upon addition
of the CC1 cocktail at 37°C in 5% CO2. The CC1 cocktail was com-
posed of SCF (100 ng/ml), Flt-3L (100 ng/ml), TPO (50 ng/ml), IL-3
(15 ng/ml), low-density lipoprotein (LDL; 25 mg/ml; Stem Cell
Technologies, Vancouver, BC, Canada, http://www.stemcell.
com), and SR1 (1 mM). Fresh medium with cytokines was added
onday 3. Subsequently, cells obtained from stage 1were cultured
in a25-cm2 flask inmodified IMDMmedium for7days andvarious
combinations of cytokines, including SCF (100 ng/ml), TPO (100
ng/ml), IL-3 (15 ng/ml), LDL (40 mg/ml), IL-6 (25 ng/ml), IL-11
(25 ng/ml), GM-CSF (15 ng/ml), and SR1 (1 mM) (supplemental
online Table 1) were screened for the second stage of culture.
Fresh mediumwith cytokines was added every 2 days. At various
time points, cells were stained with 0.4% trypan blue and manu-
ally counted with a hematocytometer. MKs were identified and
quantified with a FACSVerse flow cytometer (BD Biosciences) us-
ing the anti-CD41a and anti-CD42b antibodies according to the
procedure described in Porter et al. [24].

MK Characterization

At different time points of culture, cells were stained with or
without Wright-Giemsa and observed under an Olympus IX51
microscope (Olympus Corp., Tokyo, Japan, http://www.olympus-
global.com). DNA ploidy was analyzed by flow cytometry, as de-
scribed previously [25]. Briefly, cells were first incubated with
the anti-CD41a antibody or IgG isotype control in the dark for 15
minutes at room temperature. After incubation, cells were fixed
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with1%paraformaldehydefor1hourat4°Candthentreatedwitha
trypsin inhibitor/RNase buffer for 10 minutes. Subsequently, cells
were stainedwith propidium iodide for 10minutes in the dark at
4°C. At least 20,000 cells were analyzed for each sample. CD41a+

cellswere gated, and at least 20,000 cellswere analyzed for each
sample. For immunofluorescence staining, cells were incubated
with FITC-conjugated anti-CD41a antibodies for 1 hour and then
washed three times with phosphate-buffered saline (PBS).
Hoechst (10mg/ml) in PBSwas used to stain nuclei for 5minutes,
followed by three more PBS washes and then examined by an
Olympus IX51 fluorescence microscope.

In Vivo Analysis in Mice

After sublethal irradiation (2.5 Gy), NOD/SCID mice were in-
travenously administered with 13 107 hCB-MK day 6 + 3 cul-
tures (experimental group, n = 12) or 100 ml PBS (control
group, n = 3). PB samples were then collected from the
retro-orbital plexus at different time points after transplanta-
tion and stained with human anti-CD41a and anti-CD42b an-
tibodies for analysis by flow cytometry. For analyzing human
platelet activation, 10ml PB was collected and incubated with
or without ADP (50 mM) at 37°C for 10 minutes, probed with
anti-human CD62P antibody or IgG isotype control, and ana-
lyzed by flow cytometry [26, 27]. Mouse bone marrow (BM)
was harvested from both femurs, and the expression of hu-
man CD45 and CD41a was examined by flow cytometry after
red cell lysis [28].

Transplantation of MKPs or Mature MKs in
Nonhuman Primates

Transplantation was performed at least 1 month after cell mobi-
lization andcollectionprocedures. Primates (n=12)were injected
intravenously for 3 consecutive days with carboplatin (10 mg/kg
per day) for inducing thrombocytopenia. Autologous transplanta-
tion of day 6 + 2MKPs (n = 3), and auto- and allotransplantations
of day 6 + 7matureMKs (n = 5) were performed on days 7 and 15
after carboplatin injection, respectively. As negative controls, pri-
mates (n = 3) were injected with normal saline; for positive con-
trol, a primate (n = 1) was transfused with platelets isolated from
fresh whole blood. Before transplantation, MKPs were trans-
duced with a lentiviral vector expressing green fluorescent pro-
tein (GFP) and mature MKs were labeled with FITC-microbeads
for in vivo detection.

Cell Labeling

GFP lentivirus was prepared as described [29]. Primate MKPs were
transduced with GFP lentiviral particles for 8 hours. Cells were sub-
sequently collected and resuspended in normal saline. Transduction
efficiency of GFP lentiviral particles was confirmed by flow cytome-
try. FITC microbeads were synthesized by conjugating nano-
microspheres with FITC fluorochrome (Lumigenex Co., Ltd., Suzhou,
China, http://www.lumigenex.com). MatureMKs were washed and
incubated with FITC microbeads for 1 hour at 37°C and then resus-
pended in normal saline. Labeling efficiency of FITCmicrobeads was
approximately 100%, as confirmed by flow cytometry.

Hematology

After transplantation, routine whole blood tests were performed
on primates by using SysmexXT-2000iv (Sysmex Corp., Kobe,
Japan, http://www.sysmex.com) to monitor hematopoietic cell

recovery, including platelet andwhite blood cell numbers. BMas-
piration was performed on day 14 after transplantation, and
blood sample smears were fixed and stained with Wright-
Giemsa [30]. GFP+ cells and FITC-fluorescent platelets were de-
tected by flow cytometry [19]. Platelet activation was analyzed
by incubating PB with ADP (50 mM) at 37°C for 10 minutes, fol-
lowed by probe of CD62P expression by flow cytometry. Bleeding
time was analyzed by recording the time until the bleeding stop-
ped after a standard cutwasmade in the forearmof the primates.

Statistical Analysis

Data were expressed as mean6 SD from three to five indepen-
dent experiments. Statistical analysis was performed by using the
Student’s t test, performedwithGraphPadPrism,version5, software
(GraphPad Software, Inc., La Jolla, CA, http://www.graphpad.com).
A p value,.05 was considered to represent a statistically significant
difference.

RESULTS

Proliferation of hCB CD34+ Hematopoietic Stem/
Progenitor Cells Ex Vivo in Stage 1 of Culture

We started with both fresh and cryopreserved hCB CD34+ cells
and evaluated the effects of the cocktail, CC1 (composed of
100 ng/ml SCF, 100 ng/ml Flt-3L, 50 ng/ml TPO, 15 ng/ml IL-3,
25 mg/ml LDL, and 1 mM SR1), on ex vivo expansion. During the
first 3 days, cells expanded at a slow pace, especially in the cryo-
preserved hCB group, whereas from day 3 to day 6, the cells cul-
turedwith CC1 showed a sharp increase in total and CD34+ cells in
both groups (Fig. 1A, 1B). After 6 days of culture, there were no
significant differences between fresh and cryopreserved hCB
cultures in terms of total and CD34+ cell numbers and in the per-
centage of CD34+ cells (Fig. 1A–1C). Onday 6, CD34+ cells in fresh
and cryopreserved hCB groups showed a 48-fold and a 43-fold
increase, respectively (Fig. 1D). These results indicated that
CC1 could promote the expansion of both fresh and cryopre-
served hCB CD34+ cells. Subsequent experiments described
were performedwith cryopreserved hCB samples because a fro-
zen vial of hCB samples is more available in real-life clinical
situations.

Meanwhile, the expanded cells expressed CD41a, CD61, and
CD42b (specific surfacemarkers of themegakaryocytic lineage) at
20.8%6 3.4%, 15.7%6 4.6%, and 5.4%6 1.1%, respectively, and
CD15+ (granulocyte lineage marker) and CD19+ (lymphocyte
lineagemarker) cells were less than 2%, indicating that differen-
tiationwas induced toward themegakaryocytic lineage (Fig. 1E).
On day 6, further analysis by coimmunostaining demonstrated
that the expanded cells consisted of 10.2% 6 1.8% of CD34+/
CD41a+, 15.9% 6 1.3% of CD41a+/CD42b2, and 4.0% 6 0.7%
of CD41a+/CD42b+ cells, respectively, which were commonly
classified as MKPs (Fig. 1F).

Induction and Maturation of MKs Ex Vivo in Stage 2
of Culture

Six days after the initial expansion of stage 1, various cytokine
combinations were evaluated for the differentiation of mature
MKs with high efficiency in stage 2 (Fig. 2A, 2B; supplemental
online Table 1). From day 6 + 1 to day 6 + 7, all cytokine cocktails
had increases in total, CD41a+, andCD42b+ cell numbers. Total cell
counts after supplementation with ST3L6 (a combination of SCF,
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TPO, IL-3, LDL, and IL-6) + IL-11 + GM-CSF and ST3L6 + IL-11 + GM-
CSF + SR1 cocktails were higher than those in other cytokine cock-
tails (Fig. 2A). Although ST3L6 + IL-11 + GM-CSF + SR1 cocktails
induced the highest rate of total cell expansion, the proportions
of CD41a+ and CD42b+ cells were low, suggesting that SR1 had

little effect on induction to mature MKs (Fig. 2B). On the basis
of both the cell number and the degree of enrichment of induced
MKs, the ST3L6 + IL-11 + GM-CSF cocktail (called “cocktail CC2”
hereafter) was selected to induce differentiation andmaturation
of MKs in stage 2.

Figure 1. Kinetics of CD34+ hematopoietic stem/progenitor cell expansion in stage 1 of culture. (A, B): Absolute numbers of total cells and
CD34+ cells from day 0 to day 6 generated from 4 3 104 fresh or cryopreserved hCB cells in modified Iscove’s modified Dulbecco’s medium
supplemented with the CC1 cocktail. Data are mean 6 SD; n = 3. (C): Descending rates of percentage CD34+ cells from day 0 to day 6. Data
are mean6 SD; n = 3. (D): Fold-increase in proliferation of total cells and CD34+ cells on day 6. Data are mean6 SD; n = 3. (E): Representative
flowcytometryprofiles ofCD41a,CD61, CD42b,CD15, andCD19antigenexpressiononexpandedcells, respectively. (Black line, isotypeantibody
control; red line, specific antibody). (F): Representative dot plots of CD34, CD41a, and CD42b cell-surface markers on uncultured cells and ex-
panded cells, respectively. Abbreviation: hCB, human cord blood.
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Figure 2. Kinetics, morphology, and characterization analysis of differentiated MKs via two-stage culture system. (A,B): Number of total cells
and percentage CD41a+ and CD42b+ cells fromday 6 + 7 cultures induced by the various cytokine cocktails. Data aremean6 SD; n = 5. p, p, .05;
pp, p, .01; ppp, p, .001. (C): Yields of total cells, CD41a+ cells, and CD42b+ cells per input cryopreserved human cord blood CD34+ cell after
6-day culturewith theCC1cocktail andanadditional 7-day culturewith the cocktail CC2.Data aremean6 SD;n=5. (D):Representative dot plots
of CD41a andCD42b cell-surfacemarkers duringMKdifferentiation. (E):Representative photomicrograph of cells at various stages of expansion

(Figure legend continues on next page.)
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After6-dayculturewithCC1, followedbyanadditional7-daycul-
turewith CC2, the normalized yield ofMKswas approximately 1.03
104 cells from one cryopreserved hCB CD34+ cell with 82.4% 6
6.1% of CD41a+ and CD42b+ cells at 73.3%6 8.5% (mean6 SD),
respectively (Fig. 2B, 2C). The proportions of CD41a+CD42b2 and
CD41a+CD42b+ cells were analyzed for evaluating the kinetics of
MK differentiation and maturation during the culture period (Fig.
2D). Furthermore, morphological changes could be clearly ob-
served after differentiation. Mature MKs were much larger in size
than cells on day 0 and day 6 (Fig. 2E). The average cell diameter
significantly increased from 8.0 6 0.7 mm (n = 121) on day 0 to
29.16 4.6 mm (n = 109) on day 6 + 7 (Fig. 2F). Collectively, these
results demonstrate that CC2may facilitate the differentiation and
maturation of human MKs ex vivo.

Ex Vivo Identification and DNA Ploidy Analysis of
Induced MKs

DNA ploidy of induced hCB-MKs was determined by flow cytom-
etry. CD34+ stem/progenitor cells before and after ex vivo expan-
sion were 2N (Fig. 2G). However, DNA ploidy increased to 4N or
greater on day 6 + 7, occupying approximately 32.67%6 7.43%of
the total cell population (4N, 19.63% 6 1.81%; 8N, 11.13% 6
1.52%; 8N+, 4.00%6 0.54%). Furthermore, Wright-Giemsa stain-
ing and immunofluorescence analyses revealed characteristic
lobular nuclei, numerous a-granules in the cytoplasm, and ex-
pression of CD41a on the cell membrane (Fig. 2H, 2J). In addition,
pro-platelet-like structures could be observed toward the end of
culture, strongly suggesting that someMKswere close to terminal
differentiation (Fig. 2I).

Thrombocytopoiesis Assessment in a Murine
Xenotransplantation Model

Next, we determined the platelet release potency of hCB-MKs in
vivo by transplanting day 6 + 3 cultures into NOD/SCID mice that
consisted of 20.5% CD34+, 53.3% CD41a+, 35.6% CD41a+/CD42b+,
and 2.3% CD34+/CD41a+ cells, respectively.

The kinetics of thrombocytopoiesis in the experimental group
fromday3 today28after transplantation is shown (Fig. 3A). Three
days after transplantation, 3.4%61.8% (mean6 SD,n = 3) human
plateletswere detected inmouse PB and then the platelet propor-
tion gradually increased. Platelet numbers increased between day
7 (10.8% 6 4.3%) and day 14 (13.7% 6 6.2%) and then declined
thereafter. Human platelets were not observed in the control
group (intravenously injectedwith PBS) at any timepoint. Further-
more,humanCD62Pexpressionwas increasedafter stimulationby
ADP, indicating that platelets released in vivo by transplantedMKs
were functional (Fig. 3B). In addition, NOD/SCID mice were sacri-
ficed at weeks 1, 2, 3, and 4 after transplantation for determining
short-term engraftment in mouse BM. Human CD45+ cells were
detected 1 week after transplantation and the percentage of

CD45+ cells remained relatively stable during the 4-week period,
indicating successful short-term engraftment. In addition, human
CD41a+ MKs were also detected in mouse BM (Fig. 3C).

Safety Assessment in the Nonhuman Primate Model

To assess the safety and efficacy ofMK transplantation for further
clinical application, a nonhuman primate model was used. Mobi-
lized PB CD34+ cells collected after a G-CSF/SCF conditioning reg-
imen were cultured by the two-stage culture system to generate
MKs for transplantation because CB samples are not routinely
obtained from primates. Thrombocytopenia in primates was
induced by intravenous injection of carboplatin at a dose of
10 mg/kg per day for 3 consecutive days. Transplantation of cul-
tured cells revealed no adverse reactions in primates. In particu-
lar, no signs of fever, emesis, or diarrhea were observed.
Moreover, more than 1 year after transplantation, all primates
continued to survive with no apparent abnormalities.

Hematological Recovery of Primates TransplantedWith
Autologous MKPs

Sevendays after carboplatin injection, primates of theMKP trans-
plant group (n = 3) were transplanted with induced MKP prepa-
ration (day 6 + 2 cultures), whereas primates in the negative
control group (n = 3) were treated with normal saline (Fig. 4A).
The selected cytokine cocktails (CC1 and CC2) were used to ex-
pand and induce primate CD34+ cells. The results of ex vivo culti-
vation and composition of transplanted grafts for individual
primates are summarized in Table 1. After expansion and differ-
entiation, median count of total cells was 5.14 3 107, which in-
cluded 50% CD34+ cells and 18.5% CD34+/CD61+ MKPs,
respectively. The median cell numbers for transplantation were
1.1 3 107 total cells per kilogram and 2.1 3 106 CD34+/CD61+

MKPs per kilogram. Platelet counts of the two groups did not
change significantly during the first 10 days of carboplatin treat-
ment as compared with the baseline. However, after 10 days,
platelet counts declined remarkably in both groups. In the MKP
transplant group, theplatelet count nadirwas 40%of thebaseline
whereas in the control group, the platelet count nadir was 25% of
the baseline. Moreover, 10 days were required for the platelet
count to increase to greater than 60% of baseline in the MKP
transplant group compared with 16 days required in the control
group (Fig. 4B). Therefore, transplantation ofMKPs significantly
improved platelet count nadir and promoted platelet recovery.
Strikingly, white blood cells also recovered rapidly in the MKP
transplant group, perhaps because half of the transplanted cells
were CD34+ stemcells (supplemental online Fig. 1). Carboplatin-
induced myelosuppression in primates also led to a reduced
number of leukocytes, and therefore, transplanted CD34+ stem
cells may differentiate to neutrophils and/or lymphocytes in
primates.

(Figure legend continued from previous page.)
and differentiation toMKs. Scale bar = 20mm. (F):Average diameter analysis of cells. Digital images of cells were captured, and ImageJ software
(National InstitutesofHealth,Bethesda,MD,https://imagej.nih.gov/ij/)wasusedtomeasurediameters.Dataaremean6SD;n.100.p,p, .05.
(G):Representative data of DNAcontent analysis duringMKdifferentiation. (H):Wright-Giemsa staining of differentiatedMKs on day 6 + 7. Scale
bar = 20 mm. (I): A representative phase contrast image showing the pro-platelet-forming MKs (red arrows). Scale bar = 20 mm. (J): Immuno-
fluorescence of CD41a (green) marker on the cell surface of MKs. Hoechst (blue) staining shows poly-nuclei. Scale bars = 20mm. Abbreviations:
GM-CSF, granulocyte macrophage-colony-stimulating factor; IL, interleukin; MKs, megakaryocytes; SR1, StemRegenin 1; ST3L, combination of
stem cell factor, thrombopoietin, interleukin-3, and low-density lipoprotein; ST3L6, combination of stem cell factor, thrombopoietin, interleukin-3,
low-density lipoprotein, and interleukin-6.
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Fluorescent cells could be detected in the PB of MKP trans-
plant group primates up to 28-day after transplantation, reaching
a plateau fromdays 7 to 14 after transplantation (Fig. 4Ci, 4Cii). In
addition, primate BM aspiration also showed approximately 1%
of total nucleated cells with fluorescence, indicating successful
early engraftment of transplanted cells in primate BM (Fig.
4Cii). Smear examination revealed more active proliferation of
nucleated cells in BM of the MKP transplant group (Fig. 4E). Fur-
thermore, to assess the platelet function in vivo, bleeding time
was measured. The normal bleeding time for two groups (as pos-
itive controls) was approximately 4.5 minutes on day27 before
carboplatin treatment. On day 10, bleeding time of negative con-
trol extended for more than 6 minutes because of low platelet
counts, with a mean of 30 3 109/liter, whereas bleeding time
of the MKP-transplanted group, with platelet counts of 100 3
109/liter, was similar to that in the positive control group (Fig.
4D). These results indicated that transplantation of MKPs was

successful for early engraftment into BM, improving platelet re-
covery and promoting hemostasis in primates.

Platelet Recovery for Primates Transplanted With
Autologous or Allogeneic Mature MKs

The procedure for mature MK transplantation is described in
Figure 5A. On the basis of the results of MKP transplantation,
platelet count nadir occurred approximately 15 days after carbo-
platin injection. Therefore, we chose that day as the optimal time
point for transplantation ofmatureMKs. After expansion and dif-
ferentiation of primate CD34+ cells for 6 + 7 days, total cells were
2.9 3 108, containing 30.3% median proportion of CD61+ cells.
Themean doses for transplantation were 6.23 107 for total cells
per kilogram and 1.93 107 for CD61+ mature MKs per kilogram,
respectively (Table2). The change trendof platelet counts as com-
paredwith the baseline is shown in supplemental online Figure 2.
In particular, absolute platelet increment (API) was calculated for

Figure 3. Production of human functional platelets and engraftment in NOD/SCID mice transplanted with differentiated hCB-MKs. (A): Dif-
ferentiating hCB-MKs of day 6 + 3 cultures (13 107) were transplanted into sublethally irradiated NOD/SCID mice. Human platelets produced
were detected inmouse PB at the indicated time points after transplantation. Representative dot plots were visualized according to the FSC-log
and SSC-log. (B): Representative flow cytometry profiles for platelets produced by transplanted hCB-MKs expressing human CD62P in the pres-
enceor absence of ADP (50mM)onday 14 after transplantation, respectively. Platelet activation is demonstrated by CD62P labeling. (C):Human
cells engrafted inmouse bonemarrow at the indicated time points after transplantation. Data aremean6 SD; n = 3 at every time point assayed.
Abbreviations: FSC, forward scatter; hCB-MKs, human cord blood megakaryocytes; SSC, side scatter.
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each group at hours 3, 24, and 48 after transplantation because
thesewere critical time points for evaluating the effect of platelet
transfusion in the clinic (Fig. 5B). Three hours after transplanta-
tion, API in the positive control (transplantedwith freshly isolated

platelets) was 193 109/liter, and it ranged from 33 109/liter to
103 109/liter in autotransplant (n = 3) and allotransplant (n = 2)
groups. Twenty-four to 48 hours after transplantation, API in the
positive control remained at a stable level, whereas it continued

Figure 4. Engraftment kinetics: short-termhematological recovery in nonhumanprimates transplantedwithMKPs (day 6 + 2 cultures). (A): Scheme
forMKP transplantation in a nonhuman primatemodel. Carboplatin treatment was administered on days27,26, and25, and transplantation was
performedonday0. (B):Meanpercentageplatelet counts frombaseline inprimateswhich receivedMKPpreparations (MKPtransplantationgroup)or
normal saline (negative control group). Theplatelet count onday27before carboplatin injectionwas regardedas thebaseline. (C):MKPpreparations
thatwere labeledbyGFPweredetectableby flowcytometry inprimateperipheralblood(PB)andbonemarrow(BM)afterautologous transplantation.
(Ci):Representativedotplots ofGFP+ cells in nucleated cells (CD45+population) fromnegative control orMKP transplant group. (Cii):PercentageGFP+

cells among PB and BMnucleated cells inMKP-transplanted group primates at different time points after transplantation. Lines indicate themedian.
(D):Bleeding timeassessmentofprimates inMKP transplantationgroupandnegative control groupat the indicated timepoints.Dataaremean6 SD;
n = 3. p, p, .05. (E): Fourteen days after transplantation, BM cells of primates were harvested from anterior superior spine and representative BM
smearswereexaminedafterWright-Giemsa stainingonanOlympus IX51microscope (OlympusCorp.). Scalebars =40mm.Abbreviations:D, day; FSC,
forward scatter; GFP, green fluorescent protein; H, height; MK, megakaryocyte; MKP, megakaryocytic progenitor; SSC, side scatter.
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to increase to 103 109/liter and 203 109/liter in autotransplant
and allotransplant groups, respectively. In addition, flow cytom-
etry detected approximately 1%–3% of fluorescent platelets
within 3 hours after transplantation of mature MKs labeled with
FITCmicrobeads in autotransplant and allotransplant groups that
weremaintained formore than 48 hours. The positive control pri-
mate transfused with fresh isolated platelets labeled with FITC
microbeads also showed 18% of fluorescent platelets at 3 hours
and the proportion gradually decreased to 5.5% at 48 hours (Fig.
5D). Furthermore, the activation of platelets was confirmed by
anti-CD62P staining after ADP stimulation of whole PB, indicating
that the platelets released by transplanted mature MKs were
functional (Fig. 5E). Furthermore, in MK-transplanted primates,
bleeding times tended to be shorter at day 1 after transplantation
as compared with day 0, but these changes were not significant
(Fig. 5C).

DISCUSSION

In the current study, we describe a stroma-free, animal component-
free, and gene manipulation-independent system for generating
MKs from HSCs that is amenable to good manufacturing practice
for clinical applications. Through use of this protocol, 1.0 3 104

MKswereobtained fromone input cryopreserved hCBCD34+ cell,
resulting in an approximately 650-fold higher yield than reported
previously [31–35]. Moreover, platelet counts recovered effi-
ciently without adverse effects in primates that received 2 3
106 MKPs per kilogram or 2 3 107 mature MKs per kilogram.
Therefore, the number of ex vivo generated MKPs or mature
MKs from one hCB unit (5 3 106 CD34+ cells) could, in theory,
be used for treating more than 30 patients (with an average
weight of 70 kg). In addition, because personalized treatment

has been newly introduced in the clinic, transplantation of autol-
ogous MKs can also achieve satisfactory therapeutic effects in
some patients. Therefore, the effect of two-stage culture system
on the expansion and differentiation of human mobilized PB
CD34+ cells was also evaluated. Approximately 500 total cells,
with CD41a+ and CD42b+ at 90.46 4.7% and 80.36 7.9%, respec-
tively, were obtained from one human cryopreserved PB CD34+

cell (supplemental online Fig. 3).
We havemade great effort toward determining optimal cyto-

kine combinations that will promote megakaryocytic differentia-
tion and maturation in the second culture stage. TPO is a major
cytokine required for megakaryocytic lineage development, but
TPO alone is not sufficient for obtaining large-scale MK matura-
tion [36]. In this study, IL-6, in combinationwith the ST3L cytokine
cocktail (combination of SCF, TPO, IL-3, and LDL),was highly effec-
tive in stimulating megakaryopoiesis (Fig. 2A; supplemental
online Table 1). IL-11 also promotes the expansion and matura-
tion of MKPs by modulating synergistic interactions with other
early-acting factors, such as IL-3 and SCF [36, 37]. The addition
of GM-CSF to the ST3L6 + IL-11 cocktail increased the expression
of CD42b+ mature megakaryocytes, perhaps also because of syn-
ergistic interactions with IL-11.

Delayed platelet recovery is a severe obstacle in clinical appli-
cations involving hCB transplantation [38]. Previous reports sug-
gested that human circulating platelets appeared in irradiated
NOD/SCID mice 10–12 days after transplantation of noncultured
CD34+ cells [34]. A study by Tijssen and colleagues further implied
that predifferentiation of CD34+ cells toward themegakaryocytic
lineage for at least 7 dayswas necessary for obtaining rapid in vivo
platelet formation [39]. In the current study, human platelet for-
mation was significantly accelerated after transplantation with
6 + 3-day culture induced hCB-MKs. Platelets were detected on

Table 1. Summary of cellular characteristics and composition of transplanted grafts for individual primates in megakaryocytic progenitor
transplant group

Variable Primate 3 Primate 5 Primate 12 Median

Characteristics

Age, yr 5 5 7 5.7

Sex Male Male Male Male

Weight, kg 3.3 3.8 7.2 4.8

Before expansion

Initial cell number 2.43 106 5.03 106 3.83 106 3.83 106

CD34+ cell purity, % 92.5 85.7 89.3 89.2

Culture days 6 + 2 6 + 2 6 + 2 6 + 2

After expansion

Total cell number 3.683 107 5.453 107 6.303 107 5.143 107

CD34+ cells, % 53.3 49.1 47.7 50.0

CD34+/CD61+ cells, % 16.5 20.4 18.6 18.5

CD342/CD61+ cells, % 6.5 5.4 4.3 5.4

GFP transduction
efficiency, %

37 29 31 32

Transplanted cell numberper kg

Total cells 1.13 107 1.43 107 8.83 106 1.13 107

CD34+ cells 5.93 106 7.03 106 4.23 106 5.73 106

CD34+/CD61+ cells 1.83 106 2.93 106 1.63 106 2.13 106

CD342/CD61+ cells 7.23 105 7.83 105 3.83 105 6.33 105

Abbreviation: GFP, green fluorescent protein.
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Figure 5. Platelet recovery analysis in nonhuman primates transplanted with autologous or allogeneic mature MKs (day 6 + 7 cultures). (A):
Scheme for mature MK transplantation in a nonhuman primate model. Carboplatin treatment was administered on days215,214, and213,
and transplantation was performed on day 0. (B): API analysis of primates in four groups at 3, 24, and 48 hours after transplantation. Data are
mean6SD (negative control group,n=3;positive control group,n=1; autotransplant group,n=3; allotransplant group,n=2). (C):Bleeding time
assessment of primates in the four groups at different time points. Data are mean6 SD. (D): FITC microbeads-fluorescent platelets were de-

(Figure legend continues on next page.)
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day 3 and were continuously present for at least 4 weeks in PB cir-
culation inmice.One explanationmaybe that the cell preparations
for transplantation were not homogeneous after ex vivo cell cul-
ture. Indeed, 20.5% CD34+, 53.3% CD41a+, 35.6% CD41a+/
CD42b+, and 2.3% CD34+/CD41a+ cells were present. Therefore,
those human platelets detected as early as 3 days after transplan-
tation were likely to be produced by the more matured CD41a+/
CD42b+ MKs. Subsequently, CD34+ stem cells and CD34+/CD41a+

MKPs engrafted inmouse BMwould gradually mature and release
platelets in mice, which would persist for at least 4 weeks [40].
CD62P is exposed only on the surface of platelets that can release
a-granules, so the expression of CD62P exhibited the activation
state of platelets [41]. Because of the relatively small absolute
amount of human platelets released in mice, detection of CD62P
after ADP stimulation by flow cytometry is a feasiblemethod to ad-
dress the platelet function in vivo.

Aspartof thepreclinical evaluationof thesafetyandefficiencyof
MK transplantation, we conducted a transplantation protocol in a
nonhuman primatemodel to better mimic clinical situations. Unlike
NOD/SCIDmice that receivedhuman cellswith little engraftment re-
jection, no immunodeficient or immunosuppressed primate model

was available. Therefore, nonhuman primate MKs were generated
for autologous and allogeneic transplantations. By using the same cul-
ture media and cytokine cocktails, the number and the degree of en-
richment of MKs derived from mobilized PB CD34+ cells of primates
were relatively lower than thoseobtained fromhCBCD34+cells. There
are twopotential explanations for these observations: (a) The intrinsic
proliferation potential of hCB CD34+ cells is higher than that of PB
CD34+ cells, and (b) the cytokines used were all recombinant human
proteins, which may not fully stimulate primate cells. In addition, cul-
ture conditionswere not optimized for primate cells because our goal
was to validate the feasibility of the protocol and confirm safety and
efficacy of the cultured cells in primates. Nonetheless, primate MKs
generatedbyour two-stage culture systemexhibited long-termsafety
and efficacy in releasing platelets in vivo, which could provide funda-
mental guidelines for further phase I clinical trials.

Lentiviral GFP-labeled primate CD34+ cells andMKPs could be
traced by flow cytometry and detected 1%–2% of nucleated cells
in PB and BM only during the first month after autologous trans-
plantation. It is possible that a part of the transplanted cells dif-
ferentiated into platelets without nuclei and lost long-term GFP
labels. Additionally, the transduction efficiency of lentiviral GFP

(Figure legend continued from previous page.)
tected by flow cytometry in the PB of primates that received fresh platelets (positive control group), autologous mature MKs (autotransplant
group), and allogeneicmatureMKs (allotransplant group). Relative flow frequency histograms of fluorescent platelets that were visualized at 3,
24, and 48 hours after transplantation based on FSC-log and SSC-log. (E): Twenty-four hours after transplantation, whole PBwas incubatedwith
ADP for 10 minutes and the activation of platelets was demonstrated by CD62P labeling. Representative flow cytometry contour plots were
visualized according to the FSC-log and SSC-log. Abbreviations: API, absolute platelet increment; D, day; FITC, fluorescein isothiocyanate; FSC,
forward scatter; MK, megakaryocyte; PB, peripheral blood; SSC, side scatter.

Table 2. Summary of cellular characteristics and composition of transplanted grafts for mature megakaryocyte transplantation

Variable Primate 6a Primate 9a Primate 7a Primate Db Primate 8c Primate 10c Median

Characteristics

Age, yr 5 4 5 7 4 5 5

Sex Male Male Male Male Male Male Male

Weight, kg 4.2 3.7 4.2 9.0 3.3 3.6 3.8d

Before expansion

Initial cell number 8.43 106 6.03 106 4.83 106 8.0 3 106 — — 6.83 106

CD34+ cell purity, % 87.4 90.3 85.5 89.5 — — 88.2

Culture days 6 + 7 6 + 7 6 + 7 6 + 7 — — 6 + 7

After expansion

Total cell number 3.43 108 2.33 108 2.03 108 4.2 3 108 — — 2.93 108

CD34+ cells, % 1.4 0.4 1.0 1.3 — — 1.0

CD34+/CD61+ cells, % 3.5 3.1 2.8 2.3 — — 2.9

CD342/CD61+ cells, % 28.5 33.5 30.6 28.6 — — 30.3

FITC microbeads labeling
efficiency, %

97 99 96 97 — — 97.3

Transplanted cell numberper kg

Total cells 8.13 107 6.23 107 4.73 107 — 6.4 3 107 5.83 107 6.23 107

CD34+ cells 1.13 106 2.53 105 4.83 105 — 8.3 3 105 7.63 105 6.83 105

CD34+/CD61+ cells 2.83 106 1.93 106 1.33 106 — 1.5 3 106 1.33 106 1.83 106

CD342/CD61+ cells 2.33 107 2.13 107 1.43 107 — 1.8 3 107 1.73 107 1.93 107

aPrimates 6, 7, and 9 were transplanted with autologous mature megakaryocytes (day 6 + 7 cultures).
bPrimate D was the donor of mature megakaryocytes (day 6 + 7 cultures) for allogeneic transplantation.
cPrimates 8 and 10 were the recipients of allogeneic transplantation, and they received the cell preparations from primate D.
dThe mean weight was calculated after excluding primate D.
Abbreviations:—, not applicable; FITC, fluorescein isothiocyanate.
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was relatively low (less than 30%; Table 1) and exogenously la-
beledGFP+ cellsmay have been gradually diluted out as the recip-
ient’s own hematopoietic cells recovered.

Previous studies showed that culture-derived MKs were func-
tional and released platelets on complete maturation [42, 43].
However, a common problem underlying the various protocols
detailing platelet production ex vivo is the low yield of platelets,
with only 6–30 platelets obtained from one MK [11, 12, 44]. In
our study, the CC2 cocktail increased the proportion of MKs with
a ploidy level of 8N or greater, which may be differentiated to pro-
ducemoreplatelets becauseof the bloodstreamshear force in vivo
[45]. Therefore, the number of platelets releasedperMK can be in-
creased to 50–100 (calculated by Fig. 5B). More importantly, for
clinicaluse, transfusionofplateletswith thesamebloodABOtyping
ismandatedbecauseofexistingantibodies inplateletpreparations.
In our studies that did not involve blood cross-typing and HLA
matching, acuteandchronic graft-versus-hostdiseasewerenotob-
served in primates even a year after receipt of the allogeneic ma-
tureMKs. Therefore, blood typing may not be essential for ex vivo
culture-derived MKs because the entire cell culture process is
plasma- and antibody-free. Collectively, transfusion ofmegakaryo-
cytes is a promising therapy method that would alleviate platelet
shortage problem; in addition, the data presented hereinwill serve
as a basis for comparing new therapies in the future.

CONCLUSION

We have developed an efficient protocol for the production of
MKs and platelets, which can be explored for transplantation

toalleviate thrombocytopenia. Importantly, our autologousandal-
logeneic transplantation studies in nonhuman primates strongly
suggest that the inducedMKsmay be safe and efficacious in poten-
tial clinical applications.
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