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Abstract
Objective: Ex vivo expansion is a promising strategy to overcome the low number of human umbilical cord blood 
hematopoietic stem cells (hUCB-HSCs). Although based on the obtained results in unnatural physiological condition of 
irradiated genetically immune-deficient mouse models, there has always been concern that the expanded cells have 
less engraftment potential. The purpose of this study was to investigate effect of common ex vivo expansion method on 
engraftment potential of hUCB-mononuclear cells (MNCs), using normal fetal mouse, as a model with more similarity 
to human physiological conditions.
Materials and Methods: In this experimental study, briefly, isolated hUCB-MNCs were cultured in common expansion 
medium containing stem cell factor, Flt3 ligand and thrombopoietin. The unexpanded and expanded cells were 
transplanted to the fetal mice on gestational days of 11.5-13.5. After administration of human hematopoiesis growth 
factors (hHGFs), presence of human CD45+ cells, in the peripheral blood of recipients, was assessed at various time 
points after transplantation.           
Results: The expanded MNCs showed 32-fold increase in the expression of CD34+38- phenotype and about 3-fold 
higher clonogenic potential as compared to the uncultured cells. Four weeks after transplantation, 73% (19/26) of 
expanded-cell recipients and 35% (7/20) of unexpanded-cell recipients were found to be successfully engrafted with 
human CD45+ cells. The engraftment level of expanded MNCs was significantly (1.8-fold) higher than unexpanded 
cells. After hHGFs administration, the level was increased to 3.2, 3.8 and 2.6-fold at respectively 8, 12, and 16 weeks 
of post transplantation. The increased expression of CXCR4 protein in expanded MNCs is a likely explanation for the 
present findings.                  
Conclusion: The presented data showed that expanded MNCs compared to unexpended cells are capable of more 
rapid and higher short-term engraftment in normal fetal mouse. It could also be suggested that in utero transplantation 
(IUT) of normal fetal mice could be an appropriate substitute for NOD/SCID mice in xenotransplantation studies.
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Introduction
Hematopoietic stem cells (HSCs) are multi-potent 

progenitor cells having the ability of both multi-lineage 
differentiation and long-term self-renewal (1). A single 
HSC can repopulate the entire hematopoietic system. 
Therefore, over the last six decades, HSC transplantation 
has been widely used to treat various hematological 
disorders and malignancies (2, 3). Although human 
umbilical cord blood (hUCB) is an invaluable source of 
HSCs for cell therapy, the limited cell dosage of HSCs in 
a cord blood (CB) unit results in delayed post-transplant 
hematologic recovery. So, CB transplantation has mostly 
been limited to pediatric or adults with low body weight 
(4). Although, ex vivo expansion is the most promising 
strategy for overcoming the limited number of hUCB-
HSCs, there is always a concern that expanded HSCs have 
less potency for hematopoiesis and engraftment compared 
to unexpanded ones (5). Therefore, the efficacy and safety 

of expanded cells must clearly be evaluated before use in 
clinic.

So far, significant advances in our understanding about 
the in vivo functions of human HSCs have resulted from 
development of severely immune-deficient models such as 
non-obese diabetic/severe combined immunodeficiency 
(NOD/SCID), NOD/SCID/gamma (NSG) and nude 
mice (6, 7). Most of these immune-deficient mice have 
short lifespan with difficult breeding performance and 
their husbandry requires specific pathogen-free (SPF) 
environment (8). Moreover, due to the lack of appropriate 
human immune cells traffic as well as lack of completely 
normal physiological environment, the derived data from 
such mice cannot be considered as a precise reflection 
from the real situation in our body. On the other hand, in 
these models, the engraftment level of human adult stem 
cells in the most organs other than hematopoietic system 
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is very low (9). Because of the drawbacks associated with 
abnormal physiological condition of the models, there is 
considerable skepticism about the obtained results from 
such mice. So, there is still a need to find an animal model 
with more similarity to the in vivo environment of human 
body which can also be accessible for all laboratories, 
especially for whom with limited animal facilities.

In the last two decades, for allo- or xeno-transplantation 
studies, in utero transplantation (IUT) model of various 
animal fetuses such as mice (10), dogs (11), pigs (12), 
monkeys (13) and sheep (14) have alternatively been 
used to the genetically immune-deficient mice. For 
example, using a sheep IUT assay, it has been shown that 
a non-integrating and non-replicating Sendai virus vector 
expressing HoxB4 gene can efficiently enhance the ex 
vivo expansion of hUCB-CD34+ cells (15). Furthermore, 
it has been demonstrated that treatment of pregnant sheep 
by busulfan (a myeloablative agent), 6 days before IUT, 
could improve engraftment level of human cells (16). In 
IUT model, before immunologic maturity of the fetus 
(when chimerism and donor-specific immune tolerance 
can be created), allo- or xeno-geneic cells intrauterine 
transplantation is performed. Since there is no need to 
use myeloablative drugs or irradiation, immature pre-
immune fetuses of animals could be an ideal, inexpensive 
and powerful models for biomedical research. In addition 
to its use for study basic questions in developmental and 
stem cell biological approaches, IUT of foreign progenitor 
or stem cells to the unborn fetus has potential to treat and 
ideally cure a number of congenital hematologic and non-
hematologic disorders, prior to birth (17-19).

Although large animals allow long-term and higher 
level of donor cell engraftment, they do require more 
cumbersome facilities for maintenance and examination. 
Therefore, it seems that small rodents such as mouse are 
more useful IUT models, by supplying a larger number 
of animals and limited facilities. In our knowledge, a 
few studies used fetal mouse to investigate the in vivo 
behavior of hUCB-HSCs. In this study, we used the fetal 
mouse IUT model to assess the effect of common ex vivo 
expansion method on the engraftment potential of hUCB-
MNCs.

Materials and Methods
Preparation of human donor cells

In this experimental study, cells were obtained from 
UCB samples of mothers who consented according to 
guidelines established by the institutional human research 
Ethics review Committee of Royan Institute and Royan 
Stem Cell Technology Company (www.rsct.ir), Iran. 
Animal experiment was approved by the Institutional 
Animal Care and Committee of Royan Institute (IR.
ACECR.ROYAN.REC.1394.175).

At first, 6% hydroxyethyl starch was used to sediment 
CB erythrocytes. Low-density MNCs were separated 
by lymphoprepTM (Stemcell Technology Inc., Canada) 
density-gradient centrifugation at 22˚C, 800 g for 30 

minutes. MNCs (106/well) were cultured for 10 days in 
the StemSpanTM medium (Stemcell Technology Inc., 
Canada) containing the following human recombinant 
cytokines all obtained from R&D Systems (USA): stem 
cell factor (SCF) 100 ng/ml, Fms-like tyrosine kinase 3 
ligand (Flt3L) 100 ng/ml and thrombopoietin (TPO) 50 
ng/ml. Freshly isolated and expanded UCB-MNCs were 
stained with the following antibodies against human cells: 
CD34-FITC, CD38-PerCP and CXCR4-PE. Appropriate 
isotype controls were also used to delete non-specific 
background signals. All of the antibodies were purchased 
from BD Pharmingen™ (USA) except CXCR4 which was 
obtained from BioLegend, USA. After staining, the cells 
were analyzed on Partec flow-cytometer (Germany) and 
the data were analyzed using FlowMax software. Before 
transplantation, the cells were labeled by PKH26 cell 
tracking dye (Sigma, USA) according to manufacturer’s 
instruction and they were suspended in modified Dulbecco 
media containing 10% fetal bovine serum (FBS), for 
future use. 

Colony-forming cell assay
Briefly, 2000 MNCs were suspended in 0.3 ml 

IMDM+2% FBS and added to a 3 ml MethoCult™ (Stem 
Cell Technologies, Canada) tube for a duplicate assay. 
After 12-14 days of culture, each plate was scored for 
granulocyte macrophage colony-forming unit (CFU-
GM), burst forming unit-erythroid (BFU-E), as well as 
granulocyte, erythroid, macrophage and megakaryocyte 
colony-forming unit (CFU-GEMM).

Transwell migration assay

The migration assay was performed using 24-well 
transwell plates (Corning Costar, USA) with 5 μm pore 
filters. The upper chambers were loaded with freshly 
isolated or 10 days expanded MNCs (106 cells) in 100 μl 
medium, while StemSpan medium and 100 ng/ml stromal 
cell derived factor-1 (SDF-1, R&D Systems) were placed 
into the lower chamber. After 4 hours incubation at 37˚C, 
the migrated cells to the lower side of the filter were 
collected and counted. 

In utero stem cell transplantation

NMRI pregnant mice were supplied by center of 
experimental animals of Royan Institute (Iran). Briefly, 
on embryonic days E11.5- E13.5, the pregnant mice 
were anesthetized by isoflurane inhalation and the 
uterine horns were exteriorized. Using handmade glass 
micropipettes with 70 μm diameters, each embryo was 
intraperitoneally injected with 50 μl phosphate buffer 
saline (PBS) containing 2-3×106 hUCB-MNCs or their 
entire progeny following 10 days expansion. Sham group 
received only 50 μl PBS. The uterine horns were returned 
to the abdominal cavity and the incision was closed 
with absorbable suture (Fig.1). The mothers were left 
undisturbed without bedding changes until the pups were 
3 weeks old.

http://www.rsct.ir
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Fig.1: In utero transplantation of hUCB-MNCs using handmade glass micropipettes. A. Hair removal and sterilization of the surgical site, B. The uterine horns were 
exteriorized, C. 2-3×106 non-cultured hUCB-MNC or their entire progeny, following 10 days expansion, were injected intraperitoneally to each recipient, and D. The 
uterine horns were returned to the abdominal cavity and the incision was closed. hUCB-MNCs; Human umbilical cord blood-mononuclear cells.

Growth factor treatment
Evaluation of chimerism was performed monthly up 

until age of 4 months. Considering the average weight of 
a mouse at the age of 4, 8, 12 and 16 weeks of age (which 
is respectively around 10-12, 26-35, 32-48, and 35-50 g), 
the recipients were treated with subcutaneous injections 
of human recombinant proteins all of which were obtained 
from R&D system: SCF (4 ng/g), Interleukin-3 (IL-3, 4 
ng/g) and granulocyte-colony stimulating factor (G-CSF, 
50 ng/g) for 3 times a week beginning at 3 weeks of age.

Immunostaining analyses of donor mononuclear cell 
Following birth, several mice, transplanted with PKH26 

labeled-MNCs, were sacrificed and frozen sections were 
prepared on albumin-coated slides from formaldehyde-
fixed, optimal cutting temperature compound (OCT)-
embedded liver and spleen of newborn mice. The prepared 
slides were subjected to detect PKH26-labeled human 
cells using a fluorescence Nikon microscope. 

Moreover, bone marrow cells were aspirated from the 
tibia/femur and fixed on positively charged slides with 
ice-cold acetone. The cells were then incubated with Anti-
Human Nuclear Antigen antibody (HNA, AbCam, UK) 
in a humidified chamber overnight at 4˚C, processing with 
secondary antibodies for one hour at room temperature in 
dark. The HNA immunostaining were observed using a 
fluorescence Nikon microscope.

To assess chimerism, 4 weeks after birth, 2-10 μl of 
peripheral blood was collected in heparinized tubes via the 
tail tip excision and partial amputation of the tail. The red 
blood cells were lysed with ammonium chloride lysis buffer 
and washed with PBS. The cells were then blocked with 1% 
bovine serum albumin (BSA) and stained with anti-Human 

CD45/34 or anti-Human Isotype Control (both from BD, 
USA) for 30 minutes at 4˚C. After staining, at least 105 cells 
were analyzed on Partec flow-cytometer and the data were 
analyzed using FlowMax software. Engraftment was defined 
as detection of 0.2% or more human CD45 cells.
 
Statistical analysis

All data are expressed as the mean ± SD. Significance 
of the differences between groups was determined using 
two-tailed Student’s t test assuming unequal variances. 
The level of significance was set at P<0.05. The statistical 
analysis was carried out using SPSS version 16 (SPSS 
Inc., Chicago, Il, USA).

Results
Increased in vitro proliferation and differentiation 
potential of the expanded human umbilical cord 
blood-mononuclear cells 

In the first step, we sought the in vitro self-renewal and 
differentiation potential of hUCB-MNCs either before or after 
culture. For this purpose, freshly isolated hUCB-MNCs were 
cultured under very common expansion system, in serum 
free media containing SCF, TPO and Flt3L (STF) for 10 
days. We firstly observed that number of total nucleated cells 
was significantly increased up to 4.3-fold after culture with 
STF (Fig.2). Moreover, we found that there was respectively 
32 and 52.3 fold increases in the number of CD34+ cells and 
more primitive HSCs (CD34+CD38- cells).

The colony-forming rate and differentiation potential were 
examined by CFU-assay. As seen in Figure 2E, following the 
expansion, significant increases were observed in granulocyte-
monocyte (GM) and total CFU numbers, suggesting that the 
number of hematopoietic progenitor cells (HPCs) is enhanced 
after expansion. 

A B
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Fig.2: Characterization of human donor cells. A. Representative dot plots of hUCB-MNCs before and after expansion, B. Number of the total nuclear cells 
was significantly increased after expansion for 10 days in STF medium (n=9, **; P<0.01), C. Percentage of CD34

+
 and CD34

+
CD38

-
 cells in hUCB-MNCs at 

day 0 and after 10 days of expansion in STF medium, D. Number of CD34
+
 and CD34

+
CD38

- 
cells were significantly increased after 10 days expansion in 

STF medium (n=9, *; P<0.05), and E. CFU number in 2000 cells of day 0 uncultured hUCB-MNCs and the progeny of an equivalent number of expanded 
hUCB-MNCs (n=3, ** P<0.01, ***; P<0.001). Fold expansion was calculated by dividing the absolute output number of the expanded cells expressing a 
specific phenotype after 10 days of culture by the respective number on day 0. hUCB-MNCs; Human umbilical cord blood-mononuclear cells, CFU; Colony 
forming unit, STF; SCF+TPO+FLT3L, BFU; Burst forming unit, GM; Granulocyte-macrophage, and GEMM; Granulocyte erythrocyte macrophage monocyte.
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CXCR4 overexpression and increased in vitro homing 
potential of ex vivo expanded human umbilical cord 
blood-mononuclear cells

Homing and engraftment of HSCs is strictly depending on 
SDF-1/CXCR4 axis which can adversely be affected during in 
vitro culture (20). So, to determine effect of cytokine treatment 
on the homing ability of the expanded cells, expression of 
CXCR4 protein was evaluated before and after culture, 
using flow-cytometer. As shown in Figure 3A, the expanded 
cells expressed higher (2.3 fold) level of CXCR4 protein 
compared to the unexpanded cells. Moreover, regarding in 
vitro migration assay, 2.8-fold more STF-expanded cells 
were migrated toward the SDF-1 medium compared to the 
uncultured cells (Fig.3B). Therefore, it seems that hUCB-
MNCs culture can increase in vitro homing ability of the 
expanded cells, which might be resulted from overexpression 
of CXCR4 receptor.

Fig.3: CXCR4 overexpression and increased in vitro homing potential 
of the expanded cells. A. Representative flow-cytometer analysis of 
CXCR4 expression in different cells. Filled curves indicate isotype control 
and unfilled curves indicate labeled cells and B. Percentage of the STF-
expanded hUBC-MNCs moved through the transwell in response to SDF-
1 versus uncultured cells (day 0) (**; P<0.01, n=5). STF; SCF+TPO+FLT3L, 
SDF-1; Stromal cell derived factor-1, and hUCB-MNCs; Human umbilical 
cord blood-mononuclear cells.

Outcome of in utero surgery 

Figure 4A shows the surgical outcomes of 4 independent 
experiments. At 11.5-13.5 days of gestation, 21 pregnant 
mice were under surgery, out of which 5 mothers died due 
to surgical complications such as bleeding and prolonged 
anesthesia. 

Totally, from mothers surviving surgery, 99 transplanted 
fetuses were under surgery, among which STF expanded 
cells, unexpanded cells and PBS were injected to 
respectively 38, 32 and 29 fetuses. In overall, the live birth 
rate was 63.6%. As seen in Figure 4B, recipients show 
similar viability injected by either STF expanded MNCs 
(68.4%) or unexpanded MNCs (62.5%). Furthermore, all 
of the live-born fetuses were normal and had no sign of 
malformations.

Injected material Number 
of treated 
pregnant 
mice

Number of 
pregnancies 
to term

Number 
of 
injected 
fetuses

Number 
of live-
born mice

Expanded MNCs 9 8 38 26

Unexpanded 
MNCs

9 7 32 20

Sham 9 7 29 17

Total 27 22 99 63

Fig.4: Outcome of in utero surgery. A. Number of the pregnant mice and 
their embryos used through the whole experiment and B. Comparison of 
survival rates within expanded cell-recipients, unexpanded cell-recipients 
and sham. MNC; Mononuclear cells.

A

B

A

B



          Cell J, Vol 21, No 3, October-December (Autumn) 2019 264

IUT Model for Expanded HSCs

Short-term in vivo homing of human umbilical 
cord blood-mononuclear cells in liver and spleen of 
recipients 

At first, transplanted fetuses were analyzed for 
presence of the injected cells. For this purpose, freshly 
isolated MNCs were labeled with a viable fluorescent 
membrane dye PKH26 to track after infusion (Fig.5A). 
Around 15-16 days of gestation, liver and spleen organs 
are the hematopoietic sources in the fetal mouse (21). 
Therefore, one set of fetuses were sacrificed 48 hours after 
transplantation and PKH-positive cells were tracked in 
the frozen sections prepared from the mentioned tissues. 
As shown in Figure 5B, the highest level of homing was 
found in spleen, while some PKH-positive cells were also 
detected in liver. 

Expanded human umbilical cord blood-mononuclear 
cells have higher engraftment potential than 
unexpanded cells

To evaluate the engraftment, flow-cytometry analysis of 
the human CD45 marker was performed for the first time 
in peripheral blood of 3 weeks old mice (4 weeks after 
transplantation). To reliably eliminate background signal, 
the isotype control antibody was recruited. Peripheral 
blood cells from a normal mouse were also analyzed as 
an additional control for this analysis method (Fig.6A). 
Newborn mice were considered to be chimeric, if ≥ 0.2% 
CD45+ human cells were present in their peripheral blood 
sample. 

Totally, CD45+ human cells were detected in 
73% (19/26) of live born mice that injected with 
the expanded MNCs, while only 35% (7/20) of 
unexpanded-cell recipients had become chimera. 
Previous studies have shown an increased engraftment 
level of human HSCs in sheep and mice, following 
treatment with human hematopoietic growth factors 
(hHGFs). Therefore, newborn recipients were treated 
with subcutaneous injections of different HGFs (IL3, 
SCF and G-CSF), 3 times a week beginning at 4 weeks 
after transplantation. As demonstrated in Figure 6B, 
at the beginning, expanded-cell recipients displayed 
a higher level (1.8-fold) of human engraftment 
compared to the unexpanded-cell recipients, while it 
was dramatically amplified after treatment by hHGFs. 
Precisely, compared to the other group, expanded-cell 
recipients showed 3.2-, 3.8- and 2.6-fold increases in 
engraftment at 8, 12 and 16 weeks after transplantation, 
respectively. As shown in Figure 6C, human originality 
and functionality of the transplanted cells were 
additionally confirmed by the presence of anti-HNA 
in the bone marrow cells of 4 months old mice treated 
with hHGFs. Interestingly, there was a downward trend 
in the engraftment of recipients that did not treat with 
hHGFs and injected by either expanded or unexpanded 
cells. So that, after 4 months, no human cell was seen 
in their blood (data not shown). 

Fig.5: Short-term in vivo homing of hUCB-MNCs. A. Analysis of PKH26 
fluorescence of 20000 MNCs by flow-cytometer, before (unfilled curve) 
and after staining with PKH26 (gray filled curve) and B. Identification 
of PKH-stained hUCB-MNCs, 48 hours after infusion. Prepared frozen 
sections from the spleen and liver of transplanted fetuses were screened 
for the presence of PKH-bright cells (red: PKH26, blue: DAPI). hUCB-MNCs; 
Human umbilical cord blood-mononuclear cells.
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Fig.6: The ex vivo expanded hUCB-MNCs have higher engraftment potential than unexpanded cells. A. Representative flow-cytometer analysis for 
human cell engraftment in peripheral blood of the expanded- and unexpanded-cell recipients. Peripheral blood of normal mouse was employed 
as negative control, B. Mean human engraftment levels in peripheral blood of NMRI mice fetal transplanted with expanded or unexpanded hUCB-
MNCs. Mice with ≥0.2% human cells were considered chimeric, C. Representative flow-cytometer analysis for human cell engraftment in peripheral 
blood of the expanded- and unexpanded-cell recipients, and D. Identification of human CD45+ cells in the bone marrow of recipient mice. Bone 
marrow smears of 4-months-old transplanted mice were screened for the expression of human nuclear antigen (arrows; As mentioned they are 
human CD45+ cells).  hUCB-MNCs; Human umbilical cord blood-mononuclear cells.
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Discussion 
In this study, overall frequency of the human donor 

cell engraftment in NMRI recipient mice as early as 
4 weeks post transplantation was <3%. 7/20 (35%) 
recipients of unexpanded MNCs and 19/26 (73%) 
recipients of expanded MNCs were chimeric. This 
result indicates that hUCB-MNCs expansion produces 
a higher level of engraftment than freshly isolated 
cells. Furthermore, the average level of human cells 
in unexpanded-cell recipients was 0.3%, while it 
reached to 0.55% in expanded-cell recipients. Here, 
the level of human cells engrafted into NMRI mice is 
substantially higher than the previous reports in non-
defective rodents (22-25). On the other hand, IUT of 
human fetal liver-MNCs or fetal BM-CD34+ cells into 
NOD/SCID mice resulted in 15% expression of human 
cells in 10-12% of 8 weeks old mice (26). Similar to 
our finding, it was previously reported that ex vivo 
expanded UCB-HSCs have higher engraftment ability 
in IUT model of sheep: 8.1% for expanded cells versus 
0.1% for unexpanded cells (27). The engraftment of 
human CB-derived stem cells has also been evaluated 
in ovine fetuses (28). In this study, only 18% of lambs, 
IUT hUCB-CD34+ cells showed human cell expression 
up to 0.8%. In other larger species like canine model, it 
has been reported that IUT of 108 haploidentical CD34+ 

cells/kg of fetuses resulted in <1% microchimerism 
(29). Different rate of the chimerism as well as the 
level of engraftment could be related to the route of 
transplantation (30), quantity and quality of injected 
cells (31), different isolation techniques (32), different 
source of HSCs (33), gestational day of injection (34) 
and the animal species (35). The used cytokines can 
also affect the chimera formation (36). 

Here, we used unpurified MNCs as a cell source, since 
unpurified MNCs contain more primitive progenitors 
as well as mature cells that compete for homing space 
with purified CD34+ cells (31). On top of that, we 
performed IUT on E11.5-E13.5, when the highest degree 
of chimerism was reported (37). Although treatment by 
hHGFs led to higher level of engraftment in both groups, 
the STF-expanded MNCs were always maintained 
higher through weeks post transplantation. The higher 
engraftment potential of expanded MNCs might be due 
to overexpression of the homing gene, CXCR4, following 
expansion. Moreover, ex vivo expansion provides us with 
higher number of progenitor and mature cells including 
neutrophils which can engraft more rapidly, in comparison 
with unexpanded CD34+ cells (38). 

In our experiments, in the absence of treatment with 
hHGFs, regardless of the fact those samples were subjected 
or not to ex vivo expansion, the human cells continued to 
decrease until they were undetectable in the host body. 
This indicates that expanded cells lack the ability to long-
term engraftment. This data also highlights the importance 
of compatibility between the hematopoietic environment 
of donor cells and the host body. 

Conclusion
Here, we successfully demonstrated application of 

mouse IUT model to assess engraftment potential of hUCB-
MNCs. Although the IUT model allows transplantation of 
xenogeneic cells without host conditioning, the frequency 
and levels of donor cells are significantly low. These data 
support the idea that despite the immaturity of fetus’ 
immune system, there are some barriers preventing 
the engraftment of human cells. It seems that mainly 
overcoming the conflicts of hematopoietic environment 
as well as attenuating the immune response against the 
donor cells will make IUT model as an acceptable model 
for basic and pre-clinical research. 

Acknowledgments
This study has been funded by Royan Institute (Code: 

91000597) and granted partly by Royan Stem Cell 
Technology Company, Iran. The authors would like 
to thank Zahra Pour-Safavi for her technical support 
in flowcytometery experiment and Azam Dalman for 
preparing the handmade glass pipettes. The authors 
declare no conflict of interest in this study.

Authors’ Contributions 
M.Z., E.A.; Performed all in vitro experiments, analyzed 

the data and wrote the manuscript. M.H.A.; Performed 
in vivo experiment and analysed the in vivo data. M.E.; 
Contributed to concept and design, financial support, and 
final approval of the manuscript. All authors read and 
approved the final manuscript.

References
1.	 Eaves CJ. Hematopoietic stem cells: concepts, definitions, and the 

new. Blood. 2015; 125(17): 2605-2613.
2.	 Chabannon C, Kuball J, Bondanza A, Dazzi F, Pedrazzoli P, Tou-

bert A, et al. Hematopoietic stem cell transplantation in its 60s: A 
platform for cellular therapies. Sci Transl Med. 2018; 10(436). pii: 
eaap9630.

3.	 Patel SA, Rameshwar P. Stem cell transplantation for hemato-
logical malignancies: prospects for personalized medicine and co-
therapy with mesenchymal stem cells. Curr Pharmacogenomics 
Person Med. 2011; 9(3): 229-239.

4.	 Hough R, Danby R, Russell N, Marks D, Veys P, Shaw B, et al. 
Recommendations for a standard UK approach to incorporating 
umbilical cord blood into clinical transplantation practice: an update 
on cord blood unit selection, donor selection algorithms and condi-
tioning protocols. Br J Haematol. 2016; 172(3): 360-370.

5.	 Pineault N, Abu-Khader A. Advances in umbilical cord blood stem 
cell expansion and clinical translation. Exp Hematol. 2015; 43(7): 
498-513.

6.	 Walsh NC, Kenney LL, Jangalwe S, Aryee KE, Greiner DL, Brehm 
MA, et al. Humanized mouse models of clinical disease. Annu Rev 
Pathol. 2017; 12: 187-215.

7.	 Tanner A, Taylor SE, Decottignies W, Berges BK. Humanized mice 
as a model to study human hematopoietic stem cell transplanta-
tion. Stem Cells Dev. 2014; 23(1): 76-82.

8.	 Brehm MA, Shultz LD, Luban J, Greiner DL. Overcoming current 
limitations in humanized mouse research. J Infect Dis. 2013; 208 
Suppl 2: S125-S130.

9.	 Shultz LD, Brehm MA, Garcia JV, Greiner DL. Humanized mice for 
immune system investigation: progress, promise and challenges. 
Nat Rev Immunol. 2012; 12(11): 786-798.

10.	 Kim AG, Vrecenak JD, Boelig MM, Eissenberg L, Rettig MP, Riley 
JS, et al. Enhanced in utero allogeneic engraftment in mice after 
mobilizing fetal HSCs by α4β1/7 inhibition. Blood. 2016; 128(20): 
2457-2461.

11.	 Omori F, Lutzko C, Abrams-Ogg A, Lau K, Gartley C, Dobson H, 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Walsh%20NC%5BAuthor%5D&cauthor=true&cauthor_uid=27959627
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kenney%20LL%5BAuthor%5D&cauthor=true&cauthor_uid=27959627
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jangalwe%20S%5BAuthor%5D&cauthor=true&cauthor_uid=27959627
https://www.ncbi.nlm.nih.gov/pubmed/?term=Aryee%20KE%5BAuthor%5D&cauthor=true&cauthor_uid=27959627
https://www.ncbi.nlm.nih.gov/pubmed/?term=Greiner%20DL%5BAuthor%5D&cauthor=true&cauthor_uid=27959627
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brehm%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=27959627
https://www.ncbi.nlm.nih.gov/pubmed/?term=Brehm%20MA%5BAuthor%5D&cauthor=true&cauthor_uid=27959627


Cell J, Vol 21, No 3, October-December (Autumn) 2019267

Zarrabi et al.

et al. Adoptive transfer of genetically modified human hematopoi-
etic stem cells into preimmune canine fetuses. Exp Hematol. 1999; 
27(2): 242-249.

12.	 Fujiki Y, Fukawa K, Kameyama K, Kudo O, Onodera M, Nakamura 
Y, et al. Successful multilineage engraftment of human cord blood 
cells in pigs after in utero transplantation. Transplantation. 2003; 
75(7): 916-922.

13.	 Mychaliska GB, Rice HE, Tarantal AF, Stock PG, Capper J, Garo-
voy MR, et al. In utero hematopoietic stem cell transplants prolong 
survival of postnatal kidney transplantation in monkeys. J Pediatr 
Surg. 1997; 32(7): 976-981.

14.	 Goodrich AD, Varain NM, Jeanblanc CM, Colon DM, Kim J, Zan-
jani ED, et al. Influence of a dual-injection regimen, plerixafor and 
CXCR4 on in utero hematopoietic stem cell transplantation and en-
graftment with use of the sheep model. Cytotherapy. 2014; 16(9): 
1280-1293.

15.	 Abe T, Masuda S, Ban H, Hayashi S, Ueda Y, Inoue M, et al. Ex 
vivo expansion of human HSCs with Sendai virus vector express-
ing HoxB4 assessed by sheep in utero transplantation. Exp Hema-
tol. 2011; 39(1): 47-54.

16.	 Abe T, Masuda S, Tanaka Y, Nitta S, Kitano Y, Hayashi S, et al. Ma-
ternal administration of busulfan before in utero transplantation of 
human hematopoietic stem cells enhances engraftments in sheep. 
Exp Hematol. 2012; 40(6): 436-444.

17.	 McClain LE, Flake AW. In utero stem cell transplantation and gene 
therapy: Recent progress and the potential for clinical application. 
Best Pract Res Clin Obstet Gynaecol. 2016; 31: 88-98.

18.	 Chowdhury N, Asakura A. In utero stem cell transplantation: potential 
therapeutic application for muscle diseases. Stem Cells Int. 2017; 
2017: 3027520. 

19.	 Almeida-Porada G, Atala A, Porada CD. In utero stem cell trans-
plantation and gene therapy: rationale, history, and recent advanc-
es toward clinical application. Mol Ther Methods Clin Dev. 2016; 5: 
16020.

20.	 Mao P, Xu L, Mo WJ, Yin Y, Xu YL, Lin XM. Effect of different 
cytokine combinations on the expression of CD49d and CXCR4 
and ex vivo expansion of umbilical cord blood mononuclear cells. 
Zhongguo Shi Yan Xue Ye Xue Za Zhi. 2006; 14(2): 318-321.

21.	 Medvinsky A, Rybtsov S, Taoudi S. Embryonic origin of the adult 
hematopoietic system: advances and questions. Development. 
2011; 138(6): 1017-1031.

22.	 Rice HE, Hedrick MH, Flake AW. In utero transplantation of rat 
hematopoietic stem cells induces xenogeneic chimerism in mice. 
Transplant Proc. 1994; 26(1): 126-128.

23.	 Carrier E, Lee TH, Busch MP, Cowan MJ. Induction of tolerance 
in nondefective mice after in utero transplantation of major histo-
compatibility complex-mismatched fetal hematopoietic stem cells. 
Blood. 1995; 86(12): 4681-4690.

24.	 Kim HB, Shaaban AF, Yang EY, Liechty KW, Flake AW. Microchi-
merism and tolerance after in utero bone marrow transplantation in 
mice. J Surg Res. 1998; 77(1): 1-5.

25.	 Pallavicini MG, Flake AW, Madden D, Bethel C, Duncan B, Gon-
zalgo ML, et al. Hemopoietic chimerism in rodents transplanted in 
utero with fetal human hemopoietic cells. Transplant Proc. 1992; 

24(2): 542-543.
26.	 Turner CW, Archer DR, Wong J, Yeager AM, Fleming WH. In utero 

transplantation of human fetal haemopoietic cells in NOD/SCID 
mice. Br J Haematol. 1998; 103(2): 326-334.

27.	 McNiece IK, Almeida-Porada G, Shpall EJ, Zanjani E. Ex vivo ex-
panded cord blood cells provide rapid engraftment in fetal sheep 
but lack long-term engrafting potential. Exp Hematol. 2002; 30(6): 
612-616.

28.	 Young AJ, Holzgreve W, Dudler L, Schoeberlein A, Surbek DV. En-
graftment of human cord blood-derived stem cells in preimmune 
ovine fetuses after ultrasound-guided in utero transplantation. Am 
J Obstet Gynecol. 2003; 189(3): 698-701.

29.	 Blakemore K, Hattenburg C, Stetten G, Berg K, South S, Murphy K, 
et al. In utero hematopoietic stem cell transplantation with haploi-
dentical donor adult bone marrow in a canine model. Am J Obstet 
Gynecol. 2004; 190(4): 960-973.

30.	 Tanaka Y, Masuda S, Abe T, Hayashi S, Kitano Y, Nagao Y, et al. 
Intravascular route is not superior to an intraperitoneal route for in 
utero transplantation of human hematopoietic stem cells and en-
graftment in sheep. Transplantation. 2010; 90(4): 462-463.

31.	 Rio P, Martinez-Palacio J, Ramirez A, Bueren JA, Segovia JC. Ef-
ficient engraftment of in utero transplanted mice with retrovirally 
transduced hematopoietic stem cells. Gene Ther. 2005; 12(4): 358-
63.

32.	 Ishii M, Matsuoka Y, Sasaki Y, Nakatsuka R, Takahashi M, Naka-
moto T, et al. Development of a high-resolution purification method 
for precise functional characterization of primitive human cord 
blood-derived CD34-negative SCID-repopulating cells. Exp Hema-
tol. 2011; 39(2): 203-213. e1.

33.	 Noia G, Ligato MS, Cesari E, Visconti D, Fortunato G, Tintoni M, 
et al. Source of cell injected is a critical factors for short and long 
engraftment in xeno-transplantation. Cell Prolif. 2008; 41 Suppl 1: 
41-50.

34.	 Skopal-Chase JL, Pixley JS, Torabi A, Cenariu MC, Bhat A, Thain 
DS, et al. Immune ontogeny and engraftment receptivity in the 
sheep fetus. Fetal Diagn Ther. 2009; 25(1): 102-110.

35.	 Troeger C, Surbek D, Schoberlein A, Schatt S, Dudler L, Hahn S, et 
al. In utero haematopoietic stem cell transplantation. Experiences 
in mice, sheep and humans. Swiss Med Wkly. 2007; 137 Suppl 
155: 14S-19S.

36.	 McNiece I, Jones R, Bearman SI, Cagnoni P, Nieto Y, Franklin W, 
et al. Ex vivo expanded peripheral blood progenitor cells provide 
rapid neutrophil recovery after high-dose chemotherapy in patients 
with breast cancer. Blood. 2000; 96(9): 3001-3007.

37.	 Chen X, Gong XL, Katsumata M, Zeng YT, Huang SZ, Zeng F. 
Hematopoietic stem cell engraftment by early-stage in utero trans-
plantation in a mouse model. Exp Mol Pathol. 2009; 87(3): 173-
177.

38.	 Zarrabi M, Afzal E, Asghari MH, Mohammad M, Es HA, Ebrahimi 
M. Inhibition of MEK/ERK signalling pathway promotes erythroid 
differentiation and reduces HSCs engraftment in ex vivo expanded 
haematopoietic stem cells. J Cell Mol Med. 2018; 22(3): 1464-
1474.

https://www.ncbi.nlm.nih.gov/pubmed/?term=In+Utero+Stem+Cell+Transplantation%3A+Potential+Therapeutic+Application+for+Muscle+Diseases.+Stem+Cells+Int.+2017%3B+2017.
https://www.ncbi.nlm.nih.gov/pubmed/?term=In+utero+stem+cell+transplantation+and+gene+therapy%3A+rationale%2C+history%2C+and+recent+advances+toward+clinical+application.+Mol+Ther+Methods+Clin+Dev.+2016%3B+5%3A+16020-.

	_GoBack
	_GoBack
	_GoBack
	_ENREF_2
	_ENREF_17
	_ENREF_20
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_7
	_ENREF_8
	_ENREF_10
	_ENREF_11
	_ENREF_13
	_ENREF_14
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_27
	_ENREF_28
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_36
	_ENREF_42
	_ENREF_43
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_GoBack
	_GoBack
	OLE_LINK1
	OLE_LINK2
	_ENREF_4
	_ENREF_23
	_GoBack
	_ENREF_2
	_ENREF_6
	_ENREF_10
	_ENREF_11
	_ENREF_15
	_GoBack
	_Hlk528833892
	_Hlk533063487
	_GoBack
	_GoBack
	OLE_LINK3
	OLE_LINK4
	OLE_LINK5
	OLE_LINK9
	OLE_LINK10
	OLE_LINK12
	OLE_LINK15
	OLE_LINK16
	OLE_LINK17
	OLE_LINK18
	OLE_LINK19
	OLE_LINK20
	OLE_LINK21
	OLE_LINK23
	OLE_LINK24
	OLE_LINK22



