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Abstract
In utero stem cell transplantation, which promises treat-
ment for a host of genetic disorders early in gestation 
before disease effect stems from Ray Owen’s seminal 
observation that self-tolerance, is acquired during 
gestation. To date, in utero transplantation (IUT) has 
proved useful in characterizing the hematopoietic stem 
cell. Recent observations support its use as an in vivo 
method to further understanding of self-tolerance. 
Preclinical development continues for its application as 
a treatment for childhood hematolymphoid diseases. 
In addition, IUT may offer therapeutic options in the 
treatment of diabetes among other diseases. Thus 
IUT serves as a technique or system important in both 
a basic and applied format. This review summarizes 
these findings.

© 2013 Baishideng. All rights reserved.
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eny; Stem cell transplantation
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INTRODUCTION
A variety of  genetic disorders of  the hematolymphoid 
system have been treated successfully by transplanting 
hematopoietic stem cell (HSC) into pediatric and adult 
patients. However, this procedure’s applicability is limited 
by compatible donor availability, the use of  immunosup-
pression/cytoablation and the potential development of  
graft-vs-host disease (GVHD). Further, for some pedi-
atric diseases (i.e., the glycogen storage diseases, thalas-
semia, etc.) significant disease progression begins during 
fetal development such that even at birth the patient is 
irreversibly compromised. In these conditions, postnatal 
bone marrow transplantation can ameliorate disease pro-
gression but is unable to correct the existing damage[1].

Successful allogeneic HSC transplantation is accom-
plished by donor reconstitution of  hematopoiesis (usu-
ally after depletion of  defective or undesirable host cells) 
following the infusion of  donor HSC in anticipation of  
their homing to appropriate hematopoietic tissues. This 
requires overcoming the immune barrier of  the host, 
limiting the ability of  donor immune cells to mediate 
GVHD and facilitation of  homing and engraftment of  
donor HSC where the inductive milieu will promote 
regulated reconstitution of  hematopoiesis. In the clini-
cal setting many of  the complications of  postnatal HSC 
transplantation are the result of  procedures such as ion-
izing radiation and chemotherapy used to limit host im-
mune rejection or deplete host marrow to allow adequate 
donor engraftment/expression.

In theory, intrauterine stem cell transplantation 
(IUSCT) presents significant advantages in comparison 
to postnatal stem cell (SC) transplantation, which if  op-
timized, could present less toxic treatment protocols for 
many genetic/developmental diseases. Advances in molec-
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ular biological techniques and improvements in obstetric 
procedures such as chorionic villous sampling permit the 
collection of  fetal material to diagnose these conditions 
early enough in gestation to allow the use of  IUSCT for 
treatment prior to the onset of  irreversible organ damage. 
This enthusiasm is founded on the concept that establish-
ment of  graft tolerance without cytoablation and without 
GVHD can be accomplished in a cost effective manner. 
Unfortunately, at present, the only clinical applications for 
which IUSCT has proven successful are in diseases associ-
ated with host immunodeficiency[2,3].

As we reported in our earlier review, intrauterine 
transplantation (IUT) as a method emanated from at-
tempts in the first half  of  the 20th century to understand 
self-tolerance and accept the concept of  autoimmu-
nity[1,4]. While these observations ruled out genetic de-
terminism and identified fetal developmental events as 
responsible, it became clear in the latter half  of  the last 
century lead by the experiments of  Le Douarin in birds, 
that how cellular deletion and cellular suppression (the 
main mechanisms underlying self-tolerance formation 
and maintenance) were formed during development were 
and are poorly understood[5]. Indeed, only recently have 
we identified the importance of  and probably of  more 
interest, why gestational timing is crucial to utilizing IUT 
both clinically and experimentally[6].

Nonetheless, once the concept that introduction of  
foreign antigens (i.e., HSCs) could be introduced into 
the fetus and persist, clinicians were encouraged that this 
breakthrough might offer a path to cure. Supporting evi-
dence that IUSCT could work comes from the observa-
tions on naturally occurring chimerism in dizygotic twins 
in both large animals and humans. Here, the mixing of  
HSC through the placental circulation throughout gesta-
tion may result in enhanced sibling cell expression (> 
30%)[7]. Natural chimerism is common[8]. In some veteri-
nary diseases amelioration of  disease phenotype has been 
attributed to sibling cell expression[9-11]. Experimental 
work transplanting a variety of  HSC into large and small 
animal fetuses was supportive[2].

Clinical experience has been disappointing. In part 
this may be due to inadequate understanding of  immune 
ontogeny and the importance of  time in rendering toler-
ance. As often, procedures were performed after our pro-
posed gestational tolerance window (approximately weeks 
12-16 gestation) closes. However there are well-docu-
mented examples of  proper timing and administration of  
an adequate SC dosage to treat a disease that theoretically 
should benefit for which there is no engraftment or if  
engrafted no clinically meaningful expression is seen[12,13]. 
What we hope to show is given recent experimental ob-
servations; a successful protocol for treatment of  even 
non-immunodeficiency diseases is within our grasp.

In this report, we would like to expand both experi-
mentalists’ and clinicians’ appreciation of  the power of  
this procedure (ramifications). Our observations on im-
mune ontogeny reveal IUT’s utility in unlocking events 
fundamental to understanding self-tolerance. Also, we 

believe it possible that this fetal tolerance phase in a 
large animal may allow in vivo investigation of  biologic 
systems that may permit the development of  alternative 
solutions to a number of  clinical problems. Herein, we 
review its experimental background, propose the antigen 
exposure model to explain developmental acquisition of  
self-tolerance, examine impediments and promising areas 
for optimizing the procedure for treatment of  childhood 
diseases and finally speculate regarding this technique’s 
utility as in vivo platform for therapeutics.

BACKGROUND
The discovery of  common placental circulation between 
dizygotic twins as the explanation for the freemartin cou-
pled with the development of  erythrocyte antigen profil-
ing in cattle allowed Ray Owen to determine that dizygot-
ic twins were chimeric with their sibling’s blood cells after 
birth. Thus, he concluded that self-tolerance is acquired 
during fetal development and not innate[1,14]. Subsequent 
experiments in mice, sheep and cattle confirm that im-
printing (Rapid time-dependent irreversible behavioral 
learning that occurs during development originally de-
scribed by Karl Lorenz in young geese.) during fetal de-
velopment is responsible for immune tolerance in adult 
life[15-17]. In direct experiments, fetal transplantation with 
allogeneic HSC, xenogeneic HSC or RTV (Gene expres-
sion following retroviral vector transfer in utero follows 
similar kinetics to that observed after cellular transplanta-
tion. We believe this is due to the establishment of  recipi-
ent transplantation tolerance to the gene product hence 
we use transplantation rather than transfer.) in sheep re-
veals a gestational window of  receptivity to engraftment 
mirroring the acquisition of  self-tolerance[6,18]. The SC 
xenografts are highly expandable and are associated with 
extensive differentiation. Indeed, besides normal hema-
topoietic lineages, differentiated cardiac, gastrointestinal, 
liver and pancreatic islet cell activity can be demonstrated 
years after transplantation[19,20]. This window occurs in 
mice later in gestation but successful long-term engraft-
ment and expression of  both allogeneic and xenogeneic 
HSC has been realized[1,21-23]. For example, in Figure 1 we 
note bi-lineage human chimerism in a mouse following 
IUT at the proper gestational age; significant expression 
required graft stimulation with human growth factors (see 
below). In summary, self  non-self  discrimination is rela-
tive and time dependent.

We have found performing allogeneic and xenogeneic 
IUT in sheep (a large animal) useful in the study of  the 
HSC[24,25]. Formal study using timed gestational sheep 
identified the developmental event permissive for long-
term engraftment receptivity as the period immediately 
following thymic demarcation (The timing of  thymic 
demarcation into cortex and medulla varies with the 
size of  the animal. In mice demarcation occurs at 66%, 
sheep 35% and humans 31% expiration of  gestation. It 
is thought that the medulla is primarily responsible for 
deletional and cellular tolerance.). This phase is finite last-
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ing no more than 30 d in sheep (term gestation 145 d) or 2 
d in mice (term gestation 21 d). The ability to determine 
exactly when in gestation engraftment receptivity occurs 
permitted parallel experiments on lymphocyte ontogeny 
in sheep. These experiments identified the thymus as the 
site of  immune activity (CD45 differentiation) during the 
transplant receptivity window. CD45 isoform differentia-
tion occurring only in the thymus included all identifiable 
lineages: T cell, B cell and antigen presenting cell (APC). 
Unfortunately, ovine natural killer (NK) cell specific re-
agents were not available to track NK cell development. 
Evidence for thymic deletion of  T and B cells is seen. It 
is important to note that these observations suggest B 
cell tolerogenesis does not occur in spleen, bone marrow 
or Peyer’s patches[6,26-30]. Studies using retroviral vector 
(RTV) transplantation in sheep demonstrate preferential 
thymic epithelial cell (TEC) expression of  the gene prod-
uct during this period with the development of  specific 
lymphocyte unresponsiveness to the gene product and 
inability to generate viral specific antibody after birth[31,32]. 
Thus, B cell deletion (perhaps mediated by the develop-
ing “deletional TEC matrix”) is likely formed in the thy-
mus during the window. Further, expression of  the RTV 
gene product in the TECs in Hassall’s corpuscles (the 
proposed site Treg formation) and our phenotype experi-
ments during this period (JSP, unpublished observations) 
suggest that, the onset of  Treg formation occurs simul-

taneous with or near the conclusion of  the tolerance 
window[31]. Reports by McCune and colleagues support 
this conclusion, as Tregs in humans are a predominant 
T cell phenotype after thymic demarcation. They further 
propose that fetal HSC may provide additional stimulus 
to this thymic differentiation cascade[33,34].

RAMIFICATIONS: DISSECTION OF 
SELF-TOLERANCE
These observations support a model for fetal tolerance 
induction where antigens (either autologous, allogeneic 
or xenogeneic) in the extracellular compartment of  
the developing thymus during this temporal phase are 
processed by the differentiating TEC progenitors and 
APC component of  the thymic stroma and presented 
to developing immunocompetent cells (identifiable by 
changes in CD45 isoform expression) to form the toler-
ance repertoire. This two-stage antigen exposure model 
is presented in Figure 2. Presentation of  surface antigens 
on cells intercalating the developing thymus during this 
finite period might also contribute. Endogenous gene 
derived presentation (to explain solid organ tolerance) 
is not consistent with our observations and unrespon-
siveness in the NK lineage must also be acquired dur-
ing this period[35-42]. The extracellular antigen exposure 
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Figure 1  Transplantation of human hematopoietic stem cell (CD34+) during the murine engraftment window results in bi-lineage expression and relevant 
cell migration of the differentiated human progeny 6 mo after transplantation. Human CD45 cells exhibit different side scatter characteristics (low side scatter: 
lymphocytes; high side scatter: granulocytes) dependent on organ tested (A, C: Control mouse; B, D: Experimental mouse)[23]. 
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model would explain the absence of  rejection of  both 
hematolymphoid and cellular components of  solid organ 
xenografts and the marked expandability of  grafts fol-
lowing transplantation[43,44]. It suggests that the NK cell 

compartment undergoes thymic imprinting during this 
critical phase to explain the absence of  NK cell mediated 
rejection. Evidence supporting thymic processing and 
adaptability of  NK cells is reported[42,45-47]. It seems un-
likely that Treg(s) could account for the complete absence 
of  NK cell mediated rejection (Figure 3)[48,49]. Thus these 
observations demonstrate the value of  IUT as a method 
to explore mechanisms underlying induction of  self  non-
self  discrimination. 

RAMIFICATIONS: TREATMENT OF 
CHILDHOOD HEMATOLYMPHOID 
DISEASES
Xenotransplantation of  human HSC following IUT in 
sheep and mice results in human cell engraftment and 
differentiation. In sheep this includes cardiac, liver, in-
testinal and pancreatic cells. Differentiated cellular func-
tion manifested by identification of  circulating human 
proteins in transplanted sheep and mice is presented in 
Table 1[23,49-52]. The absence of  rapid circulatory clearance 
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Figure 2  Developmental acquisition of 
self-tolerance: Antigen exposure model. 
A: Thymic epithelial (TEC) progenitors 
mature in intimate contact with dendritic 
cells (DCs) and likely other antigen present-
ing cells (APCs) thus forming the thymic 
medulla (i.e., thymic demarcation). With 
vascularization, self-antigens (i.e., antigens 
present during the finite tolerance window) 
from the periphery are processed and pre-
sented to medullary thymic epithelial cells 
(mTECs). The developing mTEC matrix 
is only receptive to antigen presentation 
during the tolerance window (time depen-
dence) and subsequently exhibits on its 
surface the self-antigen repertoire (see 3. 
Ramifications: Dissection of immune toler-
ance); B: All lymphoid compartments [T, B 
and natural killer (NK) cell] enter the thymus 
expressing undifferentiated CD45 but are 
lineage defined. They then migrate through 
the thymus encountering mTECs express-
ing the self-antigen repertoire. CD4, CD8 
and B cells reactive to self-antigens are 
deleted. CD4/CD25 cells reactive to self-
antigens are rendered suppressive (Treg) in 
Hassal’s corpuscles. NK cells are imprinted 
in an undefined fashion (likely based on 
major histocompatibility complex exposure) 
to become tolerant to self. All differentiated 
lymphocytes (i.e., cells that have undergone 
CD45 isoform maturation and are not self-
reactive or are tolerogenic (i.e.,Treg) then 
migrate to the spleen or other secondary 
lymphoid organs (see 3. Ramifications: Dis-
section of self-tolerance)[6,21,31-37,42]. 
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Figure 3  Induction of sheep tolerance to human hepatocytes by trans-
plantation of human hematopoietic stem cells during the temporal en-
graftment window (note absence of sheep round cell infiltration). Sheep 
liver stained for human specific antibody 11 mo following transplantation[49].
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speaks to the profound ability of  IUT to alter the self  
non-self  paradigm. IUSCT is thought to provide a num-
ber of  therapeutic advantages over postnatal transplanta-
tion besides tolerance including expanding bone mar-
row space (or niche), sterile environment, proliferative 
environment and preempting clinical disease. Diseases 
thought amenable to IUT include hemoglobinopathies, 
immunodeficiency states and inborn errors of  metabo-
lism leading to storage diseases (mucopolysaccharidosis 
and mucolipidosis)[1].

As Figures 4 and 5 reveal maximizing cell dosage and 
serial cell administrations can improve donor engraftment 
yet, there remain a set of  problems in achieving adequate 
donor proliferation to ameliorate and/or cure these dis-
eases[2]. The parameters proposed that may be limiting 
successful clinical application include: (1) failure to induce 
tolerance and/or an inadequate engraftment frequency 
(chimeric incidence); and (2) limited graft expression: 
gestational developmental impediments, maternal derived 
inhibition, lack of  selective advantage (i.e., inadequate do-
nor proliferation).

Tolerance/engraftment following IUT
Both natural and experimentally derived hematopoietic 
chimeras demonstrate immune tolerance using skin graft 
acceptance and mixed lymphocyte reactions. Deletional 
and cellular tolerance has been reported[16,43,53-55]. Mar-

row engraftment levels 60 d after HSC transplantation 
in sheep using xenogeneic or allogeneic HSC reveals a 
parallel kinetic profile with a peak level when transplanta-
tion is performed between days 65-70 gestation (Figure 
6). This suggests accurate gestational timing may be criti-
cal to accessing the full panoply of  immune tolerance 
mechanisms (i.e., deletion, regulatory cell formation and 
anergy among all immune competent lineages) forming 
during the window[56]. Transplantation before the onset 
of  the window and maternal derived histoincompatibility 
may limit engraftment or expression but in general toler-
ance is achieved[6,54,55,57-60]. The short tolerance induction 
period in mice may contribute to occasional microchime-
rism and NK cell mediated rejection[21,57,58]. In sheep and 
mice, engraftment and/or expression can be augmented 
long after birth (i.e., further supporting the achievement 
of  long-term immune tolerance and memory). In Table 2, 
groups of  6 sheep were assessed for tolerance to alloge-
neic HSC and then re-transplanted after birth with same 
donor HSC resulting in marked improvement in the level 
of  engraftment. Flake has demonstrated similar findings 
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  Animal transplanted   Human protein detected
  Sheep IgM1

  Sheep Albumin[47,48]

  Sheep Factor Ⅷ1

  Sheep C-peptide[49,50]

  Sheep a-fetoprotein1

  Mouse IgM[23]

Table 1  Human proteins detected in circulation of animals 
transplanted in utero with human stem cells

1Unpublished observation by Esmail D Zanjani. IgM: Immunoglobulin M.

D
on

or
 m

ar
ro

w
 c

el
ls

 (
%

) 
at

 o
ne

 y
ea

r 
of

 a
ge

 

16

12

8

4

0
0.01       0.1        1         3         10        20      100

Figure 4  Levels of allogeneic engraftment plateau with transplantation 
of log-fold increases in donor cells in sheep. This is most consistent with 
a model of saturation kinetics with engraftment limited by available receptive 
sites. An identical curve is seen in the xenogeneic human-sheep model[2].

Donor cells transplanted/kg (10-8)

1                                         3
        Number of injections

n  = 13

28.3 ± 6.9

10.9 ± 3.6

n  = 8

40

35

30

25

20

15

10

5

0

D
on

or
 c

el
ls

 (
%

) 
en

gr
af

te
d

Figure 5  The effect of dividing cell dose on engraftment in sheep. Trans-
plantation of the same total number of cells as a single injection vs a series of 
three injections given 1 wk apart is shown. The engraftment with divided doses 
is significantly higher supporting the concept that engraftment is limited at any 
particular time by the number of available receptive sites[2]. 

30         40        50         60        70         80        90        100
                 Gestational age (d) at transplantation

20

18

16

14

12

10

8

6

4

2

0

D
on

or
 m

ar
ro

w
 c

el
ls

 (
%

) 
60

 d
 p

os
t-

tr
an

sp
la

nt
Sheep HSC
Human HSC

Figure 6  Allo- or xenogeneic stem cell bone marrow engraftment in sheep 
following transplantation during the temporal window when self non-self 
discrimination occurs (note parallel kinetics). Engraftment receptivity is ges-
tational age-dependent[6]. 

Pixley JS et al . Ramifications of in utero transplantation



in the allogeneic mouse model[43]. In a similar vein, mixed 
lymphocyte reaction unresponsiveness has been detected 
following xenogeneic in utero transplantation (unpub-
lished observations).

As noted above, if  performed during the proper 
phase in gestation, the SC engraftment incidence is high 
in both large and small animal models. Mouse models 
are hampered by the short induction period and multiple 
small fetuses to inject resulting in a diminished engraft-
ment frequency. In large animals, the engraftment fre-
quency is considerably higher. For example, less than 
exhaustive examination of  the pancreas in sheep revealed 
a chimeric incidence of  79%[51].

Limited graft expression following IUT
Gestational developmental impediments: The course 
of  hematopoietic ontogeny is associated with an orderly 
and predictable switch in primary sites of  hematopoi-
esis. Mammalian hematopoietic sites are gestational age 
dependent starting in the yolk sac migrating to liver and 
spleen then finally lodging in the bone marrow. Yet, the 
marrow contributes little to circulating peripheral blood 
until just prior to birth. The mechanisms underlying this 
migration to marrow reflect bone and marrow ontogeny 
including formation of  the osteoblastic niche. With re-
gard to transplanted HSC, we reported a similar engraft-
ment gradient dependent on bone and marrow maturity 
with little peripheral blood expression[61-63]. This osteo-
blastic niche (site of  primitive HSC engraftment) matures 
by day 65 and may in part influence the peak in marrow 
engraftment seen following transplantation (Figures 6 
and 7). But again, the liver/spleen remains the main site 
of  hematopoiesis until just prior to birth. These repre-
sent serious homing and maturational impediments to 
achieving therapeutic levels of  donor cell expression to 
treat diseases that are clinically evident during gestation. 

Maternal-derived inhibition: Maternal derived inhibi-
tion either through histoincompatible maternal lympho-
cyte microchimerism or maternal alloantibodies may limit 
engraftment/expression. To address this issue, we ob-
served that maternal histocompatible donor grafts from 
matched cord blood improved peripheral blood donor 
expression (2.75% vs 0.93%) in comparison to relatively 
mismatched grafts[62].

Inadequate competitive advantage to promote donor 
expression: Allogeneic SCs can repair genetic hemato-
logic defects due allograft responsiveness to endogenous 
growth factors[22,64-66]. Donor-species-specific growth 
factors improve graft expression in xenografts confirm-
ing establishment of  tolerance and importance of  donor 
stimulation in either an allogeneic or xenogeneic environ-
ment following IUT[1,44]. A promising approach that needs 
further examination is the use of  autologous stroma. In 
our hands, co-transplantation improved graft expression 
(donor hemoglobin) during gestation suggesting this may 
be a useful tack to treat diseases overtly manifest during 
gestation (Figure 8)[67].

The end of  the tolerance induction phase in large ani-
mals is followed by exponential growth[6]. Thus, augmen-
tation of  donor engraftment/expression with transplanta-
tion of  high dose donor SC and/or autologous stroma 
during this exponential growth phase to compete with 
endogenous/recipient SC differentiation and expansion 
should prove fruitful. Late retransplantation would mimic 
the mixing of  hematopoietic cells in natural chimera that 
occurs through the placental circulation during and after 
closure of  the gestational tolerance window and can result 
in the enhanced expression of  sibling cells. The sheep is 
the maternal/fetal system most stable to test this hypoth-
esis[68]. Studies in mice support this notion as endogenous 
marrow ablation after birth with retransplantation of  do-
nor HSC can essentially replace recipient cells[69]. 
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plant supporting our contention that the graft is viewed by the recipient as self 
(see Figure 6)[2].  

  Allogeneic sheep HSC render recipient sheep1 tolerant following in 
  utero transplantation
  Stimulator Responder Stimulation index2

     Donor Donor           0
     Recipient  Recipient           0
     Donor Recipient        0-8
     Recipient Donor 58 ± 11
     Pooled Donor 69 ± 12
     Pooled Recipient 78 ± 12
  Postnatal infusion of allogeneic same donor HSC augments engraftment 
  in tolerant sheep3

  % donor cells at birth  n % increase4

     6-10 4 86 ± 29
     11-15 5 63 ± 22
     > 15 4 21 ± 11

Table 2  Groups of 6 sheep were assessed for tolerance to 
allogeneic human stem cells and then re-transplanted after 
birth with same donor human stem cells

1Representative sample of 6 chimeric lambs; 2Variation of mixed lymphocyte 
reaction (MLR) previously reported[32]; 3Tolerance determined via MLR[32]; 
4Assessed 6 mo after postnatal stem cell infusion (3 × 108 cells/kg) in thirteen 
chimeric lambs rendered tolerant. HSC: Human stem cell.
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Clinical experience and roadmap for implementation
Therapeutic success following IUT in fetuses diagnosed 
with a variety of  genetic diseases has been disappoint-
ing. In repair of  the severe combined immune deficiency 
(SCID) defect, the transplanted cells have a competitive 
advantage and a poorly populated functional organ in 
which differentiation may occur[3]. Yet, there are well-doc-
umented examples of  proper timing and administration 
of  an adequate SC dosage to treat a disease that theoreti-
cally should benefit for which limited graft expression is 
seen[12,13]. Moving forward will require a more coordinated 
approach, a clinical trial in an ideal candidate disease.

This coordinated approach should identify a can-
didate disease that will provide “proof  principle” that 
our theories are correct in a clinical setting. While at 
first glance one might conjecture that transplantation 
in X-linked SCID was successful because the fetus is 
immunodeficient, an alternative and more likely expla-
nation is that an under populated developing thymus 
provided important stimulus for expansion and expres-
sion of  the donor graft (a proliferative stimulus similar 
to Mintz’s demonstration in anemic mice)[22]. For this 
reason thalasemia is a poor disease with which to test 
the feasibility of  IUT. Here there is often marked over 
growth of  endogenous marrow cells limiting donor cell 
engraftment during development[1]. In a similar fashion, 
failure to observe enhanced expression in mismatched 
allogeneic grafts in sheep suggest that either maternal 
derived inhibition limits donor expression or autologous 
stromal factors are required to augment graft expression. 
Likely mechanisms would be through either stromal ma-
jor histocompatability complex matching to preferential-
ly nurture the developing autologous SC or autocrine or 
paracrine factors which specifically stimulate autologous 
SC. Thus histocompatability is an important factor not 
due to potential recipient immune inhibition (i.e., failure 
of  tolerance induction) but by providing a graft that is 

not prone to maternal immune inhibition or providing 
(as yet undefined) autologous factors supporting graft 
expression (evidenced by our report demonstrating im-
proved peripheral blood expression during development 
in allogeneic grafts co-transplanted with autologous 
stroma, Figure 8)[67].

In summary, IUT recapitulates normal acquisition of  
self-tolerance. Experimentally, tolerance and engraftment 
are readily achieved. The problem remains identifying a 
disease that will promote graft expansion, limit maternal 
interference or selectively promote the graft through 
autologous stimulation. This likely requires retransplanta-
tion either late in gestation or shortly after birth (during 
exponential growth) to provide a dosing advantage to 
allow adequate numbers of  donor HSC to compete with 
recipient HSC to ameliorate disease in this tolerant en-
vironment. Risks such as procedural, the possible need 
for multiple IUT procedures, infection and GVHD likely 
are not prohibitive[2]. Since the majority of  the genetic 
disorders correctible with HSCT can be diagnosed early 
in gestation to allow for IUHSCT, it is important that at-
tempts be made to correct these deficiencies before birth. 
Use of  compatible donors, determining the optimal 
gestational age and co-transplantation of  donor-derived 
stroma/mesenchymal SCs may help achieve this end. 

Ramifications: In vivo platform for therapeutics
The formation of  differentiated human cells/organs 
(without evidence for donor/recipient cell fusion) and 
functional human proteins following transplantation al-
lows speculation as to the feasibility of  IUT in applied 
therapeutics in an autologous or allogeneic setting. This 
would necessitate resolving problems such as cell/protein 
separation and isolation, as well as contamination with 
and transmission of  infectious agents. Yet, development 
of  effective methods to mitigate these impediments could 
unlock uncharted therapeutic possibilities. The finding 
of  differentiated human functional proteins and evidence 
that engraftment/expression can be expanded before or 
after birth offers the possibility that IUT in a large animal 
could provide a source of  autologous human proteins. In 
a similar fashion, effective cell isolation (hematopoietic 
cells seem the most feasible) might offer the possibility 
of  autologous cell transfusion for clinical support.

While the above possible applications of  IUT may be 
better served using ex vivo bioreactors or systems, in vivo 
use of  sheep or an alternative animal of  similar size to 
humans may be useful with regard to development of  or-
gans for transplantation. Our laboratory has been inves-
tigating this with regard to the liver and endocrine pan-
creas[49-52]. Our studies involving the endocrine pancreas 
have demonstrated long-term circulating human insulin 
following SC transplantation. The ease with which islets 
can be isolated for transplantation makes this an ideal or-
gan to determine feasibility of  IUT as a therapeutic mo-
dality for human organ transplantation. For both systems, 
the critical determinant will be the role of  a single SC (or 
as Owen described them embryonal ancestral cells) in or-
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Figure 8  Co-transplantation with autologous adult sheep stromal cells 
improves allogeneic donor hematopoietic stem cell expression. Donor 
expression (circulating hemoglobin) persists more that 30 mo after transplanta-
tion. Donor hemoglobin levels in the peripheral blood of sheep co-transplanted 
with autologous adult bone marrow stroma (n = 4) are significantly higher (P < 
0.01) than those transplanted with adult T-depleted bone marrow mononuclear 
cells alone (n = 3)[67]. HSC: Human stem cell.
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gan repair[1,70].
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Abstract
AIM: To compare the phenotypic and neural differen-
tiation potential of human bone marrow derived multi-
potent adult progenitor cells (MAPC) and mesenchymal 
stem cells (MSC). 

METHODS: Cultures of MAPC and MSC were estab-
lished in parallel from same samples of human bone 
marrow (n  = 5). Both stem cell types were evaluated 
for expression of pluripotency markers including Oct-4 
and Nanog by immunocytochemistry and reverse-
transcription polymerase chain reaction (RT-PCR) and 
expression of standard mesenchymal markers includ-
ing CD14, CD34, CD44, CD45, CD73, CD90, CD105 and 

human leukocyte antigen (HLA)-ABC by flow cytome-
try. After treatment with neural induction medium both 
MAPC and MSC were evaluated for expression of neu-
ral proteins [neuronal filament-200 (NF-200) and glial 
fibrillar acidic protein (GFAP)] by immunocytochemistry 
and Western blotting and neural genes [NF-200, GFAP, 
Tau, microtubule-associated protein (MAP)-1B, MAP-2, 
neuron-specific enolase (NSE) and oligodendrocyte-1 
(Olig-1)] by quantitative real-time-PCR.

RESULTS: MAPC had small trigonal shaped while MSC 
had elongated spindle-shaped morphology. The MAPC 
expressed Oct-4 and Nanog both at gene and protein 
levels, whereas MSC were negative for these pluripotent 
markers. MAPC were negative for HLA-ABC while MSC 
had high expression of HLA-ABC. In addition, MAPC as 
compared to MSC had significantly lower expression of 
CD44 (36.56% ± 1.92% vs  98.23% ± 0.51%), CD73 
(15.11% ± 2.24% vs  98.53% ± 2.22%) and CD105 
(13.81% ± 3.82% vs  95.12% ± 5.65%) (P < 0.001, for 
all) MAPC cultures compared to MSC cultures treated 
with neural induction medium had significantly higher 
fold change expression of NF-200 (0.64), GFAP (0.52), 
Tau (0.59), MAP-2 (0.72), Olig-1 (0.18) and NSE (0.29) 
proteins (P  < 0.01 for Olig-1 and P  < 0.001 for rest) 
as well as higher fold change expression of genes of 
NF-200  (1.34), GFAP (1.12), Tau (1.08), MAP-1B  (0.92), 
MAP-2  (1.14) and NSE  (0.4) (P  < 0.001 for all).

CONCLUSION: MAPC can be differentially character-
ized from MSC as Oct-4 and Nanog positive stem cells 
with no expression of HLA-ABC and low expression of 
mesenchymal markers CD44, CD73 and CD105 and 
when compared to MSC they possess greater predilec-
tion for differentiation into neuro-ectodermal lineage.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION
Multipotent adult progenitor cells (MAPC) and mesen-
chymal stem cells (MSC) are two predominant non-hema-
topoietic stem cell types of  the bone marrow stroma, that 
have enormous therapeutic properties including regen-
erative therapy for neurodegenerative disorders[1,2]. The 
MAPC are pluripotent stem cells with capacity to differ-
entiate into cells of  all the three germ layers[3-5]. They have 
been variously described in literature as multipotent adult 
stem cells (MASC)[6], mesodermal/multipotent progeni-
tor cells (MPC)[7], marrow-isolated multi-lineage inducible 
cells[8], adult pluripotent stem cells[9] and embryonic like 
stem cells (ELSC)[10] by different groups. The expression 
of  pluripotent and neural markers in MAPC and their 
increased mobilization in patients with neurodegenerative 
diseases like stroke show potential role of  these stem cells 
in neurogenesis[11-13]. The MSC are mesodermal progeni-
tors that are committed to differentiate into cells of  me-
sodermal lineage[14]. However, some studies have shown 
that in addition to their mesodermal commitment they 
also differentiate into cells of  neuro-ectodermal lineage, 
claiming their role in neurogenesis[15,16]. However, it is not 
known whether MAPC or MSC possess superior neuro-
genic potential and very less information is available on 
phenotypic differences between MAPC from MSC so it 
is also difficult to distinguish them from each other. 

Therefore, the aim of  the present study was to evalu-
ate the expression of  pluripotency and mesenchymal 
markers and to carry out a parallel comparison of  neural 
differentiation potential of  MAPC and MSC derived 
from the same samples of  human bone marrow.

MATERIALS AND METHODS
Isolation, culture and characterization of MAPC and MSC
Subjects included in the study (n = 5) consisted of  2 
healthy donors for bone marrow transplant patients and 
3 patients with suspected iron deficiency anemia where 
bone marrow (BM) was done to look for iron stores, who 
otherwise had a normal BM. After informed consent, 5mL 
of  BM aspirate was collected from each individual for this 
study, and it was divided into two equal parts for growing 
MAPC and MSC from the same sample in parallel.

The MAPC were cultured using Verfaillie’s protocol[3]. 
Briefly, bone marrow mononuclear cells (BMNC) of  
the marrow aspirates were depleted of  CD45 and GlyA 
positive cells were cultured in growth medium consist-

ing of  53.8% 1.5 mg/mL bovine serum albumin (BSA) 
mixed Dulbecco’s modified Eagle’s medium (DMEM)-
low glucose medium (Gibco, www.invitrogen.com), 40% 
MCDB-201 (Sigma, www.sigmaaldrich.com), 2% fetal bo-
vine serum (FBS) (Hyclone, www.thermoscientific.com), 
1% ITS+1 Supplement (Sigma), 0.5 µmol/L dexametha-
sone (Sigma), 0.1 mmol/L L-ascorbic acid (Sigma), 1% 
LA-BSA (Sigma), 1% penicillin/streptomycin (Gibco), 10 
ng/mL each of  platelet-derived growth factor-BB (R and 
D, www.rndsystems.com) and epidermal growth factor (R 
and D) under hypoxic condition. The sub-confluent cul-
tures were trypsinized and further expanded under same 
culture conditions to get optimal number of  cells. The 
MAPC were characterized by expression of  Pluripotency 
markers Oct-4 and Nanog and their differentiation into 
cells of  three germ layers viz. neuronal (ectodermal cells), 
endothelial (mesodermal cells) and hepatocytes (endoder-
mal cells). 

The culture of  MSC was carried out using Prockop’s 
protocol[17]. Briefly, BMNC were cultured in complete me-
dium consisting 88% of  α-MEM Medium, 10% of  FBS, 
2 mmol/L of  L-Glutamine and 100 units/mL of  pen-
strep (all from Gibco) under normoxic condition. The 
MSC were characterized by expression of  conventional 
mesenchymal markers and their differentiation into me-
sodermal cell including bone and fat cells.

Flow-cytometry
The phenotypes of  MAPC and MSC were analyzed by 
two color flow cytometry at 3rd passage using human leu-
kocyte antigen (HLA)-ABC [fluorescein isothiocyanate 
(FITC)]/CD44 [phycoerythrin (PE)], CD34 (FITC)/
CD73 (PE), CD14 (FITC)/CD105 (PE) and CD45 
(FITC)/CD90 (PE) (all from Serotec, www.abdserotec.
com). The flow-cytometer used was FACS-calibur (Becton 
Dickinson) and data analysis was done using FACS ex-
press software.

Reverse-transcription polymerase chain reaction
Expression of  Oct-4 and Nanog genes was done by re-
verse-transcription polymerase chain reaction (RT-PCR). 
Total RNA of  the cells was extracted using RNeasy mini 
RNA isolation kit (Invitrogen). Two µg of  total RNA was 
reverse transcribed into cDNA using random hexamers 
(Invitrogen). The cDNA was normalized by amplification 
of  β-actin, The PCR conditions included denaturation at 
94 ℃ for 4 min, amplification cycles 35 and elongation 
temperature 72 ℃ for 30 s with annealing. The amplicons 
were resolved on 2% agarose gel (Sigma-Aldrich) and 
pictures acquired using gel documentation system (Alpha 
Imager, www.proteinsimple.com).

Immunocytochemistry
The expression of  pluripotency genes Oct-4 and Nanog on 
MAPC and MSC was analyzed by immunocytochemistry. 
The cells were fixed with 4% para-formaldehyde (Sigma 
Aldrich) in PBS for 1 h at room temperature. The fixed 
cells were incubated overnight at 4 ℃ with following 

Singh SP et al . Comparison of MAPC and MSC

54 April 26, 2013|Volume 5|Issue 2|WJSC|www.wjgnet.com



primary antibodies: Nanog and OCT-4 (1:200 dilution) 
(Chemicon, www.millipore.com) After washing with 
PBS, cells were incubated with 1:500 diluted goat anti-
mouse immunoglobulin G (IgG) (Fab)2 FITC (Abcam, 
www.abcam.com) as secondary antibody and stained with 
Hoechst dye. The pictures were acquired by fluorescent 
microscope (Nikon 80i, Japan).

Differentiation into neuro-ectodermal cells 
We used following protocol for differentiation of  MAPC 
and MSC into neuronal cells. The cells were plated 
into 12-well plates at a density of  2000-2500 cells/cm2 

and incubated in neuro-ectodermal induction medium 
consisting of  98% basal medium (57% DMEM low glu-
cose, 40% FBS, 1% Pen-strip, 1% ITS+1, 0.1 mmol/L 
L-ascorbic acid, 0.5 µmol/L dexamethasone), 100 ng/mL 
basic fibroblast growth factor (R and D systems), 100 
ng/mL Noggin (R and D systems), 20 ng/mL NT-3 (R 
and D systems), 10 ng/mL brain-derived neurotrophic 
factor (R and D systems), 10 ng/mL glial cell line-derived 
neurotrophic factor (R and D systems), 20 µmol/L RA 
(Sigma), 1X B-27 supplement (Gibco), 1X 2-ME (Gibco). 
The differentiated cells were characterized as neuronal 
cells by immunocytochemical detection of  neuronal fila-
ment-200 (NF-200), microtubule-associated protein 2 
(MAP-2) and glial fibrillary acidic protein (GFAP) on the 
cells using MAP-2 (Abcam), NF-200 and GFAP primary 
antibodies (Biovision). Goat anti-mouse IgG (Fab) 2 FITC 
(Abcam) as secondary antibody and Hoechst dye staining 
as described above. 

Western blotting
Western blotting was done using primary antibody NF-200 
(200 kDa), GFAP (51-52 kDa) (Biovision), Tau (52 kDa), 
MAP-2 (280 kDa), Olig-1 (28 kDa) and neuron-specific 
enolase (NSE) (47 kDa) (Abcam) and β-actin (42 kDa) 
(Abcam) and horseradish peroxidase conjugated corre-
sponding secondary antibodies. The signals were detected 
using an enhanced chemiluminescence detection system 
(Amersham Biosciences. www.gelifesciences.com).

Real-time PCR
The quantification of  neuronal gene expression in MAPC 
and MSC was carried out by real time PCR. Total mRNA 
was isolated from the undifferentiated and neuro-ecto-
dermal differentiated cells following single step mRNA 
isolation method using RNA isolation kit (Invitrogen). 
Total mRNA (2 µg) was reverse transcribed to cDNA 
using RT-PCR kit (Applied Biosystems) following manu-
facturer’s instructions. Real time analysis for NF-200, 
GFAP, MAP-2, MAP-1B, Tau, oligodendrocyte-1 (Olig-1), 
NSE and normalizing gene glyceraldehyde 3-phosphate 
dehydrogenase (Table 1) was performed using Sybr Green 
Master mix as per the manufacturer’s instruction (Applied 
Biosytems), analysis were done on Light-cycler 480 (Roche) 
and fold changes in gene expression was calculated using 
2-ΔΔCT method.

Statistical analysis
The results were calculated as mean ± SE. The statisti-
cal significance between MAPC and MSC comparisons 
was determined by using one-way analysis of  variance 
test. P values < 0.05 were considered to be statistically 
significant.

RESULTS
Morphology and phenotypes
The MAPC and MSC both grew as adherent cells in cul-
ture but they were morphologically distinct from each 
other. The MAPC had small trigonal morphology while 
the MSC were large cells having elongated spindle shaped 
morphology (Figure 1A).

The MAPC had no expression of  HLA-ABC (0%) 
while MSC had high expression of  HLA-ABC (93.32% ± 
2.58%). The MAPC compared to MSC had significantly 
lower expression of  CD44 (36.56% ± 1.92 % vs 98.23% 
± 0.51%), CD73 (15.11% ± 2.24% vs 98.53% ± 2.22%), 
CD105 (13.81% ± 3.82% vs 95.12% ± 5.65%) (P < 0.001 
for all). Both MAPC and MSC had high expression of  
CD90 (99.80% ± 0.14% vs 99.47% ± 0.44%; P > 0.5) and 
no expression of  CD14, CD34 and CD45 (Figure 1B).

Expression of pluripotency markers
The MAPC expressed pluripotency markers Oct-4 and 
Nanog at gene and proteins levels while MSC expressed 
none of  these markers either at gene or protein levels 
(Figure 2).
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 No. Primer Sequence Accession number

  1 4-Oct f: 5’-CGTGAAGCTGGAGAAGGAGAAGCTG–3’ NM_002701.4
r: 5’-CAAGGGCCGCAGCTTACACATGTTC-3’

  2 Nanog f: 5’-GCCGAAGAATAGCAATGGTGTG-3' NM_024865.2
r: 5'-CCAGGACTGGATGTTCTGGGTC-3'

  3 NF-200 f: 5’-CAGAGCTGGAGGCACTGAA-3’ NM_021076.3
r: 5’-CATCTCCCACTTGGTGTTCC-3’

  4 GFAP f: 5’-GAGTACCAGGACCTGCTCAA-3’ NM_002055.4
r: 5’-TTCACCACGATGTTCCTCTT-3’

  5 MAP-1B f: 5’-GCGGAGACAGTACCTTCGGAG-3’ NM_005909.3
r: 5’-CCGACGACCACCAGCAAGTAG-3’

  6 MAP-2 f: 5’-TCAGAGCCAATTCGCAGAG-3’ NM_002374.3
r: 5’-TGTTGTC TGTTGATCCGATTTT-3’

  7 Tau f: 5’-TCATTAGGCAACATCCATCATA-3’ NM_001203252.1
r: 5’-CACCTCGTCAGCTAGCGT-3’

  8 NSE f: 5’-TCTGCAGTCCCGAGATCCCAGC-3’ NM_001975.2
r: 5’-CTGATGAGGGCTGGCGCGAT-3’

  9 Olig-1 f: 5’-GCCCCACCAAGTACCTGTCTC-3’ NM_138983.2
r: 5’-GGGACCAGATGCGGGAAC-3’

  10 β-actin f: 5'-GCTCGTCGTCGACAACGGCTC-3’ NM_001101.3
r: 5'-CAAACATGATCTGGGTCATCTTCTC-3'

  11 GAPDH f: 5'-GATTTGGTCGTATTGGG-3’ NM_002046.3
r: 5'-TCCACGACGTACTCAGC-3'

Table 1  Sequence of primers used in reverse-transcription poly-
merase chain reaction and real time-polymerase chain reaction

NF-200: Neuronal filament-200; GFAP: Glial fibrillar acidic protein; Olig-1: 
Oligodendrocyte-1; NSE: Neuron-specific enolase; GAPDH: Glyceral-
dehyde-3-phosphate dehydrogenase; MAP-1B: Microtubule-associated 
protein-1B; MAP-2: Microtubule-associated protein-2.  
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significantly higher in MAPC derived neuronal cells com-
pared to those derived from MSC (P < 0.001 for all) but 
there was no difference in the fold change expression 
of  Olig-1 gene (0.08) in neuronal cells derived from both 
stem cell types (P > 0.5) as revealed by real time quantita-
tive PCR (Figure 3D).

DISCUSSION
Our study shows that MAPC and MSC differ from each 
other in terms of  morphology, phenotypic and pluripo-
tency markers, and their neuro-ectodermal differentiation 
potential. Morphologically, MAPC are small trigonal cells 
while MSC are elongated spindle shaped cells. Pheno-
typically MAPC have no expression of  HLA-ABC and 

Neuro-ectodermal differentiation efficiency
Following treatment with neurogenic induction medium, 
the cells which differentiated from both MAPC and 
MSC, had morphological characteristics of  neuronal like 
cells as revealed by their bipolar elliptical shape and/or 
multiple branching points and neuritis (Figure 3A) and 
they expressed NF-200, MAP-2 and GFAP as revealed by 
immunocytochemistry (Figure 3B). The MAPC derived 
neuronal cells compared to those derived from MSC, 
showed a significantly higher fold change expression of  
NF-200 (0.64), GFAP (0.52), Tau (0.59), MAP-2 (0.72), 
Olig-1 (0.18) and NSE (0.29) (P < 0.01 for Olig-1 and P 
< 0.001 for rest) (Figure 3C). Similarly the fold change 
expression of  NF-200 (1.34), GFAP (1.12), Tau (1.08), 
MAP-1B (0.92), MAP-2 (1.14) and NSE (0.4) genes were 
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(a) MAPC (b) MSC

Phenotype of MAPC

Figure 1  Morphology and phenotypic markers of multipotent adult progenitor cells and mesenchymal stem cells. A: Representative photomicrographs (×10, 
20 µm) of primary cultures showing (a) small trigonal morphology of multipotent adult progenitor cells (MAPC) and (b) large spindle shaped morphology of mesenchy-
mal stem cells (MSC); B: Representative flow-cytometric dot-plots showing expression of (a.1 and a.2) HLA-ABC (FITC)/CD44 (PE), (b.1 and b.2) CD34 (FITC)/CD73 
(PE), (c.1 and c.2) CD14 (FITC)/CD105 (PE), and (d.1 and d.2) CD45 (FITC)/CD90 (PE) on MAPC and MSC, respectively. FITC: Fluorescein isothiocyanate; PE: 
Phycoerythrin.
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Figure 2  Expression of embryonic markers by multipotent adult progenitor cells and by mesenchymal stem cells. A: Expression of Oct-4 and Nanog genes in 
multipotent adult progenitor cells (MAPC) and no expression of these genes in mesenchymal stem cells (MSC) as revealed by reverse-transcription polymerase chain 
reaction. β-actin represents the house keeping gene; B: Representative Immunocytochemistry photomicrographs (×40, 20 µm) of (a) MAPC showing fluorescein iso-
thiocyanate (FITC) and Hoechst staining for Oct-4 (a.1 and a.2, respectively), Nanog (a.3 and a.4, respectively) and of controls, i.e., cells with no primary antibody (a.5 
and a.6, respectively); and (b) MSC showing FITC and Hoechst staining for Oct-4 (b.1 and b.2, respectively) and Nanog (b.3 and b.4, respectively) and of controls, i.e., 
cells with no primary antibody (b.5 and b.6, respectively). 

20 µm 20 µm

20 µm 20 µm 20 µm

20 µm

20 µm20 µm

20 µm 20 µm 20 µm

20 µm

(a.1)                                            Oct-4              (a.2)                                          Hoechst          (a.3)                                              Nanog

(a.4)                                            Hoechst         (a.5)                                           Control           (a.6)                                              Hoechst

(b.1)                                            Oct-4              (b.2)                                          Hoechst          (b.3)                                              Nanog

(b.4)                                            Hoechst         (b.5)                                           Control           (b.6)                                              Hoechst

Singh SP et al . Comparison of MAPC and MSC



58 April 26, 2013|Volume 5|Issue 2|WJSC|www.wjgnet.com

(a) MAPC derived cells                                               (b) MSC derived cellsA

B

20 µm20 µm

 M
SC

  
  

  
  

  
  

  
  

  
  

  
  
  
  
  
  
  
M

AP
C

(a.1)                                NF-200      (b.1)                              MAP-2          (c.1)                            GFAP           (d.1)                           Control

(a.2)                                NF-200      (b.2)                              MAP-2          (c.2)                            GFAP           (d.2)                           Control

C

Figure 3  Neural differentiation potential of multipotent adult progenitor cells and of mesenchymal stem cell. A: Representative photomicrographs (×10, 20 µm) 
of neuronal cells differentiated from (a) multipotent adult progenitor cells (MAPC), and (b) mesenchymal stem cell (MSC); B: Representative immunocytochemical photo-
micrographs (×40, 20 µm) showing an overlay of fluorescein isothiocyanate (FITC) and Hoechst staining for (a.1 and a.2) neuronal filament-200 (NF-200), (b.1 and b.2) 
microtubule-associated protein 2 (MAP-2), and (c.1 and c.2) fibrillar acidic protein (GFAP) expression in neuronal cells differentiated from MAPC and MSC, respectively. 
Negative control represents cells with no treatment with neurogenic medium (d.1) MAPC and (d.2) MSC; C: Immunoblots analysis of neural proteins in MAPC and MSC 
derived neuronal cells. (a) Representative immunoblots of MAP-2, Tau, neuron-specific enolase (NSE), oligodendrocyte-1 (Olig-1), NF-200 and GFAP proteins in MAPC 
and MSC derived neuronal cells; (b) Error-bar diagrams showing fold change expression of proteins in MAPC (solid bars) and MSC (open bars) derived neuronal cells 
as revealed by densitometric quantification of immunoblots. bP < 0.01, dP < 0.001 vs MSC group; D: Error-bar diagrams showing expression of MAP-2, Tau, NSE, MAP-
1B, Olig-1, NF-200 and GFAP genes in MAPC (solid bars) and MSC (open bars) derived neuronal cells as revealed by real-time quantitative polymerase chain reaction. 
The values of MSC and MAPC treated with neurogenic medium and their untreated counterparts were normalized to housekeeping glyceraldehyde-3-phosphate dehy-
drogenase and the fold increase values of MAPC compared to MSC have been expressed as mean ± SE, bP < 0.001 vs MSC group.
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low expression of  CD44, CD73 and CD105 while MSC 
possess high expression of  all these markers. In addi-
tion, MAPC express Oct-4 and Nanog both at gene and 
protein levels but MSC lack expression of  these markers. 
The MAPC have higher neuro-ectodermal differentiation 
potential than MSC as revealed by their significantly high-
er expression of  NF-200, GFAP, Tau, MAP-2, Olig-1  
and NSE proteins and NF-200, GFAP, MAP-2, MAP-1B, 
Tau and NSE genes. To the best of  our knowledge this is 
the first study showing a parallel comparison of  pheno-
type, pluripotency markers and neuro-ectodermal differ-
entiation potential of  MAPC and MSC isolated from the 
same samples of  human bone marrow.

The existence of  MAPC in the stroma of  adult bone 
marrow has been described previously[1,3-5] by different 
groups and most of  these studies support our observa-
tion of  small triangular morphology of  MAPC. However 
despite this morphological difference, there are no well 
defined phenotypic markers distinguishing MAPC from 
MSC. We have observed that MAPC have low expres-
sion of  CD44, CD73, and CD105 and no expression of  
HLA-ABC, while MSC have high expression of  these 
markers.

Human embryonic stem cells also have no or neg-
ligibly low expressions of  HLA-ABC highlighting that 
MAPC have properties similar to embryonic stem cells[18]. 
We found that MAPC express pluripotency markers 
Oct-4 and Nanog both at gene and protein levels but 
MSC entirely lacked expression of  these pluripotency 
markers. The expression of  Oct-4 and Nanog on MAPC 
corroborates with expression of  these and other pluri-
potency markers in ELSC[10], MASC[6] and MPC[7]. A few 
studies have reported that Oct-4, Nanog and other pluri-
potency markers are also expressed in MSC derived from 
bone marrow and other adult tissues[19] and one study has 
shown that MSC express Nanog but not OCT-4[20]. In an-
other study, it has been shown that culture conditions of  
low serum content, induce expression of  Oct-4, Nanog 
and other pluripotency markers on MSC[21]. We have cul-
tured MSC under standard serum conditions, and thus 
the difference in expression of  pluripotency markers be-
tween our and these studies may be due to difference in 
culture conditions which either have induced expression 
of  Oct-4 and Nanog on MSC or promoted the growth 
of  a population of  MAPC in the cultures. Similar to our 
observation in MAPC, the expression of  Oct-4, Nanog 
and other pluripotency markers has been shown in fetal 
MSC, but not in adult MSC[22]. Thus lower expression of  
the conventional mesenchymal markers, no expression of  
HLA-ABC and expression of  Oct-4 and Nanog, may be 
used as suitable markers to distinguish MAPC from MSC. 

Bone marrow derived MSC have been reported to 
exhibit trans-differentiation into cells of  neuronal lineage, 
thereby claiming for a role of  these stem cells in therapy 
for neurological disorders[15,16]. More recently, MAPC 
have been shown to differentiate into neuronal cells and 
promote neuronal regeneration[12,13]. However, no data 
exists on comparative analysis of  neural differentiation 

potential of  MAPC and MSC. In the present study, we 
have carried out a parallel comparison of  neuro-ectoder-
mal potential of  MAPC and MSC at protein and gene 
levels. We studied both stem cell types for gene and pro-
tein expression of  markers of  axons (NF-200 and Tau), 
astrocytes (GFAP), dendrocytes (MAP-1B, MAP-2 and 
Olig-1) and neurons (NSE) and observed that MAPC 
show significantly higher expression of  NF-200, Tau, 
GFAP, MAP-1B, MAP-2 and NSE genes in comparison 
to MSC. Moreover, we compared the protein expression 
of  NF-200, Tau, GFAP, Olig-1, MAP-2 and NSE, and 
similar to gene expression, we found significantly in-
creased expression of  these proteins in MAPC compared 
to MSC. Thus MAPC appear to have a greater predilec-
tion for neural differentiation, which needs to be thera-
peutically evaluated in vivo in pre-clinical animal models 
of  neurological disorders.

In conclusion, our study showed that MAPC can 
be differentially characterized from MSC as Oct-4 and 
Nanog positive stem cells with no expression of  HLA-
ABC and low expression of  mesenchymal markers 
CD44, CD73 and CD105 and they possess higher neuro-
ectodermal differentiation potential than MSC indicating 
that MAPC may be more suitable cell type than MSC 
for cell based therapy for neurodegenerative disorders. 
Future studies directed towards the in vivo evaluation of  
the therapeutic potential of  MAPC in pre-clinical models 
would lead to development MAPC based therapies for 
neurological diseases. 
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Abstract
There are unstructured abstracts (no less than 200 words) and struc-
tured abstracts. The specific requirements for structured abstracts 
are as follows: 

An informative, structured abstract should accompany each 
manuscript. Abstracts of  original contributions should be struc-
tured into the following sections: AIM (no more than 20 words; 
Only the purpose of  the study should be included. Please write the 
Aim in the form of  “To investigate/study/…”), METHODS (no 
less than 140 words for Original Articles; and no less than 80 words 
for Brief  Articles), RESULTS (no less than 150 words for Original 
Articles and no less than 120 words for Brief  Articles; You should 
present P values where appropriate and must provide relevant data 
to illustrate how they were obtained, e.g. 6.92 ± 3.86 vs 3.61 ± 1.67, 
P < 0.001), and CONCLUSION (no more than 26 words).

Key words
Please list 5-10 key words, selected mainly from Index Medicus, 
which reflect the content of  the study.

Core tip
Please write a summary of  less than 100 words to outline the 
most innovative and important arguments and core contents in 
your paper to attract readers.

Text
For articles of  these sections, original articles and brief  articles, the 
main text should be structured into the following sections: INTRO-
DUCTION, MATERIALS AND METHODS, RESULTS and 
DISCUSSION, and should include appropriate Figures and Tables. 
Data should be presented in the main text or in Figures and Tables, 
but not in both. 

Illustrations
Figures should be numbered as 1, 2, 3, etc., and mentioned clearly 
in the main text. Provide a brief  title for each figure on a sepa-
rate page. Detailed legends should not be provided under the 
figures. This part should be added into the text where the figures 
are applicable. Figures should be either Photoshop or Illustra-
tor files (in tiff, eps, jpeg formats) at high-resolution. Examples 
can be found at: http://www.wjgnet.com/1007-9327/13/4520.
pdf; http://www.wjgnet.com/1007-9327/13/4554.pdf; http://
www.wjgnet.com/1007-9327/13/4891.pdf; http://www.
wjgnet.com/1007-9327/13/4986.pdf; http://www.wjgnet.
com/1007-9327/13/4498.pdf. Keeping all elements compiled is 
necessary in line-art image. Scale bars should be used rather than 
magnification factors, with the length of  the bar defined in the leg-
end rather than on the bar itself. File names should identify the fig-
ure and panel. Avoid layering type directly over shaded or textured 
areas. Please use uniform legends for the same subjects. For exam-
ple: Figure 1  Pathological changes in atrophic gastritis after treat-
ment. A: ...; B: ...; C: ...; D: ...; E: ...; F: ...; G: …etc. It is our principle 
to publish high resolution-figures for the printed and E-versions.

Tables
Three-line tables should be numbered 1, 2, 3, etc., and mentioned 
clearly in the main text. Provide a brief  title for each table. Detailed 
legends should not be included under tables, but rather added into 
the text where applicable. The information should complement, 
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but not duplicate the text. Use one horizontal line under the title, a 
second under column heads, and a third below the Table, above any 
footnotes. Vertical and italic lines should be omitted.

Notes in tables and illustrations
Data that are not statistically significant should not be noted. aP < 0.05, 
bP < 0.01 should be noted (P > 0.05 should not be noted). If  there 
are other series of  P values, cP < 0.05 and dP < 0.01 are used. A third 
series of  P values can be expressed as eP < 0.05 and fP < 0.01. Other 
notes in tables or under illustrations should be expressed as 1F, 2F, 3F; 
or sometimes as other symbols with a superscript (Arabic numerals) 
in the upper left corner. In a multi-curve illustration, each curve 
should be labeled with ●, ○, ■, □, ▲, △, etc., in a certain sequence.
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REFERENCES
Coding system
The author should number the references in Arabic numerals 
according to the citation order in the text. Put reference numbers 
in square brackets in superscript at the end of  citation content or 
after the cited author’s name. For citation content which is part of  
the narration, the coding number and square brackets should be 
typeset normally. For example, “Crohn’s disease (CD) is associated 
with increased intestinal permeability[1,2]”. If  references are cited 
directly in the text, they should be put together within the text, for 
example, “From references[19,22-24], we know that...”

When the authors write the references, please ensure that 
the order in text is the same as in the references section, and also 
ensure the spelling accuracy of  the first author’s name. Do not list 
the same citation twice. 

PMID and DOI
Pleased provide PubMed citation numbers to the reference list, 
e.g. PMID and DOI, which can be found at http://www.ncbi.
nlm.nih.gov/sites/entrez?db=pubmed and http://www.crossref.
org/SimpleTextQuery/, respectively. The numbers will be used in 
E-version of  this journal.

Style for journal references
Authors: the name of  the first author should be typed in bold-
faced letters. The family name of  all authors should be typed with 
the initial letter capitalized, followed by their abbreviated first 
and middle initials. (For example, Lian-Sheng Ma is abbreviated 
as Ma LS, Bo-Rong Pan as Pan BR). The title of  the cited article 
and italicized journal title (journal title should be in its abbreviated 
form as shown in PubMed), publication date, volume number (in 
black), start page, and end page [PMID: 11819634   DOI: 10.3748/
wjg.13.5396].

Style for book references
Authors: the name of  the first author should be typed in bold-faced 
letters. The surname of  all authors should be typed with the initial 
letter capitalized, followed by their abbreviated middle and first 
initials. (For example, Lian-Sheng Ma is abbreviated as Ma LS, Bo-
Rong Pan as Pan BR) Book title. Publication number. Publication 
place: Publication press, Year: start page and end page.

Format
Journals 
English journal article (list all authors and include the PMID where applicable)
1 Jung EM, Clevert DA, Schreyer AG, Schmitt S, Rennert J, 

Kubale R, Feuerbach S, Jung F. Evaluation of  quantitative con-
trast harmonic imaging to assess malignancy of  liver tumors: 

A prospective controlled two-center study. World J Gastroenterol 
2007; 13: 6356-6364 [PMID: 18081224   DOI: 10.3748/wjg.13. 
6356]

Chinese journal article (list all authors and include the PMID where applicable)
2 Lin GZ, Wang XZ, Wang P, Lin J, Yang FD. Immunologic 

effect of  Jianpi Yishen decoction in treatment of  Pixu-diar-
rhoea. Shijie Huaren Xiaohua Zazhi 1999; 7: 285-287

In press
3 Tian D, Araki H, Stahl E, Bergelson J, Kreitman M. Signature 

of  balancing selection in Arabidopsis. Proc Natl Acad Sci USA 
2006; In press

Organization as author
4 Diabetes Prevention Program Research Group. Hyperten-

sion, insulin, and proinsulin in participants with impaired glu-
cose tolerance. Hypertension 2002; 40: 679-686 [PMID: 12411462   
PMCID:2516377   DOI:10.1161/01.HYP.0000035706.28494. 
09]

Both personal authors and an organization as author 
5 Vallancien G, Emberton M, Harving N, van Moorselaar RJ; 

Alf-One Study Group. Sexual dysfunction in 1, 274 European 
men suffering from lower urinary tract symptoms. J Urol 
2003; 169: 2257-2261 [PMID: 12771764   DOI:10.1097/01.ju. 
0000067940.76090.73]

No author given
6 21st century heart solution may have a sting in the tail. BMJ 

2002; 325: 184 [PMID: 12142303   DOI:10.1136/bmj.325. 
7357.184]

Volume with supplement
7 Geraud G, Spierings EL, Keywood C. Tolerability and safety 

of  frovatriptan with short- and long-term use for treatment 
of  migraine and in comparison with sumatriptan. Headache 
2002; 42 Suppl 2: S93-99 [PMID: 12028325   DOI:10.1046/
j.1526-4610.42.s2.7.x]

Issue with no volume
8 Banit DM, Kaufer H, Hartford JM. Intraoperative frozen 

section analysis in revision total joint arthroplasty. Clin Orthop 
Relat Res 2002; (401): 230-238 [PMID: 12151900   DOI:10.10
97/00003086-200208000-00026]

No volume or issue
9 Outreach: Bringing HIV-positive individuals into care. HRSA 

Careaction 2002; 1-6 [PMID: 12154804]

Books
Personal author(s)
10 Sherlock S, Dooley J. Diseases of  the liver and billiary system. 

9th ed. Oxford: Blackwell Sci Pub, 1993: 258-296
Chapter in a book (list all authors)
11 Lam SK. Academic investigator’s perspectives of  medical 

treatment for peptic ulcer. In: Swabb EA, Azabo S. Ulcer 
disease: investigation and basis for therapy. New York: Marcel 
Dekker, 1991: 431-450

Author(s) and editor(s)
12 Breedlove GK, Schorfheide AM. Adolescent pregnancy. 

2nd ed. Wieczorek RR, editor. White Plains (NY): March of  
Dimes Education Services, 2001: 20-34

Conference proceedings
13 Harnden P, Joffe JK, Jones WG, editors. Germ cell tumours V. 

Proceedings of  the 5th Germ cell tumours Conference; 2001 
Sep 13-15; Leeds, UK. New York: Springer, 2002: 30-56

Conference paper
14 Christensen S, Oppacher F. An analysis of  Koza's computa-

tional effort statistic for genetic programming. In: Foster JA, 
Lutton E, Miller J, Ryan C, Tettamanzi AG, editors. Genetic 
programming. EuroGP 2002: Proceedings of  the 5th Euro-
pean Conference on Genetic Programming; 2002 Apr 3-5; 
Kinsdale, Ireland. Berlin: Springer, 2002: 182-191

Electronic journal (list all authors)
15 Morse SS. Factors in the emergence of  infectious diseases. 

Emerg Infect Dis serial online, 1995-01-03, cited 1996-06-05; 
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1(1): 24 screens. Available from: URL: http://www.cdc.gov/
ncidod/eid/index.htm

Patent (list all authors)
16 Pagedas AC, inventor; Ancel Surgical R&D Inc., assignee. 

Flexible endoscopic grasping and cutting device and positioning 
tool assembly. United States patent US 20020103498. 2002 Aug 1

Statistical data
Write as mean ± SD or mean ± SE.

Statistical expression
Express t test as t (in italics), F test as F (in italics), chi square test as 
χ2 (in Greek), related coefficient as r (in italics), degree of  freedom as 
υ (in Greek), sample number as n (in italics), and probability as P (in 
italics).

Units
Use SI units. For example: body mass, m (B) = 78 kg; blood pres-
sure, p (B) = 16.2/12.3 kPa; incubation time, t (incubation) = 96 h, 
blood glucose concentration, c (glucose) 6.4 ± 2.1 mmol/L; blood 
CEA mass concentration, p (CEA) = 8.6 24.5 mg/L; CO2 volume 
fraction, 50 mL/L CO2, not 5% CO2; likewise for 40 g/L formal-
dehyde, not 10% formalin; and mass fraction, 8 ng/g, etc. Arabic 
numerals such as 23, 243, 641 should be read 23243641.

The format for how to accurately write common units and 
quantums can be found at: http://www.wjgnet.com/1948-0210/
g_info_20100313172144.htm.

Abbreviations
Standard abbreviations should be defined in the abstract and on first 
mention in the text. In general, terms should not be abbreviated 
unless they are used repeatedly and the abbreviation is helpful to 
the reader. Permissible abbreviations are listed in Units, Symbols 
and Abbreviations: A Guide for Biological and Medical Editors and 
Authors (Ed. Baron DN, 1988) published by The Royal Society of  
Medicine, London. Certain commonly used abbreviations, such as 
DNA, RNA, HIV, LD50, PCR, HBV, ECG, WBC, RBC, CT, ESR, 
CSF, IgG, ELISA, PBS, ATP, EDTA, mAb, can be used directly 
without further explanation.

Italics
Quantities: t time or temperature, c concentration, A area, l length, 
m mass, V volume.
Genotypes: gyrA, arg 1, c myc, c fos, etc.
Restriction enzymes: EcoRI, HindI, BamHI, Kbo I, Kpn I, etc.
Biology: H. pylori, E coli, etc.

Examples for paper writing
All types of  articles’ writing style and requirement will be found in the
link: http://www.wjgnet.com/esps/NavigationInfo.aspx?id=15

RESUBMISSION OF THE REVISED 
MANUSCRIPTS
Authors must revise their manuscript carefully according to the 
revision policies of  Baishideng Publishing Group Co., Limited. The 
revised version, along with the signed copyright transfer agreement, 
responses to the reviewers, and English language Grade A certifi-
cate (for non-native speakers of  English), should be submitted to 
the online system via the link contained in the e-mail sent by the edi-
tor. If  you have any questions about the revision, please send e-mail 
to esps@wjgnet.com.

Language evaluation 
The language of  a manuscript will be graded before it is sent for revi-
sion. (1) Grade A: priority publishing; (2) Grade B: minor language 
polishing; (3) Grade C: a great deal of  language polishing needed; and 
(4) Grade D: rejected. Revised articles should reach Grade A.

Copyright assignment form
Please download a Copyright assignment form from http://www.
wjgnet.com/1948-0210/g_info_20100313172045.htm.

Responses to reviewers
Please revise your article according to the comments/suggestions 
provided by the reviewers. The format for responses to the reviewers’ 
comments can be found at: http://www.wjgnet.com/1948-0210/
g_info_20100313172000.htm.

Proof of financial support
For paper supported by a foundation, authors should provide a 
copy of  the document and serial number of  the foundation.

Links to documents related to the manuscript 
WJSC will be initiating a platform to promote dynamic interactions 
between the editors, peer reviewers, readers and authors. After a man-
uscript is published online, links to the PDF version of  the submitted 
manuscript, the peer-reviewers’ report and the revised manuscript will 
be put on-line. Readers can make comments on the peer reviewer’s 
report, authors’ responses to peer reviewers, and the revised manu-
script. We hope that authors will benefit from this feedback and be 
able to revise the manuscript accordingly in a timely manner.
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and is otherwise in compliance with the license. Authors of  accepted 
articles must pay a publication fee. Publication fee: 600 USD per 
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