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Immunological response hampers the investigation of human embryonic stem cells (hESCs) or their derivates for
tissue regeneration in vivo. Immunosuppression is often used after surgery, but exhibits side effects of significant
weight loss and allows only short-term observation. The purpose of this study was to investigate whether
neonatal desensitization supports relative long-term survival of hESC-derived mesenchymal stem cells (hESC-
MSCs) and promotes cartilage regeneration. hESC-MSCs were injected on the day of birth in rats. Six weeks after
neonatal injection, a full-thickness cylindrical cartilage defect was created and transplanted with a hESC-MSC-
seeded collagen bilayer scaffold (group d + s + c) or a collagen bilayer scaffold (group d + s). Rats without
neonatal injection were transplanted with the hESC-MSC-seeded collagen bilayer scaffold to serve as controls
(group s + c). Cartilage regeneration was evaluated by histological analysis, immunohistochemical staining, and
biomechanical test. The role of hESC-MSCs in cartilage regeneration was analyzed by CD4 immunostaining, cell
death detection, and visualization of human cells in regenerated tissues. hESC-MSCs expressed CD105, CD73,
CD90, CD29, and CD44, but not CD45 and CD34, and possessed trilineage differentiation potential. Group
d + s + c exhibited greater International Cartilage Repair Society (ICRS) scores than group d + s or group s + c.
Abundant collagen type II and improved mechanical properties were detected in group d + s + c. There were less
CD4 + inflammatory cell infiltration and cell death at week 1, and hESC-MSCs were found to survive as long as
8 weeks after transplantation in group d + s + c. Our study suggests that neonatal desensitization before trans-
plantation may be an efficient way to develop a powerful tool for preclinical study of human cell-based therapies
in animal models.

Introduction

Adult articular cartilage has a limited self-reparative
capacity after damage, which has stimulated develop-

ment of autologous chondrocyte implantation (ACI) for re-
generation of articular cartilage. Despite overall improvement
of joint function and therapeutic efficacy since its clinical ap-
plication in 1980s [1], the number of autologous chondrocytes
is limited, and they tend to dedifferentiate during in vitro
expansion [2]. Moreover, transplanted autologous chon-
drocytes preferentially formed fibrocartilage tissue instead of
hyaline cartilage in the defects [3]. These limit future appli-
cation of ACI and warrant further exploration of new cell
sources such as stem cells for cartilage repair.

Embryonic stem cells (ESCs) are able to differentiate
into various cell types, including chondrocytes in vitro, and
thus are considered as one of the cell sources for tissue
regeneration, including cartilage tissue. Previous studies
have reported that implantation of ESCs or ESC-derived
chondrogenic cells promoted cartilage repair in vivo [4–6].
However, it is difficult to obtain autologous ESCs for cell
transplantation, and an immunologic barrier prevents in vivo
long-term engraftment and function of allogenous ESCs [7].
Immunosuppressants are usually used to overcome the im-
mune response. However, they cause severe side effects and
make animals difficult to survive during this period. Without
immunosuppression, human ESCs (hESCs) were rejected after
7 days of transplantation into immunocompetent animals
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such as mice [8]. A long-term effect of hESC-derivates trans-
plantation on in situ cartilage regeneration was only observed
in immunodeficient animal models such as nude mice [9].
However, the long-term effect of hESCs on joint cartilage re-
generation in an appropriate immunocompetent animal
model remains unknown. It was reported that neonatal in-
jection can induce immune tolerance and allow long-term
immune protection of xenoplants in host rats [10], thus en-
abling proper preclinical assessment of functional efficacy of
human cells for central nervous system disease therapy.

In this study, we utilized this neonatal desensitization to
achieve long-term survival of hESC-derived mesenchymal
stem cells (hESC-MSCs) after implantation without immu-
nosuppression for rat cartilage tissue regeneration. Neonatal
desensitization alleviated immune response as shown by
reduced inflammatory cell infiltration, supported the long-
term survival of transplanted hESCs-MSCs, and therefore led
to the improvement of cartilage regeneration.

Materials and Methods

Bilayer collagen scaffold fabrication

The bilayer collagen scaffold was fabricated according to
our previous study [11]. Briefly, insoluble type I collagen was
isolated and purified from pig Achilles tendon and dissolved
in 0.5 M acetic acid (1.0 wt%) [12]. The collagen solution was
frozen at - 80�C, lyophilized in a freeze dryer (Heto Power
Dry LL1500), and compressed mechanically. The new colla-
gen solution was added onto the compressed collagen matrix
and freeze-dried again to make a second layer. The scaffold
was crosslinked by severe dehydration (dehydrothermal
crosslinking) [13] and made as a cylinder 2 mm in diameter
and 2 mm in height before use.

Cell culture

hESC-MSCs were derived from an undifferentiated NIH-
registered hESC H9 cell line as previously described [14].
Briefly, a confluent 6-well plate of hESCs was trypsinized
for 5 min at 37�C, centrifuged, resuspended in a knockout
Dulbecco’s modified Eagle’s medium (DMEM; Gibco) [15],
supplemented with 10% serum replacement medium (Gibco)
and 5 ng/mL fibroblast growth factor (FGF) 2 (Gibco), and
plated on a gelatinized 10-cm plate. The confluent cells were
passaged and seeded at the density of 102–103 cells/cm2.
Cells were cultured in the DMEM supplemented with peni-
cillin–streptomycin and 20% fetal bovine serum (Invitrogen).
Most of the cells in the culture appeared fibroblast-like after 2
passages, and then, the cells were seeded at very low density
(10 cells/cm2) to form colonies. The hESC-derived colonies
forming fibroblast-like cells were designated as hESC-MSCs.
hESC-MSCs at passages 10–15 were used in this study.

Fluorescence-activated cell sorter analysis

Monolayer cultured cells were detached by mechanical
scratch and filtered through a stainless steel mesh filter to
eliminate cell aggregates from the single-cell suspension.
After centrifugation, cells were blocked with 1% bovine
serum albumin for 15 min. Then, cells were incubated with
1 mg of phycoerythrin-conjugated mouse anti-human CD44,
CD45, CD105, or fluorescein isothiocyanate (FITC)-conjugated

mouse anti-human CD34, CD73, CD90 for 1 h at room tem-
perature. Nonconjugated mouse antibodies specific to hu-
man CD29 were incubated with cells for 1 h at room
temperature. After washing, cells were incubated with rabbit
anti-mouse IgG-FITC- conjugated second antibody for
30 min on ice. After fixing in 1% ice paraformaldehyde
(PFA), the samples were analyzed using a FC 500 MCL flow
cytometer (Beckman).

Multipotent differentiation

Multipotent potential of hESC-MSCs was investigated by
induced differentiation toward osteogenesis, adipogenesis,
and chondrogenesis as described previously [16]. Briefly,
osteogenic differentiation was induced mainly by b-glycerol
phosphate, dexamethasone, and ascorbic acid. Chondrogenic
differentiation was induced in pellet culture with trans-
forming growth factor (TGF)-b3 (10 ng/mL). Adipogenic
differentiation was induced by treatment with 1-methyl-3-
isobutylxanthine, dexamethasone, insulin, and indometha-
cin. Positive induction was detected by alizarin red staining,
Safranin O staining, and oil red staining, respectively.

Neonatal desensitization

Neonatal rats were separated from the mother on the day
of birth and received an i.p. injection of 100,000 hESC-MSCs
in 1mL sterile DMEM without serum by a handheld 10-mL
SGE glass microsyringe with a 26-gauge needle. Then, they
were immediately returned to their mother. After 6 weeks of
birth, the rats received with or without cell injection on the

Table 1. International Cartilage Repair Society

Macroscopic Evaluation of Cartilage Repair

Cartilage repair assessment ICRS Points

Degree of defect repair 4
In level with surrounding cartilage 3
75% repair of defect depth 2
50% repair of defect depth 1
25% repair of defect depth 0

Integration to border zone
Complete integration with surrounding cartilage 4
Demarcating border < 1mm 3
3/4th of graft integrated, 1/4th with

a notable border < 1-mm width
2

1/2 of graft integrated with surrounding
cartilage, 1/2 with a notable border < 1mm

1

From no contact to 1/4th of graft integrated
with surrounding cartilage

0

Macroscopic appearance
Intact smooth surface 4
Fibrillated surface 3
Small, scattered fissures or cracks 2
Several, small, or few, but large fissures 1
Total degeneration of grafted area 0

Overall repair assessment
Grade I: normal 12
Grade II: nearly normal 11-8
Grade III: abnormal 7-4
Grade IV: severely abnormal 3-1

ICRS, International Cartilage Repair Society.
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day of birth were transplanted with the collagen bilayer
scaffold seeded with or without hESC-MSCs.

Cell labeling and seeding on collagen bilayer scaffold

To detect hESC-MSCs within the site of transplantation
in vivo, cells were stained with DiI (1,1-dioctadecyl-3,3,3,3-
tetramethylindocarbocarbocyanine perchlorate; Invitrogen),
which is stable in paraffin sections [17]. Briefly, 80% con-
fluent cells were trypsinized and resuspended in 1.5% algi-
nate with 10 mg/mL DiI. Ten microliters of cell suspension
(5 · 107 cells/mL) was incubated with DiI for 30 min at 37�C,
washed twice in phosphate-buffered saline (PBS), and see-
ded onto the collagen-bilayered scaffold. The hESC-MSC-
seeded collagen bilayer scaffold reacted with the 102-mM
CaCl2 solution to form a hydrogel before transplantation.

Animal model

Adult rats (*6-week old) were anesthetized with tri-
chloroacetaldehyde hydrate (10% m/v, 4 mL/kg), and the
knee joint was opened with a medial parapatellar approach.
The patella was dislocated laterally, and the surface of the
femoropatellar groove was exposed. A full-thickness cylin-
drical cartilage defect with 2 mm in diameter and 1 mm in
depth was created in the patellar groove using a stainless-
steel punch. The defects were treated with the hESC-MSC-
seeded bilayer collagen scaffold after neonatal desensitiza-
tion (group d + s + c, n = 54 joints), bilayer collagen scaffold
alone after neonatal desensitization (group d + s, n = 16
joints), or hESC-MSC-seeded bilayer collagen scaffold with-
out neonatal desensitization (group s + c, n = 40 joints). Im-
mediately after surgery, the animals were returned to their
cages without joint immobilization. A postoperative antibiotic
(Gentamicin) was administered intramuscularly at 6 mg/kg
per day for 3 days. After sacrifice, at least 3 knee joints from
each group were collected for evaluation of inflammatory
infiltration, cartilage regeneration, and hESC-MSC survival.
All animals were treated according to the standard guidelines
approved by the Zhejiang University Ethics Committee (No.
zju2010102009).

In situ molecular imaging

To evaluate the survival of implanted cells within the
cartilage defect, hESC-MSCs were stained with DiI before

Table 2. Histological Scoring System

for Evaluation of Overall Tissue

Filling (a), Subchondral Bone Repair (b),

and Cartilage Repair (c)

Score

(a) Overall defect evaluation (throughout the entire defect
depth)

1. Percent filling with newly formed tissue
100% 3
> 50% 2
< 50% 1
0% 0

2. Percent degradation of the implant
100% 3
> 50% 2
< 50% 1
0% 0

(b) Subchondral bone evaluation (within the bottom 2 mm of
defect)

3. Percent filling with newly formed tissue
100% 3
> 50% 2
< 50% 1
0% 0

4. Subchondral bone morphology
Normal, trabecular bone 4
Trabecular bone, with some compact bone 3
Compact bone 2
Compact bone and fibrous tissue 1
Only fibrous tissue or no tissue 0

5. Extent of new tissue bonding with adjacent bone
Complete on both edges 3
Complete on 1 edge 2
Partial on both edges 1
Without continuity on either edge 0

(c) Cartilage evaluation (within the upper 1 mm of defect)
6. Morphology of newly formed surface tissue

Exclusively articular cartilage 4
Mainly hyaline cartilage 3
Fibrocartilage (spherical morphology observed

with ‡ 75% of cells
2

Only fibrous tissue (spherical morphology
observed with < 75% of cells

1

No tissue 0
7. Thickness of newly formed cartilage

Similar to the surrounding cartilage 3
Greater than the surrounding cartilage 2
Less than the surrounding cartilage 1
No cartilage 0

8. Joint surface regularity
Smooth, intact surface 3
Surface fissures ( < 25% of new surface thickness) 2
Deep fissures ( ‡ 25% of new surface thickness) 1
Complete disruption of the new surface 0

9. Chondrocyte clustering
None at all 3
< 25% chondrocyte 2
25%–100% chondrocyte 1
No chondrocytes present (no cartilage) 0

10. Chondrocyte and GAG content of new cartilage
Normal cellularity with normal Safranin

O staining
3

Normal cellularity with moderate Safranin
O staining

2

(continued)

Table 2. (Continued)

Score

Clearly less cells with poor Safranin O staining 1
Few cells with no or little Safranin O staining

or no cartilage
0

11. Chondrocyte and GAG content of new cartilage
Normal cellularity with normal Safranin

O staining
3

Normal cellularity with moderate Safranin
O staining

2

Clearly less cells with poor Safranin O staining 1
Few cells with no or little Safranin O staining

or no cartilage
0

GAG, glycosaminoglycan.
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transplantation, and the fluorescence signal within the im-
plantation site was detected using a Molecular Imaging
System (Carestream Health, Inc.) consisting of a CCD camera
equipped with a 50-mm Nikon lens (Nikon) at the excitation
wavelength of 536–560 nm.

Gross morphology and histological evaluation

Four and 8 weeks after surgery, rats were sacrificed by
intravenous overdose of trichloroacetaldehyde hydrate. Joint
cartilage samples from each group were examined and
photographed for evaluation according to the International
Cartilage Repair Society (ICRS) macroscopic assessment
scale for cartilage repair (Table 1). After gross examination,
samples were fixed in 4% PFA, decalcified in 4% ethylene-
diamine tetraacetic acid (EDTA) for 14 days, then embedded
in paraffin, and cut into 7-mm sections. Sections from each
sample were stained with hematoxylin and eosin (H&E) for
morphological evaluation and stained with Safranin O
for analysis of glycosaminoglycan distribution. A light mi-
croscope (X71; Olympus) was used for histological obser-
vation and analyzed with DP Controller 3.1.1.267 software
(Olympus).

For histological scoring of the regenerated tissues within
the defects, the repaired tissues were graded blindly by 3
observers, using the scoring systems established by ICRS and
other researchers (Table 2) [18,19].

Biomechanical evaluation

Mechanical properties of samples 8 weeks after trans-
plantation (n ‡ 5 in all groups) were evaluated following the
protocol reported by previous studies [20,21]. Samples were
placed in PBS at room temperature for 3–4 h to equilibrate
before testing. The compressive mechanical properties of the

surface cartilage layer were tested with an Instron testing
machine (model 5543; Instron) and software (Bluehill V2.0;
Instron), using a 2-mm-diameter cylindrical indenter fitted
with a 10-N maximum loading cell. The unconfined equi-
librium modulus was determined by applying a step dis-
placement (20% strain), and monitoring the compressive
force over time until equilibrium was reached. The thickness
of the fully relaxed cartilage layer was tested to estimate
strain for applied deformations. The crosshead speed used
was *0.6 mm/min. The ratio of equilibrium force to the
cross-sectional area was divided by the applied strain to
calculate the equilibrium modulus (in MPa).

Immunohistochemical and immunofluorescence
staining

At week 1, 4, and 8 after transplantation, animals were
sacrificed by trichloroacetaldehyde overdose. Knee cartilage
transplanted with hESC-MSCs was cut out, decalcified,
fixed, embedded in paraffin, and sectioned at 7-mm thick-
ness. Cartilage tissues embedded in paraffin were stained for
CD4 antigen (mouse anti-rat CD4 monoclonal antibody;
Thermo Scientific), or human nuclear antigen (HuNu; Che-
micon) according to the reported process [10] or mouse
polyclonal antibodies against collagen type II (Calbiochem;
Merck). Stained sections were dehydrated, mounted, in-
spected, and photographed using an inverted microscope
(Olympus IX71).

Cell death detection

At 1 week after transplantation, knee joints in group
d + s + c and group s + c were fixed, embedded in paraffin,
and sectioned at 7-mm thickness. Cell death was detected by
an in situ cell death kit (Roche). Stained sections were

FIG. 1. Characterization of
mesenchymal stem cells
(MSCs) from human embry-
onic stem cells (hESCs). (A)
Morphology of MSCs derived
from hESCs. (B) Fluores-
cence-activated cell sorter
analysis of the expression of
cell surface markers in hESC-
derived cells. (C–E) Chon-
drogenic, adipogenic, and
osteogenic differentiation of
hESC-derived cells as indi-
cated by Safranin O staining,
oil red staining, and alizarin
red staining [scale bars:
500 mm in (A), 50mm in (C,
D), and 200 mm in (E)].
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dehydrated, mounted, inspected, and photographed using
an inverted microscope (Olympus IX71).

Image quantification

To analyze the results of CD4 staining, images under high
magnification were taken from each sample and quantified
by ImagePro Plus (IPP) software based on the density of
immunostaining. Briefly, the image was segmented first;
measured by setting the threshold of density, area, and in-
tegrated optical density; and the number of CD4 + cells were
automatically counted by the software. At least 5 images of

different locations under high magnification from each
sample were analyzed.

Statistical analysis

To assess differences in histological scoring data and bio-
mechanical data, one-way analysis of variance with post hoc
Student-Newman-Keuls test was used, and a P value < 0.05
was considered statistically significant.

Results

hESC-derived cells exhibited MSC markers and
differentiation capability of mesenchymal lineage

hESC-derived cells exhibited fibroblast-like morphology
(Fig. 1A). They were CD105, CD73, CD90, CD29, and CD44
positive, but CD34 and CD45 negative (Fig. 1B). Moreover,
these cells were able to differentiate into chondrocytes,
adipocytes, and osteoblasts when induced with a differen-
tiation medium in vitro (Fig. 1C–E). Collectively, these
results indicate that these hESC-derived cells pos-
sess properties similar to adult MSCs, thus designated as
hESC-MSCs.

Neonatal desensitization followed with hESC-MSC-
seeded collagen bilayer scaffold transplantation
improved cartilage regeneration

Macroscopic evaluation. Gross morphology was examined
both 4 and 8 weeks after transplantation (Fig. 2). Four weeks
after transplantation, group d + s + c exhibited glossy white
neotissue with a flat surface and moderate integration with
surrounding normal cartilage tissue (Fig. 2A). In contrast,
group d + s and group s + c displayed little neotissue with an
irregular surface (Fig. 2B, C). Eight weeks after transplanta-
tion, the neotissue in group d + s + c showed smooth surface
and good integration with surrounding normal cartilage
tissue, whereas other 2 groups still exhibited incomplete
neotissue coverage (Fig. 2D–F). According to the ICRS as-
sessment from macroscopic observations, the average scores
in group d + s + c was significantly higher than groups s + c
(4 weeks: 8.0 – 1.4 vs. 3.3 – 1.8; 8 weeks: 10.0 – 1.7 vs. 5.8 – 0.4;
P < 0.05); at week 8, and the average score in group d + s was
also significantly higher than that in group s + c (8.0 – 1.0 vs.
5.8 – 0.4, P < 0.05) (Fig. 2G).

Histological examination. To evaluate the cartilage regen-
eration, histological staining was done 4 and 8 weeks after
transplantation (Figs. 3 and 4).

Four weeks after transplantation, the defect in group d + s
or group s + c (n = 3, respectively) was filled with fibrous
tissue (Fig. 3B, C, E, F, H, I, K, L). In group d + s + c (n = 3), the
joint surface of the defect was repaired with a mixture of
fibrous tissue and cartilage-like tissue as shown by H&E
staining as well as Safranin O staining (Fig. 3A, D, G, J). In
group d + s + c, the amount of chondrocyte-like cells and
cartilage-like extracellular matrix was greater than group
d + s and group s + c. All samples were evaluated according
to the histological scoring system published before [19]. In
group d + s + c, the cartilage and total scores were 5.67 – 2.93
and 18.5 – 3, respectively, with its total score significantly
higher than that of group d + s (13.67 – 2.75) and group s + c
(11.83 – 3.82) (P < 0.05) (Fig. 3M, N).

FIG. 2. Macrophotographs and ICRS scores of the defects
in 3 groups 4 and 8 weeks after transplantation. Macro-
photographs showed the defects in 3 groups 4 (A–C) and 8
(D–F) weeks after transplantation. (A, D) hESC-MSC-seeded
collagen bilayer scaffold-treated group with neonatal de-
sensitization (group d + s + c); (B, E) collagen bilayer scaffold-
treated group with neonatal desensitization (group d + s); (C,
F) hESC-MSC-seeded collagen bilayer scaffold-treated group
without neonatal desensitization (group s + c). (G) Interna-
tional Cartilage Repair Society (ICRS) scores of groups d + s + c,
d + s, and s + c 4 and 8 weeks after transplantation (maximum
score = 14) (*P < 0.05 for group d + s + c vs. group vs. s + c at
week 4 and 8; *P < 0.05 for group d + s vs. group s + c at week
8). Values are represented as mean – standard deviation. Dot-
ted circles indicate defects in three groups respectively.
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Eight weeks after transplantation, the defect in group d + s
(n = 3) was still filled with fibrous tissue (Fig. 4B, E, H, K),
and the defect in group s + c formed bone instead of hyaline
cartilage or fibrocartilage (Fig. 4C, F, I, L). Group d + s + c had
the greatest amount of cartilage-like tissue, and hyaline
cartilage tissues were formed at the surrounding area of the
defects while fibrocartilage tissues were located at the central
part of defects (Fig. 4A, D, G, J). In group d + s + c, the total
score (26.63 – 3.86) was significantly higher than those of
group d + s (20.63 – 2.75) and group s + c (14.50 – 2.00)
(P < 0.05), together with its cartilage score (10.88 – 3.59) sig-
nificantly higher than that of group s + c (2.17 – 0.58)
(P < 0.05) (Fig. 4M, N).

Collagen type II immunohistochemical staining. Eight weeks
after transplantation, the defect in group d + s + c filled with
cartilage-like tissue was strongly positive to collagen type II

antigen (Fig. 5A, D), and the repaired tissue was hard to be
differentiated from the normal tissue, whereas the collagen
type II-positive area was hardly detectable in group d + s and
group s + c (Fig. 5B, C, E, F), and there was an obvious dis-
connection between the repaired tissue and the normal tissue.

Biomechanical evaluation. Young’s moduli, which indi-
cate the mechanical properties of the repaired tissue, were
determined and compared 8 weeks after transplantation,
and the tissue from normal rat knee joints served as normal
control (Fig. 5G). At week 8, the compressive modulus of
the repaired tissue in group d + s + c was around 0.056 MPa
(0.056 – 0.008 MPa), showing significant improvement than
group d + s (0.041 – 0.004 MPa) (P < 0.05). However, the
modulus of the repaired tissue in group d + s + c was
inferior to that of normal cartilage (0.089 – 0.014 MPa)
(P < 0.05).

FIG. 3. Histological evalua-
tion of 3 groups 4 weeks after
transplantation with hema-
toxylin and eosin staining
(H&E) (A–F), Safranin O
staining (G–L), and their his-
tological scores (M, N). (A,
D, G, J) hESC-MSC-seeded
collagen bilayer scaffold-
treated group with neonatal
desensitization (group d + s +
c); (B, E, H, K) collagen bila-
yer scaffold-treated group
with neonatal desensitization
(group d + s); (C, F, I, L)
hESC-MSC-seeded collagen
bilayer scaffold-treated group
without neonatal desensiti-
zation (group s + c); (M, N)
Both cartilage region and to-
tal histological scores of
group d + s + c (cartilage:
5.67 – 2.93, total: 18.5 – 3)
were higher than those of
group d + s (cartilage:
4.33 – 1.53, total: 13.67 – 2.75)
and group s + c (cartilage:
2.33 – 1.53, total: 11.83 – 3.82)
(*P < 0.05 for group d + s + c
vs. both group d + s and
group s + c regarding the total
histological score) [scale bars:
500 mm in (A–C) and (G–I),
200 mm in (D–F) and ( J–L)].
Rectangle box indicates the
area shown in the under col-
umn with higher magnifica-
tion respectively. The edge of
the defect is indicated by the
black arrows.
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Prolonged survival of hESC-MSCs after
transplantation in desensitized rats

We also investigated the roles of neonatal desensitization
on survival of hESC-MSCs after transplantation (Fig. 6).
hESC-MSCs were stained with DiI and seeded onto the col-
lagen bilayer scaffold (Fig. 6A). Image tracking showed that
most of hESC-MSCs in group d + s + c were distributed at the
wound site on day 10, at week 4 and 8 after transplantation
(Fig. 6B, C, E), whereas no hESC-MSCs in group s + c could
be found at 4 and 8 weeks after transplantation (Fig. 6D, F).
Survival of hESC-MSCs in group d + s + c was further con-
firmed by immunofluorescence staining. Cells within the
defect in group d + s + c were labeled with human nuclear
antibody (Fig. 6G, H).

Reduced inflammatory cell infiltration after
transplantation in desensitized rats

After we confirmed the survival of hESC-MSCs within the
defect site after transplantation, we evaluated the effect of
hESC-MSCs injected on the day of birth on modulating the
immunoreaction of host rats to transplanted hESC-MSCs. One
week after transplantation, joints from group d + s + c and group
s + c were collected (Fig. 7 A, B), and tissue sections were stained
for CD4. The interface area between normal and defect tissues in
group s + c was positive to CD4 (Fig. 7 D, F, H), whereas there
were few CD4 + T cells in group d + s + c (Fig. 7 C, E, G).
Quantification of CD4 + cells by IPP software shows that the
number of CD4 + cells in group d + s + c was significantly less
than that in group s + c (17 – 5 vs. 268 – 107, P < 0.05) (Fig. 7I).

FIG. 4. Histological evalua-
tion of 3 groups 8 weeks after
transplantation with H&E
staining (A–F), Safranin O
staining (G–L), and their his-
tological scores (M, N). (A,
D, G, J) Group d + s + c; (B, E,
H, K) group d + s; (C, F, I, L)
group s + c; (M, N). In group
d + s + c, the total histological
score (26.63 – 3.86) was sig-
nificantly higher than both
group d + s (20.63 – 2.75) and
group s + c (14.50 – 2.00)
(*P < 0.05 for group d + s + c
vs. both group d + s and
group s + c). Besides that, its
cartilage score was also sig-
nificantly higher than group
s + c (10.88 – 3.59 vs.
2.17 – 0.58, P < 0.05) [scale
bars: 500 mm in (A–C) and
(G–I), 200 mm in (D–F) and
( J–L)]. Rectangle box indicates
the area shown in the under
column with higher magnifi-
cation respectively. The edge
of the defect is indicated by
the black arrows.
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Reduced cell death after transplantation
in desensitized rats

We also evaluated the effect of hESC-MSCs injected on the
day of birth on acute cell death after transplantation. One
week after transplantation, cell death in tissue sections from
group d + s + c and group s + c was detected by an in situ cell
death detection kit. There was little cell death detected on the
cartilage surface, between the normal and the defected areas
in group d + s + c (Fig. 8A, C, E), whereas abundant cell death
was found in group s + c (Fig. 8B, D, F).

Discussion

ESCs can differentiate into almost all cell types and po-
tentially provide unlimited number of cells for regenerative
medicine. However, immune rejection is the major obstacle
of ESC-based tissue regeneration. Induced pluripotent stem
cells (iPSCs) hold a great promise for personalized regener-
ative medicine, because they are free of ethical issues asso-
ciated with derivation of hESCs, and patient-specific iPSCs
should theoretically be immune-tolerated by the recipient.
However, issues such as dynamic changes in the copy
numbers during reprogramming [22], epigenetic memory
after differentiation [23], and tumorigenicity in vivo [24]
emerged. In addition, recent studies have reported that au-
tologous transplantation of iPSCs surprisingly induces im-
mune rejection in recipient mice where iPSCs were derived
from [25–27], questioning iPSCs as an unlimited renewable
source of autologous cells without concerns of immune re-
jection. Thus, to the current knowledge, there is no evidence
to suggest that iPSCs are superior to ESCs in terms of ther-
apeutic application in regenerative medicine. How to use
hESCs with high safety and efficacy for tissue regeneration is
still an area of active research. To reduce the risk of teratoma
formation, ESCs are strategically induced to differentiate into
lineage-specific progenitor cells of the target tissue in a step-
wise manner [28]. Our group has previously shown that
hESCs could be induced to MSCs in vitro [14]. In the present

study, we demonstrated that neonatal desensitization with
hESC-MSCs enabled 8-week survival of hESC grafts, and
hESC-MSC-seeded collagen bilayer scaffold transplantation
improved the structure and function of repaired cartilage
tissues.

Our results suggested that 2 factors likely contributed to
the better cartilage regeneration: (1) neonatal desensitization
induced immune tolerance in recipients to the xenotrans-
planted cells. (2) Transplanted cells were involved in tissue
formation by either direct differentiation or secretion of
trophic factors.

After neonatal desensitization, treatment with a construct
of hESC-MSCs and collagen bilayer scaffold produced better
repair as indicated by macroscopic, histological, and me-
chanical results at week 4 and 8. However, there was signi-
ficant severe surface irregularity at the scaffold-alone group
without hESC-MSCs. This immature surface would exacer-
bate cartilage fibrillation during scaffold degradation when
cartilage lost sufficient mechanical support and was exposed
to vigorous repetitive loading as indicated by previous
reports [29,30]. The transplanted hESC-MSCs promoted
cartilage repair possibly by direct differentiation into chon-
drogenic cells, which contributes directly to cartilage tissue
formation, and/or secretion of trophic factors in situ, which
promotes the subchondral bone remodeling and improves
surface regularity and integration within the surrounding
tissue. Our previous study has reported the secretion of
growth factors such as bone morphogenetic protein (BMP)2,
growth differentiation factor (GDF) 5, and FGF2 by trans-
planted hESC-MSCs in a tendon repair model [14]. However,
in our present study, we were unable to detect the expression
of TGF-b3 and BMPs by RT-PCR from hESC-MSCs at 4 weeks
after transplantation. This may be due to the relatively small
number (500,000 cells) of transplanted hESC-MSCs. Trans-
plantation of larger number of cells or analysis at earlier time
points after transplantation would help the detection of tro-
phic factors secreted by transplanted hESC-MSCs. Moreover,
further studies with labeling hESC-MSCs before transplanta-
tion and tracing their fate after transplantation are needed to

FIG. 5. Immunohistochemical staining and biomechanical evaluation of the repaired tissues 8 weeks after trans-
plantation. Immunohistochemical staining of collagen II in the repaired tissues in group d + s + c (A, D), group d + s (B,
E), and group s + c (C, F). Abundant collagen II was exhibited in group d + s + c while hard to detect in group d + s and
group s + c. (G) Biomechanical evaluation of the repaired tissues by mechnical test. Values were represented as
mean – standard deviation (n ‡ 5 in all groups). The repaired tissue in group d + s + c exhibited a significantly higher
compressive modulus than that in group d + s (0.056 – 0.008 MPa vs. 0.041 – 0.004 MPa, *P < 0.05), though still lower
than the normal cartilage tissue (0.056 – 0.008 MPa vs. 0.089 – 0.014 MPa, *P < 0.05) [scale bars: 500 mm in (A–C), 100 mm
in (D–F)].
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evaluate the location, incorporation, and differentiation of
transplanted hESC-MSCs over time in vivo, thus illustrating
the full role of hESC-MSCs for cartilage regeneration.

During the preclinical study by human cell transplantation
in the treatment of debilitating diseases and tissue damages,
an important stage is to evaluate the survival, safety, and
functional efficacy of the transplanted cells in animal models.
Xenografts in the animal models are usually rejected within
2–4 weeks without appropriate immunosuppression [31].
Administration of immunosuppressant drugs such as cy-
clophosphamide is the mostly used approach. However,
repeated macro- or microscopic testing a over long survival
period is unsatisfactory. Moreover, treatments with differ-
ent immunosuppressant drugs or combinations affect the
survival rate and the duration of transplanted human cells
[32]. Instead of immunosuppressant drug administration,
long-term survival of human neural grafts in adult rats has

FIG. 6. Survival of hESC-MSCs within cartilage after
transplantation. (A) hESC-MSCs were stained with DiI
before transplantation; (B) hESC-MSCs stained with DiI were
visualized by the tracking system 10 days after surgery. (C–
F) Cooled charge-coupled device analysis demonstrated with
neonatal desensitization (group d + s + c), and fluorescence
signal was detected at week 4 (C) and 8 (E) after surgery,
while the fluorescence signal was undetectable in group s + c
(D, F). (G, H) Immunofluorescence staining for the human
nucleus in the regenerated tissues was positive in group
d + s + c 4 weeks after transplantation.

FIG. 7. Reduced inflammatory cell infiltration 1 week after
transplantation in group d + s + c. Macroscopic images of the
joints collected from group d + s + c (A) and group s + c (B).
(C–H) Inflammatory cell infiltration by CD4 staining in
group d + s + c and group s + c, respectively, and its quanti-
tative results (I) (*P < 0.05). Images were taken from the
overall view (C, D), within the defect (E, F) and interface
areas between the defect and normal tissues (G, H), abun-
dant CD4 + cells were found within the interface areas be-
tween normal and defect tissues in group s + c [scale bars:
200 mm in (C, D), 50 mm in (E–H)]. Insets indicate the area and
its location within the defect.
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been achieved by desensitizing the host with neonatal in-
jection of xenogeneic donor cells [10]. We applied this
neonatal desensitization strategy in rat models for cartilage
regeneration and found that xenotransplanted hESC-MSCs
survived as long as 8 weeks after transplantation with
neonatal desensitization pretreatment, while these xenocell
grafts could not be found in other groups. Different from
routine immunosuppressant drugs, neonatal desensitiza-
tion did not affect the normal development of rats such as
weight, eating, and drinking (data not shown). We hy-
pothesize that injection of hESC-MSCs on the day of birth
may induce immune tolerance to xenoantigens, since it is
well known that new born rodents have a window to accept
various foreign substances, including alloantigens [33,34],
and it was proposed that the neonatal immune tolerance
was not an intrinsic immune property, but was due to
several mechanisms, such as T-cell anergy after interaction
with epithelial cells of the host thymus [34,35], the presen-
tation defects of immature dendritic cells [36], and increase
of CD8 Treg [37]. Immune reactions were previously found
in hESC-MSC-treated animals, even though the immuno-
suppressant was administrated, and the activity of hESC-
MSCs was evaluated within 4 weeks postimplantation [14].
In this study, the finding of less CD4 + T cells in the pre-
desensitized group (group d + s + c) 1 week after trans-
plantation with hESC-MSC-seeded collagen bilayer scaffold
supported our hypothesis. Moreover, less cell apoptosis in a
predesensitized animal model would support the survival

of transplanted hESC-MSCs. Prolonged survival of hESC-
MSCs in a predesensitized animal model may facilitate the
study of the long-term role of stem cells in human cell-
based therapy in tissue regeneration, including survival,
proliferation, migration, differentiation of stem cells, and
their interaction with/integration to host tissue.

MSCs have been reported to be immunosuppressive. They
suppressed lymphocyte activation and proliferation via sol-
uble factors released by MSCs or direct cell–cell interaction
[38,39]. However, immunogenicity of hESCs and their
derivatives was yet to be studied. It was proposed that
hESC-MSCs, similar to MSCs, may also have the same im-
munosuppressive effect, since hESC-MSCs expressed human
leukocyte antigen (HLA) class I, but not HLA II molecules
[40]. They reduced the proliferation of T lymphocytes re-
sponded to stimulation. Nevertheless, heavy infiltration of T
cells and macrophages after xenogeneic transplantation was
observed in wild-type mice [41]. One recent article reported
that hESC-MSCs could ameliorate inflammatory infiltration
indicated by less CD3 + cell staining in a mouse model [42].
This was achieved by repeated injection, and investigation
was carried out only 1 week after transplantation. Our pre-
desensitized animal model exhibited less inflammatory in-
filtration indicated by less CD4 + T-cell staining, thus
supporting prolonged survival of transplanted hESC-MSCs,
allowing us to systematically study the immunogenicity of
hESC-MSCs in vivo. Mapping out the underlying mecha-
nism would be beneficial to the explorative study of safe and
effective immunosuppressive strategies [43].

One challenge of transplanting cell suspension for tissue
regeneration is to ensure reliable attachment, survival, and
function of the cells within the tissue site. Polymers or ma-
trices are adopted during transplantation as a cell delivery
vehicle. Collagen has been used as an efficient cell delivery
vehicle in matrix-induced ACI for cartilage repair [44]. In this
study, collagen I was used to fabricate the bilayer scaffold
and transplanted into the knee cartilage together with hESC-
MSCs. Besides, 1.5% alginate was used to form gel upon
transplantation. This may provide a microenvironment
within which hESC-MSCs are protected from the immune
system, survive, and participate in the regeneration process
of cartilage. Inferior mechanical property of the regenerated
tissue to normal cartilage was observed in our study. This
may due to rapid degradation of the collagen scaffold. Col-
lagen-based materials have shown beneficial to bone healing
[45,46]; however, rapid degradation rate of pure collagen is
disadvantageous [47]. Collagen scaffold could be crosslinked
or combined with polymers to match the regeneration rate of
tissue.

In conclusion, we presented a neonatal desensitization
strategy by injection of hESC-MSCs to synergize with hESC-
MSC-seeded collagen scaffold transplantation to improve the
cartilage regeneration. Although it would not be possible to
apply neonatal desensitization in the clinical setting, this
approach eliminates the need of using immunosuppressants
and avoids side effects caused by immunosuppression. It
allows the assessment on the long-term fate and efficacy of
transplanted hESCs and their derivatives for tissue regener-
ation in vivo in an immunocompetent background. This in-
formation will be instrumental in developing hESC-based
therapies in the preclinical/clinical models. The possible use
of this model is to extensively study the in vivo activities of

FIG. 8. Less cell death 1 week after transplantation in
group d + s + c. Cell death detection by the TUNEL kit in
group d + s + c (A, C, E) and group s + c (B, D, F). Abundant
cell death was found on the defect surface (B), between the
defect and normal tissue (D), and within the defect (F) in
group s + c (scale bars: 50mm). Insets indicate the area and its
location within the defect.
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allo- or xenocell grafts, such as survival, migration, prolif-
eration, differentiation, and functional integration, without
interfering with the normal development of the animals
(such as weight loss and immune system damage caused by
immunosuppressants). Abundant data from such study
could help to fully elucidate the role of ESCs on cell-based
therapy, thus providing useful information for development
of efficient preclinical/clinical models.
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