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Summary

Characterization of bone marrow mesenchy-
mal stem cells
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Koichiro Tsuji**, Takeshi Kawamoto®,
Ayumu Nakashima™*®

Bone marrow mesenchymal stem cells (MSC) have
multi-lineage differentiation potential and are resistant
to hypoxia. MSC activity may be supported by
“stemness’ genes, whose expression is modulated by
the in vivo location of MSC. Jaw-derived and ilium—
derived MSC showed different gene expression profiles
and different chondrogenic and adipogenic potentials.
MSC may be useful for regenerative medicine o treat
some renal diseases.
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Complete removal of HIV-1 RNA and proviral DNA
from semen by the swim-up method: assisted

reproduction technique using spermatozoa free
from HIV-1
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Background: Use of antiretroviral drugs has reduced the mortality rate for HIV infection
and many HIV-discordant couples wish to have children. It is possible for an HIV-
infected man to father children without risk of HIV transmission if HIV-free spermatozoa
can be obtained from his semen.

Methods: An improved swim-up method was used to collect HIV-free spermatozoa
from the semen of HIV-positive males. Diluted semen was layered over a Percoll
solution with a continuous density gradient of 30~98%, and then centrifuged. The
bottom layer was collected by cutting the end from the tube and the sperm suspension
was collected using the swim-up method. Spermatozoa were tested by nested poly-
merase chain reaction (PCR) for HIV-1 RNA and DNA, with a detection {imit of one
copy. Spermatozoa were used for assisted reproduction in 43 couples.

Results: HIV-1 RNA and proviral DNA were not detected by nested-PCR assay in all 73
of the collected spermatozoa samples from 52 patients. The HIV-1-negative sperm was
used for in vitro fertilization in 12 couples and for intracytoplasmic sperm injection in 31
couples. No detection of HIV-T RNA or proviral DNA in the culture medium of the
fertilized eggs was confirmed again before embryo transfer. Of the 43 female partners,
20 conceived and 27 babies were born, HIV antibodies, HIV RNA and proviral DNA
were negative in all of the females and babies.

Conclusions: HIV-negative spermatozoa could be obtained from semen of HIV-
positive men. The method involves no risk of HIV transmission to female partners
and their children. © 2006 Lippincott Williams & Wilkins
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Introduction

Since the mid-1990s, the use of HAART has spread, and
the AIDS mortality rate has decreased by more than 80%
in the industrialized world [1]. HIV infection/AIDS is
becoming a controllable chronic infection and HIV-
infected individuals are now living longer. Many HIV-
positive people are getting married and wishing to
have children.

Semprini et al. [2] reported that they had conducted
artificial inseminations in more than 2000 HIV-discor-
dant couples (HIV-positive male and HIV-negative
female) using their swim-up method, and that no HIV
transmission was observed. However, their method may
be suboptimal because it has not been proven to remove
HIV RNA completely, and they did not measure proviral
DNA 1n infected cells in the semen. Zhang ef al. [3]
reported that HIV may be present as proviral DNA in
seminal cells in HIV-infected men who have achieved
undetectable levels of viral RNA in plasma with HAART,
and this HIV could be capable of sexual transmission. It
has not been determined whether HIV is attached to
spermatozoa or whether spermatozoa can be infected
with HIV [4,5]. Therefore, contraception is recom-
mended for HIV-discordant couples, even if HIV RINA is
undetectable in plasma [3].

Authorities in different countries have different opinions
concerning the use of assisted reproductive technology
using spermatozoa collected by the swim-up method [6—
8]. However, it would be possible for an HIV-infected
man to father children without risk of HIV transmission if
HIV-free spermatozoa can be obtained from his semen.
This study examines an improved swim-up method
for isolating HIV-free sperm and its use in assisted
reproductive methods.

Methods

This clinical study was approved by the ethics committees
of Niigata University, Ogikubo Hospital, Keio University
and Kyorin University. All of the couples visited the
Hematology Department of Ogikubo Hospital and
received counselling and explanations of the clinical
study. Informed consent was obtained from all participat-
ing couples. Semen was obtained by masturbation, and
then tested for sperm concentration, motility and
deformity.

Percoll preparation

An isotonic solution of Percoll (Amersham Life Science,
Tokyo, Japan) was made by dissolving 980 g Percoll in
10.0ml 2.0 mol/l Hepes-NaOH, pH 7.4, 10.0 ml
human serum albumin (25%w/v), 0.05g fosfomycin

and 0.05 g cefarotin. The resulting 98% Percoll solution
was sterilized with a Millipore filter (0.45 pm pore size).

Semen pretreatments

The procedure is shown in Fig. 1. Ejaculates were diluted

~twice with Hanks solution, followed by standing in a-test-——

tube for 10 min to precipitate filterable micro-calculus,
then filtered through an ART filter (20 pm clearance;
ART filter, Nipro, Osaka, Japan) to remove fibers, micro-
calculus and mucinous debris. The upper phase of sperm
suspension was loaded onto 6 ml Percoll linear gradient
from 98% to 30% in a separable fine-neck tube (Nipro)
and centrifuged at 400 X g for 30 min. The separable
fine-neck tube was made of glass, and its bottom was
squeezed to minimize the volume of sediment. To recover
the sperm precipitated in the bottom tip, the top of the
tube was plugged with a rubber cap, and the middle of the .
squeezed bottom was snapped off with an ampoule cutter.

Motile sperm were separated by the modified SWim-up
method. A fine glass capillary was inserted in 2 ml of the
medium in a vial, then a needle tip was introduced to the
bottom through the inner capillary. The motile sperm
were allowed to swim up at 37°C in an incubator with 5%
COz—air. After 60 min, 1 ml of upper layer was collected,
containing the sperm that had swum up.

The sperm suspension was divided into two portions.
One was used for HIV assessment, and the other was
cryopreserved with KS-II medium [9] in a liquid
nitrogen container.

Standard HIV-1 materials

MOLT-4 cells infected with HIV a; and its culture
supernatant were used as standards for HIV-1-infected
cells and virus stock, respectively. RNA purified from
virus stock and the pNL4-3 plasmid [10] were the
standards for HIV-1 RNA and DNA, respectively. The
concentrations of the standard HIV-1 DNA and RNA
were determined by spectrophotometry and the null-class
equation of the Poisson distribution of the reverse
transcriptase (RT)-nested polymerase chain reaction
(PCR). Cells were counted using a Burker—Turk
hemocytometer (Emergo, Landsmeer, the Netherlands).
The virion concentration was considered to be half the
virus RNA concentration.

Detection of HIV-1 RNA and DNA

The samples of sperm suspension, culture medium or
plasma were centrifuged at 35500 x ¢ for 1 h at 4°C.
RINA and DNA were extracted from the precipitate using
QIAamp UltraSens Virus Kit (Qiagen, Tokyo, Japan).
One fourth of the eluate was tested in quadruplicate by
RTmnested PCR as follows. The RT reaction was
performed by incubation at 42°C for 10 min in a
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) pl solution consisting of 1x PCR. buffer I1 (10 mmol/1
ris-HCl pH 8.3, 50 mmol/] KCI; Perkin Elmer Life
siences, Yokohama, Japan), 3 mmol/l MgCls,
2 mmol/l each dNTP, 0.1 wmol/l primer GAIR
s _CCCAGGATTATCCATCTTTTATAG-3', 1595-
572 [10]), 4 U RNasin (Promega, Tokyo) and 20U
uperScript I1 (Invitrogen, Tokyo, Japan). The whole RT
roduct was subjected to a first-round PCR. in a 50

slution consisting of 1x PCR. buffer I, 4 mmol/1 _

AgCl,, 0.2 mmol/l each ANTP, 0.2 pmol/l primers
3ATF (5 _TGTTAAAAGAGACCATCAATGAGG-3',
388-1411) and GAIR and 0.5U AmpliTaq (Perkin-
{lmer). Then, 1 pl of the first-round PCR product was
ised in the second-round PCR in a 50 pl solution
ontaining primers GAZF (5'-GGCCAGATGAGA-
JAACCAAGG-3/, 1465-1485) and GAZR (5'-
~ATCCTATTTGTTCCTGAAGGGTAC-3, 1535—
.511) and the other components in first-round PCR.
The primers were located in gag p24. The thermal profile
»f PCR in GeneAmp PCR System 9700 (Applied
3iosystems, Tokyo, Japan) was 94°C for 2 min; three
zycles of 94°C for 5 5,48°C for 10s and 72°C for 15s;
22 cycles of 94°C for 5 s, 60°C for 10 sand 72°C for 15's;
with a final cycle of 72°C for 1 min and then the mixture
kept at 4°C. The PCR. products were electrophoresed
through a 2.0% agarose gel in the presence of 0.5 pg/ml
ethidium bromide and photographed under ultraviolet

illumination. Throughout the procedure, the medium

used for washed sperm or fertilized eggs was the negative
control and this medium with 10 virions added was the
positive control. The whole process took approximately

5 h. For samples of peripheral blood mononuclear cells
(PBMC), DNA was extracted using QIlAamp DNA Kit
(Qiagen) and 0.5 g of the DNA was tested in triplicate

by the PCR procedures omitting reverse transcription.

Competitive RT-nested PCR. was performed as pre-

viously described [11].

Infectivity of HIV-1 during incubation

After incubation at 37°C under 5% CO, for various
periods, the virus stock was added to 5 x 10° stimulated
donor PBMC in 1ml RPMI 1640 medium supple-
mented with 30% immobilized fetal calf serum and
70 U/ml human recombinant interleukin 2 (Shionogi,
Osaka, Japan), and further incubated for 5 days. The
culture supernatants were tested for p24 concentration
with VIDAS HIV P24 II (BioMérieux, Tokyo, Japan).

Clinical study

If the HIV-1 testing for virion RNA and proviral DNA

was negative, the other portion of frozen sperny was
thawed for use in assisted reproduction. Mature eggs were
obtained by means of ovulation-inducing drugs, and then
placed in a dish containing 3 ml RPMI culture medium
(20% albumin). The HIV-1-negative sperm solution was
introduced to eggs by means of in witro fertilization (IVF)
or intracytoplasmic sperm injection (ICSI), and the dish
containing treated eggs was incubated at 37°C under 5%

CO, for 48h. Before embryo transfer, the culture
medium for the fertilized egg was collected and tested for
the presence of HIV-1 again. Only when HIV-1 RNA
and DNA assays by nested PCR were negative was
embryo transfer conducted. All the female partners who
underwent assisted reproductive therapy, even those who
did not conceive successfully, were tested for HIV
antibodies, HIV-1 RNA and proviral DNA in the blood

at 1 and 3 months after the assisted reproductive
technique and after delivery. The Dbabies were tested T

for HIV RINA and proviral DNA in umbilical cord blood
at birth and in blood until 6 months after birth.

Results

Sensitivity of the HIV-1T RNA/DNA test

The procedure to detect a single copy of either HIV-1
virion RNA or proviral DNA in sperm suspensions (the
HIV-1 RNA/DNA test) was developed by selecting and
improving techniques in three main steps (collection of
HIV-1 virions and infected cells by centrifugation,
extraction of viral RNA and DNA with silica-
gel-membrane technology, and the detection of the viral
RINA and DNA by nested PCR) to achieve zero apparent
loss in recovery at each step. First, the exact virion
concentration of the standard HIVya; virus stock was
determined by direct RT-nested PCR. at endpoint
dilution by using the null-class equation of the Poisson
distribution. Then, one virion of HIVy a;, on average, was
added to 1 ml Sydney IVF medium (Cook, Tokyo, Japan)
and the whole procedure was initiated. When one fourth
of the eluate from an extraction column was examined
(replicated four times) with RT-nested PCR, 12 of

Vi

2]
o A8
0
4 5

- Fig. 1. Revised swimk-ﬁp method to remove HIV completely.

(1) The semen is diluted and debris allowed to precipitate.
(2) The suspension is filtered, 0.1 ml Percoll added to the
bottom, and the tube is centrifuged. (3)The sperm sediment is
layered onto a linear gradient of Percoll (30-98%). (4) After
centrifugation, the sediment is recovered by cutting the tube.
(5) The sperm suspension is introduced into the bottom of the
culture medium using a microtube. (6) The sperm that swim
up are recovered.
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20 samples exhibited at least one band in four reactions
(Fig. 2). Next, a single MOLT-4 cell chronically infected
with HIV, 4; was added to 1 ml Sydney IVF medium and
subjected to the HIV-1 RNA/DNA test without reverse
transcription. RT-nested PCR. showed that 6 of 10
samples exhibited positive reactions. The ratios of positive
reactions for virions (60%) and infected cells (60%) were
in close agreement with that predicted from the Poisson
distribution (63%), providing evidence that the protocol
has the ability to detect RNA/DNA in a single virion as
well as in a single infected cell when present in as much as
1 ml of IVF medium. To study the influence of the
presence of sperm in the medium on the sensitivity of the
test, two sets of five samples containing 0.5, 1, 2, 4 and
8 x 10°/ml spermatozoa in Sydney IVF medium were
tested; one set was mixed with 50 virions and the other set
with 100 infected cells. The numbers of virion RNA and
proviral DNA from sperm-containing samples that were
determined by competitive PCR. varied in the range
75—112 copies (note two RNA copies/virion) and
96—122 copies, respectively, in a manner that was not
dependent on the sperm quantity. These results strongly
suggest that the protocol can detect a single virion or
infected cell even in the presence of up to § x 10°
spermatozoa per sample.

Removal of HIV-1 virions and infected cells from
mixed semen by sperm-washing

To assess the efficiency of sperm-washing procedures with
Percoll density gradient centrifugation and swim-up for
removal of HIV-1 from semen, HIV-1 virions or HIV-1~
111fected cells were added to healthy donor semen. When
2 x 10 virions HIV-1 were mmed with 1.6 ml healthy
donor semen containing 6.3 X 107 spermatozoa/ml, 63
copies of HIV-1 RNA were detected after centrifugation
but no HIV-1 RNA was detected after swim-up. When
5 x 10° HIV-1~infected cells were ml:\ed with 1.6 ml of
healthy donor semen containing 6.3 x 107 spermatozoa/
ml, no HIV-1 DNA was detected after either centrifu-
gation or swim-up. The sperm suspension collected after
swim-up was 1.0 ml in volume and contained 50 000
spermatozoa of 100% muotility.

1 2 3 4 5 6 7 8 9 10 P N

Decay of infectivity of HIV-1 during incubation

A virus solution of HIV 4, was incubated in culture
medium for various periods and the p24 production
ability was quantified in stimulated PBMC to evaluate the
stability of HIV-1 in witro with regard to infectivity.
Infectivity decreased semiexponentially with a half-life of
approximately 13 h

Results of the clinical study

A total of 52 HIV-1-positive individuals participated in
the clinical study (Table 1); 29 were haemophiliacs and 23
had become infected through sexual contact. The median
age was 33 years (range, 27—44) in the 16 untreated
individuals, 34 years (range, 28—41) in patients receiving
antiretroviral drugs and with viral load > 50 copies/ml,
and 32 years (range, 20-51) in patients receiving
HAART and with viral load < 50 copies/ml. Median
plasma viral load was 17 500 copies/ml (range, 70—
100 000) in the untreated group and 1500 copies/ml
(range, 54—31000) in patients receiving treatment and
with a viral load > 50 copies/ml.

Among 48 patients whose partner had assisted repro-
ductive therapy, the median plasma viral load was
17 500 copies/ml (range, 70-100 000) in 15 patients in
the untreated group, 4800 copies/ml (range, 54-31 000)
in 10 patients receiving antiretroviral treatment and with
viral load > 50 copies/ml, and < 50 copies/ml in 23
patients taking HAART. Median CD4 cell count was
365 cells/pul (range, 66—1071) in the untreated group,
457 cells/pl  (range, 60—-652) in patients receiving
antiretroviral drugs and with viral load > 50 copies/ml,
and 399 cells/pl (range, 41-792) in patients receiving
HAARTand with viralload < 50 copies/ml. The median
sperm count of the HIV-positive males was 47 x 10°/ml
(range, 0-82) in the untreated group, 41 x 10°/ml
(range, 0—65) in patients receiving antiretroviral drugs
and with viral load > 50 copies/ml, and 35 x 10°/ml
(range, 0—120) in patients receiving HAART and with
viral load < 50 copies/ml.

Azoospermia occurred in four patients, who were
excluded from this study. i\(,

14 15 16 17 18 19 20 21 22 P N {d

Fig. 2. Reverse transcriptase nested polymerase chain reaction (RT-nested PCR) capable of detecting a single copy of HIV-1

RNA. One virion of HIV-1 4, on average, was added to 20 sets of 1 ml Sydney IVF medium and then tested with the RT-nested
PCR. When one fourth of the eluate from an extraction column was examined (in quadruplicate) with RT-nested PCR, 12 of 20 sets
(lanes 1-10 and 13-22) exhibited at least one band in four reactions. Lanes P, positive control using 10 copies of HIV-T, 4 RNA;

lanes N, negative control with no HIV-1 RNA.
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ble 1. Characteristics of male patients with HIV infection.

Untreated men

Men treated with HAART

Viral load > 50 copies/ml Viral load < 50 copies/ml

(n=16) (n=13) (n=23)

edian age lyears (range)] 33 (2744} 34 (28-41) 32 (20-51)

oute of infection

Haemophilia 10 8 11

Sexually transmitted 6 5 12

tedian HIV viral foadin—- v 17.500 (70-100.000)..._.__ 1500 (54-31000) <30

serum {copies/ml (range)) e e e ettt eceeees
D4 cell count [cells/ul (range)} 365 (66-1071) 457 (60-652) 399 (41-792)
perm concentration |x 10%ml (range)] 47 (0~82) 41 (0-65) 35 (0-120)
zoospermia (No.) 1 2 1

n all patients, the median motility rate was 28%, and the
nedian incidence of morphologically normal spermato-
:0a was 12%. The median concentration of spermatozoa
n patients (excluding the four patients with azoospermia)
was 42 x 10%/ml (range, 3-120) and 52 X 10%/ml
range, 0-170) spermatozoa were collected after the
Percoll centrifugation. The median motility rate was 28%
and 45% before and after the Percoll procedure.
Following the swim-up method, there were 1.5 x 10%/ml
(range, 0—11) collected spermatozoa, and the motility
rate was 100%. Spermatozoa could be collected by the
swim-up method in 73 semen samples from the 48
patients. No HIV-1 RNA or proviral DNA was detected
in any sperm suspensions collected after the swim-up
procedure. The HIV-1-negative sperm was used for IVF
in 12 couples and for ICSI in 31 couples. HIV-1 RINA or
proviral DNA could not be deptected in the culture
medium of the fertilized eggs before embryo transfer. Of
the 43 female partners, 20 conceived and 27 babies were
born. HIVantibodies, HIV RINA and proviral DINA were
negative in all of the females and babies,

Discussion

This study demonstrated that it is possible to detect a
single copy of HIV-1 RNA or proviral DNA, and that
HIV-negative spermatozoa can be obtained from the
semen of HIV-positive males with the careful use of
density gradient centrifugation and the swim-~up tech-
nique. There has been no HIV-1 transmission in any of
the female partners who underwent IVF or ICSI, nor in
any of the babies.

Some studies have indicated that HIV can bind and enter
into spermatozoa [4,5,12,13]. However, CD4 is not
expressed on the surface of spermatocytes or spermatozoa
[14,15]. Brogi et al. [4] have reported that HIV can attach
to the surface glycoprotein of spermatozoa. In children at
birth, the infection route is considered to be mother to
child [16], and there is no case report of a child or embryo

who has been infected with HIV via spermatozoa. It has
also not been proven that a spermatid could be infected
with HIV during spermatogenesis. This study showed
that spermatozoa collected by the swim-up method were
neither infected with HIV-1 nor had HIV-1 attached
to them.

Semen contains spermatozoa, seminal plasma, white
blood cells, microbes, metallic crystals and fibres of
underwear. If components with higher density than
spermatozoa are in a sample at centrifugation, those
components may bring viruses and infected cells down to
the bottom sperm fraction. Therefore, in our technique,
we left diluted semen undisturbed to settle heavy
components, and then took the sperm-~containing upper
fraction. If the sperm fraction (the bottom layer)
following Percoll centrifugation is pipetted through the
other denser layers, as is comumonly done, HIV may
contaminate the sperm fraction via the tube wall. In this
study, we sealed the top of the tube after centrifugation
and collected the sperm fraction by cutting off the bottom
layer, which prevented contamination from the higher
layers.

Gomibuchi et al. [17) reported that their method could
not reduce HIV-1 RNA in semen to < 100 copies/ml in
55.6% of patients. Kuji ef al. [18] have reported that the
use of endotoxin-free Pureseption for semen processing
had a lower elimination rate for HIV than the Percoll
method. Some groups have used a swim-up technique in
which the spermatozoa collected after centrifugation
with a separating solution were washed with a culture
medium and layered below the medium, followed by
swim-up. Because the difference in the specific gravity of
the sperm suspension and that of the culture medium is
small, HIVand mononuclear cells may easily diffuse to the
top layer during the swim-up method [17]. The actual
procedures of the swim-up method, such as semen-
washing techniques, the materials used in centrifugation,
the concentrations of separating solutions, and the
methods used to collect the bottom layer (sperm fraction)
vary among researchers [17,19,20]). Therefore, it is
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considered that the HIV elimination rate will also vary.
Our improved swim-up method provides a safer
procedure for use in assisted reproductive techniques.

Semprini ef al. [2] have reported that HIV transmission
has not occurred in over 2000 patients who underwent
artificial insemination using their method. Their success-
ful results may be explained by the fact that infectious
HIV i1s less than 1/10 000 of all HIV virions [11,21,22]
and that removal of the HIV-producing mononuclear
cells by the swim-up method is a major factor in reducing
infection risk. We have reported that a female was
infected with HIV-1 after six artificial insemination
procedures using sperm prepared only by centrifugation
in another hospital [23]. Artificial insemination should
not be performed when inadequate HIV elimination
methods are used or when the absence of HIV is not
confirmed by highly sensitive tests.

Most HIV-infected patients in this study had low sperm
counts and sperm motility rates, and provided a small
number of spermatozoa after the swim-up method. As we
try to achieve higher virus elimination rates, the number
of collected spermatozoa becomes small. Ohl ef al. [24]
reported no pregnancies after artificial insemination using
sperm obtained by the swim-up method. If it takes too
long for PCR procedures, or if spermatozoa are frozen,
the fertilization ability of the spermatozoa may be
decreased and the probability of pregnancy may be low. It
is difficult to confirm rapidly the removal of HIV-1 RNA
and DNA in spermatozoa actually used for artificial
insemination. CD4 and chemokine receptors are not
expressed on eggs [25] and, therefore, eggs cannot
become infected with HIV in the sperm suspensions
collected using the swim-up method even if HIV is
present in the suspension. If the suspensions are
contaminated with a small amount of HIV, the infectivity
of the HIV would still decrease to below 1/10 after a
2 day incubation. In addition, in IVF or ICSI, it is possible
to confirm the absence of HIV-1 in the culture medium
of fertilized eggs before embryo transfer. Therefore, we
conducted IVF or ICSI using frozen spermatozoa that had
been confirmed negative for HIV-1.

In conclusion, we have demonstrated that it is possible to
collect spermatozoa with evidence of the absence of
HIV-1 RNA and proviral DNA from semen of HIV-
infected males. Whatever method is used for assisted
reproductive technique and for removal of HIV from
semen to reduce the risk of secondary transmission, it is
essential to confirm the absence of HIV-1 RNA and
proviral DNA in the sperm preparation used for the
assisted reproductive technique with the most sensitive
tests possible.

Sponsorship: This study was supported, in part, by
grants from the Ministry of Health, Labour and Welfare
in Japan.
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Abstract

Human mesenchymal stem cells are currently being studied extensively because of their capability for self-renewal and differentiation
to various connective tissues, which makes them attractive as cell sources for regenerative medicine. Herein we report the isolation of
human placenta-derived mesenchymal celis (hPDMCs) that have the potential to differentiate into various lineages to explore the pos-
sibility of using these cells for regeneration of cartilage. We first evaluated the chondrogenesis of hPDMCs in vitro and then embedded
the hPDMCs into an atelocollagen gel to make a cartilage-like tissue with chondrogenic induction media. For in vivo assay, preinduced
hPDMCs embedded in collagen sponges were subcutaneously implanted into nude mice and also into nude rats with osteochondral
defect. The results of these in vivo and in vitro studies suggested that hPDMCs can be one of the possible allogeneic cell sources for

tissue engineering of cartilage.
© 2005 Elsevier Inc. All rights reserved.
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Mesenchymal stem cells from various sources are capa-
ble of differentiating into different cell lineages under prop-
er culture conditions [1-3] and have generated a great deal
of interest because of their potential use in regenerative
medicine. Recently, the human placenta, umbilical cord,
and amnion appeared on the stage in the search for MSCs,
because of their easy availability with fewer ethical prob-
lems compared to other types of cells [4-6]. Umbilical cord
blood contains high numbers of hematopoietic stem/pro-
genitor cells and, like bone marrow, has been used to treat

-various hematological diseases such as leukemia and aplas-
tic anemia, as well as inherited diseases [7,8]. Cord blood
also contains mesenchymal cells and there is a report of
the existence of multipotential stem cells (unrestricted

* Corresponding author, Fax: +81 3 5449 5452,
E-mail address: takahasi@ims.u-tokyo.acjp (T.A. Takahashi).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.
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somatic stem cells), though the number of MSCs is report-
ed to be much smaller than in bone marrow, and it is also
difficult to isolate them consistently [9-11]. The human pla-
centa, umbilical cord, and amnion are discarded after the
delivery of infants as medical waste. Since the information
necessary for cord blood transplantation, i.e., genetic dis-
eases in donors and their families, viral screening, contam-
ination of microorganisms, etc, needs to be obtained by
cord blood banks routinely, cells from the placenta and
cord blood should be among the safest of allogeneic cell
sources. HLA data such as HLA-A, -B, and -DR of the
newborn are also obtained by the banks. Therefore, we
chose chorionic villi from the fetal part of the human pla-
centa as a target mesenchymal cell source. '
Once cartilage is damaged, little restoration occurs
because the tissue has little self-healing capacity. Many
attempts have been made to repair defects of cartilage
due to trauma, osteochondritis, and other conditions by
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transplanting chondrocytes or periosteum, and by osteo-
chondral grafts or meniscal allografts [12-15]. However,
the results were not satisfactory. The tissue engineering of
cartilage has progressed significantly in recent years and
bone marrow represents-the main source of MSCs-for both
experimental and clinical studies. However, the use of these
cells entails problems such as the necessity of harvesting
BM from donors, individual variation {16], limitation to
autologous use, and difficulty for hereditary disease
patients, all of which underscore the need for alternative
sources of autologous and allogeneic MSCs for medical
use. .

We have reported that mesenchymal progenitor cells
from chorionic villi in the human placenta can differentiate
into osteoblasts, chondrocytes, adipocytes, and neural cells
under different induction conditions in vitro [17], and
hPDMCs also have the ability to support the proliferation
of hematopoietic stem cells as feeder cells [18]. Therefore,
hPDMCs appear to be a possible source of MSCs for use
in regenerative medicine. The aim of this study was to ana-
lyze the potential for chondrogenic differentiation of
hPDMCs and examine whether the hPDMCs could be
used as a source of allogeneic mesenchymal cells for tissue
engineering of cartilage.

Materials and methods

Isolation and culture of human hPDMCs. This study was approved by
the Institutional Review Board of IMSUT. Term placentas were collected
after obtaining written informed consent from donors. The processing of
the placenta started within 8 h of delivery. To isolate hPDMCs from
chorionic villi, the explant culture method was used as described previ-
ously [17]. In brief, the amnion and chorionic plate were removed from the
placenta, after which the fetal villi were cut into small pieces, washed
thoroughly in phosphate-buffered saline (PBS), and then attached to
dishes with no coating. Finally, DMEM (low glucose) with 10% FBS and
1% antibiotics/antimycotics was added to the plates. After incubation at
37°C in a 5% CO, atmosphere for 2 or 3 weeks, the cells that migrated
were harvested with 0.25% trypsin/l mM EDTA solution and counted
using a hemocytometer. For expansion, the harvested cells were reseeded
at a density of 2 x 10% cells/cm? in DMEM (low glucose) with 10% FBS
and 1% antibiotics/antimycotics, and the culture medium was replaced 2
times every week. The cells used in this study were within 5-15 population
doublings (approximately three to six passages).

The human bone marrow-derived mesenchymal cells (hBDMCs) used
in this study were purchased from BioWhittaker (Walkersville, MD) and
cultured in DMEM (low glucose) with 10% FBS and 1% antibiotic/
antimycotics.

Clones of hPDMCs. To analyze the chondrogeneic differentiation of
subclones of hPDMCs, the cells were seeded at the density of | x 107 cells
per 100-mm diameter dish culture in conditioned medium with 10 ng/ml
recombinant human basic fibroblast growth factor (bFGF) added as a
cloning medium. The culture was maintained in the cloning medium until
the formation of well-defined colonies. The subclones were harvested using
sterile cloning rings and expanded in the cloning medium.

Flow cytometry. The hPDMCs were harvested using a 1-mM EDTA
(pH 7.4) solution. For analysis, cells were stained by combination of
antibodies and propidium iodide (PI): FITC-conjugated CD44, CD3l,
and HLA-class T; PE-conjugated CD73, CD29, CD105, and Tie-2; APC-
conjugated CD45, CD34; FITC-mouse IgGl; PE-IgGl, APC-IgGl, and
PI. After exposure to labeled antibodies, cells were washed with ice-cold
PBS (-) and resuspended in ice-cold PBS (—). The expression of the
corresponding cell surface antigen was assayed by FACS Calibur using

CELL Quest software (BD). The data were analyzed using FlowJo soft-

ware (Tree Star, Ashland, OR, USA).

Pellet culture. For chondrocyte differentiation, a pellet culture sys-
tem was used [19]. Briefly, 2% 10° cells were placed in a 15-ml poly-
propylene tube and centrifuged into a pellet. The pellet was cultured at
37-°C--with--5%- CO4 -in-500 pl--of - chondrogenic--medium--containing
10 ng/ml transforming growth factor-Bs (TGF-B3) and 500 ng/mi bone
morphogenetic protein-2 (BMP-2) in addition to high-glucose DMEM
supplemented with 1077 M dexamethasone, 50 pg/ml ascorbate-2-phos-
phate, 40 pg/ml proline, 100 pg/ml pyruvate, and 50 mg/ml ITS + Pre-
mix (6.25 pg/ml insulin, 6.25pg/ml transferrin, 6.25ng/ml selenious
acid, 1.25 mg/ml BSA, and 5.35 mg/ml linoleic acid). The medium was
replaced every 34 days for 21 days. The chondrogenic medium without
BMP-2 was also employed. In the control, the cells were maintained in
the medium without BMP-2, TGF-B;, and dexamethasone. After
3-week induction, the pellets were embedded in paraffin and cut into
5-um sections, which were then stained with toluidine blue. For
immunohistochemistry, an anti type-II collagen monoclonal antibody
was used. The reactivity was detected using a diaminobenzidine tetra-
hydrochloride (DAB) substrate after incubation with an HRP-linked
secondary antibody.

Culture in atelocollagen gel. To examine the chondrogenic differentia-
tion of hPDMCs in a three-dimensional culture system, the cells were
cultured in atelocollagen gel (Koken, Tokyo, Japan). The volume ratio of
the induction medium to 30% atelocollagen gel was 1:4, and the final cell
density was adjusted to 1 x 107/ml. The cell-collagen gel composites were
cultured in the chondrogenic media as described above and incubated at
37 °C with 5% CO;. The culture medium was replaced 2 times every week.
After a 3-week culture, the cell-atelocollagen gel composite was embedded
in paraffin and cut into 5-um sections for histological analysis with tolu-
idine blue staining.

RT-PCR. To examine the cartilage-specific gene expression, total RNA
was prepared from the pellet and cell-atelocollagen gel composite after
induction for 2 weeks. The pellet and cell-atelocollagen gel composite were
digested with 3 mg/ml coilagenase for 3 and 1h at 37 °C, respectively.
hPDMCs without induction were used as a negative control. Total RNA was
extracted by using Trizol-LS following the manufacturer’s instructions. RT
reaction was performed with a Superscript Kit for 50 min at 42 °C, followed
by incubation for 15 min at 72 °C using an oligo-dT primer. For examina-
tion of the chondrogenic-related gene expression, PCR amplification was
performed by 30 cycles of 94 °Cfor 30 5, 58 °Cfor 45 s, and 72 °C for 1 min.
PCR products were analyzed by electrophoresis in 2% agarose gel con-
taining ethidium bromide for visualization under UV and photographic
recording. PCR primers were made as follows: Sox9 (forward)
5.GAACGCACATCAAGACGGAG-¥, (reverse) 5'-TCTCGTTGATTT
CGCTGCTC-3' (631 bp product; Z46629); COL2A1 (forward) 5'-TTCAG
ATATGGAGATGACAATC-3, (reverse) 5'-AGAGTCCTAGAGTGAC
TGAG-3' (472 bp product; L10347 ); Aggrecan (forward) 5'-AAACCACC
TCTGCATTCCAC-3', (reverse) 5'-CCTCTCTCTCCTTGCAGGTC-3’
(560 bp product; NM013227); COL10A1 (forward) 5'-CACCAGGCA
TTCCAGGATTCC-3, (reverse) 5-AGGTTGTTGGTCTGATAGCT
C-3' (926 bp product; NM009925); BMP-2 (forward) 5'-CAGAGACCC A
CCCCCAGCA-3, (reverse) 5'-CTGTTTGTGTTTGGCTTGAC-3'(688
bp product; NM007553); BMP-6 (forward) 5'-CTCGGGGTTCATAAG
GTGAA-3, (reverse) 5'- ACAGCATAAACATGGGGCTTC-3' (412 bp
product; NM001718); B-actin (forward) 5"-TGACGGGGTCACCCACA
CTGTGCC-3, (reverse) 5-TAGAAGCATTTGCGGTGGACGATG-3'
(660 bp product; NM001101).

Transmission electron microscopic examination. The ultrastructural
changes were examined by transmission electron microscopy in the
pellets cultured for a week. The cultures were terminated by fixing the
pellets with 2.5% glutaraldehyde in 0.1 M PBS for 2 h. The cells were
washed overnight at 4°C in the same buffer and postfixed with 1%
0s0, buffered with 0.1 M PBS for 2 h. The pellets were dehydrated in a
graded series of ethanol and embedded in Epon 812, Ultrathin sections
were double-stained with uranyl acetate and lead citrate, and then
examined with an H-7100 transmission electron microscope (Hitachi,
Hitachinaka, Japan).
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Subcutaneous transplantation of hPDMC in collagen sponge into nude
mice. Chondrogenesis of hPDMCs in vivo was examined by transplanta-
tion of hPDMCs into subcutaneously into nude mice. We chose the.col-
lagen sponge (5 mm in diameter by 3 mm in thickness, BD Biosciences
354513) as a scaffold to perform the in vivo experiment because it could be
easily inserted did not need to be anchored by covering it with periosteum.
One x 10° cells in 100 pl medium were seeded into the collagen sponge and
the composite was cultured for 2 weeks in chondrogenic medium and then
transplanted into subcutaneous pockets of nude mice (5 weeks old). After
3 weeks, the composite was taken out, embedded in paraffin, and cut into
5-um sections for histological analysis by toluidine blue staining.

Transplantation of hPDMC in collagen sponge into wrticular osteo-
chondral defect in nude rats. For another experiment, a defect in articular
cartilage was created as described previously [20]. Briefly, after nude rats
(weight around 300 g) were anesthetized, a 3-cm-long scalp skin cut was
made at the midline of the parapaellar skin. The soft tissue was dissected
to expose the capsule, the capsule was incised, and the patella was dislo-
cated laterally to expose the patella groove of the femur. A defect, 2 mm in
diameter and penetrating the subchondral bone plate, was prepared on the
patellar groove of the femur with a microdrill. The lesion was flushed with
saline and dried with gauze. The hPDMC-loaded collagen sponge was
inserted into the defect. The patella was repositioned, and the medial
aspect of the capsule was closed with a nylon suture. The joint was not
splinted and the rat was allowed to move freely in a cage. An empty defect
served as a control. Six weeks after the surgery, the animals were sacrificed
and the femoral condyles were dissected and fixed in 10% neutral-buffered
formalin for 24 h. Then 0.5 M EDTA (pH 7.4) was used to decalcify the
samples (for ~7 days). The samples were paraffin-embedded, cut into
5-um sections, and histology was examined by toluidine blue staining. The
presence of human cells in the repaired tissue was confirmed by using an
antibody specific for human $-2 microglobulin, a component of the class I
antibody complex, as described previously [21]. In brief, the primary
antibody of B-2 microglobulin conjugated with FITC was diluted 1:10 and
used for staining cells. The reactivity was detected using a new fuchsin
substrate system after incubation with an APL-linked anti-FITC second-
ary antibody.

Reagents. Culture medium and chemicals were purchased from the
following companies.

Dulbecco’s modified Eagle’s medium (DMEM), dexamethasone,

ascorbate-phosphate, proline, pyruvate, propidium iodide, and the alka-
line phosphatase-conjugated anti-FITC antibody were purchased from
Sigma Chemical (St. Louis, MO), fetal bovine serum (FBS) from More-
gate BioTech (Bulimba, Australia), antibiotics, antimycotics, and 0.25%
trypsin/l mM EDTA solution from Gibeo, Life Technologies (Grand
Island, NY), Trizol-LS, oligo-dT primers, and Superscript II from Invit-
rogen Life Technologies (Carlsbad, CA), recombinant human BMP-2
from Yamanouchi Pharmaceutical (Tokyo, Japan), recombinant human
TGF-B; from R&D System (Minneapolis, MN), recombinant human
basic fibroblast growth factor (bFGF) from PeproTech EC (London,
UK), type II collagen antibody from Lab Vision (Fremont, CA), anti-
bodies of CD44, CD73, CD31, HLA-class I, HLA-DR, ITS+ Primix and
human B,-microglobin antibody from BD Biosciences (PharMingen, CA),
antibodies of CD29, CD105, and CD34 from Beckman Coulter (Tokyo,
Japan), antibody of Tie-2 from Nichirei (Tokyo, Japan), and the horse-
radish peroxidase (HRP)-linked antibody, new fuchsine substrate system,
diaminobenzidine tetrahydrochloride (DAB) substrate, and toluidine blue
solution from Dako (Kyoto, Japan).

Results
Isolation, expansion, and characterization of hPDMCs

The average number of hPDMCs that migrated per piece
of chorionic villi by the explant culture method was ~1 x 10*
cells after 20 days and these cells had fibroblast-like shapes
with a heterogeneous cell population (Fig. 1A). The pheno-

types of hPDMCs were negative for hematopoietic- and
endothelial-related cell antigens, such as CD31, CD34,
CD45, CD133, and Tie2. They had high expression of mes-
enchymal progenitor-cell-related antigens, such as CD29,

CD44, CD73, CD105, CD90, and HLA-class.I, but.not.. .

HLA-class DR (Fig. 1B). That hPDMCs were isolated with-
out contamination by maternal cells was confirmed by XY
chromosome analysis using FISH as described previously
[17]. In subclonal culture, clones were isolated from culture
dishes and expanded for the analysis.

Chondrocyte differentiation in pellet culture

- When the hPDMCs were pelleted into a micromass and
differentiated in serum-free medium in the presence of
BMP-2, TGF-B;, and dexamethasone, condensation of
the pellet into a single aggregate was observed on the next
day. The condensed pellet grew continuingly during culture
for 3 weeks and it became white and opaque, with glisten-
ing and transparency (Fig. 2A). The pellet from the culture
in the induction medium with TGF-f3 and dexamethasone
was smaller than the pellet from the culture in the medium
with BMP-2 (Fig. 2B). Paraffin sections of these pellets
showed that cartilage matrix was synthesized. The appear-
ance of metachromatic matrix was demonstrated by tolui-
dine blue staining (Fig. 2C), and type II collagen, the
specific protein of chondrocyte, was demonstrated by
immunohistochemical staining, indicating the occurrence
of chondrogenesis.

RT-PCR was used to examine the expression of genes
related to chondrogenic differentiation (Fig. 3A), such as
Sox9, a major regulator of cartilage-specific genes. Expres-
sion of COLZ2AIl, aggrecan, COL10Al, BMP-2, and
BMP-6 was detected in the pellets cultured for 2 weeks.
TEM examination showed that the cells in the 1-week cul-
tured pellet were oblong with large, euchromatic, ovoid
nuclei, and filled with endoplasmic reticula. These cells pro-
duced large quantities of extracellular fibers (Fig. 3B).

The pellets of cultured hBDMCs and hPDMCs were
similar in size and weight after 3 weeks of induction (Figs.

_4A and B). Moreover, chondrogenic differentiation analy-

sis of subclones showed that they grew glistening and trans-
parent (Fig. 4C), indicating that they had potential for
chondrogenic differentiation.

Chondrogenic differentiation bf hPDMCs in atelocollagen
gel

The cell-atelocollagen gel became white, glistening, and
harder than the original gel after 3 weeks of culture
(Fig. 5A). In histological examination, metachromatic ter-
ritorial matrixes were observed in atelocollagen gel stained
by toluidine blue (Fig. 5B, top). Cells with lacuna forma-
tion were examined in the newly formed matrix (Fig. 5B,
bottom). RT-PCR confirmed the expression of genes relat-
ed to the chondrogenic differentiation of hPDMC:s in atelo-
collagen gel after 2 weeks of culture (Fig. 5C).



X. Zhang et al. | Biochemical and Biophysical Research Communications 340 (2006) 944-952 947

B CD44 CD 105 CD 31 CD45

! 1
804 804 80: 80
x x
g 60+ g 604 60. 60
5 S
ES FJ
404 404 40- 40
204 20 20
SE=z 5 0 v
oy ’ N . T T T
’ 4 /’
s ~

% of Max
% of Max

a8

100 107 102 10° 104 100 10 102 103 10 100 10" 102 10° 10

HLA-class I CD 34 Tie-2

80
60
40
20

100 10" 102 103 104 10° 10' 102 103 10¢  10° 10" 102 10° 10*

% of Max

o o m
s N & 2 8
% of Max
N & @ m
g 5 8 8

CD 73 ‘CD 133 HLA-DR
80 80 80 80
. x :

60 £ 60 3 60 260
3 5 s s
= * * B
% 40 40 40 40
#

20 20 20 20

- 0
100 100 102 10° 10* 100 1! 102 10° 10* 0% 10" 102 10® 10 1® 10! 102 10° 10*

Fig. 1. Morphology of hPDMCs. (A) Proliferated cells show fibroblast-like morphology. Magnification: 40x. (B) Phenotype of hPDMCs. FACS
demonstrated that the APDMCs were positive for CD29, CD44, CD105, CD90, CD73, and HLA-class I but negative for CD31, CD34, CD45, CD133, and
HLA DR.
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Fig. 2. Pellet culture of hPDMCs. (A) Differentiation of pellets on day 7, 14, and 21. The pellets increased in size up to 3 weeks and became white and
opaque with glistening and transparency. A I-mm scaled ruler is shown. (B) Three-week cultured pellets in the induction medium with BMP2 (right) and
without BMP-2 (left). (C) Histological analysis of 3-week cultured pellets. The pellets were embedded in paraffin, sectioned, and stained with toluidine blue
(a, ¢, and d) and the antibody for type II collagen (b). (a, b, and d) With BMP-2, (c) without BMP-2. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this paper.)
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Fig. 3. RT-PCR analyses and TEM examination. (A) RT-PCR analyses for gene expression related to the chondrogenic lineage. Total RNA was extracted
from pellets on day 14. Negative control was obtained from the non-induced hPDMCs. (B) TEM observation of 1-week cultured pellet. The cell is

fibroblastic with an elongated, oblong phenotype having a large, euchromatic, and ovoid nucleus. The cell contains much endoplasmic reticulum. The cell
produced a large number of extracellular fibers (indicated by arrows).
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Fig. 4. Culture in atelocollagen gel. After 3-week induction, the cell-collagen gel composites (center of the picture, in a 30-mm dish) became harder than
the original gel. (A) Paraffin gel section stained with toluidine blue. Metachromatic matrix was stained by toluidine blue in atelocollagen gel. In the bottom
picture, the magnification of the square part, chondrocyte-like cells with formation of lacunae are shown. Top: 10x, Bottom: 250x. (B) RT-PCR confirmed
the expression of genes related to chondrogenic differentiation. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this paper.)

than at implantation and had changed to white and
glistening, transparent stiff tissue (Fig. 6A). Chondro-
cyte-like cells within lacunae and a large amount of
extracellular matrix were observed in the composite

Chondrogenesis of hPDMCs in subcutaneous transplants

At harvest, 3 weeks after subcutaneous transplanta-
tion of the pre-induction hPDMC-loaded collagen
sponges into nude mice, the composite was larger  (Fig. 6C).
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Fig. 5. Chondrogenic differentiation. (A) Pellets of hPDMCs and hBMDMCs were cultured for 21 days. A 1-mm scaled ruler is shown. (B) Weight of
hPDMCs and hBMDMCs pellets on day 21. Data are showed as means £ SD (n = 3). (C) The clones were cultured in the cloning medium with 10 ng/ml
bFGF. Chondrogenic differentiation ability of clones was determined by the pellet culture at day 21. A 1-mm scaled ruler is shown. Pellets made from all 7
clones selected increased in size and showed a glistening transparent appearance. An hPDMC pellet cultured without induction medium (right) was used as
a negative control. A 1-mm scaled ruler is shown.

Fig. 6. Tn vivo chondrogenesis of hPDMCs loaded in collagen sponges in nude mice. The hPDMCs were loaded into a collagen sponge and cultured
in vitro for weeks in chondrogenic medium. These sponges were implanted into subcutaneous pockets in nude mice for another 3 weeks. (A) After 3-week
implantation, the PDMCs loaded in the sponge were removed from the mice. The composite was white and stif-like cartilage tissue. (B) At 2 weeks of
in vitro culture, cells filled the pores of the collagen sponge. Some local spots showed the formation of extracellular matrix detected by toluidine blue
staining. (C) Histological analysis showed a large quantity of extracellular matrix formed between collagen sponge fibers in the implanted cell/collagen
composite. (D) High magnification of (C). The cells are round and polygonal within the lacunae and extracellular matrix is strongly stained by toluidine
blue. Magnification: (A) 2x, (B,C) 10x, and (D) 250x. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this paper.)
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Chondrogenesis of hPDMCs in osteochondral defect
transplantation

In the osteochondral defect transplantation, the original
defect was covered with stiff reparative tissue, which was
white, and had a smooth surface at 6 weeks after surgery
(Fig. 7A). Histological analysis showed that the reparative
tissue filled the defect and closely adhered to the residual
part of bone (Fig. 7B). All reparative regions were positive
for toluidine blue. Less intense metachromatic staining was
observed at the edge of the reparative tissue indicating the
formation of hypertrophic cartilage. In the bottom part,
the strongest metachromatic staining and round cells
showed hyaline cartilage appearance. Differentiating
hPDMCs in the defect were confirmed by positive staining
for an antibody specific for human B,-microglobulin
(Fig. 7D).

Discussion

We isolated hPDMCs from chorionic villi of the fetal
part of the human placenta at 38-40 weeks of gestation
using the explant method. The surface epitopes of
hPDMCs expressed mesenchymal progenitor-related anti-
gens such as CD29, CD44, CD105, CD90, and CD73
[1,2,22,23], and were negative for hematopoietic and endo-
thelial-related antigens such as CD31, CD45, CD34, Tie-2,
and CDI133. The cells expressed HLA-class I, but not
HLA-DR. The hPDMCs could be differentiated into chon-

drocytes in induction medium with TGF-f; and dexameth-
asone, and combination with BMP-2 dramatically
enhanced the production of cartilage extracellular matrix
(Fig. 2B). These results were similar to those in a previous
report using bone marrow and synovium-derived MSC
[24,25]. RT-PCR showed expression of cartilage-specific
extracellular matrix molecules (Fig. 3A), including
COL2A1 and aggrecan, and the chondrogenic transcrip-
tion factor Sox9 in the in vitro chondrogenesis of
hPDMCs. BMP-2 and BMP-6 were expressed in culture
after induction for 2 weeks, in spite of the fact that exoge-
nous BMP-2 was provided continuously. The expression of
BMP-2 and -6 has been reported in the chondrogenesis of
BDMCs in vitro [24] but not in MSCs derived from
synovium [25]. Endogenous BMP signals may be important
for chondrogenesis of hPDMCs. Gene expression of
COLI10A1, a marker of hypertrophic chondrocytes, was
found at 2 weeks. This was similar to the results observed
during in vitro chondrogenesis of cells from bone marrow
[24], adipose tissue [2], and synovium-derived MSCs in cul-
ture [25]. A similar result was also obtained from synovi-
um-derived MSCs without BMPs [26.27]. The expression
of COL10A1 seems to be characteristic of in vitro chondro-
genesis of MSCs, regardless of the original tissue.

The hPDMC s could be differentiated into chondrocytes
in atelocollagen gel under chondrogenic media. It has been
reported that transplanting chondrocytes into a newly
formed matrix of atelocollagen gel can promote restoration
of the articular cartilage of the knee [28]. We attempted to

Fig. 7. Chondrogenesis of hPDMCs loaded on collagen sponge in osteochondral wound healing in a nude rat. (A) Left: The appearance of junctions of the
nude rat. The hPDMCs loaded in the collagen sponge and transplanted to the defect the junction have a glass-like appearance with a smooth surface and
stiffness (Arrows indicate the reparative tissue) Right: The junction where no composite was transplanted remains an empty hole. (B) Histological analysis
showed that the reparative tissue filled the defect and closely adhered to the residual portion, covering all of the defect. Less intense metachromatic staining
was observed at the edge of the reparative tissue. In the bottom part, round cells and high metachromasia can be observed. Arrow: junctional area between
repair (left) and residual (right) part; arrowheads: collagen sponge fibers. (C) High magnification of the square in section B. Hyaline cartilage-like cells with
strong metachromasia can be observed with a hyaline cartilage-like appearance. (D) Cartilage-like cells were stained with an antibody specific for human
B-2 microglobulin. Arrows indicate positive cells. Magnification: (B) 10x, (C) 250x, and (D) 100x.
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make cartilage-like tissue by culturing hPDMC:s in atelo-
collagen gel and our results suggested the possibility that
hPDMCs might be usable as an alternative cell source for
this cellular therapy because the number of chondrocyte
isolates from-the knee-is limited:-

Transplantatlon of the premductlon hPDMC-loaded
collagen sponge in vivo resulted in the production of carti-
lage with cells within lacunae surrounded by a large
amount of metachromatic matrix compared to in vitro cul-
ture (Fig. 6). This indicated that differentiated hPDMCs
could produce a substantial cartilage matrix in the in vivo
environment. In transplantation into the osteochondral
defect, reparative tissue had a cartilage-like surface and
filled up the entire defect (Fig. 7A). The formation of
hypertrophic repair cartilage was observed at the top part,
but the bottom one had the strongest metachromasial
staining and round cells, which indicated the formation
of hyaline cartilage by hPDMCs (Fig. 7C). The formation
of a hypertrophic cartilage surface in osteochondral defect
has been reported in several clinical studies using BDMC
(hypertrophic cartilage cannot function as normal hyaline
cartilage and even ossification) [29,30]. Induction of mesen-
chymal progenitor cell differentiation into hyaline chondro-
cytes may be related to the potential for differentiation of
the cells and induction conditions. In our investigation,
the formation of hyaline cartilage in the bottom part of
the reparative tissue indicated the possibility that APDMCs
could be used for repairing damaged articular cartilage.
Therefore, appropriate induction conditions and a good
experimental model are needed to examine the redevelop-
ment of the articular surface as well as the formation of
subchondral bone in osteochondral defect repair by
hPDMCs.

According to a previous report, the pellet’s size and
weight are convincing indicators for in vitro chondrogene-
sis of MSCs [25], Our data showed that the chondrogenesis
potential of hPDMCs was comparable to that of hBDMCs
(Figs. 4A and B). Clonal analysis showed that the popula-
tion of hPDMCs was homogeneous after several passages,
because the potential for chondrogenic differentiation was
evident in the examined clones (Fig. 4C). However, we
found that chondrogenic differentiation potential differed
in individual hPDMCs, perhaps depending on the individ-
ual cell or primary cells that randomly migrated from pla-
cental tissue pieces. Thus, an effective method to isolate
mesenchymal progenitor cells from the placenta and to
identify-specific surface markers of stem cells and progeni-
tors of mesenchymal cells in hPDMC is necessary.

Recently, it has been reported that human mesenchymal
stem cells modulate allogeneic immune cell responses [31—
33]. If so, and if hPDMCs can differentiate into chondro-
cytes in vitro and in vivo, they will be one of the possible
cell sources for cartilage tissue engineering. However, fur-
ther studies remain necessary to precisely analyze the chon-
drogenesis of hPDMCs and to explore potential methods
for clinical application.
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