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Abstract
Background Synovial mesenchymal stem cell (MSC) transplantation improved clinical outcomes in knees
with cartilage defects and after repairs of degenerative torn menisci. For these, nucleated cells were
cultured with 10% autologous serum for 14 days. Importantly, nucleated cell number and serum volume
practically varied by patient, and initial cell density and dish number affected yield/donor. Our purpose
was to examine the effect of plating density within range in clinical studies on fold increase and to
estimate the MSC yield/donor, which are affected by the nucleated cell number and serum volume.

Methods We obtained the data of the autologous serum volume, nucleated cell number, and initial plating
cell density from 10 patients who participated in our previous clinical studies. Experimentally, synovial
nucleated cells harvested from three patients with osteoarthritis during total knee arthroplasty were
cultured with 10% mixed allogenic human serum for 14 days to examine the effect of initial cell density
on fold increase. We used both our previous clinical data and our current experimental data to predict the
yields of synovial MSCs in nine cases within the range of clinical studies.

Results In the clinical studies, collected serum ranged between 87 and 186 ml, harvested nucleated cells
ranged between 6.2 and 23 million, and the top �ve total MSC yields were obtained from donors when the
initial plating cell density ranged from 919 to 1905 cells/cm 2 . Experimentally, fold increase signi�cantly
decreased between 700 and 1,900 cells/cm 2 . In cases where the cell number was low and the serum
volume was high, the estimated yield/donor decreased along with the initial density, while in cases where
the cell number was high and the serum volume was low, the estimated yield/donor increased along with
the initial density. In cases both where some nucleated cells were discarded at low density and no cells
were discarded at high density, the maximum yield/donor were obtained when the initial density was the
lowest density that does not discard cells.

Conclusions There was an optimal initial density that yields the highest number of primary MSCs in a
clinical setting when cell numbers and human serum volumes are limited.

Background
Mesenchymal stem cells (MSCs) are an attractive cell source for use in regenerative medicine and cell
therapy[1]. MSCs can be isolated from various adult mesenchymal tissues; MSCs derived from synovium
are attractive for cartilage and meniscus diseases, due to their high proliferative ability in culture with
human serum and their remarkable chondrogenic potential[2]. Arthroscopic transplantation of synovial
MSCs improved clinical outcomes in knees with cartilage defects[3]. A combination of surgical repair and
synovial MSC transplantation also improved clinical outcomes for a complex degenerative tear of the
medial meniscus[4].

For these cell therapies, just after enzyme digestion, synovial nucleated cells are plated on a certain
number of dishes and are cultured with 10% autologous human serum for 14 days. Important to
remember is that the available number of nucleated cells and the serum volume can practically vary from
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patient to patient and that the initial plating cell density[5] and the dish number, which depends on the
initial plating cell density, affect the yields (Fig. 1).

Transplantation of autologous synovial MSCs at passage 0 for cartilage and meniscus therapy requires
as many cells as possible since the number of synovial MSCs adhering to the cartilage[6] and
meniscus[7] correlated with the therapeutic effect of the cells on the cartilage and meniscus injuries. In
some clinical cases, the number of cells for transplantation may be less than that speci�ed in the
protocol. The purpose of this study was to estimate total MSC yields from the fold increase obtained in
this experiment in several patterns, dependent on the total synovial nucleated cell number and
autologous serum volume within the range of clinical studies. This could determine the optimal initial cell
density that would yield the highest number of primary synovial MSCs in a clinical setting when the initial
cell number and the volume of human serum are limited. In certain cases, more MSCs may be �nally
obtained by discarding a part of the nucleated cells.

Methods
Clinical studies

We transplanted autologous synovial MSCs on the repaired degenerative torn meniscus[4] and injected
them into knee joints with osteoarthritis. These clinical studies (PB3150002 and PB3160032) were
approved by the certi�ed special committee for regenerative medicine at the Tokyo Medical and Dental
University (committee reference number: NA8140003) and were carried out in accordance with the
Helsinki Declaration. For autologous serum, we planned to collect 350 mL of whole blood while
monitoring the weight of the blood bag, but the amount of blood collected was �nally adjusted according
to patients’ situations. Then the serum was separated with a Cellaid closed bag (JMS), and the
autologous serum volume was measured with a pipette. During the operation for meniscal repair under
arthroscopy, approximately 20 pieces of synovial tissue were collected and weighed. After digestion in a
solution of Liberase (Roche Diagnostics, Mannheim, Germany), synovial nucleated cells were counted.
The cells were plated in approximately 50 x 150 cm2 dishes and were cultured with 10% autologous
serum for 14 days. The primary synovial MSCs were harvested with TrypLE (Thermo Fisher Scienti�c)
and were counted. Then the cells were suspended in 0.5 mL acetate Ringer’s solution (Veen-3G; Kowa,
Tokyo, Japan) and were transplanted (Fig. 2). The data of blood volume, serum volume, synovial tissue
weight, nucleated cell number, initial plating cell density, and total synovial MSC yields from 10 patients
were analyzed in this study.

 

Collection of human serum

The present study was approved by the Medical Research Ethics Committee of Tokyo Medical and Dental
University (approval no. 2017-142), and all study subjects provided informed consent. Three hundred
milliliters of fresh blood were collected from four healthy volunteers (20–24 years of age) using a closed
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bag system (JMS Co. Ltd., Hiroshima, Japan)[8]. The bag, containing glass beads, was shaken at room
temperature for 30 min, and then the serum was separated[9]. The serum was �ltered through a 0.45 μm
nylon �lter (Thermo Fisher Scienti�c, Waltham, MA, USA) and was stored at ‐20 °C until use.

 

Synovial MSCs

Human synovial tissue was harvested from the suprapatellar pouch of the knee joints of three patients
with osteoarthritis during total knee arthroplasty. Donor α, β, γ were all female, 58, 85, and 70 years of
age. The synovial membrane was minced and digested in 5 mg Liberase MNP-S GMP (Roche
Diagnostics, Mannheim, Germany) in distilled water at 37 °C for three hours. After digestion, the debris
was removed by �ltration through a 70 mm nylon �lter (Greiner Bio-One GmbH, Frickenhausen, Germany).
The nucleated cells were counted via an automated cell counter (Luna-FL; Logos Biosystems, Annandale,
VA, USA). Then the cells were plated in 60 cm2 culture dishes (Nalgen Nunc International, Rochester, NY)
in α-minimum essential medium (α-MEM; Thermo Fisher Scienti�c) supplemented by 10% allogeneic
human serum derived from healthy donors. They were cultured at 37 °C in a humidi�ed CO2 chamber
(Astec Co. Ltd., Fukuoka, Japan) for 14 days. The primary synovial MSCs were harvested with 0.25%
trypsin and 1 mM ethylenediaminetetraacetic acid (Thermo Fisher Scienti�c, Inc) at 37 °C for
�ve minutes, and the cell numbers were counted.

 

Colony formation and cell morphology

One of the dishes was �xed by 4% paraformaldehyde and stained with 0.5% crystal violet (Sigma-Aldrich,
St. Louis, MO) in methanol for �ve minutes to visualize the colonies. Cell morphology was observed with
a microscope (BZ-X700, Keyence Co., Ltd., Osaka, Japan).

 

Estimated total MSC yields/donor.

Since 18 ml of medium containing 10% serum is required for a 145 cm2 dish, 1.8 ml of serum covers one
145 cm2 dish. If serum volume is 87 ml (Donor 1), the nucleated cell number is 6.2 million, the initial cell
density is 1,000 cells/cm2, the average fold increase is 13.4 (Donor γ), and the yield/145 cm2 dish is 1.9
million, then the total serum required becomes [6.2 million (cells)/1,000 (cells/cm2)/145 (cm2) × 1.8 (ml)
=] 77 ml, which is lower than 87 ml. Therefore, all nucleated cells can be plated, and the number of dishes
to plate becomes 43. Then the estimated total MSC yield/donor becomes [1000 cells/cm2 × 145 cm2 ×
13.4 × 43=] 83.5 million.

If the serum volume is 87 ml (Donor 1), the nucleated cell number is 6.2 million, the initial cell density is
500 cells/cm2, the fold increase is 22.0 (Donor γ), and the yield/145 cm2 dish is 1.6 million, the total
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serum required becomes [6.2 million (cells)/500 (cells/cm2)/145 (cm2) × 1.8(ml) =] 154 ml, which is
higher than 87 ml. Therefore, the possible number of dishes to plate becomes 48, and the remaining cells
are discarded. Then the estimated total MSC yield/donor becomes [500 cells/cm2 × 145 cm2 × 22.0 × 48
=] 76.6 million.

 

Statistical analysis

To evaluate the effect of initial cell density on fold increase, the Jonckheere-Terpstra test for trend was
performed in R (version 3.4.3, The R Foundation for Statistical Computing). A p-value of 0.05 was set as
signi�cant.

Results
Distribution of blood and synovium in clinical studies.

In our previous clinical studies on 10 patients, blood collected ranged between 210 ml and 400 ml
(average 337ml), and the serum collected ranged between 87 ml and 186 ml (average 146 ml) (Fig. 3A).
The synovial tissue weight ranged between 500 mg and 1482 mg (average 968 mg), the synovial
nucleated cell number ranged between 6.2 and 23 million cells (average 12 million cells), and the initial
plating cell density ranged between 689 cells/cm2 and 2734 cells/cm2 (average 1334 cells/cm2 ) (Fig. 3B,
C). The number of synovial nucleated cells per weight ranged between 0.5 million cells/100 mg and 2.1
million cells/100 mg (data not shown). Total MSC yields/donor ranged between 23 million and 77 million
cells (average 49 million cells) (Fig. 3C). Among 10 donors, the top �ve total MSC yields were donors 10,
5, 3, 1, and 4. This was when the initial plating cell density ranged from 919 cells/cm2 to 1905 cells/cm2.

 

Effects of plating density on the proliferation of synovial MSCs

Focusing on the range in which the top �ve total MSC yields were obtained, the effects of the initial cell
density on the harvested cell number/dish and fold increase were experimentally examined in detail. The
harvested cell number/dish appeared to increase slightly up to 1,600 cells/cm2 in Donors α and β. The
fold increase signi�cantly decreased by an amount between 700 and 1,900 cells/cm2 in these donors
(Fig. 4).

            We further experimentally examined the effects of the initial cell density on the harvested cell
number/dish and fold increase extending the range of the initial density. The harvested cell number/dish
appeared to increase up to 3,500 cells/cm2 in Donor γ (Fig. 5A). The fold increase signi�cantly decreased
by between 500 and 4,000 cells/cm2 in this donor. The cell colonies were distinct at 500 cells/cm2 and
became indistinct with a higher initial cell density (Fig. 5B).
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Estimated total MSC yield/donor

         In a case where the nucleated cell number was 6.2 million (the lowest case in clinical studies), the
estimated MSC yield/donor decreased along with the initial cell density in a case where the serum volume
was 186 ml (the highest case in clinical studies) (Fig. 6). In a case where the serum volume was 146 ml
(the average case in clinical studies) and 87 ml (the lowest case in clinical studies), when plating at low
density, some cells were discarded due to insu�cient serum volume.

In a case where the nucleated cell number was 12 million (the average case in clinical studies), when
plating at low density, some cells were discarded due to insu�cient serum volume in all three cases of
serum volume. The maximum MSC yield/donor was obtained at the highest plating density under
conditions where some cells were discarded.

In a case where the nucleated cell number was 23 million (the highest case in clinical studies), some cells
were discarded due to insu�cient serum volume in cases where the serum volume was 186 ml and 146
ml, except when plating at high density. In a case where the serum volume was 87 ml, some cells were
discarded at all plating densities, and estimated MSC yield/donor increased along with initial cell
densities.

Discussion
In our previous clinical studies, the total serum volume varied by patient. There are three possible reasons
for the variation in serum volume. First, the total blood volume varied. We planned to collect 350 mL of
whole blood while monitoring the weight of the blood bag. From one patient, only 200 ml blood was
collected, because her blood vessels were technically too thin to collect any more blood. From another
patient, 400 ml blood was collected, because his meniscus was extensively injured, he was healthy
enough except for the meniscus, and we thought it was better to prepare more MSCs than usual for
treatment. Second, even if we collected the same amount of blood, the amount of serum is affected by
some factors, including the difference in hematocrit. Third, we isolated serum using a closed bag system
(Cellaid), the bag containing blood with glass beads was shaken at 20 °C for 30 minutes, and then the
serum was separated. During this process, the prepared serum volume might vary.

In our previous clinical studies, the total synovial nucleated cell number also varied by patient. There are
three possible reasons for the synovial nucleated cell number. First, the synovial tissue weight varied. We
collected approximately 20 pieces of synovial tissue under arthroscopy, put them into a tube, and after
the harvest of synovium was completed, we weighed it in another room outside the operating room. The
synovial weight we expected was not accurate. Second, the number of synovial nucleated cells per weight
depends on the donor. According to our study, synovium containing many �brous components has more
cells than synovium containing many adipose components[10]. Third, we minced the synovium, digested
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it with enzyme, �ltered it, and counted the synovial nucleated cell number. During such a process, the
prepared synovial nucleated cell number might vary.

Initial cell plating density affects the proliferation potential of MSCs. In our recent report, we plated the
synovial nucleated cells at 103, 104, or 105 cells/60 cm2 dish and cultured them for 14 days. The fold
increase was negatively related to plating density, whereas the total number of cells/dish was positively
related to plating density[5]. In our current study, we did similar experiments at densities of every 300
cells/60 cm2 dish rather than every 10 times that many cells/60 cm2 dish, and similar results were
obtained.

We used our previous clinical data and our current experimental data to predict the yields of synovial
MSCs in nine cases when the human serum volume was minimum, average, and maximum and when the
initial numbers of nucleated cells were minimum, average, and maximum (Fig. 6). Generally, in cases
where the nucleated cell number was low and the serum volume was high, the estimated MSC
yield/donor decreased along with the initial plating density, while in cases where the nucleated cell
number was high and the serum volume was low, the estimated MSC yield/donor increased along with
the initial plating density. In cases both where some nucleated cells were discarded at low initial cell
density and no nucleated cells were discarded at high cell density, the maximum MSC yield/donor were
obtained when the initial cell density was the lowest cell density that does not discard cells.

In clinical situations, there should be the best combination of plating density and dish number to obtain
the maximum MSC yield/donor. In a case where the serum volume is su�cient, the maximum MSC
yield/donor is obtained when the initial cell density is the lowest within the range. In a case where the
serum volume is moderate, the maximum MSC yield/donor is obtained when the initial cell density will be
the lowest cell density that does not discard cells. In a case where the serum volume is low, the maximum
MSC yield/donor is obtained when the initial cell density is the highest within the range (Fig. 7).

In this study, we identi�ed an optimal initial cell density for harvesting the highest number of primary
synovial MSCs in a clinical setting under conditions of limited cell numbers and human serum volume. In
clinical situations, the use of passage 0 synovial MSCs could be valuable in reducing the effort required
by replating as well as in preventing the possible risks related to chromosomal abnormalities[11, 12]. This
result is important for other MSCs derived from bone marrow[13, 14], adipose tissues[15], and other
mesenchymal tissues when the MSCs are cultured with human serum.

We propose three limitations. First, for this experimental data, synovial MSCs were cultured with
allogeneic human serum, because it was di�cult to collect both human synovium and serum from the
same donors, for ethical reasons. Results using autologous serum may differ from those performed
using allogeneic serum. Second, we estimated MSC yield/donor from the fold increase obtained in this
experiment. However, we did not take into account that the proliferative capacity of MSCs varied between
donors. Third, this study did not consider chondrocyte differentiation potential. In our recent report, the
cartilage pellet weight was negatively related to the initial plating density[5].
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Conclusions
In conclusion, an optimal initial cell density exists for harvesting the highest number of primary synovial
MSCs in clinical settings when cell numbers and human serum volumes are limited.

Abbreviations
MSC
mesenchymal stem cell
α-MEM
Alpha minimum essential medium
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Figures

Figure 1

Background for this study. In our clinical situations, synovial nucleated cells just after enzyme digestion
are plated on a certain number of dishes and cultured with 10% autologous human serum for 14 days to
obtain a maximum number of primary autologous synovial MSCs. (A) If we have su�cient autologous
serum, then the lower the initial cell density, the higher the number of dishes we can plate on. (B) If we
have a limited amount of autologous serum, the number of dishes is limited, depending on the initial cell
density. Below the orange line indicates the dishes used and above the orange line indicates the dishes
unused. (C) If we have further limited autologous serum, the number of dishes is also further limited. (D)
In another patient, the lower the number of nucleated cells we can prepare, the lower the number of dishes
we can plate on. (E) If we have a limited amount of autologous serum, the number of dishes is also
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limited, depending on the initial cell density. (F) If we have further limited autologous serum, the number
of dishes is also further limited. According to nucleated cell number and autologous serum volume, the
optimal initial cell density should be decided.

Figure 2

Procedure for transplantation of synovial MSCs onto the repaired meniscus. For degenerative torn
meniscus (A), meniscal repair is performed (B). With a pituitary rongeur (C), approximately 20 pieces of
synovial tissue are harvested (D). 350 ml of autologous blood is harvested, and autologous serum is
separated (E). Primary autologous synovial MSCs are cultured with 10% autologous serum for 14 days
(F). Primary autologous synovial MSCs are suspended (G) and transplanted onto the repaired meniscus
(H).
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Figure 3

Distribution of blood and synovium derivatives from 10 patients in our previous clinical studies. (A) Blood
volume and serum volume. Donor numbers were ordered in ascending serum volume. (B) Synovial tissue
weight and nucleated cell number. (C) Initial cell density and MSC yields.
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Figure 4

Effect of initial cell density on harvested cell number/dish and fold increase in primary synovial MSCs in
this experimental study. Nucleated cells derived from synovium were plated at 700, 1000, 1300, 1600, or
1900 cells/cm2 in three 60 cm2 dishes and were cultured for 14 days in two donors. Average and SD are
shown in addition to each plot. *; To evaluate the effect of initial cell density on fold increase, the
Jonckheere-Terpstra test for trend was performed.
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Figure 5

Effect of detailed initial cell density on fold increase and colony morphology in primary synovial MSCs in
this experimental study. Nucleated cells derived from synovium were plated at 500, 1000, 1500, 2000,
2500, 3000, 3500, and 4000 cells/cm2 dish in four 60 cm2 dishes and were cultured for 14 days. (A)
Effect of initial cell density on harvested cell numbers/dish and fold increase in primary synovial MSCs.
Average and SD are shown in addition to each plot. *; To evaluate the effect of initial cell density on fold
increase, the Jonckheere-Terpstra test for trend was performed. (B) Representative colony formation of
primary synovial MSCs stained with crystal violet.
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Figure 6

Estimated MSC yield/donor. MSC yield/donor was estimated from the fold increase obtained in this
experiment in nine patterns of the minimum, average, and maximum of the total synovial nucleated cell
numbers and the minimum, average, and maximum of the autologous human serum volume in the
previous clinical studies. Red plots show the cases in which the remaining synovial nucleated cells were
discarded.
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Figure 7

The optimal combination of initial cell density and dish number to obtain the maximum MSC yield/donor.
(A) In a case where the serum volume is su�cient, the maximum MSC yield/donor is obtained when the
initial cell density is the lowest within the range. (B) In a case where the serum volume is moderate, the
maximum MSC yield/donor is obtained when the initial cell density will be the lowest cell density that
does not discard cells. (C) In a case where the serum volume is low, the maximum MSC yield/donor is
obtained when the initial cell density is the highest within the range, even if some cells are discarded.
Below the orange line indicates the dishes used, and above the orange line indicates the dishes unused.


