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(57) ABSTRACT 
Described is a method of expanding hurnan progenitor calls 
by suspension culturing under non-static conditions. The 
culturing method provides a three-dimensional space for the 
rapid expansion of desirable progenitors. By this method, a 
neW compartment of rnultipotential progenitor cells has been 
identi?ed, Which give rise under differentiation conditions to 
progeny including osteoblasts, chondrocytes, rnyoblasts, 
adipocytes, and other non-hernatopoietic cell types. Their 
use in cell and tissue-based engineering is described. 
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PROGENITOR CELL POPULATIONS , 
EXPANSIONS THEREOF, AND GROWTH OF 
NON-HEMATOPOIETIC CELL TYPES AND 

TISSUES THEREFROM 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application claims priority from US. provi 
sional application 60/285,701 ?led April 24, 2001, and from 
US. provisional application 60/328,110 ?led Oct. 11, 2001, 
the entire disclosures of Which are incorporated herein by 
reference. 

FIELD OF INVENTION 

[0002] The present invention relates to the identi?cation 
and subsequent expansion of a neW compartment of pro 
genitor cells Which give rise through differentiation to a Wide 
variety of cell types that form tissues including bone, 
cartilage, fat, muscle, endothelium, adipose and neural cells, 
among others. The invention further relates to methods by 
Which such cell populations are expanded. Further, the 
invention relates to methods by Which such cell types and 
tissues are formed, to the cell and tissue types resulting 
therefrom, and to applications of such progenitor and dif 
ferentiated cells in cell-based therapy and tissue engineer 
mg. 

BACKGROUND OF THE INVENTION 

[0003] One challenge of cell-based therapy and tissue 
engineering strategies is to bring large numbers of appro 
priate progenitor cells to the tissue repair and/or regenera 
tion site as expediently as possible. The bone marroW 
compartment, and particularly the marroW parenchyma, 
provides an attractive source for such progenitor cells. The 
marroW parenchyma includes hematopoietic progenitor 
cells, Which differentiate into blood cells of various types. 
The narroW parenchyma also includes non-hematopoietic 
progenitor and stem cells, Which differentiate into mesen 
chymal and other cell types, from Which various structural 
and connective human tissues arise. More speci?cally, the 
mesenchymal progenitor and stem cells Within the marroW 
parenchyma give rise, through differentiation, to osteogenic 
cell types that form bone, to chondrogenic cell, types that 
form cartilage, and to myogenic cell types that form muscle 
and other connective tissues such as bone, marroW stroma. 
Parenchymal progenitors further include cells that give rise 
to other non-hematopoietic cell types and tissues, Which 
include adipocytes that form adipose tissue, neurons and 
other neural cells that form nerve tissue, and cells capable of 
giving rise to endothelium and related vasculature. 

[0004] The present invention is thus concerned With pro 
genitor and stem cells of the type that are extractable, for 
instance, from marroW parenchyma, and Which give rise to 
non-hematopoietic cell types. These cells can be referred to 
as non-hematopoietic progenitors, or NHP cells. As noted, 
the NHP cells include the mesenchymal progenitor cells 
(MPCs) and progenitor cells that give rise to other non 
blood cell types, and thus as a class, give rise to a Wide 
variety of cell types and tissues of therapeutic interest 
including nerve tissue, connective tissue, muscle, tendon/ 
ligament, bone, cartilage, adipose tissue and vascular endot 
helium. 
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[0005] It is established that the NHPs including the MPCs, 
can be expanded Without differentiating. By this route, the 
population can be increased from the small numbers ?rst 
obtained from the bone marroW or other sources, to the large 
numbers required for their medical use, Without concomi 
tantly inducing the cells to differentiate or become commit 
ted to development toWard a particular cell lineage. To 
provide these cells in quantity suf?cient for medical use, 
research has accordingly focused on ?nding novel 
approaches for ax vim expansion of progenitor cells includ 
ing MPCs. Approaches to date involve culturing Whole bone 
marroW that contains loW frequency of such cells that have 
been isolated based on their adherence to tissue culture 
treated substrates [Friedenstein et al., 1992; Castro 
Malaspina et al., 1980] and passaging the adherent layer 
many times to achieve expansion [Colter et al., 2000; 
Ohgushi et al., 1999; Bruder et al., 1997; Caplan et al., 1997; 
J aisWal et al., 1997]. HoWever, the results of this approach 
have not clearly demonstrated that I) the adherent cell 
population are true mesenchymal stem cells, ii) that this cell 
population can be expanded to high numbers suitable for 
clinical application in an appropriate time frame, While iii) 
still maintaining the ability of this cell population to form 
morphologically or histologically identi?able mature mes 
enchymal cells or tissue, such as bone at each passage. 

[0006] US. Pat. No. 6,087,113 issued Jul. 11, 2000 
entitled “Monoclonal antibodies for human mesenchymal 
stem cells” describes a method for isolating a population of 
human cells that based on their expression of speci?c cell 
surface antigens detectable using monoclonal antibodies, are 
enriched in cells capable of giving rise to a variety of 
mesenchymally-derived tissues. Although this patent claims 
that mesenchymal stem cells can be identi?ed and isolated 
by positive binding to such monoclonal antibodies, What is 
not considered is that these cells have been cultured on an 
adherent surface and then positively selected, a process that 
has the potential to change both the phenotype and func 
tional properties of the marroW-derived cell population. This 
adherence-based approach requires cell-substrate contact 
not only to isolate so-called mesenchymal progenitor cells 
but also to achieve their expansion. Other methods of 
culturing anchorage dependent cells have been described. 
These include groWing cells on the surface of a holloW ?bre 
membrane (Jacques, et al., 1976), encapsulating cells Within 
a semipermeable membrane and then suspending the cap 
sules in groWth medium (Jarvis et al., 1985), and culturing 
cells on a three dimensional matrix like collagen (Naughton 
et al., 1990) or on microspheres that are then maintained in 
suspension (Hu et al., 1992). 

[0007] The approaches aimed at expanding progenitor 
cells from Which mesenchymal and other tissues can differ 
entiate have thus relied on culturing an input cell population 
on a solid surface, i.e., tWo dimensionally, to generate a 
sloWly expanding population of cells that are adherent 
dependent. A different approach has been applied for the 
expansion of hematopoietic progenitor cells, as reported by 
Zandstra et al. (1994). It Was shoWn that hematopoietic cells 
could be expanded in stirred suspension culture. HoWever, 
and despite the groWing interest in their use in cell-based 
tissue engineering strategies, there remains a need for a 
technique by Which non-hematopoietic stem and progenitor 
cells, including the mesenchymal progenitor cells can be 
expanded more rapidly. 
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[0008] This need arises particularly, although not exclu 
sively, in the bone ?eld. One proposed strategy for using 
tissue engineering principles to restore bone is to harvest 
marroW derived cells from the patient, expand a cell popu 
lation With osteogenic potential in vitro, seed the expanded 
population onto a three-dimensional carrier and then implant 
the cell-seeded scaffold into the patient as an alternative to 
a standard bone graft. While various research groups have 
achieved aspects of this procedural cascade, the strategy has 
not yet been successfully employed clinically. Although 
there may be multiple reasons for this, a major obstacle has 
been the dif?culty associated With generating adequate num 
bers of cells capable of producing osteogenic cells from 
marroW harvests. 

[0009] It Would therefore be very advantageous to provide 
an economical method for proliferating large numbers of 
non-hematopoietic progenitor cells to provide an expanded 
cell population Which can then be used for groWing different 
functional tissues as required. 

[0010] It Would also be useful to provide a cell population 
that is capable of differentiating into a Wide variety of 
desired tissues. 

[0011] It Would also be desirable to provide such cells in 
forms that are useful medically for the regeneration and 
repair of human tissues. 

SUMMARY OF THE INVENTION 

[0012] It has noW been found that non-hematopoietic 
progenitor cells, particularly but not exclusively mesenchy 
mal progenitor cells, can usefully be expanded in non-static 
suspension culture. More particularly, it has been found that 
non-hematopoietic progenitor cells of the type recoverable 
from bone marroW and comparable sources can be expanded 
signi?cantly in stirred suspension bioreactors. Moreover, the 
progenitor cells expanded in non-static suspension culture 
retain the potential to differentiate into a variety of cell types 
other than blood cells, including neuronal and endothelial 
vascular tissue as Well as the mesenchymal tissues including 
bone, cartilage, connective tissue, muscle, tendon and adi 
pose tissue. 

[0013] By adopting the non-static approach to suspension 
culturing for expansion of progenitor cells, the present 
method enables progenitor cell expansion at a rate and 
ef?ciency that far surpasses knoWn expansion techniques 
that rely on and are limited by tWo dimensional surfaces 
such as tissue culture plates and tissue ?ask surfaces. More 
over, the present method of culturing the exacted progenitor 
cells in suspension avoids the knoWn techniques in Which 
progenitor cells destined for expansion are ?rst selected and 
then maintained in an adherence-dependent environment 
that in?uences and limits the phenotype of cells that can be 
expanded by those knoWn techniques. 

[0014] It is believed, more particularly, that the technique 
of non-static suspension culturing, Without prior selection of 
input cells based on anchorage or adherence, reveals for the 
?rst time a neW compartment of hitherto unrecogniZed, 
multipotential progenitor cells from Which an extensive 
variety of differentiated cell progeny can arise. 

[0015] According to one aspect of the present invention, 
there is provided a method in Which an input cell population 
comprising non-hematopoietic progenitor cells is ?rst 
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obtained, and the input cell population is expanded by the 
step of maintaining that input population in non-static sus 
pension culture for a period, sufficient to expand cells With 
properties of the input population. 

[0016] The input cell population can comprise non-he 
matopoietic progenitor (NHP) cells of various classes or 
types, and particularly includes mesenchymal progenitor 
cells (MPCs). Thus, in a particular aspect, the present 
invention provides a rod of expanding an input cell popu 
lation comprising NHP cells, comprising the steps of: 

[0017] 1) providing a cell suspension comprising said 
cells and a suitable groWth medium; and 

[0018] 2) maintaining said cell suspension under 
non-static culturing conditions for in effective period 
of time to proliferate cells Within the input popula 
tion. 

[0019] In another, more particular aspect of the present 
invention, there is provided a method of expanding an input 
cell population comprising mesenchymal progenitor cells, 
comprising the steps of: 

[0020] 1) providing a cell suspension comprising 
mesenchymal progenitor cells and a suitable groWth 
medium; and 

[0021] 2) maintaining said cell suspension under 
non-static culturing conditions for an effective 
period of time to proliferate said cells. 

[0022] In accordance With this method of the present 
invention, the input cell population is not subjected to prior 
selection for adherent or anchorage-dependent cells. 

[0023] In another of its aspect, the present invention 
provides an input cell population Which is amenable to 
expansion by non-static suspension culturing thereof, 
Wherein the input cell population comprises a cell popula 
tion that is enriched for non-hematopoietic progenitor cells. 
Desirably, the input population is enriched for marroW 
parenchymal cell progenitors, and especially for mesenchy 
mal progenitor cells. In embodiments of this aspect of the 
present invention, such enriched input populations are char 
acteriZed by the substantial absence of at least one hemato 
poietic cell type, i.e., a cell type bearing a surface marker 
speci?c to hematopoietic cells. In particular embodiments, 
the input population is prepared by enriching a progenitor 
cell population for mesenchymal progenitor cells. In another 
embodiment, the input population is prepared by enriching 
for non-hematopoietic marroW parenchymal progenitors 
other than mesenchymal progenitors. 

[0024] The input cell population can be extracted from 
bone marroW, particularly human bone marroW that is either 
cadaveric or, more desirably from a fresh source, or from 
any comparable source such as embryos, umbilical cord 
blood and the like, in accordance With extraction techniques 
established for progenitor stem cells. To prepare the input 
population, the extract is suitably subjected to fractionation 
using, for instance, commercially available density gradient 
media that such as Ficoll-PaqueTM (Sigma). 

[0025] In the alternative and in order to prepare an 
enriched input population for expansion by suspension cul 
turing, the extracted progenitor cells can be subjected to a 
selection procedure that alloWs for subtraction (or deple 
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tion), from the exact, of cells having a phenotype that is not 
desired, such as a hematopoietic progenitor cell phenotype. 
Such enrichment can be achieved, for instance, using the 
?uorescence-activated cell sorting device and technique, or 
by application of the established rosetting technique. Both 
techniques utiliZe antibodies directed at a surface marker 
unique to a cell type of interest. In essence, both techniques 
utiliZe the binding interaction betWeen the antibody/marker 
to alloW cells of that phenotype to be extracted from the cell 
population undergoing expansion. 
[0026] Those techniques, and related techniques that simi 
larly alloW for cell selection, are useful to provide a variety 
of input cell populations suitable for expansion by non-static 
suspension culturing, in accordance With the present inven 
tion. In particular embodiments, the input population com 
prises an enriched input population of progenitors that is 
substantially devoid of at least one hematopoietic cell type, 
Which cell type is characteriZed by the presence of at least 
one surface maker selected from CD3, CD14, CD38, CD66 
and CD119. In another embodiment of the invention, the 
input cell population is enriched for cells that lack one or 
more surface markers associated With the major histocom 
patibility complex type I (MHC-I) and/or lack one or more 
surface markers associated With the major histocompatibil 
ity complex type II (MHC-II). In particular, the input cell 
population is desirably enriched for cells that lack one or 
more, and desirably all, of the folloWing surface makers: 
HLA-A, HLA-B, HLA-C, HLA-DR, HLA-DP and HLA 
DQ. 

[0027] Thus, in one of its aspects, the present invention 
provides a novel input cell population for suspension cul 
turing to provide an expanded cell population from Which 
non-hematopoietic and particularly mesenchymal cell types 
and tissues can be groWn, the input cell population com 
prising a progenitor cell population that has not been adher 
ence-selected and Which is enriched ?r non-hematopoietic 
progenitor cells. In embodiments, such enriched input pro 
genitor cell population is characteriZed by the substantial 
absence of cells expressing one or more hematopoietic 
progenitor cell surface markers. In particular embodiments, 
the novel input cell population is characteriZed by the 
substantial absence of cells bearing at least one surface 
marker selected ?rm CD3, CD14, CD38, CD66, ad CD119. 
In other embodiments, the novel input cell population is 
characteriZed by the substantial absence of cells bearing at 
least one marker of MHC, selected from HLA-A, HLA-B, 
HLA-C, HLA-DR, HLA-DP and HLA-DQ. In a speci?c 
embodiment, the novel input cell population is characteriZed 
by the substantial absence of all MHC marker-bearing cells. 

[0028] The input cell population, or the enriched input cell 
population, is expanded by the technique of non-static 
suspension culturing. The input cell population is considered 
“expanded” When the input population has proliferated, and 
the numbers of coils With one or more of the functional and 
phenotypic properties of the input population has increased, 
relative to the number of input cells seeded in suspension 
culture. Suspension culturing Wider non-static conditions is 
performed in a bioreactor or other suitable environment that 
alloWs for the 3-dimensional culturing of cells in liquid 
medium under conditions of temperature, pressure and nutri 
tion amenable to their expansion. Non-static suspension 
culturing further involves agitation of the culturing environ 
ment, as a means to maintain the cultured cells in suspension 
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as individual cells during their expansion. Such agitation 
typically entails mechanical agitation such as stirring, but 
may also utiliZe other ?uidiZing techniques such as perco 
lation, aspiration, and the like. To minimiZe adherence 
curing culturing the bioreactor suitably is treated, e.g., 
siliconiZed, to inhibit cell adherence to the internal surfaces 
of the bioreactor. 

[0029] In embodiments, the suitable medium may be a 
hematopoietic culture environment and the suspension may 
be in a stirred bioreactor. In other embodiments, the medium 
may be adapted to exclude nutrients of a type typically 
required for the culturing of hematopoietic progenitor cells 
and Which are necessary only for the maintenance of such 
hematopoietic cells. For instance, typically the nutrient 
liquid medium does not require hydrocortisone, and similar 
supplements that have been utiliZed predominantly for 
hematopoietic cell maintenance. 

[0030] Desirably, expansion of the functional capacity of 
the input cell population is performed in a medium supple 
mented With cytokines and/or groWth factors, or cellular 
sources thereof, useful to maintain cell viability over the 
culturing period. Particularly useful supplements include 
IL-3 and stem cell actor (SCF, knoWn also as steel factor 

Also particularly useful are such groWn factors as 
platelet-derived groWth factor (PDGF), and ?broblast 
groWth factor (FGF), Which are valuable in expanding input 
cell populations capable of giving rise to neuronal cell types. 
Still other groWth factors and cytokines and other supple 
ments can be utiliZed in accordance With culturing practices 
established for cell types of particular interest. 

[0031] Expansion of the functional capacity of the input 
cell population can be achieved after non-static suspension 
culture for a matter of days, and culturing periods in the 1-3 
Week range and longer are also suitable. 

[0032] As noted, the progenitor cells maintained in sus 
pension are multipotential and include mesenchymal and 
other progenitor cells. Accordingly, the expanded population 
may be used to form differentiated phenotypes including 
bone, chondrocytes, adipocytes, endothelial cells, neural 
cells, myoblast cells and cartilage. In accordance With 
aspects of the present invention, once the input population of 
progenitor cells has been proliferated, i.e., expanded, some 
or all of the cells can be placed in the appropriate differen 
tiation environment to groW the desired tissue. 

[0033] The present invention further provides an isolated 
population of expanded human progenitor cells, character 
iZed in that: 

[0034] 1) When subsequently cut under conditions 
appropriate for differentiation, said population gives 
rise to differentiated cell types that include bone 
cells, muscle and neuronal cells; 

[0035] 2) the population has been expanded in non 
static suspension culture; 

[0036] 3) the progenitor cells Within the population 
have not been selected on the basis of adherence; 

[0037] 4) the population phenotype is SH4 negative; 
and 

[0038] 5) the population results from culturing in the 
absence of at least one hematopoietic stem cell 
speci?c culturing supplement. 
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[0039] In another of its aspects, the present invention 
provides an expanded population of human mesenchymal 
progenitor cells Which result from the non-static suspension 
culturing of an input population enriched for non-hemato 
poietic progenitor cells, as described above. 

[0040] In another of its aspects, the present invention 
provides a therapeutic composition, useful for delivering 
human mesenchymal progenitor cells to an environment 
conducive to the formation of differentiated cells therefrom, 
the composition comprising a population or subpopulation 
of human progenitor cells as described above, and a physi 
ologically acceptable vehicle for delivering said cells to said 
environment 

[0041] In embodiments of the present invention, the 
vehicle is one suitable for delivering the cells to a bone site 
at Which repair or regeneration is desired. In a particular 
embodiment the vehicle used to deliver the cells is a matrix 
material that is compatible With bone and may itself com 
prise osteoinductive material 

[0042] In another of its aspects, the present invention 
provides an expanded progenitor cell population as 
described above in combination With factors suitable for 
inducing the differentiation thereof. Such a combination is 
manifest as an assay environment as a tissue groWth envi 
ronment of the type used to prepare tissue for implantation 
or of the type established folloWing treatment of a human or 
other patient to provide for tissue repair or regeneration. 

[0043] In still another of its aspects, the present invention 
provides a method for producing differentiated, non-hemato 
poietic cell types, comprising the steps of obtaining an 
expanded progenitor cell population of the type described 
above, or a subpopulation thereof, and then delivering that 
population of cells either per se or in a suitable delivery 
vehicle to an environment Which supports differentiation 
thereof into a desired cell type. In embodiments of the 
present invention the cells are delivered to an environment 
suitable for inducing their differentiation into a parenchymal 
cell or tissue selected from bone, cartilage, muscle, adipose, 
tendon, cartilage, and neurons. In a speci?c embodiment, the 
mesenchymal progenitor cells aWe exploited for the purpose 
of repairing or regenerating bone, and are therefore deliv 
ered to a bone site at Which such endpoints are desired. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0044] Embodiments of the invention Will noW be 
described, by Way of example only, With reference being had 
to the draWings, in Which: 

[0045] FIG. 1A is a graphical representation illustrating 
the change in total cell number With time relative to input 
numbers from density gradient separated human bone mar 
roW-derived cells maintained in a stirred suspension biore 
actor (see also FIG. 8), 

[0046] FIG. 1B shoWs the expansion pro?le of the colony 
forming units (CFU) generated from the cells maintained in 
each treatment group upon plating in a CFU-F assay; 

[0047] FIG. 1C is a graphical representation of total cell 
(panels A, D), CFU-F (B, E) and CFU-O (C, F) expansion 
calculated from cells groWn in stirred suspension bioreactors 
(A-C) and static control cultures (D-F). Bars represent the 
mean of three different experimentszstandard deviation (see 
also FIG. 8). 
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[0048] FIG. 1D shoWs various types of differentiated cells 
induced from the parenchymal progenitor tell population, 
groWn in the presence of de?ned cytokine cocktails. The 
cytokine concentrations used Were 10 ng/ml (stems cell 
factor) (SCF), 2 ng/ml interleukin-3 (IL3), 100 ng/mJ mac 
rophage colony stimulating factor (MCSF), and 30 ng/ml 
platelet-derived groWth factor (PDGF). In addition to bone 
nodule formation detected by UV-?uorescence excitation of 
tetracycline labeled cultures (A) (Week 1 SCF+IL3 biore 
actor-derived cells cultured in osteogenic conditions shoWn 
here), cells containing fat globules (B) (FW: 2.55 mm) 
formed in bone nodule assays that Were initiated With cells 
removed from selected bioreactor culture treatments (tabular 
results). Image (C) shoWs typical cells that greW in a CFU-F 
assay that Were initiated With cells removed from stirred 
suspension bioreactors of the SCF+IL3 treatment group after 
1 Week (FW: 2.85 CFU-F cultures Were stained With 
ot-naphthyl acetate esterase folloWed by a counterstain With 
Hematoxylin solution at 2 Weeks. Image (D) (FW: 2.85 mm) 
shoWs the typical cells that comprised CFU-F assays that 
Were initiated With bioreactor-derived cells cultured in the 
presence of PDGF; 

[0049] FIGS. 2A-2D are optical micrographs taken of 
CPU-F cultures of suspension cells isolated from bioreactors 
at Day 5 With differeing combinations of cytokines; 

[0050] FIGS. 2E-2H are CFU-F assay results of cells 
removed from suspension bioreactors at Day 20 With dif 
fering combinations of cytokines; 

[0051] FIGS. 3A, 3B, 3C and 3D depict tetracycline 
labeled osteogenic cultures of Day 5 and Day 10 suspension 
cells maintained in the presence of various cytokines. Min 
eraliZed nodular areas ?rst appeared after 3 Weeks and 
cultures Were terminated at 5 Weeks. Fluorescence intensity 
corresponded to tetracycline that had chelated to the min 
eraliZed areas. The images in (A-B) reveal tetracycline 
signals that corresponded to nodule-like structures that 
formed from cells that Were removed, at 5 and 10 days from 
suspension bioreactors supplemented With various cytokine 
cocktails. All bone nodule assays Were initiated With 1><104 
cells/cm2. The tetracycline signal from each bone nodule 
culture initiated With cells derived from bioreactors experi 
ments Were quanti?ed using the Chemilmager 5500 softWare 
(Alpha Innotech Corporation, San Leandro, Calif.); 

[0052] FIG. 3F illustrates the expansion of CFU-O pro 
genitors detected as bone nodule colonies over the time 
period in those conditions presented in Figures A-D; 

[0053] FIGS. 4A and 4B shoW dark ?eld micrographs of 
developing nodular areas (3 Weeks) generated from cells 
derived from the no cytokine and SCF+IL3 bioreactor 
treatment groups after 7 days of suspension culturing; 

[0054] FIGS. 4C and 4D shoW no nodular areas associ 
ated With the cells retrieved from the SCF+PDGF treatment; 

[0055] FIG. 4E is a graphical representation shoWing the 
tetracycline signal associated With the mineraliZed areas of 
FIGS. 3A, 3B, 3C and 3D quanti?ed and normaliZed to the 
input signal of bone nodule cultures initiated With calls 
removed from the culture suspension on day 5 and day 10. 
FIGS. 4F and 4G are also graphical representation shoWing 
the tetracycline signal from each bone nodule culture initi 
ated With cells derived from both bioreactors and static 
control (type 1) experiments (see FIG. 8 description for 






















