PCT WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification © : (11) International Publication Number: WO 98/04682
CI12N 5/08, A61K 35/28, 35/32 Al . _
(43) International Publication Date: 5 February 1998 (05.02.98)
(21) International Application Number: PCT/US97/12356 | (81) Designated States: AU, CA, JP, US, European patent (AT, BE,
CH, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU, MC, NL,
(22) International Filing Date: 21 July 1997 (21.07.97) PT, SE).
(30) Priority Data: Published
08/700,753 30 July 1996 (30.07.96) Us With international search report.

(60) Parent Application or Grant

(63) Related by Continuation
us 08/700,753 (CIP)

Filed on 30 July 1996 (30.07.96)

(71) Applicant (for all designated States except US): OSIRIS
THERAPEUTICS, INC. [US/US]; 2001 Aliceanna Street,

Baltimore, MD 21231-2001 (US).

(72) Inventor; and
(75) Inventor/Applicant (for US only): PITTENGER, Mark, F.
[US/US]; 108 Southway, Severna Park, MD 21146 (US).

(74) Agents: HERRON, Charles, J. et al,; Carella, Byrne, Bain,
Gilfillan, Cecchi, Stewart & Olstein, 6 Becker Farm Road,
Roseland, NJ 07068 (US).

(54) Title: ADIPOGENIC DIFFERENTIATION OF HUMAN MESENCHYMAL STEM CELLS

(57) Abstract

A composition which comprises human mesenchymal stem cells which have the potential to differentiate into cells of more than one
connective tissue type and a composition which induces cells from the mesenchymal stem cell population to differentiate into the adipogenic
lineage, and a process for inducing such differentiation. The composition for inducing such differentiation comprises a glucocorticoid and
a compound which stimulates cCAMP production or inhibits cAMP degradation (such as a phosphodiesterase inhibitor). The process can

further include isolating the adipocytes from remaining hMSCs.




AL
AM
AT
AU
AZ
BA
BB
BE
BF
BG

BR
BY
CA

CG
CH
Cl

CN
Ccu

DE
DK

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing interational applications under the PCT.

Albania
Armenia
Austria
Australia
Azerbaijan
Bosnia and Herzegovina
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus
Canada

Central African Republic
Congo
Switzeriand
Cote d'Ivoire
Cameroon
China

Cuba

Czech Republic
Germany
Denmark
Estonia

ES
F1

G SEENIGFEE2998993

LI

% &

Spain

Finland

France

Gabon

United Kingdom
Georgia

Ghana

Guinea

Greece

Hungary

Ireland

Isracl

Iccland

Ttaly

Japan

Kenya
Kyrgyzstan
Democratic People's
Republic of Korea
Republic of Korea
Kazakstan

Saint Lucia
Liechtenstein

Sri Lanka

Liberia

LS
LT
LU
LV
MC
MD
MG
MK

ML
MN
MR
MW
MX
NE
NL
NO
NZ
PL
PT
RO
RU
SD
SE
SG

Lesotho

Lithuania
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

The former Yugoslav
Republic of Macedonia
Mali

Mongolia

Mauritania

Malawi

Mexico

Niger

Netherlands

Norway

New Zealand

Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Singapore

SI
SK
SN
Sz
™D
TG
T3
™
TR
TT
UA
UG
uUs
vz
VN
YU
YA

Slovenia

Slovakia

Senegal

Swaziland

Chad

Togo

Tajikistan
Turkmenistan
Turkey

Trinidad and Tobago
Ukraine

Uganda

United States of America
Uzbekistan

Viet Nam
Yugoslavia
Zimbabwe




WO 98/04682 PCT/US97/12356 -

ADIPOGENIC DIFFERENTIATION
OF HUMAN MESENCHYMAL STEM CELLS

This application is a continuation-in-part of U.S. serial no. 08/700,753, filed July
30, 1996 (pending).

This invention relates to adipocytes and more particularly to producing

adipocytes from human mesenchymal stem cells.

Adipose tissue provides an energy storage reserve for the body in the form of
triglycerides and this tissue can release free fatty acids when caloric intake falls below
metabolic needs. In response to increased dietary intake, the body will normally
automatically increase energy expenditure through activity to maintain an energy
balance. Energy can also be released as heat. Adipose tissue is intimately involved in
the maintenance of body temperature through brown adipose tissue and energy storage
through white adipose tissue. There are normal energy regulation pathways that balance
dietary intake with metabolic activity largely mediated through the hypothalamus. It is

now also apparent that the adipocyte plays an active role in this process and likely
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produces molecules that serve to feed back and effect regulation of triglyceride

metabolism.

The two types of adipose tissue, brown and white, carry out very different roles
in the body. White adipose is designed to store excess caloric intake while brown
adipose tissue uses a unique system to syphon off excess calories and use it to generate
body heat. The heat is generated in the mitochondria of brown adipose where oxidation
of substrate is utilized to create a hydrogen ion gradient that is then collapsed in a
regulated fashion generating heat instead of ATP. It has been shown that transgenic
animals that lack brown adipose maintain efficient metabolism, are obese and continue
to overeat (Lowell er al, 1993). Other rodent studies have also shown a link between
obesity, continued overeating and a sensitivity to cold, suggesting a connection to the

sympathetic nervous system (Friedman and Leibel, 1992)

Imbalance in energy metabolism in the body leads to several diseased states,
most notably obesity and obesity-induced diabetes and these can be described as
dysfunctions of energy storage tissues. A mutation in mice that leads to obesity was
identified in 1950 (Ingalls er al., 1950) and the gene was recently identified by
positional cloning. The product of the ob gene is a 16,000 mw protein named leptin or
OB protein. Leptin is produced only by adipocytes and is a hormone which regulates
the hypothalamus. A mutation has been identified in the of mouse that results in
premature termination of mRNA translation such that no functional leptin protein is
made (Zhang et al. 1994). The role of leptin in regulation of lipid metabolism is an
area of intense research. Recent published investigations include studies of the upstream
promoter elements found adjacent to the ob gene which have been shown to bind C/EBP
(or CCAAT/enhancer binding protein) (Yeh et al, 1995 and Hwang et al., 1996).
Having a model experimental system for in vitro adipogenesis of human cells would

provide for discoveries in this area.
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Recently it has been reported that leptin may serve as a hormone that regulates
fertility and may be the link between appropriate body weight and reproductive
physiology (Chehab er al. 1996). Both underweight and overweight women have
difficulty in conceiving and this is likely associated with hormonal imbalance in the body
of these individuals. The connection between body weight, fertility and the leptin
produced by adipocytes has been suspected and now tested in mice. When obese mice,
which normally do not produce offspring without transplanting the ovaries to surrogate
females, were injected with leptin, there body weight fell dramatically and they were

able to give birth to their own litters (Chehab ez al, 1996).

A variety of cell types have been shown to produce lipid containing vesicles
under specific culture conditions. For example, mouse 3T3-LlI cells derived from NIH
3T3, an immortalized mouse cell line, can be grown and cultured as a fibroblastic cell.
However, after exposure to dexamethasone and methyl-isobutylxanthine, the cells
undergo differentiation which results in the production of intracellular lipid-containing
vacuoles (Spiegelman and Green, 1981). Rat marrow stromal cells have been shown
to undergo both osteogenic and adipogenic differentiation when cultured with fetal calf
serum and dexamethasone, but the predominating cell type varies depending on
conditions (Beresford et al., 1992).  Specifically, when the steroid analog
dexamethasone was present throughout the time course of culture, osteogenesis was
favored; but when dexamethasone was present only during secondary culture, the
adipogenetic pathway predominated as evidenced by lineage specific markers and
cytological observation. Mouse derived CH3 10T1/2 cells are a multipotential cell line
that, when treated with 5-azacytidine, undergoes terminal differentiation into adipocytes,
myocytes and chondrocytes. The 5-azacytidine causes inhibition of DNA methylation
and thus causes the activation of a few genes responsible for commitment to these

lineages (Konieczny and Emerson, 1984).
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In accordance with one aspect of the present invention, there is provided a
composition and method for inducing human mesenchymal stem cells to preferentially

differentiate into the adipogenic lineage, i.e., to differentiate into adipocytes.

Applicant has found that mesenchymal stem cells and in particular human
mesenchymal stem cells (hMSC) can be directed to differentiate into adipocytes by
treating the human mesenchymal stem cells with (i) a glucocorticoid and (ii) a compound
which elevates intracellular cAMP levels by either upregulating cAMP production or by
inhibiting degradation of cCAMP; in particular a compound which inhibits compound(s)
which degrade cAMP.

In a preferred aspect, the human mesenchymal stem cells are treated with a
glucocorticoid and a compound which inhibits the activity of a compound which
degrades cCAMP; in particular a phosphodiesterase inhibitor. The cells are subsequently

cultured in media containing insulin and fetal bovine serum.

Human mesenchymal stem cells, as well as their isolation and expansion, have
been described in U.S. Patent No. 5,486,359. As known in the art, human
mesenchymal stem cells are capable of producing two or more different types (lineages)
of mesenchymal cells or tissues and in particular connective tissue. The present
invention provides a method for generating adipocytes from primary human
mesenchymal stem cells (hMSCs) in a predictable and reproducible manner. The
invention is unique in that it involves human cells in primary and passaged cultures
rather than transformed or immortalized cell lines that are predetermined to enter the
adipogenic pathway. hMSCs are capable of entering muitiple lineages including the
osteocytic, chondrocytic, myocytic, tendonocytic and stromogenic lineages and the
present invention provides a method and composition for inducing hMSC’s to
differentiate into adipocytes. In a preferred aspect, in accordance with the present
invention, hMSC’s are induced to differentiate into essentially only adipocytes, i.e.,

there is no essential production or commitment to cells of other mesenchymal lineages.
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The method may also be used for generating adipocytes from MSCs from other species

such as rabbit, dog, rat and mouse.

The invention also provides methods to purify the adipocytes to obtain a highly

purified population.

The method of the invention for the in vitro differentiation of human
mesenchymal stem cells preferably derived from bone marrow into adipoblastic or
adipocytic cells is useful to investigators wishing to study this developmental program
in human cells in vitro. A better understanding of diseases of energy metabolism
including obesity and obesity-related diabetes will also result from studies of the
differentiation of mesenchymal stem cells to adipocytes. While a cellular and
biochemical basis for obesity has long been suspected, advancements have been slow
due to a lack of model systems with biochemical and molecular tools for study. Recent
dramatic breakthroughs in the molecular basis of adipogenesis have opened new avenues
towards understanding this pathway of mesenchymal cell differentiation, although a
human model system such as the one described here has been lacking. The method will
also have utility in the isolation and preparation of adipocytes for implantation into a

patient for the purpose of tissue augmentation following trauma or cosmetic surgery.

Brief Description of the Drawings
Figures 1A-1B show that when human MSCs are treated in accordance with the

invention, they undergo differentiation to the adipogenic lineage. Figure 1A shows
hMSCs (4X) cultured in normal hMSC media for the same period of time as Figure 1B.
There is no evidence of lipid containing vacuoles and the cells maintain the appearance
of fibroblasts at high density. In Figure 1B are hMSCs that were allowed to become
confluent and then maintained in normal media for 10 days prior to adding the
Adipogenic Induction media (containing methylisobutylxanthine and dexamethasone) for

48 hrs, and then changed to the insulin-containing adipocyte maintenance media for an
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additional 2 weeks. The lipid vacuoles are first apparent at about 5-7 days but increase

in size and abundance over time.

Figure 2A shows a similar control culture as Figure 1A at higher magnification
(20X). Figure 2B show a culture of confluent hMSCs that were subjected to Adipogenic
Induction media for 48 hours and then maintained in the Adipogenic Maintenance media
for 14 days. The many lipid containing vacuoles of adipocytes are evident in a large

proportion of the cells.

Figure 3 shows the results of culturing hMSCs under a variety of conditions,
only one of which shows a high degree of adipogenic differentiation. All photos are at
10X magnification. Figure 3A shows a culture of hMSCs maintained in normal hMSC
culture media alone. The cells grow with a fibroblastic morphology. Figure 3B shows
a similar culture that was treated with Adipogenic Induction media for 48 hours and then
with Adipogenic Maintenance media for an additional 14 days with media changes every
3 days. The adipogenic cells, perhaps as many as 30-35% of the cells, are evident as
they contain the large refractile lipid vacuoles. Figure 3C shows a culwure of hMSCs
that were maintained in the Adipogenic Maintenance media for 14 days but was never
subjected to the dexamethasone/methyl isobutylxanthine treatment. The cells maintain
a flat morphological appearance with no evident vacuoles. Figure 3D shows a culture
of hMSCs that were treated with normal hMSC media containing 1 uM dexamethasone
for 48 hours and then cultured for 14 days in the Adipogenic Maintenance media. The
cells are disorganized but show very few, if any, lipid vaculoes. Figure 3E shows a
culture of hMSCs that was treated with normal hMSC media containing 0.5 m. methyl-
isobutylxanthine for 48 hours and then was maintained for 14 days in the Adipogenic
Maintenance media. The cells retain a flat fibroblastic phenotype. Figure 3F shows a
culture of hMSCs that was treated with a media that induces the cells to differentiate
along a osteogenic pathway. This media contains 0.1 yM dexamethasone, 10 mM
B-glycerol phosphate and 50 uM ascorbic acid 2-phosphate. The presence of refractile

osteoid material is evident but no large lipid vacuoles.
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Figure 4A shows a culture of hMSCs subjected to the Adipogenic Induction
media for 48 hours and then cultured for 14 days in the Adipogenic Maintenance media.
The large lipid vacuoles are evident in this bright field image. The lipids can also be
revealed by using a fluorescent lipid soluble dye, such as Nile Red, and viewing by
epifluorescence illumination as shown in Figure 4B. Thus, the adipogenic cells can also

be identified using vital dyes and histological stains that label the lipid vacuoles.

Figure 5A shows hMSCs in culture which were not treated with Adipogenic
Induction media but which were cultured, fixed and stained at the same time as the

adipogenic cultures shown in 5B and 5C.

Figure 5B shows hMSCs that were treated once for 48 hours with Adipogenic
Induction media and then cultured for an additional three weeks in Adipogenic
Maintenance media and then fixed in neutral buffered formalin and stained with Oil Red

O, a lipid soluble dye that accumulates in the fat droplets.

Figure 5C shows a dish of hMSCs that was retreated with fresh Adipogenic
Induction media for a second and third 48 hour period to induce more hMSCs to
become adipogenic. As many as 30-40% of the cells were converted to adipocytes by
the three induction treatments when viewed two weeks after the third treatment. Panels

5A-5C were all stained with Oil Red O.

Figure 5D the transcription factor CAAT/enhancer binding protein (or C/EBPa)
is expressed at high levels in the adipogenic hMSCs as shown by this western blot using

an antibody specific for the 34 kd & isoform of C/EBP.

Figure SE the fatty acid binding protein aP2 shows high levels of expression in
the adipogenic hMSCs as shown by this western blot using an antibody specific for the

14 kd adipocyte specific form of P2.
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Figure 6A shows the isolated adipogenic hMSCs that attached to the uppermost
surface. The population is composed of greater than 99% adipogenic cells as evidenced

by the lipid droplets in every cell.

Figure 6B shows the non-adipogenic hMSCs that settled to the lower surface of
the flask. Very few cells containing lipid droplets were present on the lower surface.
These non-adipogenic cells could be treated with trypsin/EDTA and replated to another
dish and be shown to retain adipogenic potential (data not shown), indicating that they

remain as mesenchymal stem cells, capable of lineage progression.

Figure 7 shows an example of hMSCs grown in stabilized collagen gel matrix
and then induced to differentiate into adipocytes. The cells have been stained with Nile
Red fluorescent dye that accumulates in the lipid vacuoles which are visualized by
ultraviolet illumination. Only the lipid deposits in the cells are visible and many of the

adipocytes are out of the plane of focus in the three dimensional matrix.

Detailed Description of the Preferred Embodiments

As noted above, one aspect of the invention provides a composition which
comprises an isolated, homogeneous population of human mesenchymal stem cells which
have the potential to differentiate into cells of more than one mesenchymal tissue type,
and a substance which induces cells from the mesenchymal stem cell population to

differentiate into the adipogenic lineage.

In a preferred embodiment of this aspect of the invention mesenchymal stem cells
are induced to differentiate into the adipogenic lineage by use of a glucocorticoid and
a compound which either elevates intracellular levels of cAMP, for example, a cAMP
analog or a compound which stimulates production of cAMP or inhibits degradation of

cAMP; in particular a phosphodiesterase inhibitor.
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Preferred examples of the glucocorticoid are selected from the group consisting

of dexamethasone, hydrocortisone, cortisone, etc.

Preferred examples of the substance which elevate intracellular cAMP levels or
are cCAMP analogs include dibutyryl-cAMP, 8-CPT-cAMP (8-(4)-chlorophenylthio)-
adenosine 3°, 5’ cyclic monophosphate; 8-bromo-cAMP; dioctanoyl-cAMP, Forskolin,

etc.

Preferred examples of the substance which inhibits cCAMP degradation by
inhibiting the activity of phosphodiesterase is selected from the group consisting of

methyl isobutylxanthine, theophylline; caffeine, and indomethacin.

The compound which elevates levels of cAMP and the glucocorticoid are used
in amounts which are effective to induce hMSCs to differentiate into adipocytes. The
cAMP regulating compound and glucocorticoid may be added to the hMSCs separately

or in admixture with each other.

In general, the glucocorticoid is used in a concentration from about 0.1t0 10

micromolar, preferably from about 0.5 to 2 micromolar.

When employing a compound which inhibits degradation of cAMP, such a
compound is generally employed in a concentration of about 0.1 to 10 millimolar and

preferably from about 0.2 to 2 millimolar.

When employing a compound which upregulates cAMP production, such
compound is generally employed in a concentration of from about 0.1 to 100

micromolar, preferably from about 0.5 to 10 micromolar.

It is to be understood that the above amounts are representative and the scope of

the invention is not to be limited thereby.
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Although one of the compounds which is employed to induce hMSCs to
differentiate into adipocytes is one which regulates cAMP (either one which is known
to upregulate cAMP production or one which prevents degradation of cAMP), the scope
of the invention is not limited to any particular mechanism of action. Thus, for
example, even though one of the compounds which may be used in the present invention
is a phosphodiesterase inhibitor which is known to inhibit degradation of cAMP by
inhibiting phosphodiesterase degradation of cAMP, the invention is not limited to a
mechanism of action which is dependent upon preventing degradation of cAMP. Thus,
for example, the phosphodiesterase inhibitor may be effective for inducing
differentiation of hMSCs to adipocytes by a mechanism of action other than inhibiting

degradation of cAMP.

Compounds in addition to (i) a glucocorticoid and (ii) a cAMP regulator may be
used for inducing hMSCs to differentiate into adipocytes. Thus, for example, in a
preferred embodiment insulin is also employed in conjunction with the cAMP regulator

and glucocorticoid.

In a preferred embodiment, there is provided a composition for inducing hMSCs
to differentiate into adipocytes which is comprised of (i) a glucocorticoid, (ii) a
compound which regulates CAMP and in particular a compound which inhibits cAMP
degradation such as, a phosphodiesterase inhibitor, (iii) insulin or insulin-like growth

factor and (iv) glucose.

The addition of compounds as hereinabove described to induce differentiation of
hMSCs to adipocytes in accordance with the invention does not require that all of the
treated hMSCs be induced to differentiate into adipocytes. Thus, in accordance with an
aspect of the present invention there is produced a composition comprised of human
mesenchymal stem cells and adipocytes wherein based on the two components the

adipocytes are present in an amount of at least 5 wt. % and preferably at least 15 wt.
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%. The amount of adipocytes may be up to 50 wt. % or higher, based on the two

components.

In accordance with a preferred embodiment, the composition which is generated
is essentially free of committed cells of the mesenchymal lineage other than adipocytes.
In a particular preferred embodiment, there are less than one percent of committed cells
of the mesenchymal lineage other than adipocytes, and more preferably, less than 0.1%
and most preferably no committed cells of the mesenchymal lineage other than

adipocytes.

Although treatment of hMSCs in accordance with the invention produces a
mixture of adipocytes and undifferentiated hMSCs, the produced adipocytes may be
recovered from the mixture to produce an isolated population of adipocytes.
Representative procedures for recovering adipocytes are described in the examples which

form a part of this application.

In accordance with an aspect of the present invention, hMSCs may be treated to
induce differentiation into adipocytes in a manner such that such differentiation is

effected in vitro or in vivo.

Thus, for example, hMSCs may be admixed with compounds as hereinabove
described which induce differentiation into hMSCs and the resulting mixture employed
in vivo to induce differentiation to adipocytes in vivo. Thus, for example, the mixture
without culturing in vitre for a period of time to induce differentiation in vitro may be
employed in a suitable matrix (for example of the type hereinafter described) to induce

differentiation of the hMSCs to adipocytes in vivo.
Thus, in accordance with an aspect of the present invention there is provided a

composition comprised of human mesenchymal stem cells, a glucocorticoid and a cAMP

regulator (a compound(s) which upregulates cAMP production or inhibits cAMP
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degradation). Such a composition may be employed to produce adipocytes in vitro or

may be employed to induce differentiation of hMSCs in vivo.

The ability to generate large percentages of adipogenic cells from a population
of hMSCs will allow greater numbers of cells for implantation or research studies.
Fewer hMSCs would be needed as starting material. By repeating the adipogenic
induction step more times, it should be possible to induce most of the hMSCs in a
population to adipocytes. In the case where there is a mixture of cells, adipogenic
hMSCs can easily be isolated by their buoyant density. The isolation of a highly
enriched population of adipocytes from cultured hMSCs will also allow for a detailed

characterization of the adipocyte phenotype

The adipocytes can be used with a variety of materials to form a composition for
purposes such as reconstructive surgery. The cells may be combined with a biomatrix
to form a two dimensional or three dimensional material as needed. Surgeons routinely
use fat pads and fatty tissues from remote sites to build up an area where tissue has been
removed. This often involves a separate procedure with its inherent risks. As an
alternative, hMSCs could be isolated from the patient and grown in culture. The
hMSC:s could then be mixed with a biocompatible material such as collagen, collagen
sponge, alginate, polylactic acid material etc. to form a composite. The composite
would then be treated to induce adipogenic differentiation of the MSCs in vitro for 1-3
weeks, then implanted when needed. For example, adipogenic MSCs could be mixed
with a solubilized collagen or other biomaterial which is then allowed to gel to form a
three dimensional composite that could be used for breast augmentation following
mastectomy. Such a composite could be formed or sculpted to the appropriate size and
shape. Another composition includes the culturing of hMSCs on the acellular skin
matrix that is currently on the market such as the product by LifeCell Corporation. In
this format the cells would be cuitured to populate the matrix and then caused to
differentiate as described. The matrix with the adipogenic cells could then be cut by the

surgeon to fit the site of reconstruction. As an alternative hMSCs could be induced to
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become adipocytes prior to their introduction into the biocompatible materials. As
another alternative, hMSCs in combination with compounds which promote
differentiation into adipocytes may be used with a biomatrix as described without
culwuring for a period of time to induce differentiation whereby differentiation is induced

in whole or in part in vivo.

Similar to their use in reconstructive surgery, adipogenic hMSCs will be of use
in elective cosmetic surgery in much the same way; to build up underlying tissue below

the skin with a composite of autologous cells and biocompatible material.

The invention will be further described with respect to the following examples;

however, the scope of the invention is not to be limited thereby. Unless otherwise

described percentages and parts are by weight.

Biochemical Markers of Adipocytes

A number of molecules that are specific markers of adipocytes have been
described in the literature that will be useful to characterize the adipocytes derived from
hMSCs. These include enzymes involved in the interconversion of fatty acids to
triglycerides such as stearoyl-CoA-desaturase (SCDI) or the insulin responsive glucose
transporter (GLUT4). The product of the ob gene, leptin is a 16,000 molecular weight
polypeptide that is only expressed in pre-adipose cells or adipose tissue. The expression
of CCAAT enhancer binding protein, C/EBP, has been shown to precede the expression
of several markers of adipogenic differentiation and it is thought to play a key role in
adipocyte development. Another marker is 422 adipose P2 (422/aP2), a protein whose
expression is enhanced during adipocyte differentiation (Cheneval, et al, 1991.). This
differentiation pathway is thought also to involve peroxisome proliferation-activated
receptor v2 (PPAR +2), which is involved in the initiation of transcription of adipocyte
genes (Tontonoz, et al, 1994). Studies using these markers and the described methods
will allow a more detailed analysis of the lineage progression of mesenchymal stem cell

to adipocyte differentiation.

-13-



WO 98/04682 PCT/US97/12356 -

Lipid soluble dyes as markers of adipocyte differentiation

Lipid soluble dyes are available to stain lipid vaculoes in adipocytes. These
include Nile Red, Nile Blue, Sudan Black and Oil Red O, among others. Each of these
hydrophobic dyes has a propensity to accumulate in the lipid containing vaculoes of the
developing adipocytes and can readily identify the adipogenic cells in populations of
differentiating MSCS. At least one of these dyes can be used to isolate adipocytes from
non-differentiated cells using a fluorescence activated cell sorter (FACS). An example

of the use of Nile Red to identify adipogenic hMSCs is shown in Figure 4.

Example 1
Generation of Adipocytes from Human MSCs

Human MSCs are isolated from the red bone marrow of volunteer donors as
described in U.S. 5,486,359.

The cells are grown until colonies are well established and at this point the cells
are subcultured (1 to 3) or they can be taken to assay for in vitro adipogenesis. For the
adipogenesis assay, hMSCs are subcultured into 35 mm tissue culture dishes at 100,000
cells per dish and fed with 2 milliliters normal hMSC Media (Dulbecco’s Modified
Eagle’s Media (DMEM), 10% selected Fetal Bovine Serum (FBS) and
antibiotic/antimycotic mixture (1X) (Life Technologies, Inc.)) and cells are maintained
at 37°C, 5% CO0, and 90% humidity. The cells are refed with the fresh media every
third day and are allowed to multiply and become confluent. The cells are maintained
after reaching confluence by refeeding every third day and this time period of post
confluence culturing enhances the adipogenic response in the next step (at least out to
14 days). The differentiation into adipocytes is initiated by changing the media to 2 ml
of Adipogenic Induction Media (DMEM with 10% fetal bovine serum containing 10
pg/ml insulin (human recombinant, Boehringer Mannheim Corp.), 0.5 mM methyl
isobutylxanthine (MIX)(Sigma Chemical Co.), 1 uM dexamethasone (Dex)(Sigma
Chemical Co.)). This media is left on the cells for 48 hrs with cells maintained at

37°C, 5% CO0,, 90% humidity and is then replaced with Adipogenic Maintenance Media
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(DMEM containing 10% FBS and 10 ug/ml insulin). The medium is changed every 3-4
days. The hMSCs begin to show small lipid vacuoles in 3-7 days and these enlarge and
become more numerous over time, out to at least 30 days. There are several variations

that have been successfully tried.

When human MSCs are treated as described above, they undergo differentiation
to the adipogenic lineage, as shown in Figure 1. Figure 1A shows hMSCs (4X) cultured
in normal hMSC media for the same period of time as Figure 1B. There is no evidence
of lipid containing vacuoles and the cells maintain the appearance of fibroblasts at high
density. In Figure 1B are hMSCs that were allowed to become confluent and then
maintained for 10 days prior to adding the Adipogenic Induction Media for 48 hrs, and
then changed to the Adipogenic Maintenance Media for an additional 2 weeks. The
lipid vacuoles are first apparent at about 3-7 days but increase in size and abundance
over time. Figure 2A shows a similar control culture as Figure 1A at higher
magnification (20X). Figure 2B show a culture of confluent hMSCs that were subjected
to Adipogenic Induction Media for 48 hours and then maintained in Adipogenic
Maintenance Media for 14 days. The many lipid containing vacuoles of adipocytes are

evident in a large proportion of the cells.

Figure 3 shows the results of culturing hMSCs under a variety of conditions,
only one of which shows a high degree of adipogenic differentiation. All photos are at
10X magnification. Figure 3A shows a culture of hMSCs maintained in normal hMSC
culture media with no additives. The cells grow with a fibroblastic morphology. Figure
3B shows a similar culture that was treated with Adipogenic Induction Media for 48
hours and then with Adipogenic Maintenance Media for an additional 14 days with
media changes every 3 days. The adipogenic cells, perhaps as many as 30-35% of the
cells, are evident as they contain the large refractile lipid vacuoles. Figure 3C shows
a culture of hMSCs that were maintained in the Adipogenic Maintenance Media for 14
days but was never subjected to the dexamethasone/methyl isobutylxanthine treatment.

The cells maintain a flat morphological appearance with no evident vacuoles. Figure
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3D shows a culture of hMSCs that were treated with normal hMSC media containing
1 uM dexamethasone for 48 hours and then cultured for 14 days in the Adipogenic
Maintenance Media. The cells are disorganized but show very few, if any, lipid
vacuoles. Figure 3E shows a culture of hMSCs that was treated with normal hMSC
containing 0.5 ml. methyl isobutylxanthine during the induction period and then was
maintained for 14 days in the Adipogenic Maintenance Media. The cells retain a flat
fibroblastic phenotype. Figure 3F shows a culture of hMSCs that was treated with a
media that induces the cells along a osteogenic pathway. This media contains 0.1 uM
dexamethasone, 10 mM B-glycerol phosphate and 50 uM ascorbic acid 2-phosphate.

The presence of refractile osteoid material is evident but no large lipid vacuoles.

The adipogenic cells can also be identified using vital dyes and histological stains
that label the lipid vacuoles. Figure 4A shows a culture of hMSCs subjected to the
adipogenic treatment and cultured for 14 days in the Adipogenic Maintenance Media.
The large lipid vacuoles are evident in this bright field image. But the lipids can also
be revealed by using a fluorescent lipid soluble dye such as Nile Red (Greenspan, e al.

1985) and viewing by epifluorescence illumination as shown in Figure 4B.

The results shown here have been reproduced several times with hMSCs derived
from different donors and additional information on the method is described here.
Similar results have been obtained with hMSCs from all individuals tested (4 or more
donors). The percentage of cells that become lipid containing adipocytes varies
depending on the specifics of culturing. Specifically, those cells that were allowed to
become completely confluent and maintained this way for up to 2 weeks prior to
adipocyte induction, showed a much higher percentage of adipocytes overtime than
cultures that were induced prior to confluence or at confluence. As many as 30-35%
of the hMSCs appear adipogenic at 2 weeks post induction when treated as described
herein as shown in Figure 1B. hMSCs can be cultured in various sizes of culture ware

with equal success so obtaining larger numbers of cells should not present any problem.
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Example 2

Enhancing Adipogenic Differentiation
These experiments were performed to determine whether a population of human

mesenchymal stem cells growing in culture can be treated to induce adipogenic
differentiation (which induces a percentage of 5-10% of the cells to become adipocytes),
and then retreated at a later time to induce more of the hMSCs to differentiate.
Experiments were also performed to examine whether it is possible to purify a
population of induced adipogenic cells from the mixed culture of hMSCs and adipogenic
MSCs that result from the treatment with adipogenic agents. Both sets of experiments

were successful as described below and in the accompanying figures.

hMSCs were induced to the adipogenic phenotype by the culturing in Adipogenic
Induction Media for 48 hours as described. The media was then changed to Adipogenic
Maintenance Media and cells were cultured at 37°C in a 5% CO, atmosphere for 3 to
6 days until there were noticeable lipid droplets visible within cells. Approximately
5.10% of the cells became adipogenic as seen in Figure 5. Figure 5A shows hMSCs
in culture which were not treated with either adipogenic medium but which were
cultured, fixed and stained at the same time as the adipogenic cultures shown in 5B and
5C. Figure SB was treated once with Adipogenic Induction Media and then cultured in
Adipogenic Maintenance Media for an additional three weeks and then fixed in neutral
buffered formalin and stained with Oil Red O, a lipid soluble dye that accumulates in
the fat droplets. A dish of hMSCs was also retreated with fresh Adipogenic Induction
Media for a second and third 48 hour period to induce more hMSCs to become
adipogenic as shown in Figure 5C. As many as 30-40% of the cells were converted to
adipocytes by the three induction treatments when viewed two weeks after the third

treatment. Panels 5A-5C were all stained with Oil Red O.

Expression of adipogenic proteins in differentiating hMSCs.

hMSCs express adipocyte-specific proteins following differentiation. In Figures

5D and 5E, 10g of total protein lysate was resolved by SDS-PAGE, transferred to
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nitrocellulose and probed with antibodies for C/EPBa or aP2. In Figure 5D, the
transcription factor CAAT/enhancer binding protein (or C/EPBa) is expressed at high
levels in the adipogenic hMSCs as shown by this western blot using an antibody specific
for the 34 kd o isoform of C/EBP. In Figure 5E, the fatty acid binding protein aP2
shows high levels of expression in the adipogenic hMSCs as shown by this western blot

using an antibody specific for the 14 kd adipocyte specific form of P2.

Expression of adipogenic genes in differentiating hMSCs

The expression of transcription factors that are known to be involved in
adipogenic differentiation also indicates that hMSCs have become adipocytes. A class
of compounds known as peroxisome proliferators, which includes some clinically used
hypolipdemic agents, can activate nuclear receptors associated with adipogenic
differentiation. The peroxisome proliferator activated receptor y2 (or PPARY2), in
particular, has been shown to be associated with adipogenesis. RNA blot analysis
(Northern blotting) was used to identify the elevated expression of PPAR 42 RNA in
hMSCs undergoing adipogenic differentiation. Total RNA was isolated from control
hMSCs and adipogenic hMSCs, resolved by denaturing gel electrophoresis and
transferred to nitrocellulose and probed for the expression of PPARY2 cultures hMSCs
(lane 1, 10 pg) or adipogenic hMSCs (lane 2, 10 ug; lane 3, 20 ug). As shown in
Figure SF, the PPARy2 mRNA is detected at 1.7 kb as indicated by the arrow and its
expression is elevated about 5 fold in RNA from the adipogenic hMSCs.

The elevated expression of RNA for lipoprotein lipase, an enzyme responsible
for hydrolysis of the tryglyceride core to monoacylglycerol and free fatty acids,
indicates adipogenic differentiation of hMSCs, as shown in Figure 5G. As in SF, 10
ug of total RNA from control hMSCs (lane 1) or adipogenic hMSCs (lane 2) or 20 ug
of RNA from adipogenic hMSCs was resolved by denaturing gel electrophoresis,
transferred to nitrocellulose and probed for the expression of LPL RNA. The mRNA
for LPL is found as two bands of 3.3 and 3.7 kb lanes 2 and 3 (the bands in 3 are
slightly shifted up due to the high loading).
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Example 3
Isolation of Adipocytes from hMSCs

The generation of adipocytes from human mesenchymal stem cells by the
conditions described above produces large numbers of adipocytes, perhaps as many as
30%-40% of the cells present. For uses requiring a pure population, the adipocytes can

be isolated from the non-adipogenic hMSCs by several methods as listed below.

Method one for isolating adipogenic hMSCs uses density gradient centrifugation
and takes advantage of the greater buoyancy of the lipid-containing adipogenic cells.
In this method, cultures containing hMSCs and adipocytes derived from hMSCs are
treated with 0.05% trypsin/0.53 mM EDTA to remove the cells from the culture dish
and the cells are washed by adding 10 ml of normal hMSC media and centrifuged for
10 minutes at 1000 rpm in the GS-6R centrifuge (Beckman Instruments, Inc.) at 20°C.
The pelleted cells containing adipocytes and hMSCs are resuspended in 2 ml of the
Adipogenic Maintenance Media and carefully layered on top of 8 ml of Percoll of a
density of 1.045 g/ml. The tubes are centrifuged at 2,200 rpm (1100 xg) in a Beckman
GS-6R centrifuge for 20 minutes at 3°C. The adipocytes are recovered in the uppermost
2 mls and at the interface with the 1.045 density Percoll. (The non-adipogenic MSCs
enter into the 1.045 density Percoll and can be recovered at the bottom of the tube.) The
recovered adipocytes are washed by addition of 10 mls of the Adipogenic Maintenance
Media and centrifuged at 1000 rpm for 10 min at 20°C in the GS-6R centrifuge. The
adipocytes are replated at a density of 150,000 cells per 35 mm dish in Adipogenic

Maintenance Media and returned to the incubator.

Method two for isolating adipogenic hMSCs uses fluorescence activated cell
sorting (FACS). The hMSCs differentiating into adipocytes in a culture can be isolated
by using a lipid soluble fluorescent dye, such as Nile Red (10-100 ug/ml) to stain lipid
vacuole-containing adipocytes. The culture is then treated with trypsin/EDTA as above
to release the cells from the culture vessel and subjecting the mixed population to

fluorescence activated cell sorting (FACS). The parameters on the machine are adjusted

-19-



WO 98/04682 PCT/US97/12356-

to select and recover adipogenic cells in the population and they can be used directly or

replated and cultured in the incubator.

As described below, Method three of isolating the adipogenic cells in a mixed
population is to trypsin/EDTA treat and wash the cells as above. The cells are then
placed in a tissue culture flask and the flask is filled with media. The flask is closed
tightly and turned upside-down so that the surface treated for cell adhesion is uppermost.
The buoyant, lipid-droplet-containing adipocytes rise to top and attach to the surface of
the flask. The next day the media is removed and the flask rinsed with fresh media and
the flask turned right-side-up. The flask, now with only enough media to cover the cell

layer, is returned to the incubator for further maintenance.

Adipogenic hMSCs accumulate lipid droplets which decreases the bouyant density
of the cells. The adipogenic hMSCs were then isolated as follows. The dish of cells
containing adipocytes and non-adipogenic hMSCs from a culture that were treated for
only one 48 hr induction period and then grown for three weeks, was treated with
0.05% trypsin and 5 mM EDTA for 3-5 minutes to release the cells from the dish. The
cells were then rinsed from the dish with 10 ml of fresh media and placed in a 25 cm?
flask and the flask was filled to the brim with fresh media. The flask was turned upside
down so the usual culture surface was uppermost and the flask placed in the 37°C
incubator overnight. The more bouyant adipogenic cells rose to the top and attached to
the surface, while the non-adipogenic hMSCs settled to the bottom surface and attached.
The following day photos were taken of the cells on each surface as shown in Figure
6. Figure 6A shows the adipogenic hMSCs that attached to the uppermost surface. The
population is composed of greater than 99% adipogenic cells as evidenced by the lipid
droplets in every cell. Figure 6B shows the non-adipogenic hMSCs that settled to the
lower surface of the flask. Very few cells containing lipid droplets were present on the
lower surface. These non-adipogenic cells could be treated with trypsin/EDTA and
replated to another dish and be shown to retain adipogenic potential (data not shown),

indicating that they remain as mesenchymal stem cells, capable of lineage progression.
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Example 4

Adipogenic MSCs in Reconstructive Surgery
Adipocytes can be used with a variety of materials to form a composition for

specific purposes such as reconmstructive surgery. MSCs can be combined with a
biomatrix to form a two dimensional or three dimensional material as needed. Surgeons
routinely use fat pads and fatty tissues from remote sites to build up an area where
tissue has been removed. This often involves a separate procedure with its inherent
risks. As an alternative, hMSCs are isolated from the patient and grown in culture.
The hMSCs are then mixed with biocompatible material such as collagen, collagen
sponge, alginate, polylactic acid material etc. to form a composite. The composite 1s
then treated to induce adipogenic differentiation of the MSCs in vitro for 1-3 weeks,
then implanted when needed. For example, adipogenic MSCs are mixed with
solubilized collagen or other biomaterial which is then allowed to gel to form a three
dimensional composite that is useful for breast augmentation following masectomy.
Such a composite is formed or sculpted to the appropriate size and shape. Figure 7
shows an example of hMSCs grown in stabilized collagen gel matrix and then induced
to differentiate into adipocytes. The cells have been stained with Nile Red fluorescent
dye that accumulates in the lipid vacuoles which are visualized by ultraviolet
illumination. Only the lipid deposits in the cells are visible and many of the adipocytes

are out of the plane of focus in the three dimensional matrix.

Another composition includes the culturing of hMSCs on accellular skin matrices
that are currently on the market. In this format the cells are cultured to populate the
matrix and then caused to differentiate as described. The matrix with the adipogenic
cells is then cut by the surgeon to fit the site of reconstruction. As an alternative
hMSCs can be induced to become adipocytes prior to their introduction into the
biocompatible materials. Similar to their use in reconstructive surgery, adipogenic
hMSCs are of use in elective cosmetic surgery in much the same way; to build up

underlying tissue below the skin with a composite of autologous cells and biocompatible

material.
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Example 5 »
Use Of Adipogenic hMSCs As A Source Of Leptin As An Implant For Infertility

The role of leptin in obesity also brings to mind questions about its role in

women who have low body fat content and an irregular menstrual cycle, and who often
cannot become pregnant. Recent research suggests leptin may serve as a metabolic
regulator to signal when the body has sufficient fat stores to support conception and
development of the fetus (Chebab ez al. 1996) To the extent that adipogenic hMSCs are
a good source of leptin, they can be used as an implant for the release of leptin to the
body of such women. Such an implant can take the form of encapsulated adipogenic
hMSCs or a matrix containing adipogenic hMSCs that can be implanted where the

secreted products will have access to the circulatory system.
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What Is Claimed Is:

1. A composition which comprises human mesenchymal stem cells which
have the potential to differentiate into cells of more than one connective tissue type and
a substance which induces cells from the mesenchymal stem cell population to

differentiate into the adipogenic lineage.

2. The composition of claim 1 wherein the substance which induces cells
from the mesenchymal stem cell population to differentiate into the adipogenic lineage
comprises a glucocorticoid and a member selected from the groups consisting of (i) a
compound which elevates intracellular levels of cCAMP and (ii) a compound which

inhibits degradation of cAMP.

3. The composition of claim 2 wherein the glucocorticoid is selected from

the group consisting of dexamethasone, hydrocortisone, and cortisone.

4. The composition of claim 2 wherein the substance which elevates
intracellular cAMP include dibutyryl-cAMP, 8-CPT-cAMP (8-(4)-chlorophenylthio)-
adenosine 3’, 5’ cyclic monophosphate; 8-bromo-cAMP; dioctanoyl-cAMP and

Forskolin.

5. The composition of claim 2 wherein the substance which inhibits
degradation of cAMP is a phosphodiesterase inhibitor selected from the group consisting

of methyl isobutylxanthine, theophylline, caffeine, and indomethacin.

6. The composition of claim 2 wherein the substance which induces cells
from the mesenchymal stem cell population to differentiate into the adipogenic lineage

further comprises insulin.

7. A process for inducing a human mesenchymal stem cells to differentiate

into adipocytes, comprising:
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contacting human mesenchymal stem cells with (i) a glucocorticoid and
(ii) a compound which elevates intracellular levels of cAMP, said glucocorticoid and
compound being employed in an amount sufficient to induce human mesenchymal stem

cells to differentiate into adipocytes.

8. The process of claim 7 wherein (ii) is a compound which inhibits a

compound which degrades cAMP.

9. The process of Claim 8 wherein (ii) is a phosphodiesterase inhibitor.

10. The process of Claim 9 wherein (i) and (ii) are in admixture with each

other.

11.  The process of Claim 7 which further comprises isolating the adipocytes

from remaining hMSCs.
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