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(57) ABSTRACT 

The Subject invention concerns novel and translatable mate 
rials and methods for expansion of stem cells, such as 
mesenchymal stem cells (MSC), that significantly improve 
translational Success of the cells in the treatment of various 
conditions, such as stroke. The Subject invention utilizes cell 
self-aggregation as a non-genetic means to enhance their 
therapeutic potency in a microcarrier bioreactor. The Subject 
invention integrates a cell aggregation process in a scalable 
bioreactor system. In one embodiment of the method, ther 
mally responsive microcarriers (TRMs) are utilized in con 
junction with a bioreactor system. Cells are cultured in a 
container or vessel in the presence of the TRMs wherein 
cells adhere to the surface of the TRMs. Once cells are 
adhered to the TRMs they can be cultured at a suitable 
temperature for cell growth and expansion, e.g., at about 37° 
C. After a period of time sufficient for cell growth and 
expansion on the TRMs, the cell culture temperature is 
reduced so that the cells detach from the TRMs. The 
detached cells are allowed to form cell clusters that are then 
cultured under conditions such that the clusters aggregate to 
form 3D aggregates. The 3D aggregates can be collected and 
treated to dissociate the cells (e.g., using enzymatic treat 
ment, Such as trypsinization). Dissociated cells can then be 
used for transplantation in methods of treatment or for in 
vitro characterization and study. 

8:33:::::: 
; :::::::::: 

w isscaix: of aggregates 
c: ; ; ; ;:33::::::::::::: 
3: :::::::tax: 

::::::::: Ce::ag 38 - 

siture chamber 

he rocker g:oring 388 fire 
&ay: 8:::::::::::::::::::ix ::sicise 

88 sie: 388 (8:3ag 

  

  

  

  

  



US 2017/0081638A1 Mar. 23, 2017. Sheet 1 of 27 Patent Application Publication 

I "OIDH 

% 

  

  

  

  

  



Patent Application Publication Mar. 23, 2017. Sheet 2 of 27 US 2017/0081638A1 

S8 
AŠex ceili s'iisw: 

s' 

88: 

8 

i 
Tine days 

FIG. 2B 

  



Patent Application Publication Mar. 23, 2017. Sheet 3 of 27 US 2017/0081638A1 

Enzymatically Detached Aggregates (EDA) 

Proteolysis 

{ itra-low attacilitreat A 

FIG. 3A 

Theilaai-iting Aggregates (TA) 

"s's ternal lifting 

SSS: 

& 

siriies isiys 

FIG. 3B 

  

  

  

  

  

    

  

  

  



Patent Application Publication Mar. 23, 2017. Sheet 4 of 27 US 2017/0081638A1 

2. 
Cit: wR 3Rfs's 

s 
a. 

8 : * 

3 
8 

8 

N. auaua i. 
S. : 

FIG. 3C 

S 

S 

- 
R 
& 
8 
8 

S 
8 
8 

*: & 
S 
S 

& 
8 
8 
8 
S. S 
S. 

x - Strface Cercentratics reiss's 
''''''''''''''''''' s''''''''''''''''''''''''' 3.i. 

  

  





Patent Application Publication Mar. 23, 2017. Sheet 6 of 27 US 2017/0081638A1 

& 

FIG. 4D 

  

  

  



Patent Application Publication Mar. 23, 2017. Sheet 7 of 27 US 2017/0081638A1 

say : s s s 

sy ; s 

FIG SC 

  



US 2017/0081638A1 Mar. 23, 2017. Sheet 8 of 27 Patent Application Publication 

{}{}3, 8 
fairs;i&g issue futy 

s 
8 

38 

GIS “DIGH 

CIS “OICH 

see: je Ai AsrS 83 

  



Patent Application Publication Mar. 23, 2017. Sheet 9 of 27 US 2017/0081638A1 

38 

8 

&: i: sation: 388 rays 

F.G. 6B F.G. 6C 

  

  



Patent Application Publication Mar. 23, 2017. Sheet 10 of 27 US 2017/0081638A1 

say : s S. s 8. g 

FIG 7B 

  



Patent Application Publication Mar. 23, 2017. Sheet 11 of 27 US 2017/0081638A1 

sa 
N 

Ot 

3 g g 

A 
N 

C 

u 
N. 

5 CD 
is 
i S 

  

  

  



Patent Application Publication Mar. 23, 2017. Sheet 12 of 27 US 2017/0081638A1 

FIG. 8A 

38 

s 

Ctitivation site days 

FIG. 8B 

  



Patent Application Publication Mar. 23, 2017. Sheet 13 of 27 US 2017/0081638A1 

{{- 8 
S 
SE 

k 

S 

  

  



Patent Application Publication Mar. 23, 2017. Sheet 14 of 27 US 2017/0081638A1 

Caspase 3.7 

FIG 9B 

  

  



Patent Application Publication Mar. 23, 2017. Sheet 15 of 27 US 2017/0081638A1 

A 
says ass:ss.x.y.a.s...:-3-3-33.338..... ON 

1. 
s 

M from M 

3. 8 3 8 
xf c c sa 

fusijeo,0A31sued 5upped 

O 
ON 

9 

s 
c N 
am 

83& eAAS 8. 

  

  

  



Patent Application Publication Mar. 23, 2017. Sheet 16 of 27 US 2017/0081638A1 

FIG 10A 

FIG 10A-2 

FIG 10B 

F.G. 10C 

  



US 2017/0081638A1 Mar. 23, 2017. Sheet 17 of 27 

VI I "5)} 

Patent Application Publication 

  



Patent Application Publication Mar. 23, 2017. Sheet 18 of 27 US 2017/0081638A1 

s 

s 

FIG. 12A FG, 12B 

Ee 

to 

F.G. 12C FG, 12D 

  

  



US 2017/0081638A1 Mar. 23, 2017. Sheet 19 of 27 

i58 

s 

Patent Application Publication 

12F FIG FIG. 12E 

SE 

FIG 12H F.G. 12G 

  



Patent Application Publication Mar. 23, 2017. Sheet 20 of 27 US 2017/0081638A1 

st r 
sin s 

s % 'sa 6. 
O 6. 
f A 

s a. 62 
2A A. 

E & ef 

c 
5 k % 9 

& s 
8 & SS & & S 

& & & & 2. 

c t c 
vil s s 

WSA 

- 
er 
w 

C 

(leofoulid) d. W Jenileoeau 

  

  

  

  





Patent Application Publication Mar. 23, 2017. Sheet 22 of 27 US 2017/0081638A1 

ay aggregate ay aggregate i.ay 4 aggregate 3y 3 aggregate 

FIG 15 

4000 

3000 

2OOO 

OOO 

A 1A A 

  



US 2017/0081638A1 

FIG. 16C 

  

  



x Adh 
Agg 

US 2017/0081638A1 

s 

&&&&&&&&&&&&&&&&&&1 ?. 
s 

!!!!!!!!!!!!!!!! 

Mar. 23, 2017. Sheet 24 of 27 

OOO 

O 

0. 

Patent Application Publication 

F.G. 16D 

FIG. 16E 

    

  

  

    

  

  



Patent Application Publication Mar. 23, 2017. Sheet 25 of 27 US 2017/0081638A1 

$$$ siss 

FIG. 16F 

  

  



US 2017/0081638A1 Mar. 23, 2017. Sheet 26 of 27 Patent Application Publication 

0,4º `~, , 

LI “ 

?INH 
Ssssssssssssssssssssssssssssssssss SSS $ S S: 

% 

SSSSSS 

AXXXXX 

SSSSSSSSSSSSSSSSSSSS 

XX 

Sayyyyyyy 

& 

s 

e 
N 

  

  

  

  

  



US 2017/0081638A1 Mar. 23, 2017. Sheet 27 of 27 Patent Application Publication 

  



US 2017/008 1638 A1 

MATERALS AND METHODS FOR 
EXPANSION OF STEM CELLS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. The present application claims the benefit of U.S. 
Provisional Application Ser. No. 61/946,415, filed Feb. 28, 
2014, which is hereby incorporated by reference herein in its 
entirety, including any figures, tables, nucleic acid 
sequences, amino acid sequences, or drawings. 

BACKGROUND OF THE INVENTION 

0002 Human mesenchymal stem or stromal cells (hM 
SCs) have been tested in over 400 clinical trials in a wide 
range of diseases (clinicaltrials.gov). As hMSCs translate 
into clinics, there is an increasing demand on technology for 
scalable production of therapeutically competent hMSCs in 
scalable bioreactor system. However, rapid hMSCs expan 
sion has been found to induce cellular senescence and 
reduce their therapeutic potency. As a result, hMSC expan 
sion technology must not only meet the demand in quantity 
but also preserve hMSC therapeutic potency during expan 
S1O. 

0003 Recent studies have shown that hMSC have unique 
properties to self-assemble into three-dimensional (3D) 
aggregates. The formation of 3D aggregates is beneficial for 
hMSC properties in several ways. First, hMSC 3D aggre 
gation is found to activate the secretion of anti-inflammatory 
cytokines and other growth factors that enhance their thera 
peutic outcome. Second, hMSC 3D aggregation also reduces 
hMSC size, thereby reducing the risk for obstructing vas 
cular system post-transplantation. Third, hMSC aggregation 
is a self-selection process that enhances hMSC's resistance 
to ischemic stress, prolonging their life-span in vivo. Finally, 
hMSC aggregation is a cell-mediated functional activation 
process that does not involve genetic materials, which 
facilitates their translation to clinical application. Together, 
these properties make hMSC aggregation an attractive 
method to promote hMSC viability and functions. 
0004. In the translation of hMSC-based therapy into 
clinics, advanced cell expansion technology is a crucial 
barrier that must be addressed. hMSC are rare in the bone 
marrow (~1 in 10 mononuclear cells) and that the biomol 
ecules released from MSC are in the range of ~10 ng based 
on a clinical scale mass of MSC (~10 cells), which is orders 
of magnitude lower than that of other biologics (Parekkadan 
et al. (2010)). Currently, large doses of MSC, ranging from 
0.5x10/kg to 10x10/kg are required for clinical applica 
tion. Transplantation of culture-expanded hMSC has very 
low engraftment and homing efficiency, with less than 
0.001% of total injected cells survived and homed to the 
ischemic cortex in rats. Thus, ex vivo expansion needs not 
only expand cell population but also preserve their innate 
properties. However, it has been well-documented that 
expansion of hMSC in adherent culture is associated with 
gradual loss of chemokine receptors such as CXCR4, 
decreases in MSC's responsiveness to stimuli and migratory 
capacity, reduced cytokine secretion, increased senescence, 
and an increase in cell size with reduced mobility (Rom 
bouts et al. (2003)) (Liet al. (2008)) (Copland et al. (2011): 
Chavakis et al. (2011)). Therefore, advanced cell expansion 
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technology that maintains hMSC properties in a regulatory 
compliant bioreactor system is crucial for hMSC's transla 
tional Success. 
0005 To mitigate the culture-induced changes in hMSC 
properties, strategies from genetic engineering to pharma 
cological and hypoxic preconditioning have been actively 
pursued to maintain or augment hMSC therapeutic potency. 
For example, pre-treatment of MSC with growth factors or 
pharmacological drugs have shown to increase cell secretory 
properties, in Vivo persistence, and functional recovery in 
ischemic stroke or cardiac injuries (Numasawa et al. (2011); 
Shinmura et al. (2011)). Additionally, hypoxic pre-condi 
tioning of MSC by short-term exposure to sub-lethal 
hypoxia (0.5% O2) has been shown to improve therapeutic 
outcomes of stroke animals by initiating a wide spectrum of 
actions, including increased expression of trophic factors 
such as BDNF and GDNF, down-regulation of inflammatory 
genes, and increased cell viability under ischemic stress 
(Wei et al. (2012)). Recent discoveries suggest that 3D 
hMSC aggregates, which are tightly packed cell clusters 
with 500-10,000 cells in each aggregate, have activated 
anti-inflammatory protein expression, increased resistance 
to ischemic stress, and increased expression of migratory 
cytokines such as CXCR4 (Bartosh et al. (2010); Potapova 
et al. (2008); Lee et al. (2012); Ylostalo et al. (2012)). 
Studies further demonstrated that both aggregates and aggre 
gate-derived hMSC were more effective than hMSC from 
adherent cultures in modulating inflammatory reactions and 
improved recovery of stroke and myocardial infarction in 
mice (Bartosh et al. (2010); Lee et al. (2009); Guo et al. 
(2014)). Additionally, hMSC dissociated from the 3D aggre 
gates are Smaller in size due to compaction with about 
one-half the size of the adherent cells, thereby facilitating in 
vivo migration. In the translation of hMSC therapy to 
clinical treatment, preserving and enhancing hMSC's innate 
properties in the culturing stage and its implementation in a 
Scalable process can significantly improve its potential in 
translational Success because of its minimal safety and 
regulatory concerns. 

BRIEF SUMMARY OF THE INVENTION 

0006. The subject invention concerns novel and translat 
able materials and methods for expansion of stem cells. Such 
as MSC, that significantly improve the cells translational 
Success in the treatment of various conditions, such as 
ischemic cardiovascular and cerebral injuries. The Subject 
invention utilizes cell self-aggregation in a microcarrier 
bioreactor as a non-genetic means to enhance stem cell 
therapeutic potency. The Subject invention integrates a cell 
aggregation process in a scalable bioreactor system. 
0007. One aspect of the present invention concerns meth 
ods for expanding and growing stem cells, such as MSC, in 
a manner that provides for improved or enhanced therapeu 
tic potency of the cells. In one embodiment of the method, 
thermally responsive microcarriers (TRMs) are utilized in 
conjunction with a scalable bioreactor system, Such as the 
spinner flask bioreactor or a rocking bioreactor (e.g., WAVE 
BIOREACTORTM (General Electric Healthcare Life Sci 
ences)). Cells are cultured in a container or vessel in the 
presence of the TRMs wherein cells adhere to the surface of 
the TRMs. Once cells are adhered to the TRMs they can be 
cultured at a suitable temperature for cell growth and 
expansion, e.g., at about 37° C. After a period of time 
sufficient for cell growth and expansion on the TRMs, the 
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cell culture temperature is reduced so that the cells detach 
from the TRMs. The detached cells can form cell clusters 
that are then cultured under conditions such that the clusters 
aggregate to form 3D aggregates. Following 3D aggregation 
of the cells, the 3D aggregates can be collected and treated 
to dissociate the cells (e.g., using enzymatic treatment. Such 
as trypsinization). Dissociated cells can then be used for 
transplantation in methods of treatment or for in vitro 
characterization and study. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0008 FIG. 1. Outline of the overall experimental design. 
The spinner flask or clinical WAVE BIOREACTORTM (GE 
Healthcare Bio-Sciences Corp., Piscataway, N.J.) can be 
used for integrated hMSC expansion and activation using 
thermal responsive microcarriers (TRMs). The TRMs can be 
fabricated by coating commercial polystyrene microcarrier 
beads with thermal-responsive PNIPAAm for hMSC adhe 
sion and expansion at about 37° C. under hypoxia in a 
single-use CELLBAGTM in the WAVE BIOREACTORTM. 
After cell expansion, bioreactor temperature is reduced to 
about 20° C. to detach hMSCs from the TRMS. The detached 
hMSC clusters coalesce and form 3D aggregates under 
controlled agitation or rocking and mixing condition, which 
promotes cell aggregation and activates hMSC Secretory and 
migration properties. hMSC can then be dissociated for in 
vitro characterization and transplantation. 
0009 FIGS. 2A and 2B. (FIG. 2A) Enhanced FGF-2 
secretion and binding with ECM under hypoxia. (FIG. 2B) 
hMSC exhibited increased proliferation on decellularized 
ECM with the highest proliferation on the hypoxic ECM. 
0010 FIGS. 3A-3D. (FIG. 3A) Enzymatically detached 
hMSCs formed aggregates (EDA) on non-adherent surface. 
(FIG. 3B) hMSC also formed aggregates (TLA) after 
detachment from thermal responsive surface at 20°C. (FIG. 
3C) TLAs have reduced Caspase-3/7 compared to the tissue 
culture plastics (TCP) and the EDAs; exposure to in vitro 
ischemic condition increased Caspase-3/7. (FIG. 3D) hMSC 
dissociated from TLAs had lower Caspase-3/7 than TCP and 
EDA under standard and ischemic conditions (Kim et al. 
(2013a)). 
0011 FIGS. 4A-4D. (FIGS. 4A and 4B) Oxygen profiles 
in the aggregates containing 5,000 (FIG. 4A) and 500 (FIG. 
4B) cells (x, y axis are aggregate radius in meter). (FIG. 4C) 
Generation of a hypoxic Zone in the aggregates requires a 
hypoxic culture environment (2% O.). (FIG. 4D) Aggre 
gates of different cell number and corresponding radius (left 
to right): 500 cells, 94 um: 2000 cell, 152 um; 5,000 cells, 
224 lum. (FIG. 4E) Confocal images showed BrdU (green) 
incorporating cells in the TLAs of different sizes (Blue: 
DAPI) (Kim et al. 2013a). 
0012 FIGS.5A-5F. CytoD interrupts hMSC aggregation. 
(FIG. 5A). Cytold treatment prevented hMSC aggregation at 
high concentration. Cytold treatment reduced compaction of 
hMSC aggregates at low concentration and there is no 
significant difference in compaction between (FIG. 5B) 
2D-pretreated and (FIG. 5C) 3D-treated aggregates. (FIG. 
5D) Dose-dependent decline of aggregate diameters follow 
ing 3D-treatment. However, 0.6 uM cytold 3D-treatment 
significantly reduced cell viability (FIG. 5E) and packing 
density (FIG. 5F) compared to control aggregates at day 5. 
*: p<0.05; **: p<0.01: ***: p<0.005; NS: No statistical 
difference. 
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0013 FIGS. 6A-6C. Aggregate treatment by nocodazole. 
(FIGS. 6A and 6B). Nocodazole-treated hMSC aggregates 
underwent faster compaction the control aggregates. (FIG. 
6C). F-actin structure was stained with phalloidin rhodamine 
(red) and nuclei counterstained with DAPI (blue). Nocoda 
Zole treatment significantly altered hMSC morphology on 
planar Surface. 
0014 FIGS. 7A-7E.LPA treatment has limited effects on 
hMSC aggregate survival and compaction. Both (FIG. 7A) 
2D pretreatment and (FIG. 7B) 3D treatment by LPA have 
minimal impact on aggregate compaction. (FIG. 7C) Pro 
jected areas of the LPA-treated aggregates declined at the 
same rate as control. Following 5 days of LPA3D-treatment, 
the LPA-treated aggregates have comparable cell Survival 
(FIG. 7D) as well as (FIG. 7E) cell packing density as the 
control. 
0015 FIGS. 8A-8D. Aggregate treatment by Rock inhibi 
tor Y-27632. Treatment by Y-27632 prevented aggregate 
compaction (FIG. 8A) with reduced decline in diameter of 
aggregates (FIG. 8B). (FIG. 8C). After 5 days of treatment, 
cell survival in the 10 uM Y-27632 treated aggregates is 
lower than non-treated control. (FIG. 8D). By day 5, cell 
packing density of Y-27632-treated aggregates is signifi 
cantly lower compared to control. 
(0016 FIGS. 9A-9D. Caspase expression and inhibition. 
(FIG. 9A). Formation of 3D aggregates significantly 
increased caspase 3/7 expression compared to 2D adherent 
culture for all treatment groups. Treatment by pan caspase 
inhibitor Q-VD-OPh significantly reduced cell compaction 
(FIG. 9B), improved cell survival (FIG. 9C), and increased 
cell packing density (FIG. 9D). 
(0017 FIGS. 10A-1, 10A-2, 10B, and 10C. Morphology 
of 3D hMSC aggregates. (FIGS. 10A-1, 10A-2). Treatment 
by Cytold and Y-27632 significantly altered cell morphology 
in the aggregates as shown by SEM images. Cells in the 
control aggregates spread on aggregate Surface with intimate 
cell-cell contacts. However, both cytol)- and Y-27632 
treated aggregates have large interstitial space and exhibit 
round morphology. (FIG. 10B). H&E staining of control 
aggregates showed intact cortical actomyosin outer bound 
ary, whereas disintegrated outer boundaries were observed 
in the Y-27632- and Cytold-treated aggregates. (FIG. 10C). 
F-actin staining of the histological sections indicated dis 
continuous outer boundary for the Y-27632- and Cytold 
treated aggregates compared to control aggregate. 
0018 FIGS. 11A and 11B. Aggregate spreading on glass 
coverslip (FIG. 11A) and fusion on ULA surface (FIG. 11B). 
Aggregates treated by nocodazole, LPA, and Y-27632 for 5 
days readily re-adhered and spread on glass coverslips and 
fused when adjacently placed on ULA Surface. Aggregates 
treated by cytold for 5 days or pre-differentiated into osteo 
blasts did not spread on glass coverslips nor fused when 
placed in close contact. OD: hMSC aggregates treated with 
osteogenic induction medium for 7 days. 
0019 FIGS. 12A-12H. Cell size, morphology, migration, 
and hypoxia resistance of aggregate-derived hMSCs. 
hMSCs dissociated from aggregates are significantly smaller 
measured by flow cytometry (FIG. 12A) and light micro 
scope (FIG. 12B) compared to 2D adherent control. When 
replated and cultured for 24 hours, aggregate-dissociated 
hMSCs are smaller compared to 2D adherent control (FIG. 
12C). hNASCs dissociated from aggregates have significantly 
higher CXCR-4 expression measured by mean fluorescent 
intensity by flow cytometery (FIG. 12D) and higher migra 
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tion toward SDF-1 in transwell assay (FIG. 12E). (FIG. 12F) 
hMSCs dissociated from aggregates have higher resistance 
to in vitro ischemia compared to 2D adherent control. hMSC 
aggregates have significantly higher levels of IL-6 (FIG. 
12G) and PGE-2 (FIG. 12H) expression compared to 2D 
adherent control, but the elevated expressions were attenu 
ated by Q-VD-OPh, a pan caspase inhibitor to basal levels. 
Cytol) and Y-27632 treatment have limited effects on IL-6 
and PGE-2 Secretion. ND: Not detectable. 
0020 FIGS. 13A and 13B. Intracellular ATP and mito 
chondrial membrane potential. (FIG. 13A). Aggregates of 
500, 2,000, and 5,000 cells/aggregate have comparable 
levels of intracellular ATP/cell but all are significantly lower 
than that of 2D adherent cells. (FIG. 13B). Formation of 
aggregates significantly increased TMRM mean fluorescent 
intensity, indicating reduced mitochondrial membrane 
potential. 
0021 FIG. 14. Fusion of hMSC and osteogenic aggre 
gates on ULA Surface. Contacting hMSC aggregates fused 
within 24 hours, but OD aggregates did not fuse when 
placed in close contact on ULA surface after 108 hours. 
When placed in close contact, MSC aggregates enveloped 
the OD aggregates but no change in OD aggregates was 
observed after 48 hours. hMSC: hMSC aggregates treated 
with C-MEM for 7 days. OD: hMSC aggregates treated with 
osteogenic induction medium for 7 days. 
0022 FIG. 15. Effects of culture time onfusion of hMSC 
aggregates on ULA Surface. Extended culture time had little 
effects on hMSC fusion on ULA surface with only a slight 
delay after 21 days of culture. 
0023 FIGS. 16A-16F. FIG. 16F: hBMSC readily form 
3D aggregates on ultra-low adhesion (ULA) plates and 
re-adhere and fuse with adjacent aggregates; actin inhibition 
by cytochalasin D abrogates these properties. FIGS. 16A 
16E. 3D aggregation increased hBMSC CXCR-4 expres 
Sion, migration toward SDF-1 after dissociation, and resis 
tance to in vitro ischemia (FIGS. 16A-16C). Levels of IL-10, 
HGF, STC-1, PGE-2, and IL-6 are significantly higher in 
haSC aggregates compared to 2D control. (FIG. 16D). 
Hypoxia (2% O.) preconditioning (HPC) increases haSC 
viability after 3 days of culture (FIG. 16E). *: p<0.01. 
0024 FIG. 17. Preparation of thermal responsive coating 
using PSS-co-PNIPAM and PAH-co-PNIPAM. Reducing 
temperature from 37° C. to 20° C. triggers pNIPA Am 
conformation change from collapsed to expanded State, 
triggering cell release. 
0025 FIG. 18. After seeding, hBMSCs were expanded in 
the TRM bioreactor and expanded for 1 week at 37° C. At 
day 7, temperature is reduced to 20° C. to trigger release of 
hBMSC from microcarriers. The detached MSC clusters 
spontaneously coalesce and form 3D aggregates in Suspen 
sion overnight. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0026. The subject invention concerns novel and translat 
able materials and methods for expansion of stem cells, such 
as MSC, that significantly improve the cells translational 
Success in the treatment of various conditions. 3D aggrega 
tion was found to activate the secretion of anti-inflammatory 
cytokines and other growth factors by the cells. 3D aggre 
gation also reduces cell size, thereby reducing the risk for 
obstructing a vascular system. Aggregation also enhances 
cell resistance to ischemic stress, thereby prolonging cell life 
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span in vivo. The Subject invention integrates a cell aggre 
gation process in a scalable bioreactor system. FIG. 1 
outlines one embodiment of the present invention. 
0027. One aspect of the present invention concerns meth 
ods for expanding stem cells, such as MSC, in a manner that 
provides for improved or enhanced therapeutic potency. 
Cells for use in the invention can be isolated from a human 
or other animal, for example, from bone marrow and/or 
adipose tissue. In a specific embodiment, the cells are bone 
marrow MSC. In one embodiment of the method, thermally 
responsive microcarriers (TRMs) are utilized in conjunction 
with a bioreactor system, such as the spinner flask bioreactor 
or a rocking bioreactor, such as the WAVE BIOREAC 
TORTM, and cells are cultured in a container or vessel in the 
presence of the TRMs wherein cells adhere to the surface of 
the TRMs. In one embodiment, the surface of the container 
or vessel is one that inhibits or prevents cell attachment 
thereto. In one embodiment, the surface is an ultra-low 
attachment Surface. Such as a Surface having a hydrogel 
layer that is hydrophilic and/or neutrally charged. The cells 
and TRMs can be cultured under conditions that provide for 
rocking and/or agitation of the cells and TRMs in the culture 
system. In an exemplified embodiment, agitation or a wave 
motion is imparted to the cell culture system. Bioreactor 
systems of the invention can provide for controlled gas 
content (air, O, N, and/or CO), flow rates, temperature, 
pH, agitation rate, and circulation rate. TRMs of the inven 
tion are coated with or comprise a material that is responsive 
to thermal conditions, such that the material supports cell 
adhesion and growth at 37° C., whereas lowering the tem 
perature to a lower critical solution temperature (LCST) 
causes the material to become hydrophilic and swell to the 
point that cells attached to the surface of the material are 
detached from the surface. In a specific embodiment, TRMs 
are polystyrene microcarrier beads comprising or coated 
with one or more layers of PNIPA Am. Once cells are 
adhered to the TRMs they can be cultured at a suitable 
temperature for cell growth and expansion, e.g., at about 37° 
C. In one embodiment, cells are cultured under hypoxic or 
low oxygen (O) conditions in a bioreactor system with 
agitation. In a specific embodiment, oxygen tension during 
cell culture is at about 2%. After a period of time sufficient 
for cell growth and expansion on the TRMs, e.g., from 
several hours to several days, the cell culture temperature is 
reduced, e.g., to about 20° C., so that the cells detach from 
the TRMs. In another embodiment, cells are grown and 
cultured in a container or vessel, wherein the surface of the 
container or vessel is one that inhibits or prevents cell 
attachment to the surface and the cells grow detached from 
the Surface, forming clusters and aggregates. The detached 
cells can form cell clusters. Optionally, the TRMs can be 
removed from the cell culture container or vessel, or the 
detached cells can be transferred to another container or 
vessel. The detached cell clusters are then cultured at a 
temperature (e.g., about 37° C.) and for a period of time 
(e.g., several hours to days) and under conditions, such as 
agitation, Such that the clusters aggregate to form 3D aggre 
gates. Agitation and/or rocking of the cell container or vessel 
can be adjusted to promote cell aggregation. Following 3D 
aggregation of the cells, the 3D aggregates can be collected 
and treated to dissociate the cells (e.g., using enzymatic 
treatment, such as trypsinization). Dissociated cells can then 
be used for transplantation in methods of treatment or for in 
vitro characterization and study. In one embodiment, the 
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dissociated cells are Smaller in diameter, have higher levels 
of expression of CXCR-4, stronger migration to stromal 
cell-derived factor-1 (SDF-1), and higher resistance to isch 
emic stress than cells that were not from multicellular 3D 
aggregates. 
0028. In one embodiment of the present methods, the 
stem cells are cultured or grown in conditions wherein the 
O tension is maintained at between about 1% and 10%. In 
a specific embodiment, the O tension is maintained at 
between about 1% and 5%. In a more specific embodiment, 
the O, tension is maintained at between about 1% and 3% 
(e.g., O tension could be about 1%, 2%, or 3%). 
0029 Microcarrier beads and containers or vessels uti 
lized in the present invention can be composed of any 
material suitable for tissue culture, including, but not limited 
to, glass, polystyrene, poly(carprolactone), nylon, poly(eth 
ylene terephthalate) (PET), gelatin, and dextran. Microcar 
rier beads of the invention can also comprise a material that 
is magnetic or can become magnetic, such as FeO. Micro 
carrier beads of the invention can be of any suitable size 
and/or shape for culturing cells. In one embodiment, micro 
carrier beads can have a diameter of from about 50 um to 
about 500 um. In a further embodiment, microcarrier beads 
can have a diameter of between about 100 um and about 200 
lm. 
0030. Any container or vessel suitable for cell culture is 
contemplated within the scope of the invention. The con 
tainer or vessel can be of any suitable size, e.g., from a few 
hundred milliliters in Volume to 100 or more liters. In one 
embodiment, the container or vessel is a bag compatible 
with the bioreactor system, such as the CELLBAGTM (GE 
Healthcare Bio-Sciences Corp.). In one embodiment, the 
surface of the container or vessel is one that inhibits or 
prevents cell attachment thereto. In one embodiment, the 
Surface is an ultra-low attachment Surface, such as a Surface 
having a hydrogel layer that is hydrophilic and/or neutrally 
charged. The cell culture media utilized with the present 
invention can be any suitable media for growth of stem cells, 
and can optionally comprise a low concentration of an 
animal serum, or can be serum-free. 
0031. In one embodiment of the present methods, a 
thermoresponsive material of the TRM is one that provides 
for cell detachment from a surface by modulating the 
temperature. Examples of thermoresponsive materials 
include, but are not limited to, polyN-isopropylacrylamide 
(PNIPA Am), poly(allylamine hydrochloride)-co-poly(N- 
isopropylacrylamide), and poly(styrene Sulfonate)-co-poly 
(N-isopropylacrylamide). Such as described in Liao et al. 
(2010). In one embodiment, the surface of a microcarrier 
comprises multiple layers of one or more thermoresponsive 
films. The thermoresponsive materials can optionally com 
prise a terminal coating of a layer of positively charged 
allylamine hydrochloride (PAH), or negatively charged sty 
rene sulfonic acid (PSS), or serum, such as fetal bovine 
serum (FBS). 
0032. The subject invention also concerns methods for 
treating diseases and conditions in a person or animal by 
administering to the person or animal an effective amount of 
stem cells, such as MSC, that have been prepared using the 
methods of the subject invention. Cells can be administered 
to the person or animal using any suitable means, e.g., by 
injection, infusion, etc. Cells can be provided in a physi 
ologically acceptable fluid, carrier, or buffer. Diseases and 
conditions contemplated for treatment using the Subject 
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invention include, but are not limited to, stroke, cardiovas 
cular diseases, liver diseases, multiple Sclerosis, graft versus 
host disease, diabetes, Crohn's disease, and neurodegenera 
tive diseases. In one embodiment, the disease or condition to 
be treated is one associated with ischemic stress, such as 
ischemic cerebral (e.g., vascular dementia caused by isch 
emia) and cardiovascular (e.g., myocardial ischemia) dis 
eases, or other ischemia of the bowel (large or Small). In one 
embodiment, a human is being treated and the cells are 
human cells. In another embodiment, a canine animal is 
treated and the cells are canine cells. The cells can be 
autologous cells, or donor matched cells, or Syngeneic or 
Xenogeneic cells. Methods of the invention can optionally 
include obtaining stem cells and expanding them using the 
Subject invention prior to administration of stem cells to the 
person or animal. 
0033. The methods and compositions of the present 
invention can be used in the treatment of humans and other 
animals. The other animals contemplated within the scope of 
the invention include domesticated, agricultural, or Zoo- or 
circus-maintained animals. Domesticated animals include, 
for example, dogs, cats, rabbits, ferrets, guinea pigs, ham 
sters, pigs, monkeys or other primates, and gerbils. Agricul 
tural animals include, for example, horses, mules, donkeys, 
burros, cattle, cows, pigs, sheep, and alligators. Zoo- or 
circus-maintained animals include, for example, lions, 
tigers, bears, camels, giraffes, hippopotamuses, and rhinoc 
COSS. 

0034. The subject invention also concerns stem cells, 
Such as MSC, that have been expanded and grown using a 
method of the present invention. In one embodiment, the 
cells are mammalian cells. In a specific embodiment, the 
cells are mammalian MSC. In a specific embodiment, the 
cells are human cells. In an exemplified embodiment, the 
cells are human MSC. The cells of the invention can be 
provided in a container or vessel. In one embodiment, the 
surface of the container or vessel is one that inhibits or 
prevents cell attachment thereto. In one embodiment, the 
Surface is an ultra-low attachment Surface. Such as a Surface 
having a hydrogel layer that is hydrophilic and/or neutrally 
charged. In one embodiment, the cells are provided in a 
Suitable cell culture or cell storage medium. In another 
embodiment, cells are provided in a physiologically accept 
able fluid, carrier, or buffer. 
0035. The subject invention also concerns microcarrier 
beads that are coated with or comprise a material that is 
responsive to thermal conditions. In one embodiment, a 
thermally responsive material utilized in the invention Sup 
ports cell adhesion and growth at one temperature (e.g., 
30-40° C., and typically about 37° C.) but at a lower 
temperature (e.g., 15-25°C., and typically about 20°C.) the 
material changes such that cells adhered to the material then 
become detached from the material. In one embodiment, the 
thermally responsive material becomes hydrophilic and 
Swells at lower temperatures, thereby resulting in detach 
ment of any cells adhered to the surface of the material. 
Examples of thermally responsive materials contemplated 
by the present invention include, but are not limited to 
polyN-isopropylacrylamide (PNIPA Am), poly(allylamine 
hydrochloride)-co-poly(N-isopropylacrylamide), and poly 
(styrene Sulfonate)-co-poly(N-isopropylacrylamide). In one 
embodiment, the Surface of a microcarrier comprises mul 
tiple layers of one or more thermoresponsive films. The 
thermoresponsive materials can optionally comprise a ter 
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minal coating of a layer of positively charged allylamine 
hydrochloride (PAH), or negatively charged styrene sulfonic 
acid (PSS), or serum, such as fetal bovine serum (FBS). 
Microcarrier beads of the invention can be composed of any 
tissue culture-compatible material. Such as glass, polysty 
rene, poly(carprolactone), nylon, poly(ethylene terephtha 
late) (PET), gelatin, and dextran. Microcarrier beads can 
also comprise a material that is magnetic or can become 
magnetic, such as FeO. In one embodiment, the micro 
carrier is a polystyrene bead. Microcarrier beads of the 
present invention can be of any suitable size or shape for 
culturing cells. In one embodiment, the microcarrier beads 
can have diameters of from about 50 Lum to about 500 um. 
In a further embodiment, a microcarrier bead of the inven 
tion can have a diameter of between about 100 um and about 
200 um. In one embodiment, a microcarrier bead of the 
invention comprises a cell. Such as a stem cell (e.g., hMSC), 
adhered to it. 

0036. The subject invention also concerns a bioreactor 
system comprising a cell culture vessel or container that 
contains TRMs of the invention. The TRMs can be present 
in a sterile tissue culture fluid or media that is suitable for 
culturing cells, such as MSC, that is contained within the 
culture vessel or container. In one embodiment, the biore 
actor system comprises an apparatus for rocking and/or 
agitating the culture vessel or container. In a specific 
embodiment, the apparatus provides for a wave motion 
within the container or vessel. The container or vessel can be 
of any suitable size for cell culture. In one embodiment, the 
container can have a volume of from about 100 milliliters to 
100 liters or more. In one embodiment, the surface of the 
container or vessel is one that inhibits or prevents cell 
attachment thereto. In one embodiment, the Surface is an 
ultra-low attachment Surface, such as a Surface having a 
hydrogel layer that is hydrophilic and/or neutrally charged. 
The bioreactor system can also provide for controlled tem 
perature and gas levels (e.g., O.) in the container or vessel. 
0037. The subject invention also concerns articles of 
manufacture and kits comprising one or more containers and 
one or more stem cells, such as MSC, that have been 
prepared using the methods of the present invention. Articles 
of manufacture and kits can optionally comprise instructions 
or labeling that describes how to maintain, store, and/or use 
the stem cells of the invention. Articles of manufacture and 
kits can also optionally comprise media for storage, main 
tenance, and/or use of the stem cells of the invention. In one 
embodiment, articles of manufacture and a kit of the inven 
tion comprises a Syringe Suitable for injection or adminis 
tration of the cells into a human or other animal. In one 
embodiment, the cells are MSC. In a specific embodiment, 
the cells are mammalian MSC. In an exemplified embodi 
ment, the cells are human MSC. 
0038. The subject invention also concerns methods for 
increasing or enhancing aggregation of stem cells. Such as 
MSC, during in vitro cell culture. In one embodiment, a 
method of the invention includes means for increasing 
actin-mediated contractility or polymerization within cells. 
Any means or compound for increasing or enhancing actin 
mediated contractility or polymerization is contemplated 
within the scope of the invention. For example, compounds 
including, but not limited to, insulin, thapSigargin, ecdys 
terone, ATP, fesselin, Surfactant proteins A and D, cortactin, 
sphingosine-1-phosphate (S1P), and jasplakinolide (JASP) 
are contemplated for use with the present invention. Cells 
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can be cultured under conditions and/or in the presence of 
one or more compounds that increase actin-mediated con 
tractility or polymerization in the cells. The methods for 
increasing or enhancing aggregation of stem cells can be 
used in conjunction with methods of the Subject invention 
for expanding stem cells. 
0039 All patents, patent applications, provisional appli 
cations, and publications referred to or cited herein are 
incorporated by reference in their entirety, including all 
figures and tables, to the extent they are not inconsistent with 
the explicit teachings of this specification. 
0040. Following are examples that illustrate procedures 
for practicing the invention. These examples should not be 
construed as limiting. All percentages are by weight and all 
Solvent mixture proportions are by Volume unless otherwise 
noted. 
Formation of a Promitotic Microenvironment Under 
Hypoxia and Derivation of 3D hMSC Aggregates from 
Thermal Responsive Surface 
0041. Hypoxic enhanced hMSC proliferation via HIF 
activation and stimulated secretion of ECM and endogenous 
FGF-2, promoting the formation of a pro-mitotic extracel 
lular microenvironment (Grayson et al. 2007; Kim et al. 
2013a) (FIGS. 2A and 2B). The 3D hMSC aggregates have 
been derived from thermal responsive culture plates with 
higher resistance to ischemic stress (FIGS. 3A-3D). Con 
trary to the common belief, modeling Suggest a limited 
reduction of oxygen tension in the 3D aggregates due to low 
hMSC specific oxygen consumption and low cell packing 
density compared to tumor cells. Consequently, oxygen 
tension in the bioreactor can be reduced in order to create 
hypoxic regions in the aggregates (FIGS. 4A-4D). 
0042. Research Design and Methods: 
0043 hMSC proliferation and 3D aggregation can be 
achieved in a spinner flask or WAVE BIOREACTORTM 
system using TRMs and combined 3D aggregation and 
reduced oxygen tension. The methods of the invention can 
restore CXCR4 functional expression and enhance hMSC 
secretory and migratory properties in vitro 
0044) A novel bioreactor expansion strategy using TRMs 
in a spinner flask or a WAVE BIOREACTORTM system is 
used to achieve hMSC expansion and spontaneous 3D 
aggregation under reduced oxygen tension in the same 
bioreactor system. Microcarriers have been traditionally 
used for scalable cell expansion such as in the WAVE 
BIOREACTORTM, because these beads, with diameters of 
100-200 um, provide large cell adhesion surfaces when 
suspended (Sharma et al. (2011)). To date, however, con 
ventional microcarrier culture requires enzymatic cell 
detachment and is not conducive for cell aggregation. We 
have developed novel TRMs using polystyrene beads to 
achieve non-enzymatic cell detachment at reduced tempera 
ture (i.e., 20°C.) to induce spontaneous 3D aggregation. The 
outcome is a translatable protocol for hMSC expansion and 
functional activation in a clinical bioreactor System. 
0045 Reduced oxygen tension in the WAVE BIOREAC 
TORTM can stimulate hMSC proliferation and enhance their 
secretory properties. Our laboratory and others have shown 
that low oxygen tension at 2% O (termed “hypoxia' in 
reference to 21% O, in a standard incubator) extended 
hMSC proliferation and significantly improved their multi 
potency and secretory functions. We have also shown that 
hypoxia promoted the formation of a pro-mitotic microen 
Vironment by enhancing endogenous FGF-2 secretion and 
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autocrine action on hMSC proliferation (Kim et al. (2013a)). 
Importantly, hypoxia up-regulates CXCR4 expression in 
MSC via HIF-1 activation (Liu et al. (2010)), and is an 
important mediating factor that regulates stem cell recruit 
ment and retention. hMSCs can self-assemble and sponta 
neously form 3-D aggregates in vitro in the absence of 
adherent Surface, under mechanical forces, or within con 
fined spaces. Importantly, MSC aggregation is a self-acti 
Vation mechanism that enhances their multi-lineage differ 
entiation potential and secretion of anti-inflammatory, pro 
angiogenic, and trophic factors compared to monolayer 
cultures (Ylostalo et al. (2012); Bhang et al. (2011)). Among 
these factors, culturing hMSC as 3D aggregates significantly 
enhanced CXCR4 expression, migration, and adhesion to 
endothelial cells (Potapova et al. (2008)). To date, however, 
hMSC aggregates have been obtained via laboratory tech 
niques such as hanging drop or centrifugation methods and 
a scalable aggregation process has yet to be demonstrated. 
Thus, integration of hMSC aggregation in a scalable biore 
actor system, such as the clinical WAVE BIOREACTORTM, 
is a non-genetic strategy that effectively enhances hMSC 
therapeutic potential with minimal safety and regulatory 
COCS. 

Experiments: Development of TRMs with Optimal Thick 
ness for hMSC Expansion and Non-Enzymatic Detachment 
in a WAVE BIOREACTORTM System. 
0046. A layer-by-layer sequential coating strategy previ 
ously developed in our laboratory (Liao et al. (2010)) using 
poly N-isopropylacrylamide (NIPAM)-based thermorespon 
sive polyelectrolyte multilayer (PEU) films can be used to 
coat commercial polystyrene microcarriers (SoloHill, Ann 
Arbor, Mich.). The number of PEU layers can be adjusted to 
control the thickness of the coating, and can be characterized 
following established methods (Moussallem et al. (2009); 
Olenych et al. (2005)). After surface characterization, hMSC 
adhesion and detachment can be assessed using the methods 
previous reported in static culture (Liao et al. (2010)). After 
optimizing the TRM's surface properties, the TRMs can be 
introduced to 0.5 L CELLBAGTM (WAVETM, GE Life 
Healthcare) for hMSC seeding, expansion, and aggregate 
formation. 

0047 P1 hMSCs can be obtained from Institute for 
Regenerative Medicine, Texas A&M Health Science Center 
and expanded following the method outlined in our prior 
publications (Grayson et al. (2004); Zhao et al. (2005)). 
hMSCs at passage 3 or 4 can be cultured in growth media on 
the TRMs. hMSC attachment efficiency on the TRMs is 
comparable with commercial microcarriers whereas the 
detachment efficiency after 15 minutes incubation at 20° C. 
may be above 95%. The impact of rocking pattern on hMSC 
expansion kinetics can be measured by DNA assay to 
quantify cell number for comparison. 
0048 Control of Oxygen Tension in the WAVE BIORE 
ACTORTM. 

0049. Oxygen tension in the CELLBAGTM can be con 
trolled by passing the humidified gases with premixed O. 
CO, and N through the O/CO/Air mix controller. Dis 
Solved oxygen concentration in the media can be continu 
ously monitored using optical oxygen probes (Oxford 
Optronix Ltd, Oxford, UK) and controlled at, for example, 
2% O2, 5% CO, and balanced nitrogen (i.e., hypoxia 
bioreactor) or at 21% O2, 5% CO and balanced nitrogen 
(i.e., control bioreactor), respectively. We do not expect 
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oxygen depletion in the aggregates because of limited oxy 
gen consumption based on our modeling results and short 
culture time for aggregates. 
0050. Derivation of 3D hMSC Aggregates in the WAVE 
BIOREACTORTM: Influence of Temperature and Rocking 
Pattern. 
0051. After cell expansion, temperature in the bioreactor 
can be reduced to 20°C. to initiate cell detachment from the 
TRMs. During this process, rocking pattern can be adjusted 
to improve cell detachment efficiency. After cell detachment, 
the temperature in the WAVE BIOREACTORTM is increased 
to 37°C. under continued rocking to promote re-aggregation 
of the detached cells. In our preliminary study (Kim et al. 
(2013a)), hMSC have strong tendency to re-aggregate in 
Suspension or low adherent surface. To obtain aggregates 
with uniform size distribution, rocking pattern and intensity 
can be adjusted to promote effective and uniform cell 
aggregation in the bioreactor. From our preliminary study, 
aggregates with diameters in the range from 100 to 300 um 
can be obtained. After overnight culture, the hMSC aggre 
gates can be removed from the bioreactor and dissociated 
via trypsinization for in vitro characterization and transplan 
tation. 
0.052 Quantification of Cytokines and Target Gene 
Expressions by Real-Time PCR. 
0053 Target genes to be tested include Oct-4, CXCR-4, 
VEGF, FGF-2, PDGF, Akt, ERK 1/2, HIF-12. Total RNA 
can be isolated from the hMSCs using the RNeasy Plus kit 
following the method reported in our prior publication 
(Grayson et al. (2007)). The expression of some of these 
target genes can be further validated by Western blot or 
ELISA following the protocol established in our lab. To 
characterize the activation state of ERK1/2 and Akt, phos 
pho-specific antibodies can be used. Secreted growth factors 
including VEGF, BMP-2, FGF-2, and PDGF under different 
experimental conditions can be assayed. 
0054. In Vitro Characterization of Dissociated hMSC: 
Cell Viability, ROS Expression, and Flow Cytometry. 
0055. The aggregates can be dissociated in collagenase II 
solution (Worthington Biochemical, NJ) at 37° C. with 
intermittent mixing. The aggregate morphology and size can 
be assayed by light microscope, whereas total and spatial 
distribution of apoptotic cells in the aggregates can be 
determined by measuring Caspase-3/7 activity and by 
TUNEL assay. Intracellular ROS can be measured with 
DCFDA using a ROS Detection Kit as reported previously 
(Kim et al. (2013a)). Cell surface markers including CXCR 
4, CD90, CD146, CD271 and cell size can be measured 
using flow cytometry following the method reported in our 
prior publication (Grayson et al. (2004)). 

Materials and Methods 

0056 Culture of hMSCs. 
0057. Frozen hMSCs at passage 1 in liquid nitrogen were 
obtained from the Tulane Center for StemCell Research and 
Regenerative Medicine. The hMSCs were isolated from the 
bone marrow of healthy donors ranging in age from 19 to 49 
years based on plastic adherence, being negative for CD34. 
CD45, CD117 (all less than 2%) and positive for CD29, 
CD44, CD49c, CD90, CD105 and CD147 markers (all 
greater than 95%), and possessing tri-lineage differentiation 
potential upon induction in vitro (Munoz et al. 2014). The 
hMSCs were expanded with minimum essential medium 
alpha (O-MEM) (Life Technologies, Carlsbad, Calif.) 
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supplemented with 1% Penicillin/Streptomycin (Life Tech 
nologies) and 10% fetal bovine serum (FBS) (Atlanta Bio 
logicals, Lawrenceville, Ga.) on 150-mm tissue culture petri 
dishes (Corning, Corning, N.Y.) at a density of approxi 
mately 1,500 cells/cm in a standard 5% CO., incubator. The 
culture media were changed every three days. hMSCs from 
three different donors at passage 5 to 7 were used in the 
experiments. All reagents were purchased from Sigma 
Aldrich (St. Louis, Mo.) unless otherwise noted. 
0058 Aggregate Formation and Treatment with Cyto 
skeleton Modulators. 

0059 hMSCs from monolayer culture were trypsinized 
and 100 uL media containing 5,000 cells were added in each 
well of an ultra-low attachment (ULA) 96-well plate with 
round-bottom (Corning, Corning, N.Y.) for overnight. To 
analyze size-dependent ATP contents, aggregates containing 
500, 2,000, and 5,000 cells were used following the same 
method. Suspended single hMSCs spontaneously self-as 
sembled into one aggregate per well. Aggregates were 
cultured individually up to 7 days with media change every 
two days. The aggregates were tracked individually and the 
morphologies were imaged with an Olympus IX70 micro 
scope (Center Valley, Pa.). 
0060 Cytochalasin D (cyto)), lysophosphatidic acid 
(LPA), Y-27632, nocodazole were added into culture media 
to final concentrations of 0.2 to 0.6 uM, 2.0 to 10.0 LM, 2.0 
to 10 uM, and 1.0 M, respectively. To test the temporal 
effects of actin modulators on aggregate formation, cells 
were treated with media containing cytol) and LPA during 
monolayer culture prior to aggregate formation (termed '2D 
Pretreatment”) or 12 hours after aggregate formation in 
ULA plates (termed "3D Treatment). Only 3D treatments 
were performed for Y-27632 and nocodazole. 
0061 Analysis of Aggregate Size, DNA Content, Fusion, 
and Spreading on Adherent Surface. 
0062 Morphology of the aggregates was visualized using 
an Olympus IX70 microscope and the images recorded. The 
images were processed and the areas of the individual 
aggregates were calculated using Image.J Software (rsb.info. 
nih.gov/i/). The DNA content of the individual aggregates 
was used to calculate cell number. Briefly, individually 
collected hMSC aggregates were washed with phosphate 
buffered saline (PBS) and digested with proteinase K over 
night. Pico Green (Life Technologies) was added to triplicate 
samples and a DNA standard in a 96-well plate. The cell 
numbers in aggregates were determined by the PicoGreen 
fluorescence intensity using 9.3 pg/cell as determined in our 
prior study (Kim and Ma 2012). DNA assay detects double 
stranded DNA that may also be present in dead cells with 
intact DNA. However, this population in the aggregates is 
low, and the yield of live cells measured by DNA assay is 
close to cell count using other methods such as flow cytom 
etry (Ylostalo et al. 2014). The packing densities were 
calculated using cell number divided by aggregate volume 
assuming a spherical shape. At least six aggregates were 
used in each condition. 

0063. To test re-adhesion and fusion, the aggregates from 
various treatment conditions were plated on glass coverslip 
for re-adhesion or placed adjacently on ULA surface for 
fusion. Images were captured with Olympus IX70 micro 
Scope and analyzed by Image.J Software. 
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0064. Measurement of Caspase 3/7, Interleukin 6 (IL-6), 
and Prostaglandin E2 (PGE-2). 
0065 Caspase 3/7 activity was measured by Caspase-Glo 
3/7 assay systems (Promega, Madison, Wis.). Caspase-Glo 
3/7 working buffer was added to triplicate samples contain 
ing aggregates and culture media in 96-well LUMITRAC 
200 white immunology plate (Greiner Bio-One, Monroe, 
N.C.). The results were read by a luminescence plate reader 
and normalized to cell number (Biotek Instruments, Win 
ooski, Vt.). Secreted PGE-2 and IL-6 in conditioned media 
were quantified using a PGE-2 Parameter Assay Kit and 
IL-6 DuoSet ELISA kits, respectively (R&D Systems, Min 
neapolis, Minn.). Total secreted PGE-2 and IL-6 were deter 
mined by Subtracting cytokine concentrations in culture 
media controls and normalized to the cell number in the 
aggregates. 
0066. Osteogenic Induction, Scanning Electron Micros 
copy (SEM), Immunohistochemistry, and Histology. 
0067. After aggregate formation in the ULA culture 
dishes, the growth media were replaced with osteogenic 
media (high glucose Dulbecco's modified eagle medium 
(DMEM) (Life Technologies) supplemented with 10% FBS, 
1% Penicillin/Streptomycin, 100 nM dexamethasone, 10 nM 
Sodium-b-glycerophosphate and 12.8-mg/l ascorbic acid-2 
phosphate) following the previously reported method (Kim 
and Ma 2012). After 7 days of incubation, the OD-aggre 
gates were transferred to glass coverslip for adhesion or 
were placed adjacently on ULA surface for fusion. 
0068 For SEM, the aggregate samples were fixed in 4% 
paraformaldehyde (PFA), dehydrated through a graded 
series of ethanol, incubated in hexamethyldisilaZane, and 
vacuum dried overnight. The samples were mounted onto 
carbon-coated chucks, Sputter-coated with gold in an argon 
atmosphere for 4 minutes at 2 kV, and analyzed on a SEM 
(JSM-7401F) (JEOL, Tokyo, Japan). For immunostaining, 
the cells were fixed with 4% PFA, permeabilized with 0.5% 
Triton X-100, blocked with 1.0% BSA, incubated with 
primary antibody, and imaged with an Olympus IX70 (Cen 
ter Valley, Pa.) microscope. For histology, hematoxylin 
eosin (H&E) staining was performed following the prior 
reported method (Kim and Ma 2012). hNSC aggregates 
were fixed in 10% formalin, dehydrated and embedded in 
paraffin wax; 10 Lim sections were cut and stained with 
Lerner-2 Hematoxylin (Lerner Laboratories, Pittsburgh, Pa.) 
and Eosin-Y w/Phloxine (Richard-Allan Scientific, Kalama 
Zoo, Mich.) by standard procedures (Kim and Ma 2012). 
Images were captured with Olympus IX70 microscope with 
MagnaFire SP 2.1B software. 
0069 Flow Cytometry, Transwell Migration Assays, and 
In Vitro Ischemia. 

0070 Aggregates were dissociated in trypsin, washed in 
PBS, and fixed at 4% PFA at room temperature. Aliquots of 
100 uL, cell suspension were incubated with fluorochrome 
conjugated, anti-mouse monoclonal antibody CXCR-4 
(R&D Systems). For mitochondrial membrane potential 
measurement, typsinized MSCs were washed by centrifu 
gation in warm HBSS. Cell suspension was incubated with 
tetramethylrhodamine, methyl ester (TMRM) (Life Tech 
nologies), washed with HBSS, and analyzed by flow cytom 
etry (BD Biosciences, San Jose, Calif.). Labeled samples 
were washed in PBS followed by flow cytometry analysis 
with the isotype controls run in parallel at the same con 
centration used for each antibody. 
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0071. A transwell migration system (Neuro Probe, Md., 
USA) was used to study the migration of aggregate-disso 
ciated hMSCs and monolayer cultured hMSCs in response 
to human recombinant SDF-1 (R&D systems). A cell migra 
tion assay kit using an 8-uM pore size was used. Resuspened 
cells in serum free medium were loaded in the top chamber 
of the migration well. Serum-free medium containing 30 
ng/mL of SDF-1 was added to the lower chamber. Cells were 
incubated at 37°C. in 5% CO, for 4 hours. The remaining 
cells on the top chamber were scratched, and the migrated 
cells stained with Hoechst and counted. 
0072 To mimic ischemic conditions (IC), hMSCs disso 
ciated from the aggregates and adherent controls were 
incubated in serum-free growth media at 1% O. controlled 
in a C-Chamber (BioSpherix, Lacona, N.Y.) for 6 hand then 
analyzed by Live/Dead staining (Life Technologies). The 
combination of serum withdrawal and low oxygen tension is 
known to induce hMSC apoptosis and has been used in vitro 
to mimic ischemic condition (Kim and Ma 2013b). 
0073 Statistics. 
0074. Unless otherwise noted, all experiments were per 
formed at least in triplicate (n=3), and representative data 
were reported. Experimental results were expressed as 
meansistandard deviation (SD) of the samples. Statistical 
comparisons were performed by one-way ANOVA and 
Tukey's post hoc test for multiple comparisons, and signifi 
cance was accepted at p-0.05. 
0075 Following are examples that illustrate procedures 
for practicing the invention. These examples should not be 
construed as limiting. All percentages are by weight and all 
Solvent mixture proportions are by Volume unless otherwise 
noted. 

Example 1 

Actin-Mediated Contractility Influences the 
Assembly of Multicellular hMSC Aggregates 

0076 While the initial steps of aggregation require close 
contact and cell-cell adhesion via cadherin molecules, reor 
ganization of actin cortical network is crucial in the estab 
lishment of a mature cell-cell contact (Amack and Manning 
2012). To investigate the temporal effects of actin-mediated 
contractility in hMSC aggregate formation, hMSC cultures 
were treated with cytold (1) in plastic culture for 2 days prior 
to cell detachment (e.g., 2D pretreatment) or (2) 12 hours 
after aggregate formation on ULA Surfaces (i.e., 3D treat 
ment). In 2D pretreatment, hMSC displayed dose-dependent 
response in which cytold disrupted hMSC aggregation at 
concentration above 0.6 LM and prevented aggregate com 
paction at lower concentrations (FIGS. 5A and 5B). In 3D 
treatment, hMSC aggregates remained intact in cytold con 
centration of 0.6 uM and exhibited dose-dependent reduc 
tion on compaction similar to those of 2D pretreatment 
group (FIGS. 5B-5D). In contrast, cytold treatment pre 
vented aggregate compaction but reduced cell viability, 
leading to significantly lower cell Survival and packing 
density compared to control hMSC group at day 5 (FIGS. 5E 
and 5F). 
0077. To investigate the role of microtubule in hMSC 
aggregates, the hMSC aggregates were treated by nocoda 
Zole, a chemical agent that interferes with the polymeriza 
tion of microtubules. Despite the drastic changes of cell 
morphology on 2D surface, nocodozole-treated hMSC 
aggregates have comparable or higher compaction com 
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pared with the non-treated controls, suggesting microtubule 
is not the major force during aggregate compaction (FIGS. 
6A-6C). 

Example 2 

Actin Mediates Aggregate Compaction but not 
Viability and Caspase Expression 

0078 LPA is a naturally occurring bioactive phospholipid 
with multiple biological functions that include its ability to 
initiate cytoskeleton contraction by RhoA activation, pro 
mote cell Survival and proliferation, and to enhance Survival 
of hypoxia-challenged neonatal cardiomyocytes (Tigyi et al. 
1994; Moolenaar 1995). LPA has also been identified as a 
novel Survival factor and protects MSCs against hypoxia and 
serum deprivation-induced apoptosis (Chen et al. 2008a). 
Treatment of hMSC aggregates by LPA, however, has 
limited effects on aggregate compaction as well as viability 
at LPA concentration up to 10 uM (FIGS. 7A-7E). 
007.9 The involvement of actin-myosin based contractil 
ity was investigated by treatment of aggregates with 
Y-27632, which inhibits the phosphorylation of Rho-asso 
ciated kinase (ROCK) and prevents cell compaction (Chen 
et al. 2010). As expected, inhibition of ROCK kinase by 10 
uM Y-27632 reduced aggregate compaction with a 6.7% 
increase in diameter by day 5 and a 38.7% decrease in cell 
packing density compared to the control aggregates (FIGS. 
8A-8D). Despite significant reduction in aggregate compac 
tion, cell viabilities in the Y-27632-treated aggregates were 
comparable or even less than those of control aggregates, 
Suggesting reduced compaction by Y-27632 treatment failed 
to rescue hMSCs in the aggregates. 
0080 Prior studies have reported increased apoptosis in 
hMSC aggregates (Bartosh et al. 2013; Kelmetal. 2012) but 
the origin of the stress signals remains to be resolved. 
Measurement of caspase 3/7 activity was used to quantify 
protein markers involved in late-stage apoptosis owing to its 
capacity to discriminate between apoptotic and necrotic cells 
(Chen et al. 2010). Compared to their counterparts in 
adherent 2D culture, formation of multi-cellular aggregates 
significantly increased caspase 3/7 activity for all treatment 
groups with the Y-27632-treated aggregates having the high 
est caspase 3/7 activity. Cytold treatment significantly 
increased caspase 3/7 activity in 2D adherent culture, 
whereas cytold-treated aggregates had comparable apoptotic 
activity as hMSC control aggregates. Treatment by Y-27632 
and LPA also increased caspase 3/7 activity in both 2D 
culture and 3D aggregates. These results suggest that pre 
vention of aggregate compaction by actin modulators did not 
significantly reduce apoptosis, although the cytotoxic effects 
of the actin modulators may be a contributing factor (FIG. 
9A). 
I0081. To determine the relation between apoptosis and 
aggregate compaction, hMSC aggregates were treated with 
Q-VD-OPh, a pan caspase inhibitor. After three days of 
culture, Q-VD-OPh-treated aggregates have reduced com 
paction and significantly increased cell viability compared to 
control, resulting in higher packing density (FIGS. 9B-9D). 
These results suggest cellular apoptosis is upstream of and 
partially contribute to aggregate compaction. 
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Example 3 

Actin Mediates Aggregate Morphology, Interaction, 
and Spreading on Adherent Surfaces 

0082 Disruption of actin significantly alters hMSC mor 
phology in the aggregates. As shown in FIGS. 10A-1, 
10A-2, 10B and 10C, cells in the hMSC aggregates were 
tightly packed and spread with limited interstitial space at 
the boundary of the aggregate. In contrast, cells in the 
cytol)- and Y-27632-treated aggregates were loosely packed 
and exhibited spherical morphology with abundant intersti 
tial space as shown by SEM and histology (FIGS. 10A-1 and 
10A-2). Histological sectioning also revealed contrasting 
morphology of hMSC in the interior of control and cytol) 
and Y-27632-treated aggregates. In the control aggregates, 
hMSCs are morphologically heterogeneous with spindle 
shaped cells at the outer boundary and round and tightly 
packed cells in the interior, indicating morphological polar 
ization. In the cytold and Y-27632 treated aggregates, cells 
are loosely packed with no spreading at the boundary, 
indicating the absence of a mechanically polarized outer 
boundary (FIGS. 10B and 10C). 
0083. The tendency of cellular aggregates to spontane 
ously form spherical aggregates has been suggested to be 
analogous to the behavior of liquid drops that spontaneously 
acquire a spherical shape in Suspension and fuse when 
placed in close contact to minimize surface tension (Gon 
Zalez-Rodriguez et al. 2012). When placed in close contact, 
un-treated hMSC aggregates readily fused and spread on 
glass coverslip, so did the ones treated by LPA and nocoda 
Zole (FIGS. 11A and 11B). Y-27632-treated aggregates 
spread on glass coverslips but have reduced tendency to 
fuse. However, interrupting actin filaments by cytold com 
pletely prevented aggregate spreading on glass coverslip and 
fusion of adjacent aggregates. Interestingly, after osteogenic 
induction, hMSC-OS aggregates maintained spherical shape 
on rigid glass coverslip and failed to fuse when in close 
contact. These results suggest that the Viscoelastic behavior 
of hMSC aggregates is primarily mediated by actin. 

Example 4 

Functional Enhancement and Metabolic Alteration 

0084. To evaluate the effects of 3D aggregation on hMSC 
properties, hMSC dissociated from the aggregates were 
characterized. As shown in FIGS. 12A and 12B, aggregate 
derived hMSCs are significantly smaller than the 2D control 
with 36% reduction in diameter in suspension. After replat 
ing the aggregate-derived hMSCs on plastic culture dishes, 
they are also significantly smaller than their 2D counterparts 
(FIG. 12C). Aggregate-derived hMSCs also have signifi 
cantly higher CXCR-4 expression and stronger migration 
ability toward SDF-1 indicated by transwell migration assay 
(FIGS. 12D and 12E). To further characterize hMSC's 
resistance to ischemic stress, aggregate-derived hMSCs and 
control from 2D adherent cultures were subject to in vitro 
ischemic (i.e., serum-free and 1% O2) that mimics in vivo 
ischemic condition (FIG. 12F) (Kim and Ma 2013b). The 
results showed that aggregate-derived hMSCs have signifi 
cantly higher Survival under ischemic stress compared to 
their 2D counterparts. Collectively, the enhanced expression 
of CXCR-4, migration in response to SDF-1, resistance to 
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ischemic stress, along with reduced cell size suggest the 
beneficial impact of 3D aggregation on hMSC properties in 
ischemic injuries. 
I0085 Elevated secretion of anti-inflammatory cytokine 
such as IL-6 and PGE-2 is thought to be due to hMSC stress 
response via caspase-mediated mechanism (Bartosh et al. 
2013; Ylostalo et al. 2012). To investigate whether caspase 
inhibition attenuates hMSC secretory function, the aggre 
gates were treated with Q-VD-OPh. As shown in FIGS. 12G 
and 12H, formation of 3D aggregates significantly upregu 
lated the secretion of IL-6 and PGE-2 but this enhancement 
is attenuated to basal levels in the presence of Q-VD-OPh. 
Suggesting the stress-induced functional activation in 3D 
aggregates. In addition, secretion of IL-6 and PGE-2 is 
independent from aggregate compaction because Cytol) and 
Y-27632 treatment has limited effects on the levels of IL-6 
and PGE-2. 
I0086 To identify the source of stress signal and deter 
mine whether the impediment of oxygen and nutrients due 
to diffusion alters bioenergetics and results in apoptosis, 
cellular ATP contents/cell in aggregates of different sizes 
(e.g., 500, 2,000, and 5,000 cells/aggregates) were measured 
and compared to the adherent cells. All three aggregates 
have comparable ATP/cell contents but all are less than /3 of 
the adherent cells (FIG. 13A). The aggregate-size indepen 
dent ATP/cell contents suggest diffusion limitation is not a 
primary factor for the reduced metabolic activity but aggre 
gation altered hMSC energy metabolism. Indeed, accompa 
nying the reduced ATP content, the aggregates have signifi 
cantly reduced mitochondrial membrane potential (MMP) as 
measured by TMRM staining (FIG. 13B), suggesting 
increased mitochondrial depolarization as the major contrib 
uting factor to cellular apoptosis in 3D aggregates. 

Example 5 

Actin-Mediated Contractility Influences hMSC 
Aggregation, Compaction, and Fusion 

I0087 Isolated partially based on their plastic adherence, 
hMSCs are highly sensitive to biomechanical cues and 
substrate elasticity, which regulate hMSC lineage commit 
ment and differentiation by modulating cytoskeletal tension 
and RhoA activation (Kilian et al. 2010; McBeath et al. 
2004). The tension-mediated signaling is manifested in 
cytoskeletal contractility, in which reorganization of actin 
microfilaments plays a major role in hMSC realignment on 
topographical features and response to mechanical stimuli 
(Zhao et al. 2010; Engler et al. 2006). However, these studies 
have focused on the biomechanical cues on planar Surfaces 
with primary impact on cell morphology and spreading 
(Kilian et al. 2010). In 3D setting, actin mediated contrac 
tility not only influences cell rounding, cell-cell contacts, 
and compaction, but also leads to biomechanical polariza 
tion that is known to play important roles in tissue organi 
Zation and morphogenesis (Amack and Manning 2012). 
While studies have shown that 3D aggregation profoundly 
influence hMSC biological properties, the role of actin 
mediated contractility in mediating the biomechanical prop 
erties of 3D aggregates Such as fusion and spreading is yet 
to be fully understood. 
I0088 Self-assembly of multicellular aggregates involves 
sequential steps of cell rounding, initial cell-cell contact, 
cadherin accumulation, and aggregate compaction, and 
requires reestablishment of the balance between surface and 
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cortical tensions mediated by actin (Sart et al. 2014). 
According to the DAH by Steinberg (Steinberg 1962a: 
Steinberg 1962b), cadherins play a fundamental role in cell 
sorting and aggregation during tissue development and its 
perturbation interrupts limb development in vivo and influ 
ences hMSC multi-lineage differentiation in vitro (Ober 
lender and Tuan 1994; Shin et al. 2000: Yeh et al. 2012). 
However, this physics-based reasoning has been challenged 
by recent experimental evidence that adhesive molecules at 
the cortices of adhering cells not only mechanically couple 
the neighboring cells but also initiate local reorganization of 
actomyosin machinery that lead to "mechanical polariza 
tion' of initially identical cells at the boundary of a cell 
colony or aggregate (Amack and Manning 2012; Maitre et 
al. 2012). As a result, Surface tension of aggregates is 
influenced by actomyosin-driven cell cortical contractility in 
multicellular aggregates (Krieg et al. 2008; Manning et al. 
2010). Indeed, our results demonstrate that actomyosin 
contractility plays a crucial role in regulating hMSC aggre 
gation and that disruption of actin filaments or inhibiting the 
phosphorylation of myosin light chain by Y-27632 pre 
Vented aggregate formation and reduced aggregate compac 
tion in a dose-dependent manner. 
0089 Actin contractility also plays a major role in medi 
ating aggregate fusion and spreading on rigid adherent 
surface in which disruption of actin by cytold abolishes 
spreading and fusion of adjacent aggregates. In contrast, 
hMSC aggregates treated with nocodazole exhibited com 
parable contractility with control aggregates and readily 
spread on adherent Surface and fuse with neighboring aggre 
gates, confirming actomyosin-mediated contractility as the 
main force in aggregate compaction, spreading, and fusion. 
These results are in agreement with the tensegrity model of 
cell structure and Support the notion that microtubules act as 
noncompressive structures of cytoskeleton to resist contrac 
tile tension of the actin and its inhibition has limited impact 
on aggregate compaction (Ingber 2003). It is of interest to 
note that the induction of osteogenic differentiation signifi 
cantly reduced hMSC-OS aggregate spreading on adherent 
Surfaces and fusion with neighboring aggregates. Osteo 
genic differentiation of hMSCs is accompanied by remark 
able changes in cytoskeletal organization from a large num 
ber of thin, parallel actin microfilament bundles to a few 
thick actin filament bundles and corresponding changes in 
cell biomechanical properties (Rodriguez et al. 2004; Titush 
kin and Cho 2007). These changes are thought to be induced 
by osteoinductive components such as dexamethasone 
which is known to increase cell Stiffness by influencing 
polymerization of actin microfilaments (Puig et al. 2009). 
Indeed, when placed in close contact, hMSC and OD 
aggregates displayed markedly different fusion properties 
with hMSC aggregates spread and enveloped ODaggregates 
(FIG. 14). On the other hand, hMSC aggregates maintained 
in growth media have comparable fusion properties even 
after extended culture up to 21 days (FIG. 15). Recent study 
Suggests that chondrogenic induction by TGF-B leads to 
hMSC condensation and boundary formation (Bhumiratana 
et al. 2014). Together, these results suggest that hMSC 
phenotypic differentiation determines 3D aggregates’ bio 
mechanical properties and influences their self-assembly 
into functional units through cell fusion and Sorting (Sart et 
al. 2014; Jakab et al. 2010). 
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Example 6 

Caspase-Dependent Functional Activation 
0090 Caspase-dependent mechanism has been suggested 
as a major mechanism in functional activation associated 
with 3D hMSC aggregation but the origin of the apoptotic 
signal remains unclear. Aggregates of undifferentiated 
hMSCs experience considerable compaction and a marked 
decrease in relative amount of cytoplasm and cell volume 
and an increase in packing density (Bartosh et al. 2013). As 
Such, aggregate compaction has been suggested as a con 
tributing factor to self-activate caspase-dependent signaling 
and secretion of trophic factors (Bartosh et al. 2013; Kelm 
et al. 2012). However, reducing aggregate compaction by 
cytol) and Y-27632 treatments did not lead to increased cell 
viability nor reduced caspase 3/7 expression. While the actin 
modulators are pleiotropic and have cytotoxic effects on cell 
viability (Gourlay and Ayscough 2005), their limited reduc 
tion on aggregate caspase 377 expression in contrast to the 
significantly increased cell viability by caspase inhibitor 
(FIG. 9A) suggests an independent mediator for caspase 
activation in 3D aggregates. 
0091 Apart from biomechanical forces, impediment of 
oxygen transport and the resultant hypoxia region in the 
aggregates have been cited as a cellular stressor for the 
increase in caspase expression and Subsequent functional 
activation (Bartosh et al. 2010). However, the comparable 
levels of size-independent ATP/cell in aggregates of differ 
ent sizes provide direct evidence that oxygen diffusion is not 
a limiting factor in energy metabolism in the aggregates. In 
prior studies, immunostaining of the apoptotic activity in 3D 
hMSC aggregates revealed even distribution of apoptotic 
cells (Kelm et al. 2012) and that functional enhancement 
was also observed in aggregates below the threshold of 
oxygen transport (Zimmermann and Mcdevitt 2014; Ylos 
talo et al. 2012). In addition, oxygen is not limiting for 
electron transport in mitochondria until levels are extremely 
low: even at an O concentration of 25 M, electron trans 
port is reduced only by 33% (Chandel et al. 1996). Thus, 
oxygen gradient is unlikely a direct contributing factor to the 
elevated apoptosis. 
0092. The comparable ATP/cell levels in aggregates of 
different sizes and their significant reduction compared to 
adherent cells suggest the changes in metabolic machinery 
following aggregation independent from Substrate gradients 
due to diffusion. The drastic changes in cellular organization 
and creation of cellular and extracellular microenvironment 
during multicellular assembly of hMSCs 3D aggregates 
require effective reconfiguration of metabolic network for 
cell survival and function. hMSCs have been shown to use 
both glycolysis and OXPHO for ATP generation, exhibit 
metabolic flexibility for survival in an ischemic environ 
ment, and undergo coordinated changes of mitochondrial 
biogenesis during osteogenic differentiation (Chen et al. 
2008b; Mylotte et al. 2008). The significant reduction of 
ATP/cell and the altered mitochondrial potential upon aggre 
gation suggest changes in mitochondrial function that may 
directly contribute to the increased apoptosis. In contrast to 
mitochondrial transformation which usually occurs during 
cell differentiation or carcinogenesis, mitochondrial plastic 
ity, known as mitoplasticity, plays an important role for the 
maintenance of cellular energy homeostasis and influences 
cell fate in response to energy imbalance due to accidental 
environmental changes in energy demand or Supply (Jose et 
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al. 2013). The drastic changes in actin dynamics during 3D 
aggregation may play a role in the altered mitochondria 
function in the aggregates as actin cytoskeleton influences 
mitochondrial organization, short-range movement, and 
function in mammalian cells (Sheng and Cai 2012; Quintero 
et al. 2009). One way that actin organization and dynamics 
in the cell influence mitochondrial network is by changes in 
the availability of polymerizable actin, thereby influencing 
morphology, connectivity, and ATP production of the mito 
chondrial network (Yu et al. 2010; Jayashankar and Rafelski 
2014). In addition, the actin cytoskeleton is also an impor 
tant physiological regulator of ROS release from mitochon 
dria and that a reduction in actin dynamics leads to reduced 
mitochondria membrane potential, Suggesting its key role in 
the upstream action of apoptosis pathways (Gourlay and 
Ayscough 2005). Apart from actin, mitochondrial properties 
in the aggregates may also be influenced and/or mitigated by 
mitogenic growth factors. Indeed, recent studies have shown 
that media composition and the presence of mitogenic 
factors in media significantly influence cell proliferation and 
secretory functions in the aggregates (Zimmermann and 
Mcdevitt 2014; Alimperti et al. 2014; Ylostalo et al. 2014). 
Thus, further study is warranted to decipher the exact 
contribution of actin-mediated biomechanical changes and 
metabolic adaption and apoptosis in hMSC aggregate's 
functional activation. 

Example 7 

Aggregation as a Preconditioning Strategy for 
hMSC Functional Activation 

0093 Spontaneous multicellular aggregation appears to 
select cells that are small in size, have higher CXCR-4 
expression, higher migration, and higher resistance to isch 
emic stress in vitro, Suggesting the potential of aggregation 
as a preconditioning strategy for enhancing hMSC thera 
peutic properties (FIGS. 12A-12H). IL-6 is a cytokine that 
not only involved in inflammation but also has many regen 
erative and anti-inflammatory functions (Scheller et al. 
2011), whereas PGE-2 is an important component of hMSC 
secretome that modulates both innate and adaptive immune 
responses (Aggarwal and Pittenger 2005). Our results con 
firmed prior observation and demonstrated that the enhanced 
secretion of IL-6 and PGE-2 is dependent on hMSC stress 
response and elevated apoptosis activity because the attenu 
ation of apoptosis significantly reduced both PGE-2 and 
IL-6 secretions. 
0094. The results of present study demonstrate that actin 
mediated contractility regulates aggregates biomechanical 
properties Such as compaction, fusion, and spreading, and 
that 3D aggregation alters mitochondrial properties and 
induces cellular stress response and functional activation. 
The results also show that functional activation is regulated 
by caspase activation during aggregation but independent 
from actin-mediated compaction. Prior studies have shown 
that hMSC in vitro aging after extensive passaging altered 
mitochondrial morphology and decreased antioxidant 
capacities with reduced actin dynamic and migratory prop 
erties (Kasper et al. 2009; Geissler et al. 2012). Thus, the 
drastic changes in cytoskeleton during 3D aggregation may 
select a subset of hMSC that have dynamic actin turnover 
characteristic of MSC from young donor and enable them to 
effectively adapt during aggregate compaction. It is also 
possible that formation of 3D aggregates reverts hMSC back 
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to an early phenotype as occurred when neural stem cells 
formed 3D neurospheres (Pastrana et al. 2011). Neverthe 
less, the results of current study support that notation that 3D 
aggregation significantly influences hMSC properties and 
can be used as a non-genetic preconditioning method to 
enhance the function and therapeutic outcome of culture 
expanded hMSC in a wide range of diseases. 

Example 8 

Functional Activation of hBMSC by 3D 
Aggregation 

0095 5,000 hBMSCs seeded in 96-well ultralow attach 
ment (ULA) plates spontaneously aggregated into 3D spher 
oids overnight. The hBMSC aggregates were able to fuse 
and maintained their ability to adhere to glass. cytochalasin 
D treatment of hBMSC aggregates abrogated their fusion 
and adhesion properties and disrupted the mechanically 
polarized outer layer as revealed by histology (FIG. 16F) 
Suggesting that these properties are mediated by actin. 
hBMSC 3D aggregation significantly up-regulated CXCR-4 
expression, migration towards SDF-1, and increased their 
resistance to in vitro ischemia (e.g., 2 hours in serum-free 
media under 2% O2). hASC 3D aggregation enhanced 
expression of anti-inflammatory cytokines and growth fac 
tors (IL-10, HGF, STC-1, PGE-2, and IL-6). The haSC 
aggregates underwent compaction with a 40% reduction in 
cell number within 3 days, however hypoxia precondition 
ing (HPC) (i.e., expansion at 2% O for 3 days before 
aggregation) significantly increased cell viability (FIGS. 
16A-16E). 

Example 9 

Microcarrier Coating and Derivation of hBMSC 
Aggregates 

0096 FIG. 17 shows the procedure for coating of poly 
styrene microcarriers (SoloHill, Ann Arbor, Mich.) with 
poly(N-isopropylacrylamide) (PNIPAM)-based thermo-re 
sponsive film (Maitre et al. 2012). Alternating PSS-co 
PNIPAM (Styrenesulfonate:Isopropylacrylamide=50:50 
mol %) and PAH-co-PNIPAM (Allylamine:Isopropylacryl 
amide=50:50 mol %) were coated on the microcarriers, and 
the coating was confirmed by X-ray photoelectron spectros 
copy and tested in the bioreactor. After seeding on the TRM, 
hBMSCs were expanded in the spinner flask for 7 days at 
37° C. for a five-fold expansion and then moved to 20° C. 
to initiate cell detachment under agitation. After 2 hours at 
20° C., hBMSC detachment is completed and the vessel 
returned to 37° C. for overnight culture to derive 3D 
aggregates. The results demonstrate the feasibility of inte 
grated hBMSC expansion and derivation of 3D aggregates 
in a single bioreactor system (FIG. 18). 
0097. It should be understood that the examples and 
embodiments described herein are for illustrative purposes 
only and that various modifications or changes in light 
thereof will be suggested to persons skilled in the art and are 
to be included within the spirit and purview of this appli 
cation and the scope of the appended claims. In addition, any 
elements or limitations of any invention or embodiment 
thereof disclosed herein can be combined with any and/or all 
other elements or limitations (individually or in any com 
bination) or any other invention or embodiment thereof 
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disclosed herein, and all Such combinations are contem 
plated with the scope of the invention without limitation 
thereto. 
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1. A method for expanding a stem cell, wherein said 

method comprises culturing stem cells in a bioreactor sys 
tem in the presence of a thermally responsive microcarrier 
(TRM), wherein stem cells adhere to the surface of said 
TRM; growing the adhered stem cells for a sufficient period 
of time for the stem cells to increase in numbers; detaching 
the stem cells from the TRM by reducing the culture 
temperature to a critical Solution temperature that results in 
said adhered cells detaching from the surface of said TRM: 
providing said detached cells sufficient time to aggregate 
and form three-dimensional (3D) stem cell aggregates, 
wherein said 3D stem cell aggregates exhibit improved 
therapeutic potency. 

2. The method according to claim 1, wherein said biore 
actor system comprises a spinner flask bioreactor or a 
rocking platform bioreactor, such as the WAVE Bioreactor. 

3. The method according to claim 1, wherein said culture 
conditions provide for rocking and/or agitation of said cells. 

4. The method according to claim 1, wherein said TRM is 
a microcarrier bead coated with or comprising a thermally 
responsive material selected from one or more of polyN 
isopropylacrylamide (PNIPA Am), poly(allylamine hydro 
chloride)-co-poly(N-isopropylacrylamide), or poly(styrene 
Sulfonate)-co-poly(N-isopropylacrylamide). 

5. The method according to claim 1, wherein said TRM 
comprises one or more of glass, polystyrene, poly(carpro 
lactone), nylon, poly(ethylene terephthalate) (PET), gelatin, 
or dextran. 

6. The method according to claim 4, wherein said TRM 
optionally comprises a terminal coating of a layer of posi 
tively charged allylamine hydrochloride (PAH), or nega 
tively charged styrene sulfonic acid (PSS), or serum, such as 
fetal bovine serum (FBS). 

7. The method according to claim 1, wherein said TRM 
has a diameter of between about 50 um to about 500 um; or 
from about 100 um to about 200 um. 

8. The method according to claim 1, wherein said stem 
cells are cultured in said bioreactor under hypoxic or low 
oxygen conditions. 

9. The method according to claim 8, wherein said hypoxic 
or low oxygen conditions comprise O tension at between 
about 1% and about 10%; or between about 1% and about 
3%. 

10. (canceled) 
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11. The method according to claim 1, wherein said 
method further comprises collecting said 3D aggregates and 
treating said 3D aggregates to dissociate said aggregates into 
individual cells. 

12. The method according to claim 11, wherein said 
treating step comprises using an enzymatic agent. 

13. The method according to claim 12, wherein said 
enzymatic agent is trypsin. 

14. The method according to claim 1, wherein said stem 
cells are cultured in a container or vessel that comprises a 
Surface or coating, wherein said Surface or coating inhibits 
or prevents attachment of said stem cells to said container or 
vessel. 

15. The method according to claim 1, wherein the cells 
from said 3D cell aggregates exhibit one or more of the 
following: upregulated CXCR-4 expression; migration 
towards SDF-1, increased resistance to ischemic conditions; 
and/or enhanced expression of one or more anti-inflamma 
tory cytokines and/or growth factors, such as IL-10, HGF, 
stanniocalcin 1 (STC-1), PGE-2, and/or IL-6. 

16. The method according to claim 11, wherein said cells 
are transplanted into a person or animal in need of treatment. 

17. (canceled) 
18. The method according to claim 1, wherein said stem 

cells are MSC from bone marrow. 
19. The method according to claim 1, wherein said stem 

cells are mammalian or human stem cells, or wherein said 
stem cells are mesenchymal stein cells (MSC). 

20. (canceled) 
21. A stem cell prepared according to a method that 

comprises culturing stem cells in a bioreactor System in the 
presence of a thermally responsive microcarrier (TRM). 
wherein stem cells adhere to the surface of said TRM; 
growing the adhered stem cells for a sufficient period of time 
for the stem cells to increase in numbers; detaching the stem 
cells from the TRM by reducing the culture temperature to 
a critical Solution temperature that results in said adhered 
cells detaching from the surface of said TRM; providing said 
detached cells Sufficient time to aggregate and form three 
dimensional (3D) stem cell aggregates, wherein said 3D 
stem cell aggregates exhibit improved therapeutic potency; 
O 

a kit or article of manufacture comprising one or more 
containers and comprising one or more of said stem 
cells. 

22. The stem cell according to claim 21, wherein said 
stem cell is a human or mammalian cell. 

23. The stem cell according to claim 21, wherein said 
stem cell is a mesenchymal stem cell (MSC). 

24. The stem cell according to claim 21, wherein said 
stem cell is MSC from bone marrow. 

25. The stem cell according to claim 21, wherein said 
stem cell is a human mesenchymal stem cell (hMSC). 

26. The stem cell according to claim 21, wherein said 
stem cell is provided in a cell culture or cell storage medium, 
or wherein said stem cell is provided in a vessel or container. 

27. (canceled) 
28. A thermally responsive microcarrier (TRM), wherein 

said TRM is coated with or comprises a thermally respon 
sive material that allows for cell adhesion at a first tempera 
ture but that provides for cell detachment at a second 
temperature, wherein said second temperature is less than 
said first temperature; or 
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a bioreactor System comprising a cell culture vessel or 
container that contains said TRM, and optionally a cell 
culture fluid or medium. 

29-41. (canceled) 
42. A method for treating a disease or condition amenable 

to treatment with a stem cell, wherein the method comprises 
administering to a person or animal in need of treatment an 
effective amount of stem cells prepared according to a 
method that comprises culturing stem cells in a bioreactor 
system in the presence of a thermally responsive microcar 
rier (TRM), wherein stem cells adhere to the surface of said 
TRM; growing the adhered stem cells for a sufficient period 
of time for the stem cells to increase in numbers: detaching 
the stem cells from the TRM by reducing the culture 
temperature to a critical Solution temperature that results in 
said adhered cells detaching from the surface a said TRM; 
providing said detached cells sufficient time to aggregate 
and form three-dimensional (3D) stem cell aggregates, 
wherein said 3D stem cell aggregates exhibit improved 
therapeutic potency. 

16 
Mar. 23, 2017 

43. The method according to claim 42, wherein said stem 
cell is a human or mammalian stem cell, or wherein said 
stem cell is a mesenchymal stem cell. 

44-49. (canceled) 
50. A method for increasing or enhancing aggregation of 

stem cells during in vitro cell culture, the method comprising 
culturing said stem cells under conditions or in the presence 
of one or more compounds that increases or enhances 
actin-mediated contractility or polymerization in said stem 
cells. 

51. The method according to claim 50, wherein said stem 
cell is a human or mammalian cell. 

52. The method according to claim 50, wherein said stem 
cell is a mesenchymal stem cell. 

53. The method according to claim 50, wherein said stem 
cell is a human mesenchymal stem cell. 

54. The method according to claim 50, wherein said 
compound is selected from insulin, ecdysterone, ATP, fes 
Selin, Surfactant proteins A and D, cortactin, sphingosine-1- 
phosphate (S1P), or jasplakinolide (JASP). 
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