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BIOPHYSICALLY SORTED OSTEOPROGENITORS FROM CULTURE EXPANDED
BONE MARROW DERIVED MESENCHYMAL STROMAL CELLS (MSCS)

RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No. 61/941,081,
filed on February 18, 2014. The entire teachings of the above application(s) are incorporated

herein by reference.

BACKGROUND OF THE INVENTION

10002] Studies continue to show that most adult organ systems have a resident pool of
dormant, tissue specific stem cells that can activate reparative mechanisms during periods of
traumatic injury, but disease, age and extensive tissue damage are factors that cause the quantity
and potency of these stem cell populations to be insufficient for wound healing and tissue
recovery. These repair deficiencies can be supplemented through strategies to extract, expand
and re-implant additional numbers of adult stem cells, such that they aid in regeneration to
supplant damaged cells as well as rejuvenation to stimulate endogenous repair mechanisms.
[0003] Bone marrow derived mesenchymal stem/stromal cells (MSCs) are leading
candidates for these applications due to their widespread availability and applicability for many
indications. Since their discovery, MSC-based medical technology has undergone constant
evolution to improve their potencies; however, the current clinical experience still indicates that
the capacity to produce large quantities of cells ex vivo with uniform and relevant therapeutic
properties is a critical unmet need for their advancement. In recent years, new mechanisms for
MSC mediated regeneration have been identified, further necessitating a re-evaluation of the
approaches taken to prepare culture expanded MSCs for therapy.

[0004] Accordingly, a need exists for populations of MSCs with more uniform properties

and enhanced regenerative potential, as well as methods of making and using them.

SUMMARY OF THE INVENTION

[0005] The invention provides, inter alia, MSCs with more uniform properties and enhanced
regenerative potential, as well as methods of making and using them. The invention is based, at
least in part, on the discovery that large-MSCs have enhanced regenerative activity.

[0006] In one aspect, the invention provides methods of culturing an MSC-containing

population cells to produce an MSC population with enhanced regenerative potential. The
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method can include culturing an MSC-containing population of cells in a culture medium,
preferably to a confluence of 80% to 90%. Optionally, the MSC-containing population of cells
can be trypsinized one or more times. The culturing and optional trypsinizing can be repeated so
that the MSC-containing population of cells doubles at least four times, as measured from initial
extraction of the MSC-containing population from a source, to thereby produce an MSC
population with enhanced regenerative potential. Optionally, a portion of the MSC-containing
population of cells can be cryopreserved in a cryopreservation medium after one or more
population doublings.

[0007] In another aspect, the invention provides methods of producing an MSC population
‘with enhanced regenerative potential. These methods entail biophysically sorting (e.g., using an
M‘SC-dimensioned microfluidic device) an MSC-containing population of cells and collecting a
large-MSC population of cells from the MSC-containing population, where the biophysical
sorting has a throughput of at least about 10° cells/minute. Preferably, the biophysically sorted
MSC-containing population has been cultured according to the cell culture methods described
herein, such as those summarized in the preceding paragraph.

[0008] In related aspects, the invention provides isolated populations of large-MSCs (e.g.,
produced by the methods provided by the invention or any other means known to the skilled
artisan). In certain embodiments, these isolated populations of large-MSCs can be cryopreserved
or otherwise made into cell banks. In related aspects, the invention also provides conditioned
medium from such populations.

[0009] In another aspect, the invention comprises systems adapted for isolating large-MSCs.
In certain embodiments, these systems include one or more devices adapted for biophysical
sorting of large-MSCs (and where there is a plurality of devices—such as 2, 3,4, 5,6, 7, 8, 9, 10,
or more—the devices may all be the same, or include a collection of different devices), where
the device is in fluid communication with a reservoir with an MSC-containing population. These
systems, in some embodiments, can include an injector that applies the fluid to the device under
pressure.

[0010] In a further aspect, the invention provides methods of mediating tissue repair in a
mammalian subject by applying a large-MSC population of cells, or a conditioned medium from
é culture of large-MSC:s, into the subject. Related aspects include a large-MSC population of
cells, or a conditioned medium from a culture of large-MSCs, for use as a medicament; a large-
MSC population of cells, or a conditioned medium from a culture of large-MSCs, fof use in the

treatment of tissue in need of repair; and the use of a large-MSC population of cells, or a
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conditioned medium from a culture of large-MSCs, for the manufacture of a medicament for
treatment of tissue in need of repair.

[0011] In a further aspect, the invention provides methods of enhancing homing and
engraftment of hematopoietic stem cells (HSCs) in the bone marrow of a mammalian subject by
co-administering a large-MSC population of cells, or a conditioned medium from a culture of
large-MSCs, and HSCs into the subjecf. Related aspects include a large-MSC population of
cells, or a conditioned medium from a culture of large-MSCs, and HSCs for use as a
medicament; a large-MSC population of cells, or a conditioned medium from a culture of large-
MSCs, and HSCs for use in the treatment of tissue in need of repair; and the use of a large-MSC
population of cells, or a conditioned medium from a culture of large-MSCs, and HSCs for the
manufacture of a medicament for treatment of tissue in need of repair.

[0012] The methods described herein can be combined together. For example, the methods
of culturing an MSC-containing population of cells can be performed to produce an MSC
population with an enhanced regenerative potential (e.g., a large-MSC population). The large-
MSC population can subsequently be biophysically sorted as described herein, and the
biophysically sorted large-MSC population can be used in the methods of mediating tissue repair
and methods of enhancing homing and engraftment of hematopoietic stem cells, as described in
the preceding paragraphs. Further, a conditioned medium from the large-MSC population can

also be collected for use in the methods of mediating tissue repair.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIGs. 1A-1J show enrichment of mesenchymal stromal cell (MSC) osteoprogenitors
using a label-free, microfluidic sorting approach. FIG. 1A shows that during in vitro culture,
early passage (PSG) MSCs are uniform.in morphology and size, but a larger and flatter MSC
subpopulation is generated after ~ 10 population doublings. The resultant MSC culture is
heterogeneous in size and morphology, and also in other biophysical characteristics. Scale bar =
100 um. In FIG. 1B, a label-free microfluidic sorting approach is utilized for sorting out 1) a
population of expanded MSCs that are enriched in the larger MSC osteoprogenitors (large-MSC
fraction, left panel) and 2) a population of expanded MSCs that are depleted of the larger MSC
osteoprogenitors (small-MSC fraction, right panel). These MSC fractions differ morphologically
after plating on tissue culture plastic and the larger MSC osteoprogenitors are estimated to be
enriched by > 5 fold in the sorted large-MSC fraction compared to the unsorted MSCs at PSG 6.
Scale bar = 100 um. In FIG. 1C, the suspehded size distribution of sorted MSCs (PSG 6, n >
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500 cells counted from 4 donors) are: large-MSCs = 21.9 +/- 5.3, small-MSCs = 14.8 +/- 2.4, *P
=0.0002. Data given as mean + sem. FIG. 1D shows recovery of large- and small-MSC
fractions after microfluidic sorting of PSG 3, 6 and 9 MSCs for n > 5 across 4 donors. No cells
are present in the large-MSC fraction after sorting earlier passage MSCs, but the approximate
large-MSC recovery is 40% and 60% at PSG 6 and 9, respectively. FIG. 1E shows a
representative set of data for RTPCR analysis of the expression of differentiation markers for
osteogenesis (Runx2, osteopontin (OPN), osteocalcin (OCN) and osterix (OSX)), adipogenesis
(Pparg) and chondrogenesis (Sox9), as well as for nestin. These data are normalized to GAPDH.
FIG. 1F shows that immunostaining of OPN and OCN (an early and late osteogenic marker,
respectively) in sorted MSCs detects OPN in large-MSCs only but no OCN in any MSCs,
suggesting that large-MSCs are osteoprogenitors. Scale bar = 50 pm. In FIG. 1G, multilineage
differentiation of sorted MSCs show high potentials for osteogenic and chondrogenic
differentiation but no adipogenic differentiation in large-MSCs. Trilineage differentiation
potential was observed in the small-MSCs. Osteogenic, chondrogenic and adipogenic formation
were determined by alizarin red, alamar blue and oil-red-o assays, respectively, and are
quantitatively shown in FIG. 1H. FIG. 1H shows representative spectroscopic analysis of the
degree of osteogenic, chondrogenic and adipogenic formation in sorted and unsorted MSCs at
PSG 6 for unsorted (grey), large- (black) and small- (white) MSCs. These data are normalized to
values of the unsorted MSCS at the same passage. A higher level of osteogenic mineralization
(~3.4X) but a lower level of adipogenic oil droplet formation (~5.8X) was observed in the large-
vs small-MSC fraction. FIGs. 11-1J show in vivo ectopic bone formation by sorted MSCs on
PCL-TCP scaffolds after implantation in NOD/SCIDs for 4 weeks. The degree of mineralization
is measured via systemic injection of a fluorescent bisphosphonate agent 16 h before the
scaffolds are harvested and imaged (FIG. 11) ex vivo. A significantly higher level of mineral
bone formation, based on bisphosphonate staining, was found in scaffolds seeded with large-
MSCs.(* P = 0.0383; FIG. 1J, a bar graph) vs small-MSCs. All values are given in mean + sd
unless otherwise stated. All MSCs were used at PSG 6 unless otherwise stated.

[0014] FIGs. 2A-2N show comparisons of bone marrow (BM) regenerative efficacies of
systemically infused MSCs (PSG 6, for >4 donors) which demonstrate enhanced capabilities of
the large-MSC fraction for rescuing BM damage in lethally irradiated NOD/SCIDs (5.0 Gy).
FIG. 2A shows survival curves of NOD/SCID mice after lethal irradiation (day 0) and the
administration of the different treatments on day 1. Injection of unsorted MSCs at PSG 3, 6 and

9 resulted in mean survival times of 10.5, 12, and 17 days, respectively (n > 5 mice per group).
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FIG. 2B shows survival of lethally irradiated (5.0 Gy) NOD/SCID mice given no treatment,
large-MSCs and small-MSCs on day 1. Mean survival times are 17 days, > 50 days and 13 days,
respectively (n > 10 mice per group, MSC dose: 20 x 108 cells/Kg). FIG. 2C shows weight
change of NOD/SCIDs in FIG. 2B over a period of 30 days after irradiation. FIGs. 2D-2F show
whole blood counts of NOD/SCIDs in FIG. 2B, showing full hematopoietic recovery over a 30
day period for the large-MSC treatment group. FIGs. 2G and 2H show live/dead FACS analysis
of BM aspirates from treatment groups in FIG. 2B, showing significantly lower numbers of
dead/apoptotic cells in the BM after large-MSC treatment. * P =0.0308 and ** P = 0.0231 for
day 5 and day 10, respectively (n = 8 femoral BM aspirates tested). FIGs. 21 and 2J show the
percentage of EdU" cells in the BM aspirate of treatment groups in FIG. 2B, showing increased
cell proliferation for the large-MSC group. * P =0.3263 and ** P = 0.0245 for day 5 and 10,
respectively (n = 4 BM aspirates tested). FIG. 2K shows representative histological sections of
the BM after 10 days for large- and small-MSC treatment groups. BM from the large-MSC
treatment group is highly cellularized and contains more EdU" cells and CD31" vessel structures.
Dotted lines indicate location of mineral bone and scale bar = 100 pm. FIG. 2L shows
quantification of the degree of BM cellularity from histological sections. * P =0.0378,n=15
sections analyzed from 3 different mice. FIGs. 2M and 2N show that EdU" cells in the large-
MSC treatment group co-localize with murine CD31/VEGR2 vasculature and nestin® or CD146"
stromal cells during recovery after lethal irradiation. Scale bars = 100 pm. All values are given
in mean =+ sd unless otherwise stated. > 100,000 events are measured for FACS analysis. In
FIGS. 2G and 2I: Black graphs = large-MSC fraction, white graphs = small-MSC fraction, . All
MSCs were used at PSG 6 unless otherwise stated.

[0015] FIGs. 3A-3J show that large-MSCs are efficient “cell-factories” that mediate tissue
repair via secreted factors. FIG. 3A is a dorsal view of the in vivo biodistribution of systemically
injected luciferase-transformed MSCs in sublethally irradiated NOD/SCIDs (3.0 Gy) over a
period of 10 days. MSCs of both fractions initially accumulate in the lungs but redistribute over
a 24 h period. No significant engraftmént or extravasation of MSCs was found in the lungs after
24 h, with most of the remaining MSCs localized within the capillary lumen of the lung tissue
((i) vs (ii) in FIG. 3B). After their redistribution from the lungs, MSCs of both fractions also do
not show any specific accumulation to the BM or any other tissue and are significantly cleared
from the body after 10 days. Scale bar in FIG. 3B = 100 um. In FIG. 3C, FACS analysis of
femoral BM aspirates at different time points after MSC injection shows an insignificant degree

of homing of injected MSCs to the BM. On day 5, ~0.02% of the injected MSC dose (for both
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MSC fractions) was detected in the femoral BM and no MSCs were detected by day 20. n>4
femoral BM aspirates, 20,000 events analyzed, * P = 0.9626. FIG. 3D shows survival of lethally
irradiated NOD/SCIDs (n > 5 mice) given regular injections (indicated by arrows) of conditioned
media from the different MSC fractions. The median survival times are 29 days and 11 days for
the large-MSC and small-MSC secretome therapy groups, respectively. In FIG. 3E, large- vs
small-MSC fraction secretome analysis shows increased production (~ 3.8X on average) of
soluble factors associated with angiogenesis, cell proliferation and wound healing (IL-6, IL-8,
EGF, FGF1, VEGF, Ang-1, etc.). Secretome from 3 MSC donors were tested in triplicates.
FIG. 3F shows relative proliferation rates of human umbilical vein endothelial cells (HUVECS)
and human microvascular endothelial cells (HMVECs) after 48 h exposure to different MSC
fraction secretome; cell proliferation was measured to be ~1.8 X and ~2.5 X higher in the large-
vs small-MSC secretome for HUVEC and HMVEC, respectively. Rates were normalized to the
small-MSC group (n = 4 wells). FIG. 3G shows cell cycle analysis of HUVEC and HMVEC
after exposure to different conditioned media for 48 h. GO = white bar; G1 = light gray bar;
G2/S/M = dark gray bar. * P =0.022 for GO and ** P = 0.0098 for G2/S/M. FIG. 3H shows
results of an in vitro 3D angiogenic sprouting assay of mCherry-transduced HUVECs in a fibrin
gel (2.5mg/mL) supplemented with different MSC secretome. Arrows indicate position of
angiogenic sprouts from HUVEC loaded microcarrier beads. Scale bar = 100 um. FIG. 31
shows explanted femoral bones from lethally irradiated mice (5 days after) in a fibrin gel
exposed to different MSC secretome. Red dotted line represents sectioned femoral head to
expose the BM. After 10 days, capillary formation was visible from endogeneous cells in the
BM in the large-MSC control group. FIG. 3J shows blood vessel density in the BM of lethally
irradiated NOD/SCIDs in FIG. 3D on day 7 visualized by angiosense (a near IR in vivo imaging
probe, dorsal view of mice). In comparison to the untreated group, the administration of MSC
conditioned media led to increased angiogenesis in the BM, and the resultant vessel density was
highest in groups given large-MSC conditioned media. All values are given in mean + sd unless
otherwise stated. Black graphs = large-MSC fraction, white graphs = small-MSC fraction. All
MSCs were used at PSG 6.

[0016] FIGs. 4A-4] show that large-MSCs foster a favorable BM environment for human
hematopoietic stem cell (HSC) homing after irradiative (3.0 Gy) myeloablation. FIG. 4A shows
experimental plans to evaluate HSC homing and engraftment to BM of MSC treated mice. FIG.
4B shows tomato-lectin staining of functional vessels in the BM of NSGs under treatment 1.

Lectin was co-localized with several lumens in histological sections of BMs from large-MSC
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treatment groups. Scale bar = 100 um. FIG. 4C shows the number of CD31"/Lectin stained
vessel structures observed in histological sections taken from the femoral BM of various treated
mice. Each point represents an average value obtained from 10 sections taken from the same
mouse (n = 6 mice in each group). Representative images are shown in FIG. 4A. FIG. 4D
shows histological sections of BM 24 h after human HSC injection in treatment 1, showing
injected HSCs localizing around vessel-like structures expressing nestin and cxcl12. Scale bar =
100 um. FIG. 4E shows FACS quantification of the degree of HSC homing under treatment 1 on
day 8. Each data point represents the number of injected HSCs detected in the combined femoral
BM aspirate of one mouse (n = 6 mice in each group). FIGs. 4F and 4G show endogenous
recovery of nestin® stromal cells in the femoral BM after large- and small-MSC infusion.
Representative FACS analysis of femoral BM aspirates after MSC treatment is shown in FIG.
4F. Percentages of nestin” cells in the BM detected by FACS on day 4 and 8 are shown in FIG.
4G. * P=0.3692 and ** P =0.0103. These data show that the BM stromal elements are
damaged after irradiation but recover most efficiently with large-MSC treatments. FIG. 4H
shows mononuclear cell recovery after ficoll density centrifugation of femoral BM aspirates of
mice under treatment 2. The highest levels of cell recovery are associated with large-MSC
groups (* P =0.0059, ** P =0.0043, *** P = (0.0095). These results indicate that large-MSC
therapy after myeloablative irradiation facilitates BM recovery and donor HSC engraftment (n =
4-5 mice per group, data given in mean * std). In FIGs. 41 and 4J, femoral BM aspirates from
FIG. 4H were cultured in triplicates in methylcellulose medium and the number of CFU-Cs
(FIG. 4H, * P =0.0208, ** P = 0.0193) and CFU-GEMMs (FIG. 41, * P =0.0314, ** P =
0.0187) were evaluated after 2 weeks. All values are given in mean + sd unless otherwise stated.
Black graphs = large-MSC fraction, white graphs = small-MSC fraction. All MSCs were used at
PSG 6. For all experiments in this figure, MSC dose = 500K cells (I.V.) and HSC dose = 100K
cells (I.V.).

[0017] FIGs. SA-SF show that large-MSC co-injection leads to faster donor HSC
repopulation kinetics. Myeloablated NSGs (3.0 Gy) were infused with a co-injection of human
HSCs and different MSCs 24 after the procedure. FIG. 5A is a dorsal view of the engraftment
and repopulation kinetics visualized via bioluminescence from luciferase-transformed human
HSCs over a period of 4 weeks. HSC dose was fixed among all groups tested at 100K per mice
and MSCs were given as co-injections at doses of 500K per mice. The fastest kinetics were
observed when large-MSCs were given as co-injections. FIG. 5B shows quantification of the
bioluminescence from transformed HSCs in FIG. 5A. * P =0.0169 and 0.0339, ** P =0.0064
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and 0.0107, *** P = 0.0073 and 0.0768 for large-MSC groups vs small-MSC and unsorted MSC
groups, respectively, at weeks 2, 3 and 4 (n =5 mice each group). FIG. 5C shows CD45
chimerism in the peripheral blood of mice in FIG. 5A over 12 weeks. * P =0.0160 and 0.0196,
** P =(.0735 and 0.1364, *** P = 0.0704 and 0.2663 for large-MSC groups vs small-MSC and
unsorted MSC groups, respectively, at weeks 4, 8 and 12 (n = 5 mice each group). These results
indicate that the HSC engraftment effect mediated by large-MSCs is strongest in the short-term
(< 4 weeks). FIGs. 5D and SE show CD45 chimerism in the BM and peripheral blood,
respectively, in myeloablated NSGs (3.0 Gy) given a dose escalation of HSCs for no MSC and
large-MSC groups. All MSCs were delivered at a constant dose of 500K per mouse. For FIG.
5D, * P =0.0082, ** P=0.0110 and *** P =0.8594. For FIG. SE, * P =0.0045, ** P = 0.0021
and *** P =0.3128. These results indicate that large-MSC mediated effects are exerted most
significantly at lower HSC doses (n = 5 mice each group). FIG. SF shows the frequency of
human HSC-derived B cells, T cells and myeloid cells within the femoral BM 12 weeks after
transplantation (n = 5 mice). The co-injected MSCs did not affect the multilineage
differentiation potential of transplanted HSCs and the engraftment enhancing effect of large-
MSCs was not lineage restricted. All values are given in mean + sd unless otherwise stated.
Orange graphs = large-MSC fraction, purple graphs = small-MSC fraction. All MSCs were used
at PSG 6.

[0018] FIG. 6 shows representative FACS histograms of mesenchymal stromal cells (MSCs)
in this study at passage 2 (PSG 2) and for sorted large- and small-MSC fractions at passage 6
(PSG 6). No significant differences were observed for all tested MSC surface markers that could
be used to identify large-MSCs from total cultures.

[0019] FIG. 7A shows proliferation of large- and small-MSC fraction cells after microfluidic
sorting at PSG 6. Large-MSCs are a less proliferative fraction of cells. FIG. 7B shows the
average suspended cell diameter of the large-MSC fraction cells during passaging after sorting at
PSG 6. Cells in this fraction remained large and did not revert to a smaller size. FIG. 7C shows
bright field images of adherent large-MSCs (i) and MSCs under chemical osteogenic induction
to osteoblasts (ii) after 2 weeks in culture. Large-MSCs are not fully committed osteoblasts and
do not mineralize under ambient conditions. Scale bars =200 um. All values are given in mean
+ sd unless otherwise stated.

[0020] FIG. 8A shows FACS measurement of the number of dead and apoptotic cells in the
femoral BMs of a separate set of experimental groups similar to FIG. 2A (n = 4 mice per group).

FIG. 8B shows quantification of the cellularity of histological femoral sections taken from
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experimental groups on day 10. n =15 sections analyzed from 3 different mice. FIG. 8C shows
representative H&E stains of femoral BMs sections on day 10. Femurs of large-MSC treated
mice were highly cellularized and flushed with RBCs compared to other treatment groups. RBC
= red blood cell, BM = bone marrow, B = bone. Scale bars =200 um. All values are given in
mean * sd unless otherwise stated.

[0021] FIG. 9A is a ventral view of biodistribution of luciferase-transformed MSCs from
both large- and small-MSC fractions. The MSCs were injected via the tail vein into sublethally
irradiated NOD/SCIDs (3.0 Gy). Dorsal view is shown in FIG. 3A. FIG. 9B shows
representative FACS histograms of the femoral bone marrow aspirate showing low injected
MSC presence (< ~5% of analyzed cells). The injected human MSCs are detected via human
specific staining for f2-microglobulin. FIG. 9C shows FACS analysis of the BM for injected
human MSC presence after PSG3 and PSG9 MSCs were injected (n = 3 mice). MSCs were
detected with human specific B2-microglobulin. All values are given in mean = sd unless
otherwise stated.

[0022] FIGs. 10A and 10B show some of the contents of secretomes of MSCs from the
large- and small-MSC fractions, as well as for MSCs at PSG 3, 6 and 9, respectively. FIG. 10C
shows representative RTPCR analysis of the transcripts for secreted proteins tested to be
different between the large- and small-MSC fractions. A strong correlation between transcript
and protein expression was found. Secretome samples from 3 MSC donors were tested in
triplicates. All values are given in mean + sd unless otherwise stated.

[0023] In FIG. 11, beta gal staining for MSCs shows that the cells in the large-MSC fraction
approach senescence faster (by PSG 8-9) than the small-MSC fraction.

[0024] FIG. 12A is a bar graph summarizing the results of a CFU assay in methylcellulose
for HSCs exposed to different MSCs as feeder layers under non-contact conditions for a period
of 7 days. After 14 days, the numbers of colonies formed were counted from triplicate wells.
FIG. 12B shows human CD45 engraftment in sublethally irradiated NSG mice after non-contact
conditioning in FIG. 12A. The secretome from MSC fractions did not differentially affect the
engraftment and repopulation potential of the injected HSCs (n = 3 mice). FIG. 12C shows
weights of NSG mice undergoing experimental HSC transplants in FIG. 5C. All values are
given in mean =+ sd unless otherwise stated.

[0025] FIG. 13 is a primer list for RTPCR experiments used in this study.

[0026] FIG. 14 is a schematic showing a production process of large-MSCs. Bone marrow

(BM) MSCs are extracted and regularly expanded in either 2D or 3D culture systems until a later
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passage. Microfluidic sorting is then applied to extract a large-MSC fraction, which is
cryogenically preserved. The small-MSC fraction is returned to culture to generate more large-
MSCs at a later passage for extraction. In this manner, large-MSCs are continually extracted and
banked for therapy.

[0027] FIGs. 15A-15G show characteristics of the large-MSC fraction. In FIG 15A,
microfluidic sorting with a lab-made device results in two MSC fractions of different suspended
diameters (FIG. 15B, large-MSCs = 21.9 +/- 5.3, small-MSCs = 14.8 +/- 2.4). FIG. 15C shows
that large-MSCs can be continuously extracted from MSC cultures from after passage 4-5. FIG.
15D shows adherent morphology of large- vs small-MSCs. Large-MSCs are flat and irregular
cells, but small-MSCs are spindle-like. In FIG. 15E, microarray analysis shows that only 8% of
>40,000 analyzed genes are similarly expressed between large- vs small-MSCs despite having
originated from the same early MSCs. FIG. 15F shows that large-MSCs have a secretome that is
significantly different from that of small-MSCs. A higher level of regenerative factors is
expressed at both the gene and protein levels. FIG. 15G shows gene expression studies
evidencing that the large-MSCs fraction is an osteoprogenitor cell fraction expressing higher
levels of osteogenic genes and lowered levels of genes associated with multipotency.

[0028] FIG. 16A is an RTPCR analysis of the expression of Igfbp2, Angptl2, Angptl3, and
Angptl4 in large- and small-MSC fractions. These data are normalized to GAPDH. The large-
MSC population therefore exhibits upregulation of proteins related to their secretory profile. In
particular, Igfbp2 and Angptl5 can be used to supplement culture expansion of hematopoietic
stem cell (HSC) in vitro, thereby augmenting and/or promoting the efficacy of HSC

transplantation.

DETAILED DESCRIPTION OF THE INVENTION

[0029] The invention provides mesenchymal stem cell (MSC) populations (as well as
conditioned medium from these cells) with enhanced regenerative potential, as well as methods
of making and using these populations, such as therapeutic methods of mediating tissue repair or
enhancing homing and engraftment of hematopoietic stem cells. These MSC populations can, in
certain embodiments, be produced by biophysically sorting an MSC-containing population, e.g.,
at a throughput of at least 10° cells/minute, and collecting a large-MSC population of cells.
[0030] “Biophysically sorting” is a process of isolating, e.g., from a heterogenous mixture,
by bulk physical properties of a particle (for example, a cell), such as size, density, shape,

rigidity, ef cetera, which are directly detected. Biophysical sorting can be distinguished from,
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for example, sorting by flow cytometry using cell surface markers, which is based on detecting
cells by virtue of the presence or absence of cell surface markers, such as proteins, using positive
or negative selection that entails, for example, using detectably labeled antibodies for the
markers—i.e., an indirect detection method. Numerous methods of biophysical sorting are
known in the art, such as microfluidic devices, size exclusion filters, density columns,
differential density centrifugation (e.g., using Ficoll; and related centrifugation techniques), et
cetera. Of course, in some embodiments, biophysical sorting can be coupled to sorting based on
cell surface markers. In particular embodiments, the biophysical sorting is with a microfluidic
device, e.g., using MSC-dimensioned microfluidic device.

[0031] “MSC,” “Mesenchymal Stromal Cell,” and the like, refer to multipotent stromal stem
cells, also known as mesenchymal stem cells, multipotent stromal cells, multipotent stem cells,
and mesenchymal stromal/stem cells. Certain criteria for identifying MSCs are known in the art
and are described in, for example, Dominici, ef al., Cytotheraﬁy 8(4): 315-317 (2006), which is
incorporated by reference in its entirety. In some embodiments, MSCs are characterized by their
ability to differentiate along adipocyte, chondroblast, and osteoblast lineages under appropriate
conditions. MSCs may also be characterized by expression of one or more of the following cell-
surface markers: CD44, CD74, CD90, CD105, CD140B, CD146 and CD166. In some more
particular embodiments, the MSCs may be further characterized by also expressing one or more
of: CD19, CD45, CD106, Nestin, Stro-1 or NG2. In other more particular embodiments, the
MSCs may be further characterized by not expressing one or more of: CD19, CD45, CD106,
Nestin, Stro-1 or NG2. Frequently, CD106, Nestin, Stro-1, and NG2 are markers for MSCs in
vivo. Diminished expression of CD106, Nestin, Stro-1, and NG2 can be observed after culture
expansion in vitro, typically after 1-2 cell passages (e.g., within approximately 5 population
doublings). However, some cultured MSCs retain expression of Nestin, Stro-1 and NG2.

[0032] MSCs can be from any mammalian source, such as primates (e.g., humans or
monkeys), cows, sheep, goats, horses, dogs, cats, rabbits, guinea pigs, rats, mice, or other bovine,
ovine, equine, canine, feline, rodent or murine species. In more particular embodiments, the
MSCs are from a primate, such as a hurhan. In more particular embodiments, the human is an
adult human. Any suitable tissue source can provide MSCs used in the invention, such as bone
marrow, adipose tissue (fat), dental pulp, Wharton’s jelly, perivascular space, umbilical cord,
and placenta. In particular embodiments, the MSCs are derived from bone marrow. In certain
embodiments, the MSCs, such as a mixed MSC population, are isolated by ficoll centrifugation

from a tissue source and selected for adherence to plastic (such as tissue culture plastic). MSCs
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can, optionally, be culture expanded (e.g., on 2D or 3D (e.g., microcarrier) supports) after their
isolation and before fractionation to small-MSC and large-MSC populations. The cells are
preferably allowed to expand in culture for a sufficient time to allow large-MSCs to appear,
which can vary from donor to donor and depending on the source of the cells. For example,
large-MSCs typically appear within about 3-4 population doublings from bone marrow.

[0033] MSCs can be fractioned to small-MSC and large-MSC populations by any modality
suitable to isolate these populations from a MSC-containing population, such as a mixed MSC
population. Exemplary modalities for biophysical separation of large-MSCs include
microfluidic devices, size exclusion filters, and density columns. In some embodiments, the
modality is not a microfluidic device. In other embodiments, the modality is a microfluidic
device. In more particular embodiments, devices and methods described in W02014/046621,
‘Guan, et al., Scientific Reports 3:1475 (2013, 9 pages), US 2013/0130226 and Nivedita and
Papautsky, Biomicrofluidics 7:054101-1-14 (2013), which are incorporated by reference in their
entirety, can be adapted (e.g., by sizing the channel length, internal height/width aspect ratio,
flow speed, pressure, media viscosity, channel shape (e.g., a rectangular or trapezoidal cross
section)) for separating small-MSCs and large-MSCs in the form of an “MSC-dimensioned
microfluidic device,” in which a mixed MSC population can be applied to an inlet of the device
and small-MSCs and ,lérge-MSCs can be separated at one or more outlets of the device by virtue
of their different sizes, shapes, and stiffnesses when moving in fluid flow in the microfluidic
device between the inlet and outlet of the device. In particular embodiments, the microfluidic
device is a spiral microchannel with a trapezoidal cross-section (i.e., perpendicular to the
direction of the fluid flow), with a channel width of about 600 um (e.g., about: 500-700 um, 550-
650 pm, or 575-625 um), an inner channel depth of about 80 pm (e.g., about: 70-90 um, 75-85
pum) and an outer channel depth of about 130 um (e.g., about: 110-150 pm, 120-140 um, or 125-
135 pm). The injection rate can be optimized for a given MSC-containing population and the
particular device or modality used. In certain embodiments, the injection rate into the inlet of an
MSC-dimensioned microfluidic device can be varied within about: 2.0-4.5 ml/minute (e.g.,
about: 2.0 - 2.5 ml/min, 2.5 — 3.5 ml/min, or 3.5 — 4.5 ml/min). In particular embodiments, the
injection rate is >2.5 ml/min. In certain embodiments, the injection rate is about 2.5 to 4.0
ml/minute, preferably about 3.5 ml/minute. In general, the flow rates described herein are based
on a 20mL syringe (19.13 mm diameter) attached to a syringe pump with tubings that are 0.51

mm in internal diameter.
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[0034] An “MSC-containing population” is a collection of cells that includes MSCs as well
as other cells. The MSCs in an MSC-containing population can be a mixed MSC population or a
fraction of small-MSCs or large-MSCs.

[0035] A “mixed MSC population” refers to a collection of MSCs that include both “large-
MSCs” and “small-MSCs.” The relative proportions of large-MSCs and small-MSCs in a mixed
MSC population can vary.

[0036] “Large-MSCs” and the like are MSCs with a diameter of about 18-22 um (e.g.,
21.9+/-5.3 um) and one or more of: a stiffer membrane, a low fluctuating nucleus, decreased
adipogenic potential, and enhanced regenerative potential, relative to small-MSCs or a mixed
MSC population. “Regenerative potential” of a MSC population encompasses one or more (i.e.,
1, 2, 3, or all 4) of osteoprogenic activity (the ability to differentiate into bone producing cells
quickly and robustly), homing and engraftment of hematopoietic stem cells (HSCs) during
administration (either concurrently or sequentially) with MSCs, secretion of one or more of IL-6,
IL-8, VEGF, BMP2, EGF, FGF1 and Ang-1 (e.g,, 1, 2, 3, 4, 5, 6, or all 7 factors), and increased
genetic/transcriptome level expression of osteogenic markers such as osteopontin, ALP,
SPOCK2, and CCL2. A large-MSC population can be about 65, 70, 75, 8_0, 85,90, 91, 92, 93,
94, 95, 96, 97, 98, 99%, or more large-MSCs, as a percentage of all MSCs or as a percentage of
all cells.

[0037] “Throughput” refers to the amount of cells that a given modality (e.g., of biophysical
sorting) can accept, e.g., by injection, and process in a given period of time. In some
embodiments, the modalities for biophysical sorting used in the present have a throughput of at
least about: 1x10°, 5x10°, 1x10%, 5x10%, 1x10°, 5x10°, 1x10%, 5x10°, or more, cells/minute.
Preferably, these modalities maintain high cell viability (e.g., at least 80, 85, 90, 91, 92, 93, 94,
95, 96, 97, 98, 99%, or more, viability) following the sorting.

[0038] “Conditioned medium” is a medium, such as growth medium, that has been contacted
with a cultured cell population (such as large-MSCs) for a sufficient time to collect secreted
factors, such as proteins, such as cytokines and growth factors, from the cultured population of
cells.

[0039] “Small- MSCs” and the like are MSCs with a diameter of about 12-16 um (e.g.,
14.8+/- 2.4 um) and one or more of: decreased osteoprogenic activity, increased adipogenic
potential, decreased secretion of one or more of IL-6, IL-8, VEGF, BMP2, EGF, FGF1 and Ang-
1, relative to large-MSCs or a mixed MSC population, and expression of one or more (e.g., 1, 2,

3, orall 4) of USP1, CCNL2, PODXL, CXCL12, or HMGNI1. A small-MSC population can be
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about 65, 70, 75, 80, 85, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99%, or more small-MSCs, as a
percentage of all MSCs or as a percentage of all cells.

[0040] The invention also provides methods of mediating tissue repair (e.g., treating a
condition characterized by a need for tissue repair, such as osteonecrosis, damaged vessels, or
HSC transplantation following chemotherapy and/or radiotherapy) in a subject using an effective
amount of large-MSCs or conditioned medium from these cells.

[0041] A “subject” refers to a mammal, including primates (e.g., humans or monkeys), cows,
sheep, goats, horses, dogs, cats, rabbits, guinea pigs, rats, mice, or other bovine, ovine, equine,
canine, feline, rodent or murine species. Examples of suitable subjects include, but are not
limited to, human patients. While subjects may be of any stage of life and any age, e.g., neonate,
infant, toddler, child, young adult, adult, or geriatric, in particular embodiments the subject is an
adult, e.g., a human adult, i.e., about 18 years old, or older, e.g., about: 18-70 years old, 20-60
years old, 25-55 years old, 25-50 years old, 30-50 years old, or 25-65 years old, as well as
greater than about: 30 years old, 40 years old, 50 years old, 60 years old, 70 years old, 80 years
old or 90 years old. '

[0042] As used herein, the terms “treat,” “treating,” or “treatment” mean to counteract a
medical condition so that the medical condition is improved according to a clinically acceptable
standard. Conditions to be treated by the methods provided by the invention include arthritis,
treatment of nonunions, bone fractures, and osteochondral defects.

[0043] As used herein, a “therapeutically effective amount” is an amount sufficient to
achieve the desired therapeutic or prophylactic effect under the conditions of administration,
such as an amount sufficient to treat a given condition. The effectiveness of a therapy can be
determined by one skilled in the art using standard measures and routine methods.

[0044] In certain embodiments, large-MSCs are administered at a dose of about: 1 x 10%,2 x
105, 5x 105 1 x 107, 2x 107, 5x 107, 1 x 10%, 2 x 10%, 5 x 10® cells/kg, or more. Effective
dosages achieved in one animal may be converted for use in another animal, including humans,
using conversion factors known in the art. See, e.g., Reagan-Shaw, et al., FASEB J. 22:659-61
(2008); Schein, et al., Clin. Pharmacol. Ther. 11: 3-40 (1970); and Freireich, et al., Cancer
Chemother. Reports 50(4):219-244 (1966). For example, human equivalent dosing (HED) in
mg/kg based on animal dosing may be given by the following equation: HED (mg/kg)= animal
dose (mg/kg) X (Km™™/Km™™), where Km = weight/surface area (kg/ m*). Exemplary

conversion factors based on the above equation are shown in Table 1.
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m: Mouse | Rat Monkey | Dog Human
(20g) | (150g) |(3.5kg) |(8kg) |(60ke)
To:
Mouse 1 0.5 0.25 0.17 0.08
Rat 2 1 0.5 0.25 10.14
Monkey 4 2 1 0.6 0.33
Dog 6 4 1.7 1 0.5
Human 12 7 3 2 1
Table 1
[0045] The cell culture methods described herein can be einployed to culture an MSC-

containing population cells to produce an MSC population with enhanced regenerative potential
(e.g., to enrich the cell population with large-MSCs). The MSC-containing population can be
derived from bone marrow aspirates via ficoll density centrifugaﬁon and plastic adherence. An
MSC-containing population of cells is cultured in a culture medium. Preferably, the MSC-
containing cell population is cultured to a confluence of at least 80%, but less than 100%. Even
more preferably, the MSC-containing cell population is cultured to a confluence of 80% to 90%.
When cultured to a confluence of 80% to 90%, some parts of the flask will have greater than
90% confluence, and potentially even up to 100% confluence, in part due to the random manner
in which MSC cells grown on surfaces.

[0046]

the cells can optionally be cultured for more than six population doublings. Every two

Typically, the cells can be cultured for between 1 to 6 population doublings, though

population doublings roughly corresponds to passaging approximately once. After four
population doublings, a small number of large-MSCs begin to form. These large-MSCs can be
biophysically sorted for use in the therapeutic methods described herein.

[0047]

tissue source, such as bone marrow. When Py is defined as the extracted population, then four

Typically, the initial population of cells Py is the cells that have been extracted from a

population doublings is usually sufficient to observe a small number of large-MSCs. However,
if a cell culture is started from an MSC population that has already been grown out or cultured,
then fewer than four population doublings are typically necessary in order to observe the

formation of large-MSCs. In other words, the number of population doublings generally refers

to the number of population doublings after the cells have been extracted from a tissue source.
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[0048] Usually, the MSC cell population is cultured in cell culture flasks. Alternatively, the
MSC cell population can be cultured in a bioreactor containing suspended 3-D spheroids. Cell
confluence can be more difficult to establish in a bioreactor, though the number of population
doublings is still measurable.

[0049] Optionally, the MSC-containing population of cells can be trypsinized after doubling
the population. Trypsinization is performed in order to lift or detach the suspended cells from
the culture flasks, particularly at lower numbers of population doubling.

[0050] The culturing and optional trypsinization can be repeated so that the MSC-containing
population of cells achieves a desired number of population doublings. Typically, four
population doublings is adequate to produce an MSC population with enhanced regenerative
potential. Sometimes, more population doublings may be required, such as six to twelve
population doublings, or sometimes even more.

[0051] Preferably, the culture medium contains Dulbecco’s Modified Eagle’s Medium and
fetal bovine serum. Preferably, the Dulbecco’s Modified Eagle’s Medium is low glucose. High
glucose has been observed to decrease the overall cell expansion, and hence lower glucose is
generally preferred. Preferably, the culture medium contains about 10% fetal bovine serum.
[0052] Starting with about 1000-1500 MSCs/cm? , the typical culture time for culturing in
flasks to about 80% to about 90% confluence is about 7-10 days. ‘Growth rates have been
observed to decrease as cells are expanded, so subsequent cell passages or population doublings
may take longer to reach 80-90% confluence. Generally, the cells are not grown for longer than
two weeks in the same flask. When culturing in a bioreactor, the MSC-containing population of
cells can continue expanding in the same reactor for about 2-3 weeks because it is a scaled up
batch process. |

[0053] Optionally, a portion of the MSC-containing population of cells can be cryopreserved
in a cryopreservation medium after performing one or more population doublings. Preferably,
the cryopreservation can occur after about four to about six population doublings, which roughly
corresponds to about two or three passages. Alternatively, or in addition, the cryopreservation
can occur after substantially more population doublings, such as about twelve population
doublings, which roughly corresponds to about six passages. The cryopreservation medium can
include Dulbecco’s Modified Eagle’s Medium, fetal bovine serum, and dimethyl sulfoxide.
Preferably, the cryopreservation medium consists essentially of 70% Dulbecco’s Modified
Eagle’s Medium Low Glucose, 20% fetal bovine serum, and 10% dimethyl sulfoxide. The

cryopreserved MSC-containing population of cells can be thawed at a later date. Preferably, the
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cryopreserved cells are washed with saline after being thawed. Preferably, the saline is
supplemented with human serum albumin. Even more preferably, the saline is supplemented
with about 1% human serum albumin.

[0054] The cell culture methods can be combined with the biophysical sorting methods. In
other words, the cell culture methods can be performed to increase the amount of MSC-
containing cells, which can subsequently be sorted by the biophysical methods described herein.
The sorted MSCs can be further used in the therapeutic methods described herein.

[0055] A description of example embodiments of the invention follows.

EXEMPLIFICATION

Materials and Methods

[0056] Mice. NOD/SCIDs and NOD/SCID/gamma (NSG) mice were from the Jackson
Laboratory and bred in the animal facility at the National University of Singapore. All animal
experimentation was performed in accordance with the guidelines set forth by the IACUC of the
National University of Singapore. 8-12 week old mice were used in our studies. Mice that
received total body irradiation (RS 2000 Biological Research Irradiator) were allowed to recover
for 24 h after the procedure before further experimentation. Cells were systemically injected via
the tail vein. For 5-ethynyl-2'-deoxyuridine (EdU) experiments, ~ 200 ug of EdU was injected
1.p. 24 h before euthanizing and harvesting of relevant tissues. Tomato-lectin was injected 30
minutes before mice euthanasia.

[0057]) Cell culture. Bone marrow (BM) derived MSCs and HSCs were obtained from a
commercial source (Lonza). MSCs in the first culture passage were isolated from a healthy
donor derived BM aspirate via ficoll density centrifugation and plastic adherence. The MSCs
were then culture expanded from passage 2 until passage 9 for this study at cell seeding densities
of 1000 MSCs/cm?. MSCs were cultured in each passage until 90% confluence or for a
maximum of 7 days. All MSCs were maintained in low glucose DMEM supplemented with
10% FBS and 5% Penn/Strep (Invitrogen). HSCs were cultured for 7 days in HPGM (Lonza)
supplemented with SCF, TPO and Flt-3 ligands (100 ng/mL each). MSC secretome was
collected by incubating equal numbers of MSCs (70% confluence) in serum free DMEM for the
indicated amount of time. This supernatant was then filtered through a 0.45 pm syringe filter
before use. This supernatant is further concentrated using a 3kDA MWCO Amicon Ultra

centrifugal filter to volumes appropriate for in vivo injection.
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[0058] MSC microfluidic sorting. Trypsinized MSCs were resuspended in media and
sorted into the large- and small-MSC fractions using a microfluidic device. A sorting throughput
of 3 million MSCs per minute was used in our experiments. Sorted MSCs maintained a high
viability of > 95% as determined via live dead staining. All subsequent assays were performed
on freshly sorted cells.

[0059] Antibodies, staining and flow cytometry. Unless otherwise stated, all antibodies
used in this study were purchased from R&D Systems. P2-microglobulin antibody was from
Millipore. Annexin V (Alexa 488) and PI (Invitrogen) were used in apoptosis and viability
assays. EdU staining was performed using the Click-iT imaging kits (Invitrogen). Cell cycle
analysis on FACS was performed using Ki-67 and 7-AAD co-stained cells. Adherent cells or
histological sections were fixed in 4% paraformaldehyde, permeabilized as needed with Triton
X-100 and blocked with 1% BSA before staining. For flow cytorhetry, prepared cells were
blocked with 1% BSA before staining. Flow cytometry analyses were performed using a LSRII
system (BD Biosciences).

[0060] Quantitative RT-PCR analysis. Total RNA was prepared from MSCs using
QIAGEN RNeasy Mini Kit and was used without modification in subsequent PCR analyses.
The relative amount of each transcript was determined by real-time RT-PCR using the ABI
StepOnePlus instrument and the Express One-Step SYBR GreenER Kit (Invitrogen), according

2-49Ct method was

to the manufacturer’s instructions. For primer sequences, see FIG. 13. The
used to analyze the results using GAPDH as the housekeeping gene. RTPCR was performed in
triplicate and thermal cycle conditions were 50 °C for 2 min, 95 °C for 10 min, then 50 cycles at
95°C for 15 sec and 60 °C for 1 min.

[0061] In vivo bioluminescence and fluorescence imaging. To track the luciferase-
transformed cells, D-luciferin (Xenogen) was injected intraperitoneally at a dose of 150 mg
luciferin/kg, 10 minutes before imaging. Bioluminescence images were collected on a Xenogen
IVIS Spectrum Imaging System (Xenogen) and the Living Image software was used to acquire
and analyze the results. Mice were anesthetized with isoflurane during the image acquisition
process.

[0062] For fluorescence imaging of MSC mineralization, OsteoSense 800 (EX: 745 nm, EM:
800 nm) was injected via the tail vein 24 h before the ectopic bone scaffolds were extracted and
imaged. For fluorescence imaging of angiogenesis, AngioSense 750 (EX: 750 nm, EM: 780 nm)

was injected via the tail vein 24 h before the mice were imaged under anesthesia.
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[0063] HSC biodistribution. HSCs were labeled with Xenolight (Xenogen) as per the
manufacturer’s instructions and injected into sublethally irradiated NSG mice with or without
MSCs as co-injection. After 24 h, indicated tissues were removed, weighed and macerated in
well plates. The Xenolight signal in HSCs was quantified using the IVIS Spectrum imaging
system and ROI tools in the living image software. Biodistribution was calculated as the
percentage of recovered fluorescence pér mg tissue.

[0064] MSC trilineage differentiation assay and quantification. For adipogenic
induction, MSCs were plated at 2 X 10* cells/cm” and cultured in adipogenic differentiation
medium (DMEM supplemented with Spug/ml insulin, 10" dexamethasone, and 0.6 X 10™
indomethacin) for up to 3 weeks, with medium exchanges three times per week. To visually
detect cytoplasmic lipid accumulation, cultures were fixed in 4% paraformaldehyde for 20 min
and stained with 0.3% Oil Red O (Sigma-Aldrich) in 0.6% isopropanol for 1 h. The content of
Oil Red O in samples was quantified by extraction with 100% isopropanol for 5 min followed by
spectrophotometry quantification at 510 nm, as described in Sekiya, 1., et al., Stem Cells 20, 530-
541 (2002). For osteogenic induction, MSCs were plated at 2 X 10* and cultured in osteogenic
differentiation medium (DMEM supplemented with 10mM B-glycerophosphate, 108 M
dexamethasone, and 0.2mM ascorbic acid) for up to 14 days, with medium changes three times
per week. Extracellular accumulation of calcium was assessed by Alizarin Red S staining. The
stained monolayer was extracted with 10% acetic acid (v/v) and neutralized with 10% (v/v)
ammonium hydroxide followed by colorimetric quantification at 405nm, as described in
Gregory, C.A., Gunn, W.G., Peister, A. & Prockop, D.J., Analytical Biochemistry 329, 77-84
(2004). For chondrogenic differentiation, MSCs were pelleted and cultured in chondrogenic
differentiation medium (DMEM supplemented with 0.1 pM dexamethasone, 0.17 mM ascorbic
acid, 1.0 mM sodium pyruvate, 0.35 mM L-proline, 1% insulin-transferrin sodium-selenite
(Themo Fischer Scientific, Singapore), 1.25mg/ml bovine serum albumin, 5.33 pg/ml linoleic
acid, and 0.01 pg/ml transforming growth factor-p) for 28 days with medium changed three
times per week. The micromass pellets were formalin fixed, paraffin embedded, and sectioned
in 10 um slices. Thereafter, they were dewaxed and rehydrated before Alcian Blue (Sigma-
Aldrich) staining. Cells were then rinsed three times with distilled water and the amount of cell-
associated dye was measured at 620 nm, after extraction with 6 M guanidine-HCi (Sigma-
Aldrich), as described in Nishigaki, F., et al., European Journal of Pharmacology 437, 123-128
(2002).
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[0065] MSC bone ectopic assay. Equal numbers of MSCs (300K cells per 125 mm? volume
of scaffold) were loaded onto Polycaprolactone-tricalcium phosphate (PCL-TCP) 3D bioactive
scaffolds (Osteopore International) in a fibrin gel (Sigma-Aldrich). The scaffolds were treated
with 5M NaOH for 3 h to enhance hydrophilicity and washed thoroughly with PBS thrice prior
to ethanol sterilization. Scaffolds were then conditioned in osteogenic differentiation medium
for 1 week before implantation. The cumulative fluorescent signal from each scaffold was
quantified with ROI tools in the living image software.

[0066]  Chimerism. The level of human HSC engraftment was analyzed with chimerism in
the hematopoietic system and was quantified as follows: %CD45" human cells/ (%CD45" human
cells + %CD45" mouse cells).

| [0067] Histology and tissue processing for analysis. For histology, harvested tissue
samples were frozen in the Tissue Tek O.C.T compound and cryo-sectioned before staining and
analysis.

[0068] For isolation of BM cells, whole BM tissue was flushed from femurs and passed
through a 70 um nylon sieve to first break up cell clumps. The dispersed cells were then
centrifuged and treated with RBC lysing solution (Sigma-Aldrich) for 5 minutes at room
temperature to remove the RBCs. The remaining BM cells were re-centrifuged and resuspended
in the appropriate buffer for analysis.

[0069] For isolation of the mononuclear fraction, whole BM tissue flushed from femurs was
first passed through a 70 um to break up cell clumps, resuspended in PBS and applied to Ficoll-
Paque (GE healthcare) for density centrifugation at 400 x g for 45 min at 20 °C. The
mononuclear cells were then recovered and transferred to colony forming units in culture (CFU-
)] asséys in human growth factor supported methycellulose media (R&D systems).

[0070] RBC lysing solution (Sigma-Aldrich) was added to blood samples and allowed to
incubate for 5 minutes at room temperature. The lysed RBCs were removed by centrifugation
and the remaining cell pellet was resuspended in the appropriate buffer for analysis.

[0071] In vitro human colony forming cell assay. HSCs or mononuclear cells were
suspended in complete methylcellulose media as per the manufacturer’s instructions (R&D
systems). The cultures were left to incubate at 37 °C and 5 % CO,. Colonies were scored after
14 days.

[0072] Retroviral vectors and viral production. Human MSCs in the second passage and
human HSCs in the first passage were transduced with a firefly luciferase gene in order to

investigate their real-time biodistribution after systemic injection. The firefly luciferase gene
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was introduced retrovirally using the Phoenix-AMPHO packaging cell line producing the
pMSCV-puro-Firefly luciferase viral supernatant. Transduced cells were selected for by the
addition of 2 pg/ml of puromycin in the respective growth media for 3 days. ‘

[0073] HUVEC sprouting on bead assay. RFP-transduced HUVEC cells were cultured on
Cytodex microcarrier beads (Sigma-Aldrich) and suspended within a fibrin gel (2.5 mg/mL)
matrix, as described in Ghajar, C.M.,, et al., Exp Cell Res 316, 813-825 (2010). The concentrated
secretome collected from MSCs was used as media and replaced every 2 days. RFP-HUVECs
were observed under a fluorescent microscope for angiogenic sprouting from the microcarrier
bead éurface.

[0074] Femoral explants. Whole femurs from lethally irradiated mice were harvested from
mice 7 days after and the femoral head was sectioned to expose part of the BM tissue. These
femurs were then embedded in a collagen gel (1.5 mg/mL) and exposed to a concentrated
secretome from the different MSCs over a period of 14 days. The concentrated secretome-media
was replaced every 4 days.

[0075] Luminex and elisa assays. The Bio-Plex Pro Human Cytokine Kit (Biorad) and
elisa (R&D Systems) were used in combination to survey the secretome of MSCs. MSC-
conditioned media was used in these assays as per the manufacturer’s instructions and the final
detected analyte concentration was reported.

[0076] Cell Culture Protocol. The following protocol can be used to generate a large-MSC
population. Table 2 shows a workflow for a smaller-scale MSC culture. Table 3 shows a
workflow for larger-scale MSC culture. Some of the steps are optional. For example, if long
term storage of MSCs is not desired, then cryopreservation need not be performed. Additionally,

trypsinization after each population doubling is also optional.
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Table 3. Workflow for MSC culture (large-scale).
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[0077] Step 1: Culture of MSCs. The complete media used is Dulbecco’s Modified Eagle’s
Medium (DMEM), preferably Dulbecco’s Modified Eagle’s Medium Low Glucose (DMEM-
LG) supplemented with 10% fetal bovine serum (FBS). MSCs are derived from bone marrow
aspirate and grown out to about 90% confluence in a T175 at Py. After cells reach 80-90%
confluence, they are trypsinized and stored in batches of ~ 1 million cells/vial for P, culture.
One vial of cryopreserved MSCs (Py) is thawed and washed before placing the cells ina T175
flask with a culture -volume of 30ml. Subsequent media change is performed at every 3-4 days
until the cells reach 80-90% confluence. For trypsinization, the MSC layer is washed with 15ml
of saline followed by a 5 minutes incubation at 37°C with 5ml of trypsin (1000x dilution with
PBS-EDTA buffer). After all the cells have detached, 19ml of saline is added and the cell
suspension is centrifuged at 500g for 5 minutes, 20°C. After trypsinization, for passage 2-3, a
portion of cells is cryopreserved in cryovials while another portion of cells is placed in culture
for further expansion (1000-1500 cells/cm?); for passage 4-5, the cells are passaged into triple
flasks for further expansion (1000-1500 cells/cm?).

[0078] Step 2: Isolation of osteoprogenitor MSCs after culture. Isolation of MSCs is carried
out after trypsinization of cells at passage 6. Cells are resuspended in MSC media at
concentration of up to 1x10° cells/ml. The cells are transferred to 20ml syringes and injected
through the microfluidic-sorting device at a speed of 3.5 ml/min with the use of a syringe pump.
The desired subpopulation cells is collected at the outlet and cryopreserved.

[0079] Step 3: Cryopreservation of MSCs. The MSCs are cryopreserved in cryopreservation
media that consists of 70% DMEM, preferably DMEM-LG, 20% FBS and 10% dimethyl
sulfoxide (DMSO). The cells are cryopreserved in either cryovials (for passage 2, 3) or in
cryobags (for passage 6) at a concentration of 1-5 x 10° cells/ml. Cryopreservation is performed
using a controlled rate freezer.

[0080] Step 4: Thawing and washing of MSCs before fresh infusion of cells. This process is
performed to simulate the actual infusion of cells for the clinical trial. The MSCs are thawed
using a 37°C waterbath and transferred to a 600ml transfer bag. The cells are washed twice with
saline supplemented with 1% human serum albumin (HSA) for centrifugation at 1000g, Smins,
20°C. The cells are résuspended in saline supplemented with 1% HSA at a concentration of 0.5-

1.0 x10° cells/ml.

Discussion

[0081] Since their discovery and demonstration of clonal multilineage differentiation

potential, bone marrow (BM) derived multipotent mesenchymal stromal cells (MSCs) have
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generated considerable interest within the biomedical community as leading candidates for cell-
based tissue regenerative therapies, with the implicit idea that they function as self-renewing
stem cells that replace damaged tissue. However, retrospective clinical and laboratory data show
little evidence of a therapeutic effect being mediated by engraftment, assimilation and terminal
differentiation of administered MSCs into resident cells of the defective tissue. Even in cases
where MSCs were reported to have engrafted or functionally assimilated as part of the host
tissue, not only was their frequency in host tissue exceedingly low, but the cells that did engraft
also failed to persist in the presumed site of activity relative to the observed recovery period. On
the other hand, studies documenting the secretome of cultured MSCs indicate that a multitude of
beneficial factors relevant to tissue repair are produced, which further demonstrated efficacies
for tissue repair. Therefore, despite initial ideas about the therapeutic mechanisms of MSCs, it is
now widely accepted that these cells do not function primarily as “building blocks” for tissue
regeneration but rather as “cellular factories™ that secrete factors to facilitate tissue recovery on
many potential levels, including the stimulation of endogenous stem/progenitor cells, cell
proliferation and angiogenesis, as well as the suppression of inflammation and cell death.

[0082] Strategically, this paradigm shift has important consequences for MSC development
as regenerative therapies. First is the implication that their potency may not be reliably predicted
by their ‘stemness,’ as defined by their ability to self-renew or undergo multilineage
differentiation, but critically determined by their tissue or microenvironment of origin. It has
been established that MSCs derived from adipose tissue, umbilical cord and BM have different
gene expression profiles even though they possess the same capabilities for multipotent
differentiation. The secretome of these MSCs could therefore vary greatly depending on the
biologic relationship between the MSCs and their tissue of origin, and must be verified
preclinically before their use as a therapeutic. Second, and related to the preceding point, is the
possibility that relevant therapeutic factors may only be present or enhanced in the secretome of
the lineage-committed progenies derived from previously uncommitted MSCs. Uncommitted
MSCs play out a therapeutic role in vivo by developing into progenitors that have biological
properties more advantageous for performing the necessary reparative actions. Because the
natural process of recovery is éctually mediated by mesenchymal progenitor cells further along
in their level of commitment, these cells could potentially be more effective in delivering a
therapeutic punch versus uncommitted MSCs.

[0083] Recent investigations of the physiological roles of MSCs and their progenitors within

the marrow have provided insight for their different possible therapeutic values. Within the BM,
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literature observations have alluded to a connection between MSCs with high osteogenic activity
and the capabilities for microenvironmental repair as well as HSC support, which are both
critical for BM homeostasis. For example, genetic pulse-chase experiments have showed that
osteoblastic MSCs responsible for repairing bone tissue injury are transient, non-proliferative
cells that require replenishment from a pool of uncommitted MSCs precursors. Similarly, other
studies investigating the effects of irradiation or similar myeloablative procedures demonstrate
that during BM recovery, the surviving perivascular MSCs highly expand and undergo a
reversible and transient shift towards a state of higher osteogenic activity. This was indicated by
an increased expression of osteoblastic differentiation markers, such as alkaline phosphatase,
osteopontin, osteocalcin and runx2 during the recovery period, which subsequently returned to
ambient levels in fully regenerated BMs. Conversely, adipogenic MSC activity, which is often
thought to be antagonistic to osteogenicity, has typically been associated with myelosuppression
and decreased hematopoiesis. In further support of the hematopoietic supporting capabilities of
osteogenic MSCs, it has been determined that naive HSCs and mature osteoblasts constitute at
least one of many stem cell niches residing in the marrow. Under ambient conditions, these
endosteal HSC niches maintain a functional hematopoietic system and signaling information
derived from osteoblasts, via secreted growth factors and integrin binding, are critical for this
effort. It has also been shown that genetic alterations to osteoblasts within these environments
can be an initiating lesion for a multistep progression to hematologic cancers.

[0084] The means to produce therapeutically relevant numbers of MSCs that are manipulated
towards an osteoprogenitor state could therefore have significant impact for applications in BM
or hematopoietic repair. Osteoblasts or pre-osteoblasts cannot be isolated from bone BM
aspirates, because they adhere too strongly to bone and require enzymatic treatment for their
extraction. MSCs found in typical bone marrow aspirates are predominately found in the
perivascular BM space, and have the ability to generate osteoprogenitor intermediates and,
eventually, osteoblasts that line the bone surface in vivo. This capability for osteogenic
commitment is retained ex vivo, but it occurs in an uncontrolled and stochastic manner during ‘
culture expansion. Immunophenotyping approaches for identifying osteoprogenitor MSCs, such
that they can be purified from the larger population of culture expandéd cells for therapeutic
applications, are a possible strategy, but no unique surface marker has been discovered that can
make such an approach efficient, and those that are expressed by MSCs constitutively are not
useful indicators of this lineage commitment process. Several physical cell properties (cell size,

membrane compliance and nucleus fluctuations) were identified as predictive of the phenotype,



WO 2015/126528 PCT/US2015/000029

=26 -

biology and differentiation potency of MSCs, such that knowledge of these biophysical cell
differences could be exploited for label-free sorting of progenitors from other MSC types. These
biophysically different MSC populations were indistinguishable via typical
immunohistochemical markers. Osteoprogenitor MSCs can be conveniently distinguished and
isolated from other MSC types as cells with a larger diameter (both adherent and suspended), but
they also possess a stiffer membrane and a low fluctuating nucleus.

[0085] Herein, to translate these findings to clinical relevance, we utilized biophysical, label-
free, microfluidic sorting to enrich culture expanded MSCs with osteoprogenitors and
subsequently examined this unique MSC subpopulation for applications in BM regeneration and
hematopoietic transplants. We find that osteoprogenitor MSCs are potent “cell factories” that
can mediate rapid regeneration of myeloablated BMs, which fosters a conducive environment for
enhanced donor hematopoietic stem cells (HSCs) homing and engraftment kinetics. Although
our work primarily investigates the use of these cells for BM tissue repair, other medical
indications treatable with tissue regeneration could also benefit from the application of these

sorted cells.

Results

Label-free, high-throughput sorting of large-MSC osteoprogenitors

[0086] Our study was conducted using MSCs isolated from BM aspirates via ficoll density
centrifugation and plastic adherence; this process is designated as the first passage (PSG) of
MSC culture. MSCs were further culture expanded using conventional protocols (see Materials
and Methods section) over a maximum of 9 PSGs. At PSG 2, MSCs were uniform in
morphology and size and also expressed surface markers CD44, CD74, CD90, CD105, CD140B,
CD146 and CD166 but not CD19, CD45, CD106, Nestin, Stro-1 or NG2 (FIG. 6). As previously
described, we observed an increasing number of larger and flatter cells within the expanded
MSCs over long-term culture, which formed a significant subpopulation within whole MSC
cultures by PSGs 5 - 6 (FIG. 1A). To examine their therapeutic use, we utilized an inertial
microfluidic sorter to perform high throughput size sorting of suspended MSCs into two outlet
streams, one of which contains a population of MSCs enriched with the large-MSC
osteoprogenitors (large-MSC fraction), while the other MSC stream (small-MSC fraction) is
depleted of the large-MSC osteoprogenitors (FIG. 1B). A sorting throughput of up to ~ 3 million
cells per minute was tested to give consistent size fractionation of MSCs with high viability (>
95%). Extensive device testing with MSCs derived from 7 donors shows that the sorted

fractions across PSGs 5 - 7 are consistent in size distribution (large-MSCs = 21.9 +/- 5.3, small-
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MSCs = 14.8 +/- 2.4, FIG. 1C) and microscopic examination of the morphology of adhered cell
fractions confirmed that a significantly greater number of large, flat and irregularly shaped cells
are found in the large-MSC fraction but are not present in the small-MSC fraction (FIG. 1B). At
PSG 6, a>5 fold enrichment (via visual inspection) of MSC osteoprogenitors in large-MSC
fraction cultures versus unfractionated cultures was achieved after microfluidic sorting. FIG. 1D
shows the extent recovery of each MSC fraction after microfluidic sorting across the typical
culture life of MSCs; the increasing large-MSC fraction recovery over later passages, together
with their lack of proliferation capacity, as well as the consistency of cell size and morphology
compared to the small-MSC fraction after sorting (FIGs. 7A and 7B), suggests that large-MSCs
are generated from cells within the small-MSC fraction and stay as large, flat cells which |
accumulate in whole MSC cultures with increased passaging.

The large-MSC fraction has bulk properties of a lineage-restricted MSC ostéoprogenitor

phenotype
[0087] Experimental evidence for the osteoprogenic nature of the large-MSC fraction sorted

‘via the microfluidic device described herein comes from genetic and functional assays. F irst,
RTPCR analysis showed an increased expression of early osteogenic transcripts (osteopontin and
runx2) in the large- vs small-MSC fraction but no differences in late osteogenic (osteocalcin),
adipogenic (pparg) or chondrogenic (sox9) transcript expression (FIG. 1E). Antibody staining
detected a significant level of osteopontin only in cells from the large-MSC fraction, and
osteocalcin was not detected in either MSC fraction (FIG. 1F). In vitro tri-lineage assays
comparing the differentiation potential of these fractionated MSCs demonstrated functional
differences between these MSC fractions. A higher level of mineralization (~3.4X) but a lower
level of oil droplet formation (~5.8X) was obéerved in the large- vs small-MSC fraction (FIG.
1G and 1H), while chondrogenic differentiation potential was identical in both MSC fractions.
In vivo, large-MSC fraction cells seeded onto osteoinductive scaffolds produced a greater extent
of bone mineralization (~2X higher via fluorescent bisphosphonate staining, FIGs. 11 and 1J)
compared to those seeded with the small-MSC fraction. Although cells in the large-MSC
fraction show a greater propensity for osteogenic differentiation, they do not mineralize in
culture as osteoblasts or MSCs under chemical osteogenic induction do (FIG. 7C).

[0088] Together, these observations demonstrate the increased osteogenic but diminished
adipogenic phenotype of the large-MSC fraction compared to the other small-MSC fraction;
however, the cells within the large-MSC fraction are not fully committed osteoblasts, and do not

express late markers of osteogenic commitment (osteocalcin) or deposit minerals spontaneously
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in adherent culture. In contrast, the small-MSC fraction consists of MSCs with an uncommitted
phenotype and tri-lineage differentiation capabilities. Despite the different functional
phenotypes, cells of both large- and small-MSC fractions present a similar surface

immunophenotypic profile that is consistent with MSCs from an early passage (FIG. 6).

The large-MSC fraction is a potent cell population for regeneration

[0089] Systemically, MSC administration has been demonstrated as therapy to rescue BM
damage in lethally irradiated mice; thus, a lethally irradiated (5.0 Gy) NOD/SCID injury model
was used to evaluate the BM regenerative properties of different MSCs. At this dose of
radiation, damage is primarily dealt to BM tissue and defects in the hematopoietic system occur
subsequently as a result of BM injury. Untreated irradiated mice (n=7) succumbed quickly to
radiation damage (median survival = 10.5 days, FIG. 2A) and experienced rapid weight loss
(~40%, FIG. 2C), as well as white blood cell (WBC), red blood cell (RBC) and platelet depletion
within 5 to 10 days after irradiation (FIGs. 2D to 2F). In parallel, histological and FACS
analyses revealed a severe loss of cellulérity and vascular structural integrity as well as a high
percentage of dead or apoptotic cells (> 60%) with minimal cell proliferation activity (< 5 %) in
the BM by day 10 (FIGs. 2G to 2J and 8A).

[0090] In initial experiments (FIG. 2A), unsorted MSCs at passages 3, 6 and 9 (n = 7-10
each), were systemically administered 24 h after irradiation at dosages of 20 — 25 x 108 cells’kg.
Overall, we found modest improvements in median survival times (12 days, 17 days and 17 days
for passage 3, 6 and 9 MSCs, respectively) and reduced weight loss in MSC-infused mice
compared to non-infused mice (~30 % vs ~40 % loss, respectively, within 5 days, data not
shown), indicating that MSC infusions can alleviate acute ionizing-radiation lethality. Notably,
10 - 20% of mice in the treatment groups injected with MSCs from late cultures (PSG6 and
PSGY9) showed recovery of body weight after ~10-15 days and survived beyond 50 days, while
none of the mice infused with MSC from early cultures (PSG3) survived beyond day 25. These
results suggest that the large-MSC osteoprogenitors that develop in later, but not in earlier,
cultures may have properties that are beneficial towards BM regeneration. To test this
hypothesis, we next evaluated the efficacy of osteoprogenitor-enriched large-MSC fractions
against other MSC cell populations and found that, compared to unsorted MSCs or the small-
MSC fraction of the same passage (PSG6), patient donor and dose, irradiated mice infused with
the large-MSC fraction showed dramatically improved recovery and survival (FIGs. 2B and 2C).
The median survival times were 17 days, > 50 days and 13 days for treatment groups given

unfractionated MSCs (n = 10), large-MSC fraction cells (n = 13) and small-MSC fraction cells (n
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= 13), respectively. More than 80 % of the irradiated mice infused with the large-MSC fraction
survived beyond 50 days and showed rapid recovery of body weight after ~15 days (FIG. 2C).
In contrast, infusions of the small-MSC fraction had a negligible impact on the recovery of
lethally irradiated mice and there were no survivors in this treatment group beyond day 20.
Further escalation of the small-MSC dose to 50 x 10° cells/kg did not result in an improvement
in survival (data not shown).

[0091]  Peripheral blood counts for WBCs, RBCs and platelets dropped sharply after
myeloablative irradiation. Significant decreases in hematocrit and platelet levels were obvious
by day 10 and corroborated with survivél and weight loss data, indicating that anemia and
thrombocytopenia are likely reasons for death. In the surviving large-MSC treatment group,
endogenous hematopoietic recovery was observed after 10 days and peripheral blood counts
were restored to original levels after ~30 days (FIGs. 2D to 2F). Irradiation induces significant
damage and cell death in the BM and accelerated regeneration of BM tissue with subsequent
endogenous hematopoietic reconstitution may be responsible for the improved survival rate in
the large-MSC treatment group. Compared to other treatment groups, FACS analysis of cells in
the BM of large-MSC treated mice show a much lower rate of cell death (FIGs. 2G, 2H, and 9A)
and a higher rate of cell proliferation (FIGs. 21 to 2J) over a 10 day period. Analysis of BM
tissue sections obtained from these experiments further confirms a degree of cellularity and EdU
staining that was significantly higher after administration of large- vs other MSC or untreated
groups. Representative histological sections and analyses are shown in FIGs. 2K and 2L, as well
as in FIGs. 8B and 8C.

[0092] The majority of EQU™ cells were found located in the space spanning across the BM,
and not lining the cortical bone (FIG. 2K), indicating that tissue damage and regeneration is
confined to the BM vascular and extravascular compartments. When left untreated, the BM
vasculature becomes highly regressed as a result of irradiation damage (data not shown), but the
administration of large-MSCs led to the greatest extent of vascularization of the BM space by
day 10 (FIG. 2K). Further examination showed co-localization of EQU with VEGFR2*/CD31"
endothelial cells of the vasculature (FIG. 2M) as well as nestin® and CD146" stromal cells in the
perivascular space (FIG. 2N), corresponding to regeneration of the HSC vascular and
perivascular niches, respectively. Together, these results demonstrate the potency of large-
MSCs for regeneration of BM tissue, including the vasculature and important stem cell niche

environments after injury inflicted by irradiation.
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MSCs from both fractions do not significantly engraft within the BM

[0093] To understand our observations, we first examined the biodistribution of MSCs via
bioluminescence imaging of injected luciferase-transformed MSCs in order to determine if MSC
engraftment within injured BMs played any therapeutic role. No changes were found in the
immunohistochemistry or tri-lineage differentiation capability of MSCs after transformation
(data not shown), and the bioluminescent signal was constitutively and equally expressed in both
MSC fractions (data not shown). In vivo bioluminescence analysis of transformed MSCs shows
a near-linear relationship between MSC number and bioluminescent signal, with a lower
detection limit of 10%-10° cells after subcutaneous injection (data not shown). In order to
observe long-term biodistribution of injected MSCs and also to provide BM injury stimulus for
MSC homing, a sublethally irradiated mouse model (3.0 Gy) was used in these experiments,
which demonstrated survival rates above 95% for up to 30 days even without treatment.
Immediately after tail vein injection into sublethally irradiated mice, MSCs of both fractions
accumulated in the pulmonary capillary beds, where they underwent a gradual redistribution to
the rest of the body within 24 h (FIGs. 3A and 9A). Over this period of distribution, the MSC
bioluminescent signal did not localize specifically to any organ or body part and longer-term
imaging showed no distinct differences in the overall biodistribution patterns of both MSC
fractions. All bioluminescent signals were lost from mice by day 10 - 15. We additionally
evaluated histological sections of the lung tissue 24 h after MSC injection to determine if MSCs
engrafted within the lung after tail vein injection. Human specific staining for 32-microglobulin
in these lung sections show that the majority of the MSCs were found within vessel lumens, but
a small amount were extravasated in the lung tissue (FIG. 3B). No MSCs were found in the
lungs after 2 weeks, corroborating with bioluminescent tracking observations. FACS
examination of whole BM aspirates further shows that regardless of MSC passage or sorted
fraction, only a small number of human MSCs, typically between 0.02 to 0.2 % of the injected
dose and less than 5% of total BM cells analyzed, home to the BM by day 5, and they are further
diminished in the BM after day 10. (FIGs. 3C, 9B, and 9C). Longer-term studies of the lungs,
liver, BM and spleen 30 days after injection showed less than 0.001 % of injected human MSCs
remaining in the host tissue. Therefore, the short residence times and low levels of accumulation
indicate that human MSC engraftment and direct involvement in the processes of regeneration
inside the BM are unlikely scenarios to account for our previous observations; these observations
are in agreement with other studies documenting the therapeutic mechanisms of MSCs in other

injury models.
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Large-MSCs function more potently as “cellular factories” than small-MSCs to mediate
tissue repair

[0094] An increasing amount of experimental evidence indicates that MSC-derived
regenerative effects are mediated primarily via secreted factors. See Keaﬁng, A. Mesenchymal
stromal cells: new directions. Cell Stem Cell 10, 709-716 (2012); Ranganath, S.H., Levy, O.,
Inamdar, M.S. & Karp, J.M. Harnessing the mesenchymal stem cell secretome for the treatment
of cardiovascular disease. Cell Stem Cell 10, 244-258 (2012).. It was therefore examined if the
efficacies observed with whole cell infusions could be reproduced with secreted factors from
MSCs. An identical quantity of the MSCs (25 x 10° cells/Kg) that is typically given in an
injected cell dose was used to produce a concentrated secretome in serum-free media, which was
administered in four intravenous injections to irradiated mice every 48 h after lethal irradiation.
Although injections of concentrated large-MSC secretome did not fully recapitulate the results
observed with whole cell injections, they imparted a significant survival benefit compared to
untreated mice (FIG. 3D), while the secretome from small-MSCs had a negligible effect on mice
survival. The median survival times for the secretome therapy groups are 29 days and 11 days
for the large-MSC and small-MSC secretome groups, respectively, compared to the >50 days
and 13 days for the large-MSC and small-MSC fraction cell therapies, respectively. We next
examined if there are differences in the expression of growth factors and cytokines between the
two MSC fractions that can account for our observations. Both transcript and secreted protein
levels of regenerative factors such as IL-6, IL-8, VEGF, BMP2, EGF, FGFi and Ang-1 were
found up-regulated in the large- vs small-MSC fraction (FIGs. 3E and 10C). Additional data for
other analyzed proteins, as well as comparisons of the secretome for unsorted MSCs at different
passages, are shown in FIGs. 10A and 10B. Despite the increased prevalence of large-MSCs in
later passages (after PSGs 8/9, FIG. 1D), we found that the quantity of protein secreted in later
MSC passages is significantly decreased. MSC senescence sets in after PSGs 8/9 (~ 20-25
population doublings), which could negatively affect the ability of MSCs to function as “cellular
factories™ that can produce sustained levels of therapeutic factors (FIG. 11).

[0095] Because the endothelial cell proliferation and angiogenesis were observed in in vivo
BM repair (FIGs. 2K to 2M), we sought to investigate the contribution of the different MSC
secretome towards these processes. HUVECs and HMVECs cultured in the presence of the
large-MSC conditioned media proliferated at higher rates (~1.8 X and ~2.5 X, respectively, FIG.
3F) to those cultured in media conditioned with small-MSC cells. HUVECs were approximately
~50 % in GO, ~ 18% in G1 and ~32 % in G2/M 48 h after introduction of the large-MSC
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secretome, but remained largely in the GO and G1 phase (>70 % and >25 %, respectively) with
small-MSC and unconditioned media (FIG. 3G). Endothelial sprout formation was also
enhanced in the presence of the large-MSC secretome (FIG. 3H), but not in unconditioned media
or the small-MSC secretome. Finally, a pro-angiogenic effect was also observed with the use of
large-MSC secretome on explanted irradiated (5.0 Gy) femur bone tissue. After 5-10 days of
incubation with large-MSC secretome, endothelial sprouts could be seen emerging from the
severed ends of explanted femoral head explants, but no significant small vessels were formed in
other treatment groups (FIG. 3I). In vivo, the secretome from the large-MSCs also led to the
greatest degree of angiogenesis in the BM of lethally irradiated mice, as evidenced by whole
body imaging using angiosense, a fluorescent angeiogenic probe (FIG. 3J). Whereas barely
detectable levels of the angiogenic probe were found in untreated mice, the spinal column of
mice given MSCs showed accumulation of the fluorescent probe, with the highest levels in large-

MSC treatment groups.

Increased donor HSC homing with large-MSC co-injections

[0096] Systemically infused MSCs show potential as therapy for applications in
hematopoietic stem cell transplantation (HSCT), as they can promote HSC engraftment and
accelerate hematological recovery. To investigate if these effects can be attributed to BM
regeneration via injected MSCs, we first examined the ability of donor HSCs to home to the BM
after different MSC fractions are used to regenerate the damaged myeloablated BM. The
NOD/SCID/gamma (NSG) mouse model was used in these experiments to facilitate long-term
examination of a xenograft hematopoietic system. Human CD34" BM HSCs were culture
expanded for a week in the presence of hematopoietic growth factors (SCF, Flt-3 and TPO at 100
ng/mL each) for a week before use. These HSC expansion conditions gave ~ 4 fold increase in
HSC numbers while significantly preserving the number of CD34"Lin” HSCs (data not shown).
Each expanded HSC product was used in a set of comparative studies inth different MSCs and
was delivered without further purification as a mixture of stem/progenitor HSCs. 24 h after
irradiative myeloablation (3.0 Gy), mice were randomized into different groups (n > 4) and given
the following MSC injections: 1) unsorted MSCs (PSG 6), 2) large-MSCs (PSG 6) and 3) small-
MSCs (PSG 6) at dosages of 20 x 10% cells/Kg, together with a no-MSC treatment group that
was given saline; then, 6 days after MSC treatment, HSCs (100K cells) were administered and
allow to distribute in vivo for 24 h before analysis (on day 8) (Treatment 1 in FIG. 4A). FIGs.
4B to 4E show the histological assessment of BM tissue 24 h after HSC injection into the MSC-

treated mice. Staining for functional BM vessels with tomato-lectin revealed the highest number
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of CD31 lectin” vessel structures in large-MSC treatment group (FIGs. 4B and 4C), which would
facilitate access of injected HSCs to the BM. Histological verification of fluorescently labeled
donor HSC homing to the BM was therefore most evident in the large-MSC treatment group,
where they were found co-localized with nestin"cxcl12” BM cells in luminal vessel structures
(FIG. 4D). The degree of donor HSC homing to the BM after the 24 h distribution period in
different MSC-fraction conditioned mice was evaluated by FACS analysis. These measurements
show a 2-3 fold increase in donor HSC homing to large-MSC conditioned BMs vs other MSC
groups (FIG. 4E), indicating the importance of BM tissue conditions for HSC homing.

[0097] Both cxcl12- and nestin-expressing cells in the BM have been demonstrated in
several studies to be critical components of the vascular and perivascular HSC niches that are
necessary for HSC homing. Indeed, measurements of the nestin” stromal cell population in the
BM of large-MSC treated mice showed a steady increase between days 4 and 8 (FIGs. 4F and
4G) but not in other treatment groups. Together, these results suggest that efficient regeneration
of functional BM vasculature and cellular HSC niche components in the vascular tissue
component after myeloablative injury fosters a conducive BM environment for HSC homing and
accumulation.

[0098] The ability of different MSC-treated BMs to support donor human HSC repopulation
potentials (Treatment 2 in FIG. 4A) was investigated. HSCs and MSCs were given as a co-
infusion 24 h after irradiative myeloablative conditioning (3.0 Gy), and human HSC colony-
forming units in culture (CFUs) were evaluated 7 days after (on day 8) donor HSC engraftment
in BMs. Co-administration of MSCs did not affect the general biodistribution patterns of donor
HSCs (data not shown). After extraction of femoral BMs, the mononuclear cell faction
recovered from all large-MSC treated mice groups (large-MSCs and large-MSC+HSC co-
infusions) were significantly higher than those from other treatment groups (FIG. 4H); this was
evidence of the enhanced homing, engraftment and survivability of donor HSCs in large-MSC
conditioned BMs. Human specific HSC CFU assays in methycellulose were performed using
equal numbers of recovered mononuclear cells, and the results are shown in FIGs. 41 and 4J.
The highest numbers of total CFUs and multifunctional CFU-GEMMs were found in cultures
containing cells from the large-MSC group, demonstrating the ability of these mice in sustaining
donor HSC repopulation potentials. Together, these results showed that large-MSC mediated
regeneration of BM tissue after irradiative myeloablation created a supportive BM tissue
environment for donor HSCs to home, engraft, survive and maintain their repopulation potentials

most effectively.
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No difference in direct HSC stimulation by different MSC fractions

[0099] Hematopoietic growth factors secreted by injected MSCs ir vivo could enhance the
survivability and engraftment of donor HSCs. It was therefore investigated whether
hematopoietic factors secreted by different MSC fractions could provide a repopulative
advantage to the injected HSCs. In vitro CFU assays were performed on HSCs that were
exposed to the secretome of different MSC fractions (non-contact cultures) for a period of 7
days, corresponding to a sufficiently similar period of time in our in vivo models for donor HSCs
to be affected by MSC derived growth factors after their co-injection (MSCs are undetected in
mice by day 10). Compared to unsupplemented media, the secretome from all MSC fractions
supported increased HSC CFU formation in vitro and repopulation in vivo; no significant
differences were found between the ability of different MSC fraction secretomes for affecting
HSC CFU formation or for improving donor cell engraftment and chimerism in long-term in vivo
repopulation assays (FIGs. 12A and 12B). We also found no meaningful differences between
secreted levels of hematopoietic factors like SDF-1a and TPO between the large- and small-MSC
fractions (FIG. 3E). These results indicated that MSCs generally improved donor HSC
repopulation dynamics, but the large- and small-MSC fraction secretome do not differentially

affect HSC repopulation capabilities through direct stimulation of HSCs.

Enhanced early reconstitution Kkinetics with large-MSC co-injections

[00100] Encouraged by the increased homing of donor HSCs to large-MSC treated BMs, it
was subsequently investigated whether this would lead to improvements in long-term HSC
engraftment and reconstitution kinetics. After sublethal irradiation of NSG mice (3.0 Gy), the
following treatments were investigated: 1) HSCs, 2) HSCs and unsorted MSCs (PSG6), 3) HSCs
and small-MSC fraction (PSG6), and 4) HSCs and large-MSC fraction (PSG6). HSCs and™
MSCs were given as co-injections 24 h after irradiation at doses of 5 million/Kg and 25
million/Kg, respectively. Initially, HSC engraftment and repopulation kinetics were examined
using luciferase-transformed CD34+Lin- human HSCs and whole body bioluminescence
imaging. Over a period of 2-3 weeks after treatment, we observed a steady increase in whole
body bioluminescence originating from anatomic sites corresponding to the spine and femurs;
this increase in signal was most pronounced in the large-MSC adjuvant therapy group (~3-4 X
increase by week 3, FIGs. 5A and 5B) but was significantly slower in other treatment groups.
These trends were consistent in a separate set of experiments examining donor HSC engraftment
via the level of human CD45 chimerism after transplantation (FIG. 5C); however, the most

pronounced effect of large-MSCs on HSC engraftment was observed in the earlier time points (<
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1 month) after transplantation. These data showed significantly rapid and higher HSC
engraftment rates for large-MSC treatment groups at week 4, but reconstitution levels became
statistically indifferent from other treatment groups after 4 weeks (FIG. 5C).

[00101] Large-MSC mediated enhancements in HSC engraftment were also more prominent
at lower HSC doses. FIGs. 5D and 5E show the levels of CD45 chimerism in the BM and
peripheral blood 4 weeks after large-MSCs were co-administered with varying numbers of
HSCs. Engraftment in both the BM and peripheral blood was only significantly different at HSC
doses less than 100K. Although large-MSC co-administration increased the initial rate of HSC
engraftment and repopulation kinetics, ivt did not affect their multilineage differentiation potential

and the engraftment enhancing effect of large-MSCs was also not lineage restricted (FIG. 5F).

Discussion

[00102] The demonstration of consistent and high levels of therapeutic efficacy from readily
available sources remains a central challenge for MSC-based medicines. However, subtle
differences in donor, source, culture mefhods and expansion levels can affect the nature of the
final MSC culture. To realize the potential of MSC-based therapies, the variable efficacies of the
final culture expanded product must be addressed. Heuristic failure analyses of the largest
clinical experiences to date show that even when the consistency of MSC biology is maintained
with similar MSC harvesting procedures, the process of culture expansion introduces artifacts
that greatly affect the quality of the expanded cells. From a stem cell biology perspective,
genetic re-programming inexorably occurs when somatic stem cells, which inherently exhibit
genetic plasticity, are impelled to proliferate extensively under artificial selection pressures to
achieve a cell quantity large enough for clinical or industrial use. Expansion pressures lead to
clonal impoverishment, lineage commitment and a resultant biology that is significantly different
not only from that of the initial MSCs, but also between culture expanded cells. Thus, a
heterogeneous mixture of MSCs is produced, making it difficult to engineer consistent therapy.
[00103] Here, a cell sorting strategy for expanded MSC cultures that can homogenize their
therapeutic properties and deliver consistency in medical applications was devised. Through
new understanding of the mechanisms governing MSC-induced tissue regeneration, it was
experimentally shown that osteoprogenitor MSCs, instead of uncommitted MSCs within the
same BM mixture, stimulated repair for injured tissues most effectively via secretion of a
cocktail of relevant growth factors. Although this has been alluded to in other investigations of
BM repair, it has yet to be translated into a viable form of therapy. This delayed realization is

due to the impracticality of extracting osteoprogenitors/osteoblasts from BM as well as a general
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dearth of studies examining subpopulation cell properties in expanded cultures that may lead to
new discoveries for their use. Label-free biophysical cell sorting also adds to the attractiveness
of this approach, as technical and regulatory complications arising from traditional antibody
selection or other biochemical modifications of the cells are avoided.

[00104] Compared to other treatment groups, systemic administration of the osteoprogenitor-
enriched large-MSC fraction resuited in enhanced regeneration of BM tissue and increased
survival times after irradiative damage. There was no evidence of any long-term MSC
engraftment within the BM tissue and further experiments demonstrated that regular injections of
conditioned media from the large-MSC fraction partially reproduced the effect of cell-injections.
These observations, together with data showing the increased capabilities of the large-MSC
fraction for secreting regenerative factors, are consistent with other MSC studies and support the
notion that large-MSCs also function primarily as “cell factories™ after systemic injection to
mediate tissue repair. The multitude of beneficial factors secreted by large-MSCs has the
potential to modulate the injured cellular milieu on multiple fronts to evoke sustained and
enhanced tissue regeneration. Large-MSCs represent a natural systems-based therapy for tissue
repair across immunological barriers; clinical data to date support the long-term safety profile of
systematically delivered MSC therapy for the treatment of various diseases. As much as 10°
MSCs/kg from non-related donors have been administered without long-term complications.
This generates a high level of enthusiasm within the scientific and medical communities for the
continued development of adult MSC-based therapies, as they are a preferred stem cell therapy
over embryonic or fetal stem cell sources. Furthermore, the demonstrated safety profile of adult
MSCs from unrelated donors paves the way for the use of pre-manufactured, cryopreserved
MSCs from a larger donor pool, which would greatly facilitate the widespread use of this living
therapeutic.

[00105] In the second part of this study, applications of the large-MSCs for HSCT were
demonstrated. HSCT involves a preparative conditioning regimen consisting of total body
irradiation (TBI), chemotherapy, or a combination of both to provide adequate
immunosuppression to prevent early rejection of transplanted cells, to eradicate malignant cells
prior to transplant and to ablate the BM of hematopoietic cells to make room for the donor cells.
Shortly after the conclusion of conditioning therapy, ex vivo preserved HSCs, autologous or
allogeneic, HLA-matched or mismatched, are then given to the patient as an infusion to re-
establish hematopoietic function. The post-treatment period is generally associated with a

substantial level of morbidity and mortality. Typical complications include decreased
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cardiovascular and respiratory capacity, muscle weakness, fatigue, pain, gastrointestinal
problems and the loss of appetite. Patients therefore require prolonged convalescence, especially
if they are also affected by additional toxicities related to cytotoxic conditioning (hepatic
venoocclusive disease, cardiotoxicity, neutropenia) or allo-reactivity of donor cells (graft-vs-host
disease). Together, the continued decline in physical status as a result of transplant
complications can ultimately be life threatening and additional steps towards de-risking this
costly procedure will have significant impact on refining HSCT to support its use for an even
broader range of indications. A great number of approaches for managing these procedures are
HSC-centric in nature, in that they rely on growth factors to boost HSC function, or on methods
for enhancing the quality of injected donor HSCs to resist immune rejection and to possess the
greatest possible “stem-like” capabilities for long-term multilineage reconstitution in the host
body. However, retrospective clinical data show that these HSC-centric approaches have limited
utility, particularly in HSCT procedures for patients receiving cord blood HSCT, a second
HSCT, or haploidentical HSCT. To compensate for known inefficacies in engrafiment, large
numbers of cells are administered, but even this last-ditch attempt is inefficient for a significant
number of high-risk patients. These observations, together with laboratory data, demonstrate
that HSC quality is not the only deterministic parameter on the outcome of a transplant. The
state of the host BM tissue environment, specifically, its vascular structural integrity and
functionality of associated niche cells, also contributes to donor HSC homing, engraftment,
integration and survival to influence the outcome of HSCT and, additionally, also plays an
important role in graft function even after HSCT. Thus, large-MSC based strategies aimed at
manipulating the recovery of the BM after myeloablation can be particularly impactful for
fostering tissue environments conducive for HSC engraftment.

[00106] It was found that co-transplantation of large-MSCs and hematopoietic
stem/progenitor cells resulted in significantly higher engraftment and initial reconstitution rates
than was observed after co-transplantation with small-MSCs or unsorted MSCs. Homing studies
showed higher levels of donor HSC levels in the BM after co-injections with large-MSCs, and
subsequent CFU assays on the engrafted donor cells, together with long-term donor HSC
repopulation studies, confirmed the hematopoietic transplant advantage when large-MSCs are
used as co-therapy. Taken together, large-MSC based therapy for regenerating the BM stroma
addresses unmet challenges for more effective management of hematologic diseases and can also
work cooperatively with existing HSC-centric treatments towards better patient health. These

cells can be administered as adjuvant therapy in HSCT applications, or used as treatment for
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patients that suffer from lon‘g-term hematopoietic disorder as a result of intensive chemo- or
radio-anticancer treatment.

[00107] The teachings of all patents, published applications and references cited herein are
ihcorporated by reference in their entirety.

[00108] While this invention has been particularly shown and described with references to
example embodiments thereof, it will bé understood by those skilled in the art that various
changes in form and details may be made therein without departing from the scope of the

invention encompassed by the appended claims.
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CLAIMS

What is claimed is:

1. A method of producing an MSC population with enhanced regenerative
potential, comprising:

a) culturing an MSC-containing population of cells in a culture medium
to a confluence of 80% to 90% over each of at least four population doublings to
provide a population enriched in large-MSC cells, wherein the four population
doublings are measured from initial extraction of the MSC-containing population
from a source; and

b) biophysically sorting the MSC-containing population of cells produced
in (@) and collecting a large-MSC population of cells from the MSC-containing
population, thereby producing an MSC population with enhanced regenerative

potential.

2. The method of claim 1, wherein the biophysical sorting of the
MSC-containing population comprises applying the MSC-containing population of
cells to an inlet of an MSC-dimensioned microfluidic device and collecting a
large-MSC population of cells from an outlet of the MSC-dimensioned microfluidic

device.

3. The method of claim 1, further comprising culturing the large-MSC

population.

4. The method of claim 3, comprising collecting conditioned medium from the

large-MSC culture.

5. The method of claim 4, wherein the large-MSC culture medium contains
increased amounts of one or more of IL-6, IL-8, MCP-1, EGF, VEGF, FGF1, FGF2,
BMP2, ANG1, osteopontin, Igfbp2, Angptl2, Angptl3, and Angptl5 compared to a

culture medium obtained from small-MSCs.
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6. The method of claim 1, further comprising collecting a small-MSC population
from an outlet of the MSC-dimensioned microfluidic device.

7. The method of claim 6, further comprising culturing the small-MSC

population.

8. The method of claim 7, comprising applying the cultured small-MSC
population to an inlet of an MSC-dimensioned microfluidic device and collecting a

large-MSC population from an outlet of the MSC-dimensioned microfluidic device.

9. The method of claim 1, wherein the MSC-containing population of cells is
obtained from bone marrow, is a cultured MSC-containing population of cells or an

uncultured MSC-containing population of cells.

10.  The method of claim 1, further comprising trypsinizing the MSC-containing
population of cells after the MSC-containing population of cells has been cultured to a
confluence of 80% to 90%.

11.  The method of claim 10, wherein trypsinizing is performed after each of the at

least four population doublings.

12.  The method of claim 10, further comprising cryopreserving a portion of the
MSC-containing population of cells in a cryopreservation medium after trypsinization,

after about 4 to about 6 population doublings or after about 12 population doublings.

13.  The method of claim 1, wherein the biophysical sorting has a throughput of at

least about 10° cells/minute, or about 1-5 x 10° cells/minute.

14. A method of culturing an MSC-containing population cells to produce an
MSC population with enhanced regenerative potential, comprising:

a) culturing an MSC-containing population of cells in a culture medium
to a confluence of 80% to 90%;

b) optionally trypsinizing the MSC-containing population of cells;
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C) repeating a) and b) so that the MSC-containing population of cells
doubles at least four times, as measured from initial extraction of the MSC-containing
population from a source, to thereby produce an MSC population with enhanced
regenerative potential; and

d) optionally cryopreserving a portion of the MSC-containing population

of cells in a cryopreservation medium after one or more population doublings.

15.  The method of claim 14, wherein the MSC-containing population of cells is

obtained from bone marrow.

16.  The method of claim 14, wherein a portion of the MSC-containing population

of cells is cryopreserved after about four to six population doublings.

17.  The method of claim 16, wherein a portion of the MSC-containing population

of cells is cryopreserved after about twelve population doublings.

18.  The method of claim 16, wherein the cryopreservation medium comprises
Dulbecco's Modified Eagle's Medium, fetal bovine serum, and dimethyl sulfoxide.

19.  The method of claim 16, wherein the cryopreservation medium consists
essentially of 70% Dulbecco's Modified Eagle's Medium Low Glucose, 20% fetal
bovine serum, and 10% dimethyl sulfoxide.

20. A method of producing an MSC population with enhanced regenerative
potential, comprising:

a) culturing an MSC-containing population of cells in a culture medium
to a confluence of 80% to 90% over each of at least four population doublings to
provide a population enriched in large-MSC cells, wherein the four population
doublings are measured from initial extraction of the MSC-containing population
from a source, wherein the MSC-containing population of cells are seeded, initially
and at subsequent passages, at about 1000 MSC/cm? to 1500 MSC/cm?; and

b) biophysically sorting the MSC-containing population of cells produced
in (@) and collecting a large-MSC population of cells from the MSC-containing
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population, thereby producing an MSC population with enhanced regenerative
potential.



