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Abstract

While mesenchymal stem cell (MSC)-based strategies for critically-sized bone defect
repair hold promise, poor cell survival in vivo remains a significant barrier to the translation of
these therapeutics. One method employed to extend the survival of MSCs is the formation of
three-dimensional aggregates, a strategy which modulates the immunomodulatory secretome of
the cells, thereby influencing the local inflammatory environment and potentially bone tissue
repair. Enrichment of cell-seeded hydrogels with oxygen carriers to counter the hypoxic
conditions encountered in vivo or co-delivery of cells with growth factors, are also strategies
employed to modulate the cell micro-environment. In this study, we examined the effect of
human MSC (hMSC) and rat MSC (rMSC) aggregation on cell survival and bone tissue
regeneration within both immunocompromised (nude) and syngeneic (Lewis) rat models.
Despite a heightened release of paracrine factors from stem cell aggregates in vitro, the delivery
of hMSC or rMSC aggregates in their respective rat models had no beneficial impact on cell
survival, construct vascularization, or critically-sized bone defect repair. Co-delivery of oxygen
carrier perfluorotributylamine (PFTBA) within the alginate hydrogel delivery vehicle impeded in
vivo bone regeneration in both MSC-seeded and acellular constructs. Although rMSC seeding
was observed to enhance the osteoinductive potential of bone morphogenetic protein 2 (BMP-2)-
containing constructs in vitro, co-delivery of tMSC and BMP-2 to the femoral defect space
attenuated bone repair in vivo compared to BMP-2 delivery alone. Overall, despite in vitro
evidence to the contrary, the present study observed no beneficial effects of these delivery

strategies on cell-based bone tissue repair.
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1. Introduction

Despite bone’s innate ability to regenerate and remodel, large bone defects represent a
significant clinical challenge [1, 2]. Critically-sized injuries, arising from incidences of trauma or
bone resection, will, by definition, lead to non-union without therapeutic intervention [3].
Grafting of autologous tissue has several disadvantages that preclude its utility for large bone
defect treatment, including limited tissue availability, donor-site morbidity, and prolonged
surgical time [4-7]. Allografts represent a plausible alternative, but have shown difficulty with
re-vascularization upon implantation and potential for subsequent fracture [8-10].

Limitations of grafting techniques have motivated the development of cell- and protein-
based approaches. Bone morphogenetic proteins, first identified as osteoinductive factors in the
1960s, are clinically approved for the treatment of bone defects [11-15]. However,
supraphysiological dosing of rhBMP-2, as often necessitated to ensure successful outcomes in
treatment of critically-sized bone injuries, can have adverse side effects, including ectopic
mineralization, inflammation, and bone resorption [16-24]. Furthermore, acellular treatments
rely on the migration and subsequent differentiation of endogenous osteoprogenitor cells, the
availability and accessibility of which is compromised in several patient populations [1, 25-31].

Therefore cell-based approaches may offer some advantages over the presentation of an
osteoinductive cue alone. Delivered stem cells have the capacity to contribute both directly and
indirectly to bone formation [32, 33]. In particular, treatment with mesenchymal stem cells
(MSCs) has been shown to augment both fracture and large bone defect repair [2, 34-44].
However, while MSC-based bone repair approaches hold promise, development of a delivery
strategy that produces clinically consistent results has not been established [45-47]. The long-

term viability of cell-seeded, large volume implants has proven difficult to maintain and optimal
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delivery parameters, including cell and vehicle properties, have yet to be determined [33, 41, 48-
56].

The repair of bone tissue is strongly influenced by its local inflammatory environment,
with injury stimulating an array of inflammatory signaling cascades [57, 58]. For this reason, one
way to improve the potency of MSC-based therapeutics may be through manipulation of
immunomodulatory factors secreted by the cells. Studies have highlighted the unique temporal
role of factors and cytokines, such as tumor necrosis factor alpha (TNF-a), interleukin 6 (IL-6),
and prostaglandin E, (PGE2), during bone tissue regeneration [58-61]. Although MSCs have
inherent anti-inflammatory properties, recent work has found that this immunomodulatory
potential can be enhanced by formation of MSCs into three-dimensional aggregates [62-65]. In
particular, spheroid culture has been shown to increase production of immunomodulatory
factors, including tumor necrosis factor-inducible gene 6 protein (TSG-6), indoleamine 2,3-
dioxygenase (IDO), IL-6, and PGE2, in comparison to MSCs cultured in monolayer [64, 65].
Additionally, the exposure of MSC spheroids to pro-inflammatory cytokines, as found within
injured tissue, further enhanced immunomodulatory factor secretion [64].

Aside from enriched anti-inflammatory capacity, MSC spheroids have demonstrated
superior survival as well as angiogenic and osteogenic potential. Association of MSCs as
spheroids has been found to decrease the extent of cell apoptosis and increase angiogenic factor
expression in vitro [66, 67]. The delivery of aggregates to ischemic tissue has improved cell
grafting, vasculature, and regenerative outcome [66-69]. In comparison to dissociated MSCs, cell
aggregates exhibit improved osteogenic potential in vitro and in vivo [66, 70, 71]. However,
although delivery of MSC aggregates demonstrated efficacy within a calvarial defect model, the

ability of MSC spheroids to enhance bone regeneration has not been tested within a large
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volume, critically-sized bone injury [70, 72].

Perfluorocarbon addition to cell-seeded constructs has previously been shown to
potentiate survival [73-75]. Therefore, inclusion of the synthetic oxygen -carrier
perfluorotributylamine (PFTBA) as a means to better maintain delivered MSC viability either
independent from or in conjunction with aggregate treatment was also of interest in this study.
Oxygen solubility in PFTBA is 35 mM as compared to a concentration of 2.2 mM in water.
Within hydrogel matrix, a co-delivered oxygen carrier can release O, into the surroundings and
then reload itself by picking up oxygen from the plasma. The presence of 10% PFTBA has been
shown to increase cellular metabolic activity in cell constructs in vitro compared to alginate gel
alone [76]. In the aforementioned study, PFTBA buffered the drop in cellular metabolic activity
normally seen upon encapsulation. The authors also approximated the theoretical maximum
concentration of dissolved oxygen for a 1% alginate solution with 10% PFTBA as 49.1 mM for a
20% oxygen environment (tissue culture) and 12.1 mM for 5% O, [76]. Based on these values,
cells within the PFTBA containing gel would not be expected to experience hypoxia upon initial
implantation.

The objective of this work was to evaluate the effects of MSC aggregation as well as
BMP-2 and PFTBA co-delivery on cell survival and cell-based bone regeneration in a large
orthotopic defect model. We hypothesized that such delivery strategies of aggregation and
oxygen carrier incorporation would augment bone repair in comparison to acellular or single
cell-seeded therapeutics. To test this hypothesis, we evaluated the effects of these strategies
using a multicomponent (hydrogel and mesh) carrier system delivered subcutaneously or to

critically-sized femoral defects within both immunocompromised and syngeneic rodent models.
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2. Experimental
2.1. MSC Culture and Aggregate Formation

For use in the immunocompromised rodent model, bone marrow-derived human MSCs
(hMSCs), previously characterized for multipotency, were purchased from the Texas A&M
University Health Science Center and cultured as described [77]. Briefly, two donor cell lines
were expanded in Minimum Essential Medium alpha (aMEM) containing 16% v/v fetal bovine
serum (FBS; Atlanta Biologicals; Lawrenceville, GA) and 100 units/mL penicillin/100 pg/mL
streptomycin/2 mM L-glutamine (PSL; Invitrogen; Carlsbad, CA) at 37 °C and 5% CO,. At
passage 2, cells were detached using 0.25% trypsin-EDTA (Invitrogen) and combined 1:1 to
form a pooled hMSC population. In preparation for syngeneic delivery studies, previously
characterized Lewis rat MSCs (rMSCs) were purchased (Sciencell Research Laboratories;
Carlsbad, CA) and expanded until passage 2 in similar culture conditions. Following expansion,
MSCs to be used in bioluminescent imaging (BLI) studies were labeled via lentiviral co-
transduction for constitutive expression of green fluorescent protein (GFP) and firefly luciferase
(Luc), as previously reported [78, 79]. To produce MSC aggregates, cells were seeded in 400-pm
agarose micro-wells as described previously [64, 80]. Briefly, MSCs were added to micro-well
inserts, centrifuged for 5 minutes at 200 g, and left to form aggregates (500 cells/spheroid) for 16
hrs. To characterize rtMSC aggregate secretion and intracellular alkaline phosphatase (ALP)
activity, a modified version of the hMSC aggregate protocol was implemented [64]. Culture
media (n=6) was collected at 24 hrs from equivalent numbers of cells, either adherent “2D”
rMSCs (1,300 cells/cm?) or as aggregates (0.3 x10° cells/100 mm dish) cultured on a rotary
orbital shaker. Media concentrations of rat interleukin 6 (IL-6) and prostaglandin E, (PGE2)

were measured by ELISA assays (R&D Systems; Minneapolis, MN) and normalized to DNA
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content quantified via the Quant-iT PicoGreen dsDNA Kit (Molecular Probes; Eugene, OR).
ALP activity (n=6) was measured by incubation of cellular lysate in 20mM phosphatase
substrate (p-NPP; Sigma-Aldrich; St. Louis, MO).
2.2. Alginate Embedding of hMSCs

Preceding work had demonstrated improved efficacy of large bone defect therapeutics
with use of a carrier system, particularly that of RGD-functionalized alginate hydrogel [41, 81].
Thus, in the presently discussed study, hMSCs were embedded within RGD-functionalized
alginate hydrogel (2% w/v; FMC BioPolymer; Ewing, NJ) in either single cell or aggregate form
using a dual-syringe mixing technique with subsequent calcium sulfate (8.4 mg/mL; Sigma-
Aldrich) cross-linking [77]. To verify maintenance of cell viability and spheroid structure
following alginate incorporation and syringe injection, hMSC aggregates were embedded at
densities of 0.5 and 2.0 x10° cells/150 pL and injected through a 20-gauge needle (n=3).
Resultant hydrogel was stained using a LIVE/DEAD Kit (Invitrogen) and imaged using an
inverted microscope (Axio Observer; Carl Zeiss; Thornwood, NY). To evaluate the correlation
between BLI signal and cell number, individual and aggregated GFP/Luc hMSCs were
embedded at densities of 0, 0.5, and 1.0 x10° cells/150 puL (n=6) and imaged using an IVIS
Lumina machine (Caliper Life Sciences; Hopkinton, MA). Beetle luciferin (Fisher Scientific;
Hampton, NH) was added to the culture media (0.21 mg/mL) 20 minutes prior to image
acquisition (5 second exposure; 12.5 cm field of view). Living Image software version 3.2
(Caliper Life Sciences) was used to demarcate a circular region of interest (ROI) centered over
each well and BLI counts were normalized to exposure time and ROI area. A subset of

aggregate-seeded hydrogels (n=3) were cultured over 1 week, snap frozen in a hexane chilling
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bath, sectioned using a CryoStar NX70 cryostat (Fisher Scientific), stained for lactate
dehydrogenase (LDH) activity, and imaged using bright-field microscopy (Zeiss) [82].
2.3. Alginate Embedding of rMSCs

rMSC single cells or aggregates were similarly embedded within alginate hydrogel (2%
w/v) along with added PBS (control) or perfluorotributylamine (10% w/v; PFTBA; Sigma-
Aldrich) emulsion. Emulsions were prepared by sonication of PFTBA and phosphate-buffered
saline (PBS; 2:3 ratio) or PBS alone with Lipoid E 80 (0.1 g/mL; Lipoid; Newark, NJ) using a
Vibra-Cell VCX130PB sonicator (Sonics & Materials; Newtown, CT) for 2 minutes at 31%
amplitude. Prior to alginate cross-linking, all tMSC groups and associated acellular controls
received identical emulsion concentrations to produce 0% and 10% PFTBA hydrogels. GFP/Luc
rMSC-seeded alginate with single or aggregated cells (0.5 x10° cells/150 pL) and 0% or 10%
PFTBA was injected into electrospun, polycaprolactone (PCL) mesh tubes (150 pL/construct)
and cultured over 4 days under hypoxic conditions (3% O,). To quantify change in viable cell
number, longitudinal BLI was performed on Days 0, 2, and 4 using the protocol described in
sub-section 2.2 (n=8) with culture media (2 mL/well) replaced following each timepoint. In
preparation for segmental defect delivery, single cell or aggregated rMSCs were seeded at a
density of 0 (acellular) or 1.0 x10° cells/150 uL, with or without PFTBA, and recombinant
human BMP-2 (1.5 pg/150 pL; thBMP-2). Resultant hydrogels (n=4) were cultured in mesh
tubes with media collected and replaced on Days 1, 4, and 7. Conditioned media were measured
for BMP-2 content using an ELISA assay (R&D Systems) and BMP-2 functional activity
examined using a previously established ALP induction protocol [83, 84]. Briefly, mouse clonal
pre-osteoblasts (MC3T3-E1; American Type Culture Collection; Manassas, VA) were plated at

confluence (1,300 cells/cm?) and cultured in the construct-conditioned media. After 3 days,
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MC3T3-El1 cells were washed, fixed, and incubated in 7.6mM p-NPP to determine ALP activity.
Normalized ALP activity was calculated using DNA content, measured as previously described
in sub-section 2.1.
2.4. Subcutaneous Implantation

Surgical implantation was conducted in accordance with the Georgia Institute of
Technology approved IACUC protocol #A13023, as described previously [77]. Delivered
hydrogel volume and cell dose were selected based on data collected during model system
development and examination of MSC survival as a function of delivered single cell dose [85-
87]. Alginate hydrogel seeded with single cell or aggregated GFP/Luc hMSCs at a density of 0.5
x10° cells/150 pL (n=5) were maintained at 4 °C for 1-4 hrs prior to delivery, at which point the
hydrogel was injected into PCL tubes (150 pL/construct) and implanted within 11-week-old
female, athymic nude rats (Charles River Labs; Wilmington, MA). As previously described, two
dorsal incisions were made to prepare four subcutaneous pockets per animal. For syngeneic
delivery studies, rMSC-seeded hydrogels were similarly implanted within 11-week-old male,
inbred Lewis rats (Harlan Laboratories; Indianapolis, IN). GFP/Luc and unlabeled rMSCs were
combined at a 2:1 ratio prior to alginate embedding. Constructs containing single cell or
aggregated rMSCs (0.5 x10° cells/150 pL) and with or without PETBA were delivered alongside
acellular controls (n=7-10).
2.5. Subcutaneous BLI, Vascular, and Histological Analyses

Nude rats underwent longitudinal BLI at Days 0, 1, 3, 5, 7, and 14 post-operatively using
a previously established protocol [77]. Anesthetized rats received a subcutaneous injection of
300 pL luciferin (21 mg/mL in saline) at a distance of 2-4 mm from each construct site. The

animals were scanned on either side 30 minutes post luciferin injection (10 second exposure;
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12.5 cm field of view) and images were evaluated using a 4 cm? elliptical ROIL Following BLI
measures on Day 14, nude rats underwent vascular perfusion using serially applied saline (0.9%
w/v), papaverine hydrochloride (0.4% w/v in saline), neutral buffered formalin (10% v/v), and
the radiopaque contrast agent Microfil (Flow Tech; Carver, MA) solutions. Explants were
excised and imaged via microcomputed tomography (LCT) scans on a MicroCT42 (Scanco
Medical; Briittisellen, Switzerland) at 55k Vp, 145 pA, and a 12 pm voxel size. Acquired slices
were contoured and segmented using a low-pass Gaussian filter (sigma=1.2, support=2) to
evaluate vascular volume within the construct interior alone. Following uCT scans, explants
were paraffin embedded, sectioned via microtome (Microm; Walldorf, Germany), stained with
Masson’s trichrome or human nuclear mitotic apparatus protein 1 (NuMA), and imaged (Zeiss).
For NuMA immunohistochemistry, sections were deparaffinized, rehydrated, subjected to
antigen retrieval (sodium citrate buffer pH= 6, 95 °C, 20 min) and incubated in 3% hydrogen
peroxide (to block endogenous peroxidase activity) for 10 min before blocking for 30 min in 2%
BSA [88]. Sections were incubated in either primary antibody solution (NuMA (1:100, ab97585,
Abcam) or in non-immune serum control. Secondary antibody coupled to horseradish peroxidase
(Vector Labs) was then applied. Color development was performed with diaminobenzidine
(Sigma) for 10 seconds before methyl green counterstaining and mounting in Cytoseal (Thermo
Scientific). Human and rat tissue sections were used as positive and negative control tissues,
respectively.

Lewis rats underwent similar examination with longitudinal BLI performed on Days 0, 1,
7, and 14; followed by takedown for vascular and histological analyses on Day 14. These
samples were evaluated for tissue development and delivered rMSC retention via Hematoxylin

and Eosin (H&E) and DAPI staining. To examine delivered cell hypoxia, HIF-1 alpha

11



Journal of Materials Chemistry B Page 12 of 43

immunostaining was conducted with the following protocol validation and application methods
described. hMSCs were grown in chamber slides, subjected to 0-150 uM desferoxamine (DFO)
for 24 hrs, fixed in 4% formaldehyde in PBS for 10 minutes, washed in PBS, and air dried. A 1%
BSA/10% normal donkey serum/0.3M glycine in 0.1% PBS-Tween solution was applied for 1 hr
to permeabilize and block the cells before incubation with rabbit polyclonal 1/100 anti HIF-1
alpha antibody (ab2185, Abcam) for 1 hr at room temperature (RT). After washing, slides were
incubated with donkey anti-rabbit Dylight 594 (Thermo Scientific) for 1 hr at RT before nuclear
counterstaining with DAPI. For tissue samples, sections were baked, deparaffinized, subjected to
2 % sodium borohydride in PBS for 30 minutes (to reduce autofluorescence), permeabilized,
blocked, and treated with primary antibody. The subsequently applied secondary antibody was
conjugated to Dylight 488 (Thermo Scientific) since delivered rMSCs were already labeled with

Dil (rhodamine).

2.6. Segmental Defect Implantation

Segmental defect surgeries were conducted in accordance with the Georgia Institute of
Technology approved TACUC protocol #A14037. Due to a lengthened surgical timeline in
comparison to subcutaneous implantation, the effect of 4 °C syringe incubation on alginate-
embedded MSC viability was examined prior to delivery. Single cell or aggregated MSCs at 1.0
x10° cells/150 pL alginate (n=3) were incubated for 0, 4, or 8 hrs at 4 °C and subsequently
injected, stained via LIVE/DEAD Kit (Invitrogen), and imaged (Zeiss). rMSC-seeded hydrogels
containing emulsions were analyzed using a cell metabolic assay (n=3) due to imaging
challenges resulting from altered gel opacity. Single cell or aggregated rMSC-seeded hydrogels

containing no additive, PBS, or PFTBA emulsion and having undergone a 0- or 8-hr syringe
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incubation at 4 °C, were cultured for 48 hrs and assessed by CellTiter-Blue viability assay
(Promega; Madison, WI) according to the manufacturer’s instructions. On each date of surgery,
bilateral femoral defects were created in 13-week-old rats as previously described [87, 89].
Briefly, an 8-mm critically-sized defect was created in the mid-diaphysis of each femur,
following attachment of a polysulfone fixation plate to provide limb stabilization. Injuries were
treated with a PCL mesh surrounding each defect followed by injection of alginate hydrogel (150
pL), incubated for 1-8 hrs at 4°C prior to delivery. Nude rats received acellular, single cell, or
aggregated hMSC-seeded (1.0 x10° cells/150 pL) alginate containing a 2-pg dose of rhBMP-2
(n=7-10). A treatment group containing hMSC aggregate-seeded alginate without thBMP-2 was
also included. Lewis rat defects were treated with acellular, single cell, or aggregated rMSC-
seeded (1.0 x10° cells/150 pL) alginate containing PBS or PFTBA emulsion and a 1.5-ug dose
of thBMP-2 (n=6-9). A subset of Lewis rat defects received rMSCs labeled with Dil stain
(Invitrogen) to facilitate downstream histological analysis.
2.7. Segmental Defect Radiography and nCT Analyses

Longitudinal bone regeneration for all rats was assessed qualitatively via radiography
(Faxitron MX-20 Digital; Faxitron Bioptics; Tucson, AZ) at 4, 8, and 12 weeks post-operatively.
At the same timepoints, nude rats also received quantitative evaluation of bone formation by
pCT (VivaCT40; Scanco Medical) at 55 kVp, 145 pA, and a 38.9 um voxel size (n=7-10).
Regenerated bone volume was analyzed using a volume of interest (VOI) consisting of 100 slices
within the defect center. Lewis rats received ex vivo pCT evaluation due to their prohibitive size.
Explanted femurs were scanned at 55 kVp, 145 pA, and a 21 pm voxel size then evaluated using

a VOI consisting of 280 slices (n=6-9).
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2.8. Segmental Defect Biomechanical and Histological Analyses

Femurs were explanted at 12 week post-operatively and underwent torsional testing to
failure as previously reported [87]. Briefly, bone ends were potted in Wood’s metal (Alfa Aesar;
Ward Hill, MA) following soft tissue and fixation plate removal. Using an ELF 3200 machine
(Bose ElectroForce Systems Group; Eden Prairie, MN), samples were displaced at 3 ©/s.
Maximum torque and torsional stiffness were calculated for the nude (n=5-7) and Lewis (n=6-9)
rat explants. Following biomechanical testing, Lewis rat defects were removed, decalcified (Cal-
ExII; Fisher Scientific), and paraffin embedded. Sectioned samples were imaged (Zeiss)
following staining with Safranin O (SafO), DAPI, or pan macrophage marker (CD68). For CD68
immunohistochemistry, sections were deparaffinized, rehydrated, permeabilized (0.2% Triton X-
100 in PBS for 10 min), and blocked in 5% donkey serum for 30 min. Sections were then
incubated in CD68 antibody (1:100, MCA341, AbD Serotec) or in blocking solution alone in a
humid chamber overnight at 4°C before exposure to secondary antibody (donkey anti mouse IgG
Alexa 488, ThermoFisher Scientific) and DAPI counterstaining.
2.9. Statistical Analysis

Values are displayed as mean +/- standard error of mean (SEM) unless otherwise stated
with statistical significance defined by p<0.05. Data were analyzed using two-way analyses of
variance (ANOVA) with Tukey post hoc comparisons within the Minitab software (State

College, PA).

3. Results and Discussion

3.1. Subcutaneous Implantation of hMSC Aggregates in Nude Rats

Aggregation of MSCs can upregulate immunomodulatory mediators, engineering the cell

14
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secretome towards a pro-angiogenic and anti-inflammatory phenotype. Due to the interplay of
regenerating bone tissue with its inflammatory and vascular milieu, MSC aggregation was
pursued as an approach to augment cell-based bone defect repair [57, 90, 91]. Using an
immunocompromised rodent model, the effect of hMSC aggregation on cell survival and
construct vasculature was first explored via a subcutaneous implantation study. Subsequently,
the capacity of delivered hMSC spheroids to facilitate low dose BMP-2-mediated bone
regeneration was evaluated within a critically-sized femoral defect.

In preparation for in vivo delivery, in vitro characterization of hMSC aggregates
incorporated into RGD-alginate hydrogels was performed. It was found that hMSCs aggregates
maintained their viability and structure following the alginate cross-linking and syringe injection
procedures (Fig. 1A). Correlation of bioluminescent imaging (BLI) signal vs. viable cell number
for GFP/Luc hMSC aggregates was observed to be linear (r* = 0.75) and statistically similar to
that of GFP/Luc hMSCs embedded as single cells (Fig. 1B). Culture of these constructs over 1
week illustrated the loss of original hMSC aggregate structure within the peptide modified
alginate hydrogel (Fig. 1C).

Alginate/mesh constructs seeded with single cell or aggregated GFP/Luc hMSCs were
implanted subcutaneously in nude rats and monitored for cell survival via BLI. hMSC
aggregation had no adverse effect on viable cell number, but both groups exhibited low (1-2%)
survival through 14 days post-operatively (Fig. 1D-E). On Day 14, vascular perfusion and
histological analyses were performed to examine tissue development contiguous to the
constructs. There was no effect of aggregate delivery on construct vascular volume (Fig. 1F) or
gross vessel morphology, as assessed qualitatively via representative puCT vasculature

reconstructions (Fig. 1G). Masson’s trichrome staining revealed the presence of extracellular

15



Journal of Materials Chemistry B

matrix (ECM) formation both between fragments of residual alginate hydrogel (yellow arrows)
and within the hydrogel fragments associated with the implanted single and aggregated cells
(green arrows) (Fig. 1H). The morphology of ECM regions embedded within the alginate
fragments was observed to be qualitatively distinct between the treatment groups, with single cell
delivery resulting in a more even distribution of pockets throughout the construct. In contrast,
aggregate-seeded samples had a more heterogeneous distribution of ECM formation, including
regions that appeared to be branching (red arrows) or multi-nodal (pink arrows). NuMA staining
found that the aggregate delivery resulted in greater fragmentation of the alginate gel as the
aggregates broke down, whereas the single cells remained trapped in the alginate at 14 days post

implantation (Fig. 11).

3.2. hMSC Aggregation for Large Bone Defect Repair in Nude Rats

To examine the effect of hMSC aggregation on cell-based bone regeneration, bilateral
critically-sized defects were created in nude rats and treated with alginate/mesh constructs
containing a 2-ug dose of BMP-2 and no cells, single cells, or aggregated hMSCs. An additional
aggregate group without BMP-2 was delivered to observe the extent of aggregate-mediated bone
defect repair in the absence of co-delivered osteoinductive stimulus. Longitudinal in vivo pCT at
4, 8, and 12 weeks post-operatively revealed no difference in regenerated bone volume across
BMP-2-containing treatments (Fig. 2A). However, little to no bone formation was observed in
the groups without BMP-2. Biomechanical testing data was more variable than regenerated bone
volume results, with no significant effect of hMSC delivery or BMP-2 dose on maximum torque
(Fig. 2B) or torsional stiffness (Fig. 2C) measurements.

Statistical analysis of the regenerated bone volume via two-way ANOVA revealed a

16
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significant effect of animal (p=0.021), but not treatment (p=0.768), for nude rats receiving
bilateral BMP-2-containing treatments (data not shown). In the nude rat model biological
variability was found to be a significant predictor of regenerative outcome. This finding
motivated the continuation of aggregate delivery studies within a syngeneic animal model (Lewis
rats), given that significant animal-to-animal variability had not been observed in previous

studies using immunocompetent rat strains (data not shown).

3.3. In Vitro Characterization of rMSC Aggregates

In transitioning to the syngeneic model, in vitro characterization of rMSC spheroid
immunomodulatory properties was first conducted. The same protocol employed for hMSC
aggregate formation was effective in producing rMSC aggregates. Spheroids formed over 16 hrs
when rMSCs were seeded in agarose micro-wells (Fig. 3A). Up-regulated immunomodulatory
factor secretion, as previously observed for hMSCs spheroids, occurred with aggregation of
rMSCs as well. rIMSC aggregates exhibited increased production of IL-6 and PGE2 over 24 hrs
in comparison to cells plated in 2D (Fig. 3B). Additionally, intracellular ALP activity was
enhanced by rMSC aggregation (Fig. 3C).

Therefore, rMSC aggregation increased the secretion of IL-6 and PGE2 factors [64]
consistent with hMSC findings. Interestingly, aggregation also enhanced rMSC intracellular ALP
activity. Although a known characteristic of MSC aggregates cultured under osteoinductive
conditions, this had not previously investigated in the absence of a differentiation stimulus [66,
70, 71, 92]. Overall, similarities in the effect of MSC aggregation across cell species afforded

pre-clinical relevance to testing spheroid delivery within the syngeneic rodent model.
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3.4. In Vitro Use of Synthetic Oxygen Carrier for rMSC Delivery

Motivated by the low survival rate achieved with hMSC delivery (Fig. 1D), the effect of
co-delivered PFTBA, a synthetic oxygen carrier, was explored for rMSC implantation. In
preparation for in vivo delivery, the effect of PFTBA addition (10% w/v) to alginate/mesh
constructs on embedded GFP/Luc rMSC survival was investigated in vitro under hypoxic
conditions (3% O,). Quantification of viable cell number via BLI measurement (normalized to
Day 0) found improved maintenance of rtMSC viability for single cell (SC) groups and no effect
of PFTBA addition through 4 days (Fig. 3D). As differences exist between in vitro and in vivo
hypoxic environments and given the finding that PFTBA co-delivery had no negative effect on

embedded-rMSC viability, use of PFTBA was continued in subsequent experiments.

3.5. Subcutaneous Implantation of rMSC Aggregates in Lewis Rats

Single cell (SC) and aggregate (AG) seeded in alginate/mesh constructs either with (+) or
without (-) PFTBA, as well as acellular (Acell) controls, were implanted subcutaneously in
Lewis rats and monitored via BLI. Normalized BLI measurement over 14 days post-implantation

demonstrated a significant overall effect of cell presentation (pg. . ,;=0.009), but not PFTBA
incorporation (p,.,=0.075), on in vivo survival (Fig. 4A). Single rMSC delivery in the absence

of PFTBA (SC-) resulted in the greatest viable cell number on Day 1 post-operatively and
displayed a high degree of variability, with several samples exhibiting a marked increase in
viable cell number between Days 0 and 1. Despite early differences in viability, representative
heatmaps illustrate a qualitative decrease in BLI signal for all rMSC delivery groups by Day 14
(Fig. 4B). Interestingly, although the majority of acellular implants displayed negligible BLI

signal throughout the study duration, several Acell- constructs increased in BLI signal over time
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(data not shown). This phenomenon had not been observed in former hMSC delivery
experiments and was not, in the present study, correlated to the BLI signal recorded from
adjacent rMSC-seeded constructs. A lack of correlation suggested that, for a given rMSC-seeded
construct, live cell retention and loss due to migration were not proportionally related.

Examining tissue composition within the subcutaneous explants, there were qualitative
differences in the size and distribution of construct vasculature across experimental groups (Fig.
4C). However, upon quantification, neither tMSC nor PFTBA delivery strategy had an
independent effect on construct vascular volume (Fig. 4D). In comparing individual treatment
groups, single rMSC seeded constructs without PFTBA (SC-) contained more vasculature than
acellular, PFTBA-containing (Acell+) constructs. Histological examination via Hematoxylin and
Eosin staining revealed a similar extent of residual alginate pieces surrounded by granulation
tissue across all experimental groups (Fig. 4E). Consistent with bioluminescent data,
fluorescence microscopy confirmed the retention of a delivered rMSC population within
constructs initially seeded with single and aggregated cells (Fig. 4F). Aggregation may have
promoted rMSC migration, as evidenced by single cell retention within the alginate pieces
through 14 days while rMSCs delivered as spheroids displayed increased separation over time,
indicative of cell movement.

Under normoxic conditions, the half-life of the HIF-1 alpha subunit is short and as such it
is mainly undetectable in cells or tissues under these conditions. It becomes stabilized as oxygen
concentrations approach 5% or below and this causes translocation to the nucleus. Therefore,
presence of this subunit in the nucleus implies that the cell is experiencing hypoxia. Based on
HIF-1 alpha immunostaining of the Day 14 explants, hypoxia within alginate-containing areas

was observed to the same extent in aggregates with or without co-delivered PFTBA (Fig. 4H).
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Therefore, at least for the aggregates, it does not appear that PFTBA inclusion had any positive
effect on hypoxia. For the single cell groups, with the caveat that there were fewer labeled cells
present at 14 days post implantation, there appeared to be qualitatively fewer hypoxic cells in the
samples containing PFTBA. The reduced hypoxic cell number with PFTBA addition could be
attributed to the oxygen carrier having a positive influence on hypoxia in the single cell group.
This positive effect of PFTBA on delivered single cells, but not the aggregate-seeded constructs,
may potentially be due to the carrier’s ability to exert a meaningful effect on a less dense
population of cells. In this way, we have observed differences in the cellular response to PFTBA
co-delivery based on aggregate vs. single cell delivery.

Although perfluorocarbon addition to cell-seeded constructs has previously been shown
to potentiate survival, our study did not observe this retention of viable rMSCs when tested under
hypoxic culture or subcutaneously [73-75]. Given the transport limitations imposed by our large
volume alginate/mesh construct, it is possible that the effect of perfluorocarbon incorporation
was indiscernible experimentally [93]. However, PFTBA incorporation facilitated a short-term
enhancement of osteoinductive factor release in vitro, as examined using a differentiation assay

performed on pre-osteoblasts (Fig. 5).

3.6. Release of BMP-2 from rMSC-Seeded Constructs In Vitro

In preparation for implantation in the segmental defect model, the effect of rMSC and
PFTBA incorporation on co-delivered BMP-2 release was quantified in vitro. Alginate/mesh
constructs were prepared with no (Acell), single cell (SC), or aggregated (AG) rMSCs, with (+)
or without (-) PFTBA, and a 1.5-pg dose of BMP-2. Conditioned media were collected from

cultured constructs on Days 1, 4, and 7 to measure (i) BMP-2 content and (ii) BMP-2 functional
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activity by induction of ALP activity in a pre-osteoblast cell line (MC3T3-E1). Over the first 24
hours of culture, constructs across all groups released comparable amounts of BMP-2 (Fig. 5A).
However, following this initial period, more BMP-2 was released from acellular constructs than
those seeded with single (p=0.002) or aggregated (p=0.046) rMSCs. No effect of PFTBA
incorporation was observed at any point in time. In contrast to BMP-2 release data, the presence
of rtMSCs considerably enriched the induction capacity of conditioned media on pre-osteoblast
ALP activity (Fig. 5B). Specifically, ALP activity of MC3T3-E1 cells treated with conditioned
media from the first 24 hrs of construct culture was increased with rMSC-seeding and PFTBA
addition. At all timepoints, media conditioned by aggregate-seeded constructs were most
effective in inducing ALP activity. This increased osteogenic potential was especially notable
given that the acellular constructs released more BMP-2, suggesting that either the osteogenic
protein released from acellular scaffolds was less active or that additional morphogens released
by the aggregate-seeded constructs were contributing to MC3T3-El differentiation. To
determine whether changes in induction capacity were attributed solely to MC3T3-El number,
ALP activity was normalized to DNA content. Normalized data continued to show a benefit of
rMSC and PFTBA delivery, indicating that enhancement of total ALP activity was not simply
due to growth of MC3T3-E1 cells.

The heightened osteoinductive factor release, seen with embedded rMSC aggregates, may
be attributable to a number of secreted factors acting in isolation or synergistically to promote
differentiation. rMSC spheroids have been reported to release fibroblast growth factor (FGF) and
to decrease dickkopf 1 (Dkk-1) production, each serving to facilitate osteoblast differentiation
[94-97]. Although enhanced expression of PGE2 and IL-6 motivated the evaluation of

aggregation for MSC-based bone repair, the osteoinductive effect observed in this assay was
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likely not due to these anti-inflammatory factors. IL-6 is shown to reduce ALP activity in
MC3T3-El cells and PGE2 is considered to impact bone repair predominantly via immune cell
signaling [58, 98, 99]. In fact, similar to IL-6 expression, aggregate-driven PGE2 signaling may
have also acted against the observed effect, as increased PGE2 concentration is associated with a
decrease in MC3T3-E1 ALP activity [100-102]. In all, these promising in vitro results prompted

investigation of the rMSC aggregation strategy within a bone defect model.

3.7. rMSC Aggregate Delivery for Bone Defect Repair in Lewis Rats

To examine the effect of IMSC aggregation on cell-mediated bone regeneration, bilateral
femoral defects created in Lewis rats were treated with alginate/mesh constructs containing a
1.5-pg dose of BMP-2, seeded with no cells, single cells, or aggregated rMSCs, alone or with
10% PFTBA. Longitudinal radiographs captured at 4, 8, and 12 weeks post-operatively showed
qualitatively less bone regeneration with rMSC or PFTBA delivery (data not shown). In fact,
only injuries treated with acellular constructs lacking PFTBA (Acell-) demonstrated defect
bridging. Treated femurs were explanted and analyzed via pCT and torsional testing at 12 weeks.
Representative mineral density heatmaps were consistent with radiograph observations, showing
a qualitative attenuation of bone repair with rMSC or PFTBA delivery (Fig. 6A). Quantification
of regenerated bone tissue properties revealed that bone volume was greatest with Acell-
treatment and that rtMSC or PFTBA addition attenuated regenerated bone volume in both an
individual and additive manner (Fig 6B). Functional restoration of tissue function was
accomplished to the greatest extent with Acell- treatment, as assessed by measurement of
maximum torque (Fig. 6C) and torsional stiffness (Fig. 6D). The addition of rMSCs or PFTBA

resulted in lower levels in either biomechanical metric.
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Tissue development within the defect space was examined histologically using a Safranin
O stain (SafO stains alginate pink/orange) and found to be consistent with pCT analysis (Fig.
6E). In the absence of rMSC or PFTBA delivery (Acell-), defects at 12 weeks contained
organized bone tissue surrounding pieces of mineralized alginate. With the addition of cells or
co-delivered PFTBA, mineralized tissue within the defect space was qualitatively reduced and
the amount of residual alginate increased. Fluorescence microscopy revealed that all rtMSC-
treated defects contained Dil signal present at 12 weeks, suggesting persistence of delivered cells
through the study conclusion (Fig. 6F). Although of diminished intensity, Dil signal was detected
in the injury space of acellular-treated defects as well, yet only for samples extracted from rats
receiving rMSC treatment in the contralateral limb (data not shown). The fluorescent signal was
co-localized to regions of CD68 staining, suggesting that the Dil label may have trafficked from
the contralateral limb via macrophages.

Interestingly, the addition of PFTBA to alginate/mesh constructs was found to impede
bone regeneration irrespective of co-delivered rMSCs. PFTBA has previously been shown to
improve cell-based mineralization, but it had not been evaluated for its impact on an acellular
treatment strategy [73-75]. As PFTBA incorporation had no discernible effect on the amount of
BMP-2 released in vitro, we speculate that PFTBA-attenuated bone repair in vivo may have been
due to differential release kinetics or the consequence of modified alginate matrix properties,
potentially perturbing the migration of endogenous cells into the defect region due to altered

release kinetics [103].
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4. Conclusions

Despite the promising effect of rMSC-seeding, either as single or aggregated cells, on the
osteoinductive capacity of construct-released factors in vitro, cell delivery attenuated BMP-2
mediated bone defect repair when challenged in vivo. In addition, within the studies presented
here, cell aggregation or use of an oxygen carrier did not improve cell survival or augment bone
regeneration in vivo despite encouraging results in culture. Co-delivery of cells with BMP
reduced overall BMP release in vitro and the same effect was seen in the bone defect studies,
suggesting that co-delivery of cells decreases the effectiveness of BMP delivery. Interestingly,
the presence of some intact human nuclei was detected in and around alginate hydrogel 14 days
post implantation in the subcutaneous nude rat model and the presence of small clusters of Dil-
labeled rat MSCs was seen out to 12 weeks in the rat bone defect model. Future work will
concentrate on strategies to further improve survival of implanted cells in subcutaneous and bone

defect models.
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FIGURE CAPTIONS

Figure 1 — Effect of hMSC Aggregation on Cell Survival and Construct Composition
through 14 Days In Vivo A) Prior to subcutaneous implantation, h(MSC aggregates (live = GFP
(green); dead = ethidium homodimer (red)) were observed to maintain viability and structure
following alginate embedding at densities of 0.5 (left) and 2.0 (right) x10° cells/150 uL (scale bar
= 100 pm). B) In vitro BLI counts vs. viable cell number for aggregate-seeded hydrogels
displayed a linear correlation (r* = 0.75) similar to that of constructs seeded with single hMSCs
(r* = 0.99). C) Aggregated hMSCs migrated as single cells within the alginate hydrogel over 1
week of culture, as assessed by LDH staining (scale bar = 100 um). D, E) Following delivery in
vivo, quantification of normalized BLI signal and representative BLI heatmaps illustrate similarly
maintained viability for single hMSCs and aggregates through 14 days post-operatively. F, G)
Construct vascular volume at Day 14 was unaffected by hMSC aggregation and vascular
reconstructions of representative single cell (left) and aggregate (right) samples colored to
indicate vessel diameter demonstrate no qualitative difference in vessel morphology. H)
Irrespective of treatment, explants contained alginate pieces surrounded by fibrotic tissue (yellow
arrows), as visualized using Masson’s trichrome staining. Morphology of alginate-embedded
ECM pockets differed between treatments, with single cell delivery resulting in a more
qualitatively even distribution (green arrows) while aggregate samples contained multi-node
(pink arrows) and branching (red arrows) pockets as well as regions void of ECM pockets (not
shown) (scale bar = 100 um). I) NuMA staining (white arrows) revealed the persistence of
delivered single cells within the alginate interior, whereas cells implanted as aggregates were
localized to the hydrogel exterior by 14 days (scale bar = 100 um).

Figure 2 — Effect of hMSC Delivery on Large Bone Defect Repair in Nude Rats A)
Longitudinal uCT measurement found no effect of hMSC delivery, either as single cells or
aggregates, on regenerate bone volume. However, the lack of co-delivered BMP-2 alongside
hMSC aggregates (“Aggregates” group) resulted in a significantly diminished amount of bone
tissue (* = p < 0.05 vs. BMP-2-containing treatments). B) Maximum torque of the explanted
femurs at 12 weeks was highly variable and not significantly affected by method of hMSC
delivery (p=0.985) nor BMP-2 treatment (p=0.090). C) Similarly, neither cell group (p=0.942)
nor BMP-2 dose (p=0.076) impacted torsional stiffness.

Figure 3 — In Vitro Characterization and Hypoxic Culture of rMSC Aggregates A) Similar to
hMSCs, rtMSCs seeded in agar micro-wells formed aggregates (500 cells/spheroid) over 14 hrs
(scale bar = 500 um). B) rMSCs exhibited increased secretion of the immunomodulatory factors
IL-6 and PGE2 over 24 hrs in comparison to rMSCs plated in 2D. C) Intracellular ALP activity
normalized to DNA content was also enhanced with tMSC aggregation. D) Single cell (SC) and
aggregated (AG) rMSCs were embedded within alginate hydrogels with (+) or without (-) the
synthetic oxygen carrier PFTBA. Longitudinal BLI was conducted to monitor cell viability
throughout 4 days of culture at hypoxic (3% O,) conditions. Normalized BLI revealed better-
maintained viability for single cell groups and no effect of PFTBA addition (* = p < 0.05 as
indicated; $ = p < 0.05 within treatment vs. Day 2; # = p < 0.05 within treatment vs. Days 0 and
2).
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Figure 4 — Effect of rMSC Aggregation on Cell Survival and Construct Composition
through 14 Days In Vivo Acellular (Acell), single cell (SC), and aggregate (AG) treatments with
(+) or without (-) PFTBA were delivered to Lewis rats and longitudinally monitored through 14
days using BLI. A, B) As assessed by normalized BLI measurement and representative heatmaps,
all groups displayed a decrease in BLI signal through 14 days, indicative of a post-operative drop
in viable cell number over time. /n vivo survival was affected by cell presentation
(Pscvs.ag=0.009), but not PFTBA incorporation (pprrea=0.075). Individual comparisons between
treatments and timepoints revealed an increase in viable cell number for the SC- treatment at Day
1 (#=p < 0.05 within timepoint vs. all other treatments; $ = p < 0.05 within treatment vs. Days 7
and 14). C) Vascular reconstructions illustrate vessel diameter distribution in representative
images from each treatment group. Qualitatively, no gross effects of cell delivery group or
PFTBA addition were apparent. D) Quantification of construct vascular volume found no overall
effect of tMSC or PFTBA delivery. However, single cells constructs without co-delivered
PFTBA had significantly more vasculature than acellular, PETBA-containing constructs. E) All
treatment groups contained a similar extent of residual alginate pieces (red asterisks) surrounded
by granulation tissue, as visualized through H&E staining (0% PFTBA, cell delivery groups
shown,; scale bar = 100 um). F) Fluorescent microscopy revealed the presence and distribution of
delivered rtMSCs (rMSCs = red (Dil); all nuclei = blue (DAPI)). Implanted single cells appeared
to be retained within alginate pieces and away from regions of high cellularity. rMSCs delivered
as spheroids remained clustered, although exhibiting a diameter greater than that of the initially
implanted structures (~175 um vs. ~100 um), indicating the breakup of rMSC aggregates over
time in vivo. G) A protocol for HIF-1 alpha immunostaining of HIF-1 alpha subunit translocation
to the nuclei of hMSCs was developed using 24-hr application of the hypoxia mimetic
desferoxamine (DFO; 50 uM) as a positive control. In the absence of DFO treatment, nuclei
appear blue (DAPI counterstain), indicating a lack of HIF-1 alpha translocation. After addition of
50 uM DFO, HIF-1 alpha subunit stabilizes and translocates to the nucleus. Immunolocalization
of HIF-1 alpha using rhodamine-conjugated secondary antibody (Dylight 594) in the nucleus
causes the nucleus to appear pink/purple (scale bar = 20 um). H) Confocal microscopy images of
delivered tMSCs (red (Dil)) immunostained for HIF-1 alpha subunit translocation (green
(hypoxia label 488)) revealed that hypoxic implanted cells (yellow (dual-labeled)) were present
within all treatment groups at Day 14 (scale bar = 50 um).

Figure 5 — Effect of rMSC and PFTBA Delivery on In Vitro BMP-2 Release Acellular
(Acell), single cell (SC), and aggregated (AG) rMSCs were embedded within alginate/mesh
constructs with (+) or without (-) PFTBA and each containing a 1.5-pg dose of BMP-2.
Constructs were cultured and conditioned media was collected over 7 days. A) BMP-2 released
from the constructs was measured via ELISA. Over the first 24 hrs, all groups released similar
amounts of BMP-2. However, following this initial period, acellular constructs released more
BMP-2 than constructs seeded with single (p=0.002) or aggregated (p=0.046) rMSCs. There was
no effect of PFTBA incorporation during either the first 24 hrs (p=0.143) or remaining (p=0.441)
culture period. B) Despite BMP-2 release data, seeding of rMSCs led to increased induction of
ALP activity in a pre-osteoblast cell line (MC3T3-E1) exposed to conditioned media. ALP
activity was lower for acellular groups conditioned with media from the first 24 hrs in
comparison to both tMSC-seeded groups (SC, AG). Media collected from aggregate-containing
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constructs at each timepoint induced ALP activity most strongly. Furthermore, PFTBA addition
had an early positive effect (p=0.011). Normalized results indicate that changes in ALP activity
were not due to altered MC3T3-E1 number alone.

Figure 6 — Effect of rMSC Delivery on Large Bone Defect Repair in Lewis Rats A)
Representative mineral density heatmaps generated from 12-week puCT analysis of critically-
sized femoral defects treated with acellular (Acell), single cell (SC), and aggregate (AQG)
containing hydrogels with (+) or without (-) PFTBA showed a qualitative decrease in bone
regeneration with rMSC or PFTBA delivery. Consistent with radiograph observations (data not
shown), only samples in the Acell- treatment group exhibited bridging of the defect space. B)
Quantification of regenerated bone tissue at 12 weeks found that treatment with rMSCs or
PFTBA attenuated defect repair in both an individual and additive manner, as measured via ex
vivo pCT. C) Biomechanical testing revealed that maximum torque was greatest for the Acell-
treatment, observing a decrease in tissue mechanics with the addition of rMSCs (psc=0.001;
pac=0.001) or PFTBA (p=0.018) D) Torsional stiffness values were similar to maximum torque
data, with Acell- treatment resulting in the highest value and an observed detrimental effect of
MSC (psc=0.002; pag<0.001) or PFTBA (p=0.024) addition. E) Tissue development within the
defect space varied with tMSC and PFTBA delivery, as visualized via SafO staining. Injuries
treated with acellular hydrogel in the absence of co-delivered PFTBA (Acell-) contained the
greatest extent of organized bone (blue) and mineralized alginate (pink) by 12 weeks. In contrast,
delivery of rMSCs (singular (SC) or aggregated (AG)) or PFTBA (+) qualitatively decreased the
extent of defect mineralization and increased the presence of residual alginate (red). F)
Fluorescent microscopy revealed the presence of rMSCs in all cell-treated defects through 12
weeks (rMSCs = red (Dil); all nuclei = blue (DAPI)). Muted Dil signal, found localized to
macrophage-containing regions, was present in a subset of acellular samples as well (rMSC label
= red (Dil); macrophages = green (CD68+)).
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Figure 1 - Effect of hMSC Aggregation on Cell Survival and Construct Composition through 14 Days In Vivo
A) Prior to subcutaneous implantation, hMSC aggregates (live = GFP (green); dead = ethidium homodimer
(red)) were observed to maintain viability and structure following alginate embedding at densities of 0.5
(left) and 2.0 (right) x106 cells/150 pL (scale bar = 100 pm). B) In vitro BLI counts vs. viable cell number
for aggregate-seeded hydrogels displayed a linear correlation (r2 = 0.75) similar to that of constructs
seeded with single hMSCs (r2 = 0.99). C) Aggregated hMSCs migrated as single cells within the alginate
hydrogel over 1 week of culture, as assessed by LDH staining (scale bar = 100 ym). D, E) Following delivery
in vivo, quantification of normalized BLI signal and representative BLI heatmaps illustrate similarly
maintained viability for single hMSCs and aggregates through 14 days post-operatively. F, G) Construct
vascular volume at Day 14 was unaffected by hMSC aggregation and vascular reconstructions of
representative single cell (left) and aggregate (right) samples colored to indicate vessel diameter
demonstrate no qualitative difference in vessel morphology. H) Irrespective of treatment, explants contained
alginate pieces surrounded by fibrotic tissue (yellow arrows), as visualized using Masson’s trichrome
staining. Morphology of alginate-embedded ECM pockets differed between treatments, with single cell
delivery resulting in a more qualitatively even distribution (green arrows) while aggregate samples
contained multi-node (pink arrows) and branching (red arrows) pockets as well as regions void of ECM
pockets (not shown) (scale bar = 100 um). I) NuMA staining (white arrows) revealed the persistence of
delivered single cells within the alginate interior, whereas cells implanted as aggregates were localized to
the hydrogel exterior by 14 days (scale bar = 100 ym).
705x604mm (72 x 72 DPI)



Journal of Materials Chemistry B Page 38 of 43

70 B 4wks
o
g H 8wks
£
£ w0 M 12wks
g o
E 30
o
& il
) *
€
o 10
2]

o T
Acell + BMP2 Single Cells + BMP2 Aggregates + BMP2 Aggregates

0.16 0.035

0.14 0.03
E a
*Z 92 g . oo
= [T
P o E % 0.02
3 o008 “w ~
T ® E oos
o 00 C %
L 22 oa
s 00 5=
‘E‘ 002 i |2 0005

Acell Single Cells Aggregates Aggregates Acell Single Cells Aggregates Aggregates
+ + + + + +
BMP2 BMP2 BMP2 BMP2 BMP2 BMP2

Figure 2 - Effect of hMSC Delivery on Large Bone Defect Repair in Nude Rats A) Longitudinal uCT
measurement found no effect of hMSC delivery, either as single cells or aggregates, on regenerate bone
volume. However, the lack of co-delivered BMP-2 alongside hMSC aggregates (“Aggregates” group) resulted
in a significantly diminished amount of bone tissue (* = p < 0.05 vs. BMP-2-containing treatments). B)
Maximum torque of the explanted femurs at 12 weeks was highly variable and not significantly affected by
method of hMSC delivery (p=0.985) nor BMP-2 treatment (p=0.090). C) Similarly, neither cell group
(p=0.942) nor BMP-2 dose (p=0.076) impacted torsional stiffness.
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Figure 3 - In Vitro Characterization and Hypoxic Culture of rMSC Aggregates A) Similar to hMSCs, rMSCs
seeded in agar micro-wells formed aggregates (500 cells/spheroid) over 14 hrs (scale bar = 500 uym). B)
rMSCs exhibited increased secretion of the immunomodulatory factors IL-6 and PGE2 over 24 hrs in
comparison to rMSCs plated in 2D. C) Intracellular ALP activity normalized to DNA content was also
enhanced with rMSC aggregation. D) Single cell (SC) and aggregated (AG) rMSCs were embedded within
alginate hydrogels with (+) or without (-) the synthetic oxygen carrier PFTBA. Longitudinal BLI was
conducted to monitor cell viability throughout 4 days of culture at hypoxic (3% 02) conditions. Normalized
BLI revealed better-maintained viability for single cell groups and no effect of PFTBA addition (* = p < 0.05
as indicated; $ = p < 0.05 within treatment vs. Day 2; # = p < 0.05 within treatment vs. Days 0 and 2).
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Figure 4 - Effect of rMSC Aggregation on Cell Survival and Construct Composition through 14 Days In Vivo
Acellular (Acell), single cell (SC), and aggregate (AG) treatments with (+) or without (-) PFTBA were
delivered to Lewis rats and longitudinally monitored through 14 days using BLI. A, B) As assessed by

normalized BLI measurement and representative heatmaps, all groups displayed a decrease in BLI signal
through 14 days, indicative of a post-operative drop in viable cell number over time. In vivo survival was
affected by cell presentation (pSCvs.AG=0.009), but not PFTBA incorporation (pPFTBA=0.075). Individual
comparisons between treatments and timepoints revealed an increase in viable cell number for the SC-
treatment at Day 1 (# = p < 0.05 within timepoint vs. all other treatments; $ = p < 0.05 within treatment
vs. Days 7 and 14). C) Vascular reconstructions illustrate vessel diameter distribution in representative
images from each treatment group. Qualitatively, no gross effects of cell delivery group or PFTBA addition
were apparent. D) Quantification of construct vascular volume found no overall effect of rMSC or PFTBA
delivery. However, single cells constructs without co-delivered PFTBA had significantly more vasculature
than acellular, PFTBA-containing constructs. E) All treatment groups contained a similar extent of residual
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alginate pieces (red asterisks) surrounded by granulation tissue, as visualized through H&E staining (0%
PFTBA, cell delivery groups shown; scale bar = 100 pm). F) Fluorescent microscopy revealed the presence
and distribution of delivered rMSCs (rMSCs = red (Dil); all nuclei = blue (DAPI)). Implanted single cells
appeared to be retained within alginate pieces and away from regions of high cellularity. rMSCs delivered as
spheroids remained clustered, although exhibiting a diameter greater than that of the initially implanted
structures (~175 pym vs. ~100 pym), indicating the breakup of rMSC aggregates over time in vivo. G) A
protocol for HIF-1 alpha immunostaining of HIF-1 alpha subunit translocation to the nuclei of hMSCs was
developed using 24-hr application of the hypoxia mimetic desferoxamine (DFO; 50 uM) as a positive control.
In the absence of DFO treatment, nuclei appear blue (DAPI counterstain), indicating a lack of HIF-1 alpha
translocation. After addition of 50 uM DFO, HIF-1 alpha subunit stabilizes and translocates to the nucleus.
Immunolocalization of HIF-1 alpha using rhodamine-conjugated secondary antibody (Dylight 594) in the
nucleus causes the nucleus to appear pink/purple (scale bar = 20 ym). H) Confocal microscopy images of
delivered rMSCs (red (Dil)) immunostained for HIF-1 alpha subunit translocation (green (hypoxia label 488))
revealed that hypoxic implanted cells (yellow (dual-labeled)) were present within all treatment groups at
Day 14 (scale bar = 50 um).
705x1058mm (72 x 72 DPI)
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Figure 5 - Effect of rMSC and PFTBA Delivery on In Vitro BMP-2 Release Acellular (Acell), single cell (SC),
and aggregated (AG) rMSCs were embedded within alginate/mesh constructs with (+) or without (-) PFTBA
and each containing a 1.5-pg dose of BMP-2. Constructs were cultured and conditioned media was collected

over 7 days. A) BMP-2 released from the constructs was measured via ELISA. Over the first 24 hrs, all
groups released similar amounts of BMP-2. However, following this initial period, acellular constructs
released more BMP-2 than constructs seeded with single (p=0.002) or aggregated (p=0.046) rMSCs. There
was no effect of PFTBA incorporation during either the first 24 hrs (p=0.143) or remaining (p=0.441) culture
period. B) Despite BMP-2 release data, seeding of rMSCs led to increased induction of ALP activity in a pre-
osteoblast cell line (MC3T3-E1) exposed to conditioned media. ALP activity was lower for acellular groups
conditioned with media from the first 24 hrs in comparison to both rMSC-seeded groups (SC, AG). Media
collected from aggregate-containing constructs at each timepoint induced ALP activity most strongly.
Furthermore, PFTBA addition had an early positive effect (p=0.011). Normalized results indicate that
changes in ALP activity were not due to altered MC3T3-E1 number alone.
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Figure 6 - Effect of rMSC Delivery on Large Bone Defect Repair in Lewis Rats A) Representative mineral
density heatmaps generated from 12-week uCT analysis of critically-sized femoral defects treated with
acellular (Acell), single cell (SC), and aggregate (AG) containing hydrogels with (+) or without (-) PFTBA
showed a qualitative decrease in bone regeneration with rMSC or PFTBA delivery. Consistent with radiograph
observations (data not shown), only samples in the Acell- treatment group exhibited bridging of the defect
space. B) Quantification of regenerated bone tissue at 12 weeks found that treatment with rMSCs or PFTBA
attenuated defect repair in both an individual and additive manner, as measured via ex vivo uCT. C)
Biomechanical testing revealed that maximum torque was greatest for the Acell- treatment, observing a
decrease in tissue mechanics with the addition of rMSCs (pSC=0.001; pAG=0.001) or PFTBA (p=0.018) D)
Torsional stiffness values were similar to maximum torque data, with Acell- treatment resulting in the
highest value and an observed detrimental effect of rMSC (pSC=0.002; pAG<0.001) or PFTBA (p=0.024)
addition. E) Tissue development within the defect space varied with rMSC and PFTBA delivery, as visualized
via SafO staining. Injuries treated with acellular hydrogel in the absence of co-delivered PFTBA (Acell-)
contained the greatest extent of organized bone (blue) and mineralized alginate (pink) by 12 weeks. In
contrast, delivery of rMSCs (singular (SC) or aggregated (AG)) or PFTBA (+) qualitatively decreased the
extent of defect mineralization and increased the presence of residual alginate (red). F) Fluorescent
microscopy revealed the presence of rMSCs in all cell-treated defects through 12 weeks (rMSCs = red (Dil);
all nuclei = blue (DAPI)). Muted Dil signal, found localized to macrophage-containing regions, was present in
a subset of acellular samples as well (rMSC label = red (Dil); macrophages = green (CD68+)).
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