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Introduction: This project was designed to test the hypothesis that rapid intraoperative processing of bone
marrow based on hyaluronan (HA) could be used to improve the outcome of local bone regeneration if the
concentration and prevalence of marrow-derived connective tissue progenitors (CTPs) could be increased and
nonprogenitors depleted before implantation.
Methods: HA was used as a marker for positive selection of marrow-derived CTPs using magnetic separation
(MS) to obtain a population of HA-positive cells with an increased CTP prevalence. Mineralized cancellous
allograft (MCA) was used as an osteoconductive carrier scaffold for loading of HA-positive cells. The canine
femoral multidefect model was used and four cylindrical defects measuring 10 mm in diameter and 15 mm in
length were grafted with MCA combined with unprocessed marrow or with MS processed marrow that was
enriched in HA + CTPs and depleted in red blood cells and nonprogenitors. Outcome was assessed at 4 weeks
using quantitative 3D microcomputed tomography (micro-CT) analysis of bone formation and histomorpho-
logical assessment.
Results: Histomorphological assessment showed a significant increase in new bone formation and in the vas-
cular sinus area in the MS-processed defects. Robust bone formation was found throughout the defect area in
both groups (defects grafted with unprocessed marrow or with MS processed marrow.) Percent bone volume in
the defects, as assessed by micro-CT, was greater in defects engrafted with MS processed cells, but the difference
was not statistically significant.
Conclusion: Rapid intraoperative MS processing to enrich CTPs based on HA as a surface marker can be used to
increase the concentration and prevalence of CTPs. MCA grafts supplemented with heparinized bone marrow or
MS processed cells resulted in a robust and advanced stage of bone regeneration at 4 weeks. A greater new bone
formation and vascular sinus area was found in defects grafted with MS processed cells. These data suggest that
MS processing may be used to enhance the performance of marrow-derived CTPs in clinical bone regeneration
procedures. Further assessment in a more stringent bone defect model is proposed.

Introduction

Bone regeneration in large bone defects and complex
wounds remains an unsolved clinical challenge.1 Os-

teoconductive scaffolds, such as allograft cancellous bone
can be successful in small or contained defects. However,
success rates drop as defect size increases and in settings
compromised by previous scarring, bone loss, and vascular
compromise. In more complex settings, surgeons most often
utilize autogenous cancellous bone or supplement an osteo-

conductive scaffold using bone marrow aspirate (BMA) or an
osteoinductive agent, such as bone morphogenetic protein-2.2

BMA contains a heterogeneous population of osteogenic
connective tissue progenitors (CTP-Os), which are thought to
contribute to new bone formation.3 However, the prevalence
of CTPs is low (1 CTP per 20,000 nucleated cells).4,5 More-
over, BMA also contains a large number of erythrocytes
derived from contaminating peripheral blood, which do not
contribute to a bone-healing response. Given the limitation of
diffusion of oxygen and other nutrients into a bone grafting
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site larger than 1–2 mm in thickness, there is reason to expect
that the survival and contribution of CTPs that are trans-
planted in this environment are compromised by competing
nonosteogenic cells.3 As a result, methods to both increase
the number of CTP-Os in a wound site and decrease the
number of nonprogenitors are hypothesized to increase the
rate or extent of bone formation in a graft site.

Successful bone repair or regeneration in any clinical set-
ting requires CTP-Os. While osteoconductive and os-
teoinductive materials may improve bone regeneration, only
osteogenic cells generate new bone. CTPs are defined as
tissue-resident stem or progenitor cells that proliferate to
form a colony in vitro and can be induced to express one or
more connective tissue phenotypes.3,6 CTP-Os represent the
subset of CTPs that are capable of generating osteogenic
progeny. Recent data suggest that all or almost all of the new
bone formed at the site of a normal fracture is generated by
local cells present in the injured tissue site.7,8 As a result, in
settings where the local CTP population is suboptimal, as in
most complex defect sites, optimizing the bone-healing re-
sponse will require transplantation of CTPs. The most
available sources of CTPs are autogenous cancellous bone or
bone marrow harvested by aspiration. Many preclinical
studies demonstrate improved graft performance when
marrow-derived cells are added, even to small graft sites in
young healthy animals. This strongly supports the premise
that the CTP-O population is suboptimal in most clinical
settings and that optimal performance from any osteo-
conductive or osteoinductive material may require aug-
mentation with CTPs.9–14

Several markers have been proposed for use in identifi-
cation and positive selection of osteogenic cells from bone
marrow, including STRO-1,15 CD271,16 CD49a,17 CD146,18

and CD105.19 We have recently reported that the presence of
hyaluronan (HA; also known as hyaluronic acid or hyalur-
onate) on the surface of freshly isolated marrow-derived cells
can also be used as a marker for positive selection.20

HA, is a common, but highly regulated component of
extracellular matrix. HA is a nonsulfated linear glycosami-
noglycan that consists of repeating units of glucuronic acid
and N-acetyl-glucosamine. Extracellularly, HA is found as
part of the backbone of extracellular matrix structures
through proteoglycan binding or attached to the cell surface,
forming pericellular coats.21 Chains of HA are synthesized at
the plasma membrane on the cytosolic side and extruded
through the cell membrane by a hyaluronan synthase (HAS).
Therefore, retention of HA at the cell surface can occur
through HAS or through binding to cell HA receptors, no-
tably CD44.

This project was designed to test the hypothesis that rapid
intraoperative processing of bone marrow using HA as a
marker for positive selection could be used to improve the
outcome of local bone regeneration in vivo.

Methods

Preparation of allograft

Mineralized cancellous allograft (MCA) bone (canine) was
prepared by the Musculoskeletal Transplant Foundation
(Edison, NJ) using canine bone from the proximal humerus,
proximal tibia, and proximal femur using standardized
methods consistent with the guidelines of the American

Association of Tissue Banks. Cuboidal chips (3 · 3 · 3 mm)
enabled uniform packing of 15–20 chips to fill each femoral
defect site.

Collection of heparinized bone marrow

Marrow was aspirated in 2-mL aliquots from 17 sites on
the proximal humerus of each coonhound and mixed im-
mediately with 1 mL heparinized saline (1000 IU).

Two sequential buffy coat density separations were done to
remove erythrocytes. The heparinized marrow suspension was
centrifuged (400 g · 10 min) and the buffy coat layer was
manually pipetted. The sample was then resuspended in alpha-
minimum essential medium (a-MEM) with 20 units of heparin
per mL of media and centrifuged again followed by a second
manual collection of the buffy coat cells. Buffy-coated marrow
(BCM) cells were resuspended in 4–5 mL of separation buffer
(Ca2 +/Mg2 + -free phosphate-buffered saline with 2% fetal bo-
vine serum and 0.5 mM ethylenediaminetetraacetic acid).

Magnetic separation and preparation of MCA implants

BCM cells (range: 0.8- 2 · 109 cells) were labeled with FC

blocker (1 mL, #18553, EasySep� labeling kit, Stem Cell
Technologies [SCT]), and then incubated with biotinylated
HA binding protein (HABP) (Calbiochem #385911) (50 mg in
0.5 mg/mL) for 1 h. Excess HABP was removed. An anti-
biotin tetrameric antibody complex (1 mL, #18553; SCT) was
incubated for 15 min at room temperature followed by
magnetic nanobeads (500mL, #18553; SCT) for 10 min. After
increasing the total volume to 30–35 mL using a separation
buffer, cells were separated using a custom-built hexapole
magnetic system (HMS) for 20 min. Magnetized cells were
retained against the channel wall, and the HA - (non-
magnetized) cells were decanted. Two washing steps were
performed (10 min/wash). The HA -

W1 cell fraction was re-
moved after the first wash, and the HA -

W2 fraction was
removed after the second wash. The retained HA +

W2 frac-
tion was removed from the HMS device, resuspended in a
separation buffer, and pelleted for 10 min at 280 g. HA +

W2

cells were resuspended in 2 mL of autogenous plasma and
divided into two 1 mL samples for MCA loading.

Samples of 1 mL of heparinized BMA (hBMA) or 1 mL of
magnetically separated HA +

W2 (MS/HA +
W2) cells in plasma

were loaded onto 0.3 g of MCA by drip soaking. Starting and
effluent samples were counted for cells and assayed for CTPs.

Canine femoral multidefect model

Ten skeletally mature purpose-bred female coonhounds
(age 2–4, weight 32.1 – 1.8 kg) were utilized as animal sub-
jects in an Institutional Animal Care and Use Committee
(IACUC) approved protocol.22–24

The left femur was exposed in an extraperiosteal plane by
elevating the vastus lateralis. A customized drill template
was fixed longitudinally on the lateral aspect of the femur
with two 3.5-mm bicortical screws. Four separate 10-mm
diameter and 15-mm long cylindrical defects were then cre-
ated by sequential use of a circular starting trochar, a pointed
drill, and a flat finishing drill. The two cell sourcing methods
were assigned to the four available sites in each subject in
either an ABBA configuration (five subjects) or a BAAB
configuration (five subjects) to control for possible site or
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interaction effects related to proximity. Scaffolds loaded with
MS/HA +

W2 cells were denoted as A and scaffolds loaded
with hBMA were denoted as B.

The graft sites were protected mechanically using a
stainless steel plate that was fixed to the femur using two
screws placed into the screw holes created for initial fixation
of the drill guide before wound closure.

Animals were allowed free access to food and water and
daily exercise. Euthanasia was performed at 4 weeks. In-
dividual defect sites were separated using a band saw and
fixed in 10% neutral buffered formalin and transferred at 48 h
into 70% ethanol to prevent demineralization. Micro-CT
images were obtained of each site before processing for
histologic assessment.

Assay for CTPs

Samples from each fraction, BCM, and hBMA were
counted in a Beckman Coulter ViCell XR Cell Counter
(Beckman Coulter, #731050). Cells were plated at a density of
250,000 cells/chamber (4.2 cm2), and cultured at 37�C at 5%
CO2 with medium changes on days 2 and 3. The osteogenic
medium consisted of a-MEM with 10% fetal bovine serum, 1
unit/mL penicillin, 0.1 mg/mL streptomycin, 10 - 8 M dexa-
methasone, and 50 mg/mL ascorbate. Day 6 cultures were
fixed with 1:1 acetone:methanol for 10 min and stained for
nuclei (DAPI) and osteoblastic activity (alkaline phosphatase
[AP]).25 Chambers were scanned and analyzed using Colo-
nyze� software, identifying colonies containing eight or
more cells in a cluster.25,26 CTP prevalence, defined as the
number of CTPs/106 cells plated, was obtained. The number
of cells/colony and AP area/cell number was quantified for
each colony. Phase-contrast microscopy was used to illus-
trate cell morphology using a Leica DMI 4000B scope with a
Q Imaging Retiga 2000R camera.

Microcomputed tomography acquisition and analysis

Quantitative assessment of each graft site was done using
microcomputed tomography (micro-CT) and 3D segmental
image postprocessing using an eXplore Locus micro-CT
scanner (GE Healthcare) at 45-mm resolution.

Bone formation within the defect site was identified
based on electron density at or above the density of native
trabecular bone (1000 – 100 HU) by a blinded operator. A
defect template, 10 mm in diameter and 15 mm in length
was manually positioned. Voxels within the defect above
the threshold mineral density were segmented as bone.
Percent bone volume (%BV) was measured by counting the
fraction of bone pixels within the defect. The pattern and
density of bone formation in each defect was plotted for
visualization by projecting %BV data as a 2D contour plot
using a gray scale range of 0%–30% BV, where the X-axis
indicates radial position from the center of the defect to the
edge (range 0–5 mm) and the Y-axis represents vertical
position within the defect from the bottom to the opening at
the lateral cortex (range 0–15 mm). BV data were sub-
divided into regions of interest based on differences in local
tissue environment. The pericortical (PC) region (between 8
to 12 mm from the bottom of the grafted site) represents the
region of the graft site that is adjacent to the cortex, where
the contribution of cells from periosteum, cortex, and end-
osteum may contribute to new bone formation. In contrast,

the intramedullary (IM) region (between 3 to 7 mm from the
bottom of the grafted site) is separated from the endosteal
sources of osteogenic cells and bounded only by cells from
the marrow cavity. The PC and IM regions are further di-
vided into center, middle, and outer regions based on the
radial position within the defect site. The scaffold perfor-
mance in the central region of the defect was projected to be
the most discriminating with respect to likely efficacy in
larger defects (Fig. 1).

To minimize the confounding effects of variation in %BV
that would be unrelated to the scaffold performance, the
region of interest for analysis of data within the defect was
carefully defined. Variation due to nonradially oriented
boundary effects at the top soft tissue interface and the
bottom endocortical interface was minimized by eliminating
the top and bottom 3 mm of each defect from analysis. The
very center (0–0.25 mm) was removed from analysis due to
the high variability created in data near the center. Finally,
data from the very edge of each defect (4.75–5.0 mm) was
also removed to minimize the potential for random inclusion
of existing cortex in the analysis due to any small error in
positioning of the defect template.

Histological analysis

Histology was performed at the Bone Histomorphometry
Laboratory at Mayo Clinic. Each specimen was dehydrated
in a graded series of alcohols, and embedded in poly-
methylmethacrylate without decalcification. Specimens were
sectioned (5mm) along the vertical axis in the middle of the
defect site and stained with modified Goldner’s Trichrome
and a hematoxylin and eosin stain. Sections were scanned
using a NanoZoomer Digital Pathology System (Hama-
matsu) and analyzed using the software package IHC score
(Bacus Laboratories, Inc.).

The PC and IM areas were analyzed across the entire
defect width at 10 and 5 mm, respectively, from the bottom
of the defect. The center, middle, and outer regions were
compared used the same radial dimensions as in micro-CT
analysis. Quantitative evaluation was performed with spe-
cific assessment of the area of new bone formation, woven
bone, vascular sinus spaces, fibrous marrow, hematopoietic
bone marrow, and residual allograft material.

Statistical analysis

Due to the baseline variation between subjects in CTP
prevalence, the prevalence for each sample was normalized
to the BCM. These standardized values were log base 2
transformed to obtain a Gaussian distribution, and the
means and 95% confidence intervals were calculated. Back
transformation was used to provide the geometric mean and
the 95% confidence interval, providing the relative magni-
tude of change from the BCM. An ANOVA with the post hoc
Tukey’s test was used for comparison of fractions between
different process steps.

For micro-CT data, a mixed model ANOVA was used to
test for significant differences between scaffolds (hBMA or
MS/HA +

W2), sites (proximal or distal), depth regions (PC or
IM), and radial distance (center, middle, or outer). The effect
of dog was accounted for as a random factor. All interactions
were included. The analysis was performed with JMP 9.0
(SAS�; Cary).
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Results

Comparison of hBMA and BCM following
density separation

The mean concentration of cells in the hBMA sample in-
creased from 61.5 · 106 cells/mL to 123.6 · 106 cells/mL, with
a mean cell yield of 42.3% – 8.6%. The mean prevalence of
CTPs in the hBMA and BCM samples were not different
(93.6 – 61.1 CTPs/106 cells vs. 89.5 – 55.3 CTPs/106 cells, re-
spectively), while the mean concentration of CTPs in the
hBMA increased from 5500 – 3600 CTPs/mL to 11,800 – 9200
CTPs/mL, with a CTP yield of 53.4% – 40.7%.

Comparison of the MS fractions

The majority of cells partitioned to the HA - fraction
(67.5% – 10.2%). The HA -

W1 sample contained fewer cells
than the HA - fraction (14.7% – 4.3%, p < 0.0001), and more
cells than the HA -

W2 fraction (5.2% – 2.5%, p = 0.0045). Only
7.8% – 2.7% of the starting cell population was retained as
HA +

W2 cells ( p < 0.0001 compared to HA - )
CTP prevalence (PCTP) varied significantly between the

different MS fractions as illustrated in Figure 2. Each fraction

is standardized to the PCTP of the BCM (line at 1). HA +
W2

PCTP was 2.0-fold greater than the BCM sample (95% CI 1.2,
3.1), indicating enrichment of CTPs.

HA - PCTP was 9.8-fold lower than the BCM (95% CI
0.0021, 0.21). HA -

W1 PCTP was 3.7-fold lower than the BCM
(95% CI 0.082, 0.49).

A large difference was found when comparing PCTP in the
HA - population and the HA +

W2 population. The ratio of
PCTP in the HA +

W2/HA - population was 18.3-fold
( p = 0.0001), indicating that the first separation was most
effective in removing non-CTPs without displacing CTPs.
The first separation resulted in the removal of 67.5% of all
nucleated cells and only 8.5% of the CTPs. The first washing
step (HA -

W1) resulted in the removal of 14.7% of the nu-
cleated cells and only 4.7% of the CTPs, and the second
washing step (HA -

W2) resulted in the removal of 5.2% of the
nucleated cells and 6.6% of all of the CTPs.

Comparison of colony metrics

The number of cells per colony was similar in all fractions
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/tea). The area of AP staining

FIG. 1. Micro-CT processing technique. (A) The 3D defect volume is defined using a standard 10-mm diameter · 15-mm
long cylinder. (B) Following segmentation, bone volume (BV) data are mapped onto a color 2D contour plot using a scale
from 0% to 30% BV. (C) The defect site is divided into regions for analysis. The pericortical (PC) region and the in-
tramedullary (IM) region are defined based on vertical position from the bottom of the defect. Three regions of depth are
defined based on radial distance from the center in millimeters: Center (C) = 0.25–1.75 mm, middle (M) = 1.75–3.25 mm, and
Outer (O) = 3.25–4.75 mm.
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per cell was similar in the colonies formed from all fractions,
with the exception of the HA -

W1 samples, where the AP area
per cell standardized to the BCM sample was 0.54-fold (CI
0.26, 0.87) (Supplementary Fig. S2). Supplementary Figure S3
illustrated the morphology of cells within colonies for the
hBMA, HA +

W2 and HA - fractions.

Accounting for CTPs after MS

The cell yield after MS was 95.1% – 11.2%. The total
number of CTPs in each fraction can be calculated based on
the product of the total number of nucleated cells in a given
sample x (Nx) and the PCTP-O in sample x. While a mean of
only 4.9% of cells was lost, a mean of 58.3% of CTPs was not
found among the four MS fractions. The HA +

W2 fraction
only contained 7.8% of the nucleated cells, but 21.9% – 17.3%
of the CTPs, consistent with the increase in PCTP. However,
the HA - , HA -

W1, and HA -
W2 contained only 8.5% – 14.3%,

4.7% – 5.7%, and 6.6% – 12.1% of all CTPs, respectively. Since
the BCM sample contained 53.4% of all of the CTPs that were
present in the initial hBMA sample, this suggests a loss of
82.9% – 13.5% of all CTPs during the cell preprocessing and
MS processing.

Allograft loading

The mean number of cells in the starting sample that
was loaded onto allograft for the MS/HA +

W2 sample was
36.6 – 13 million cells and for the hBMA sample was
61.5 – 7.2 million cells. The retention efficiency for cells (RE-

Cells) loaded onto the MCA matrix was calculated as cells
retained/cells loaded.10,11 RECells for the MS/HA +

W2 popu-
lation was 41.8% – 18.4%, and RECells for the hBMA popu-
lation was 32.8% – 11.6% (not different). However, the
retention efficiency for CTPs (RECTPs) was significantly
higher in the MS/HA +

W2 samples (75.7% – 22.2% vs.
49.0% – 20.4%) ( p = 0.012).

The selection ratio (SR) (% of CTPs/% cells retained) in the
MCA graft was 2.1 – 0.9 for MS/HA +

W2 samples, and
1.6 – 0.7 in the hBMA samples, which was not significantly
different. After loading hBMA, the CTP prevelance was 1
CTP for every 14,900 nucleated cells in the graft. After
loading MS/HA +

W2, there was 1 CTP for every 3600 nu-

cleated cells in the graft ( p = 0.0283). The mean number of
cells retained in the graft was 16.1 – 10.4 million cells for MS/
HA +

W2 and 20.5 – 8.7 million cells for hBMA. The mean
number of CTPs retained in the graft was 5800 – 4100 for
MS/HA +

W2 and 3300 – 3100 for hBMA. In MS/HA +
W2

grafts, the number of CTPs retained was higher and the
number of nucleated cells was lower.

In vivo implantation in the canine femoral
multidefect model

There were no surgical or postoperative complications.
Two-dimensional contour plots of mean %BV across all

10 subjects are presented in Figure 3 illustrating the pat-
tern, distribution, and density of bone formation for all
scaffolds. The highest %BV was found at the periphery of
the defect, with variable levels of penetration into the
middle and central regions. In addition, in all cases, %BV
was highest in the PC region of the defect, and lower in
the IM region.

In Figure 3, the %BV for each group is presented as a 2D
plot that illustrates the change in %BV relative to depth
within the defect. Data for the PC and IM regions are pre-
sented separately. Both MS/HA +

W2 and hBMA loaded
grafts showed robust bone formation at 4 weeks.

While the defects grafted with MS/HA +
W2 cells had a

slightly higher %BV than sites grafted with hBMA, the dif-
ference was not statistically significant as assessed by micro-
CT. Excluding the residual allograft, the mean %BV for the
overall defect for the MS/HA +

W2 group was 33.1% (95% CI
29.1, 37.1), and mean %BV for the hBMA group was 30.7%
(95% CI 26.7, 34.7). The mean %BV in the PC region (36.2%
standard error (SE): 2.1%) was significantly greater than the
IM region (27.7% SE: 2.1%) ( p < 0.0001).

Histological analysis

Histological analysis showed an advanced stage of bone
formation, remodeling, and marrow reconstitution in both
groups. Active bone remodeling with formation and resorption
occurred on both residual allograft and new bone surfaces.
New bone was synthesized on the surface of the allograft
throughout the defect. Marrow space remodeling with vascular
spaces and patches of hematopoietic marrow were seen in both
groups. Figures 4 and 5 illustrate representative images.

Figure 6 provides histomorphometric data of bone and
soft tissue composition in defects grafted with MS/HA +

W2

or hBMA loaded MCA. The percent of new bone formed was
significantly higher in the MS/HA +

W2 defect sites
( p = 0.039). Residual allograft was present in both groups
with a trend toward less residual allograft in the MS/HA +

W2

group (not significant). There was significantly more sinus
area in the MS/HA +

W2 group compared to the hBMA group
( p = 0.024), indicating an increase in vascularity in the MS/
HA +

W2 defect sites. There was a trend toward reduced fi-
brous tissue in the MS/HA +

W2 group, but this was not
statistically significant.

Figure 7 illustrates the histomorphological analysis in the
PC and IM regions. The IM region exhibited a higher fraction
of hematopoietic marrow and vascular sinusoids and less
fibrous tissue than the PC region in both groups. There was
increased new bone area and woven bone in the PC region,
consistent with micro-CT data.

FIG. 2. Connective tissue progenitor (CTP) prevalence of
each fraction after magnetic separation (MS) processing,
standardized to the buffy-coated marrow (BCM). Geometric
means (diamonds) and 95% confidence intervals are pre-
sented along with data from each subject (lines).
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Discussion

These data support the hypothesis that rapid in-
traoperative processing of bone marrow using HA as a
marker for positive selection can improve the outcome of
local bone regeneration in vivo. Histomorphometric assess-
ment, enabling the effect of residual unresorbed allograft to
be excluded from the estimate of total BV, demonstrated that
the volume of new bone formation was significantly greater
when MS was used. The area of vascular sinusoids was also
significantly greater compared to hBMA. These findings
suggest that MS may be a useful clinical method for en-
hancing the performance of marrow-derived cells.

The MS processing strategy used here is designed to ad-
dress the profound challenge of cell survival following
transplantation into defects greater than 1–2-mm thick,
where the imbalance between diffusion of oxygen and the
metabolic demand of cells allow few cells to survive in

deeper regions of the graft.3 A logical strategy for improving
bone regeneration is to increase the concentration of bone
forming cells. However, in larger defects, survival of these
cells may be limited unless methods are also designed to
limit (deplete) the number of nonprogenitors (i.e., cells that
do not contribute to new bone formation) and/or cells that
may impair or inhibit the survival and differentiation of
CTPs, either by the release of inflammatory or proapoptotic
cytokines or in death contributing to secondary inflamma-
tion (and associated metabolic demand).

MS processing used here to isolate cells in the MS/HA +
W2

was successful in both increasing the concentration of CTP-
Os among transplanted cells and in depleting non-
progenitors and red blood cells. This finding was consistent
with the finding in a previous study.20

The outcome of MS processing of canine marrow in the
current study was consistent with our previous experience
with human marrow, with one exception. When initially

FIG. 3. Results of
microcomputed tomography.
(A) Two-dimensional contour
plots of mean percent bone
volume (%BV) separated into
PC and IM regions showing
0%–30% BV. (B) Historical
data showing the empty
defect in the canine femoral
multidefect (CFMD) at 4
weeks in the IM region
(2–9 mm from the bottom of
the defect). (C) 2D plot
illustrating %BV as a function
of radial position. PC and IM
regions are plotted for
heparinized bone marrow
aspirate (hBMA) and MS/
HA +

W2 defect sites
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reported in human marrow, we found that the HA + + +

population had a 3.4-fold higher prevalence than BCM, but
also that the colonies formed by HA + + + hCTPs were more
proliferative and exhibited increased AP staining than the
BCM.20 In the current study using canine marrow, the cCTPs
that were present in the MS/HA +

W2 fraction demonstrated a
2.0-fold greater prevalence, but there was no difference in
proliferation (cells per colony) nor in AP staining between
colonies formed by cCTPs in the MS/HA +

W2 fraction when

compared to colonies formed by cCTPs in the BCM or in
other fractions. It is not clear if the difference in this finding
represents a difference in biology of marrow-derived CTPs
between humans and canines, or if these findings represent
differences in processing protocols. The processing methods
used in the previous work in humans involved three
separate steps of magnetic separation (MS) to provide an
HA-, HA + , and HA + + + population using a much smaller
volume of material and a smaller magnet. In contrast, MS

FIG. 4. Histological staining of
site grafted with allograft loaded
with magnetically separated
hyaluronan (HA)-positive cells
(MS/HA +

W2 group).

FIG. 5. Histological staining of
site grafted with allograft loaded
with hBMA group. Three white
arrows denote the boundary
between unresorbed allograft and
newly formed mineralized bone.
Residual allograft can be
distinguished from newly formed
bone due to the lack of osteocytes in
the lacunae of the residual allograft.
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processing here involved only a single step of MS followed
by two washing steps to provide a HA +

W2 population. The
labeling protocol was similar in both cases as were the field
strength of the magnets used for separation (0.64 tesla
for the EasySep system used in human marrow, and 0.74
tesla for the HMS magnet used here). Further work will be
needed to distinguish between species-specific and process-
specific differences.

Despite the positive in vivo effect of MS processing, an
analysis and accounting of the fate of cells and CTP-Os
during the processing suggests that there is significant room
for process improvement. The first step in the separation,

capture of HA + cells and decanting of HA - cells that were
not retained, was the most effective step, resulting in the
depletion of 67.5% of all of the nucleated cells with a loss of
only 8.5% of the CTPs. The first washing step (HA -

W1) re-
sulted in the removal of 14.7% of all of the nucleated cells
and only 4.7% of the CTPs. This fraction had a significantly
lower CTP-O prevalence than the BCM, suggesting that this
step is also effective at removing more nucleated non-
progenitor cells than CTPs. However, in the second wash
step, the CTP prevalence in the HA -

W2 fraction was not
significantly different than BCM, indicating that the con-
centration of CTPs removed in the second wash was higher
than that removed in the first separation or the first wash
step. Elimination of this second wash step would have pre-
served an additional 6.6% of CTPs.

In addition to opportunities to improve efficiency in the
MS processing steps, there is also room for improvement in
steps previous to MS during buffy coat preprocessing. Ap-
proximately, 45% of all CTPs in the initial sample were lost
during the process of preparing the BCM sample. These
CTPs may have been lost due to adherence of CTPs to the
surface of the containers used during preparation. In addi-
tion, many CTPs may have a cell density that is not low
enough to allow separation into a buffy coat layer, and are
retained in the red cell fraction during density separation.
Alternative methods for preparation of the starting sample to
remove RBCs, while preserving CTPs, need to be explored.

Sodium heparin was used as an anticoagulant in the
preparation of both the MS/HA +

W2 samples and the hBMA
samples. Therefore, a small amount of heparin may have
bound to the surface of cells and allograft in both groups. In
the case of MS/HA +

W2 sample, heparin was removed after
buffy coat isolation when the sample was resuspended in the
MS buffer. The hBMA sample was loaded in the original
aspiration suspension. We do not expect heparin to have
played any bioactive role in the outcome of this experiment.
In previous unpublished work we have compared the in vitro
performance of CTPs harvested by aspiration using either
heparin or EDTA and found no significant difference in
colony-forming efficiency. Similarly, we are not aware of any
studies that have suggested that the performance of allograft
matrix is modulated by exposure to small quantities of
heparin.

It should be noted, however, that in some settings pro-
longed or repeated exposure to heparin can retard bone re-
generation. For example, daily subcutaneous injection of
heparin in rats resulted in a dose-dependent reduction of
bone density and volume.27,28 In a rabbit femoral condyle
defect model, a 6-week course of twice daily subcutaneous
injection was associated with a reduction of new bone for-
mation.29 However, another similar study in a rabbit femoral
condyle model showed no significant difference in bone re-
generation using daily heparin injection (also for 6 weeks).30

In our study, however, exposure to heparin occurs only at
the time of bone marrow harvest and implantation, and the
amount of heparin remaining in the scaffold at the time of
implantation is low and should rapidly diffuse out of the
implant site. The cells within the allograft implant are not
exposed to any additional heparin after implantation and
throughout the 4-week time frame before euthanasia.

The fact that CTPs retain their ability to adhere to MCA
following MS processing is an important finding. This

FIG. 6. Histomorphological analysis of bone and soft tissue
composition in defects grafted with MS/HA +

W2 or hBMA
loaded mineralized cancellous allograft (MCA). The change
in the percent of the total defect area from hBMA sites to
MS/HA +

W2 sites is shown with arrows indicating an in-
crease or decrease in area. Significantly higher new bone area
and higher vascular sinus area were found in defects grafted
with MS/HA +

W2 cells.

FIG. 7. Histomorphological analysis of bone and soft tissue
composition in the PC and IM regions. The change in the
percent of the total defect area from PC to IM regions is
shown with arrows indicating an increase or decrease in
area. The IM region exhibited a higher fraction of hemato-
poietic marrow and vascular sinusoids and less fibrous tissue
than the PC region. There was increased new bone area and
woven bone in the PC region.
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finding allows cell populations that are processed using MS
methods to be combined with scaffold materials and trans-
planted into a graft site. Adherence to the surface of a bio-
material greatly increases the likelihood that the transplanted
cells will be retained at the site and enables manipulation
and placement of the processed cells into a defect. The high
retention efficiency during loading indicates that MS pro-
cessing did not compromise CTP adherence properties.
Moreover, the SR greater than 1.0 also indicates that CTPs
were preferentially retained on the allograft chips using
simple drip soaking loading methods (i.e., CTPs were more
likely to be retained than non-CTPs), providing an additional
step in which nonprogenitors can be further depleted before
implantation.

The canine femoral multidefect (CFMD) model used here
has proven to be an effective system for rigorous and rela-
tively rapid objective comparison between bone grafting
materials and strategies in the setting of a modestly large
defect in a large animal. The value of directly comparing two
grafting techniques in single animal controls for variation
between subjects and increases statistical power by offering
paired comparisons, which in turn reduce the number of
subjects needed to address a given comparison.22–24 Defect
sites and performance are reproducible. Very importantly,
the defects are large enough so that the center of the defect
will become profoundly hypoxic within 2–3 days following
surgery. As a result, it would be expected to be sensitive to
changes in cell transplantation strategies that might limit
hypoxia and improve the survival of transplanted cells.
Previous experience has demonstrated that the canine
proximal humerus is a reliable source of hematopoietic bone
marrow containing osteoblastic progenitors, with yields of
nucleated cells and CTPs that are comparable to human iliac
crest aspirates.31

The CFMD model proved to be a limitation in this study in
one respect. Bone regeneration in the MCA supplemented
with hBMA was so robust compared to many previous
scaffolds that it left relatively little room for improvement.
This resulted in a potential ceiling effect in which the mag-
nitude of effect from modification of the cellular environ-
ment within MCA might be underestimated. Even though a
positive effect was found, this finding suggests that if the
benefits of MS processing of marrow is to be confirmed and
the value of making further improvement in cell yield and
selection is to be tested, this assessment should be performed
in an even more stringent model involving a larger defect,
and perhaps, a soft tissue environment compromised with
respect to scarring and tissue loss, and therefore more rep-
resentative of the most challenging clinical defects. Further
assessment using other less robust scaffolds as substrates
may be considered, recognizing this potential limitation.

The material properties of the bone that is regenerated in
response to various strategies or materials will have impor-
tant clinical implications. However, the CFMD model has
been designed primarily as a tool for rapid screening and
objective comparison between graft materials based on bone
formation and histology or histomorphometry. The distri-
bution of the defects does not lend themselves well to iso-
lation of individual sites for testing of mechanical properties
that are clinically relevant to bone regeneration in long bones
(e.g., stiffness, strength in the setting of bending, and torque
loads).

The intention of this work is to use the CFMD model to
identify optimal materials and cell strategies, and then to
advance those that perform best on metrics of bone forma-
tion into more rigorous segmental defect models. In these
segmental defect models, where one and only one method is
assessed in a given limb, mechanical testing will likely be-
come a valuable adjuvant to assessment, particularly in
comparing materials and strategies that generate comparable
amounts of mineralized tissue based on CT analysis.23

In summary, this work tested a novel approach to en-
riching CTPs from a fresh BMA that has not been previously
evaluated as a therapeutic strategy. In a previous manu-
script, we reported the initial observation that HA could be
used as a marker to enrich CTPs using MS processing based
on in vitro colony formation using small-scale processing.20

This article demonstrates both that MS processing using HA
as a marker for selection can be scaled up to allow processing
of clinically relevant numbers of cells in a new MS system
and the first in vivo proof of concept that selection based on
HA provides an enriched cell source that increases the rate
and extent of bone formation in a large animal model. These
data demonstrate that rapid intraoperative processing using
HA for positive selection of marrow-derived progenitors
represents a potential therapeutic strategy for cell sourcing
for application in bone tissue engineering. Further optimi-
zation and comparison to alternative clinically relevant cell
sourcing options is necessary using the CFMD model and
more rigorous clinically relevant models.
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