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Abstract

Bone nonunions arising from large bone defects and composite injuries remain compelling
challenges for orthopedic surgeons. Biological changes associated with nonunions, such as
systemic immune dysregulation, can contribute to an adverse healing environment. Bone
morphogenetic protein 2 (BMP-2), an osteoinductive and potentially immunomodulatory growth
factor, is a promising strategy; however, burst release from the clinical standard collagen sponge
delivery vehicle can result in adverse side effects such as heterotopic ossification (HO) and
irregular bone structure, especially when using supraphysiological BMP-2 doses for complex
injuries at high risk for nonunion. To address this challenge, biomaterials that strongly bind
BMP-2, such as heparin methacrylamide microparticles (HMPs), may be used to limit exposure
and spatially constrain proteins within the injury site. Here, we investigate moderately high dose
BMP-2 delivered in HMPs within an injectable hydrogel system in two challenging nonunion
models exhibiting characteristics of systemic immune dysregulation. The HMP delivery system
increased total bone volume and decreased peak HO compared to collagen sponge delivery of the
same BMP-2 dose. Multivariate analyses of systemic immune markers showed the collagen
sponge group correlated with markers that are hallmarks of systemic immune dysregulation,
including immunosuppressive myeloid-derived suppressor cells, whereas the HMP groups were
associated with immune effector cells, including T cells, and cytokines linked to robust bone
regeneration. Overall, our results demonstrate that HMP delivery of moderately high doses of
BMP-2 promotes repair of complex bone nonunion injuries and that local delivery strategies for
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potent growth factors like BMP-2 may positively affect the systemic immune response to
traumatic injury.

1. INTRODUCTION

Five to ten percent of the more than twelve million fractures a year experience complications
with healing, most commonly nonunions and infections (1-3). Nonunions can be considered
as any fracture that persists without any healing progression for at least 3 months. In rodent
models, this can be accomplished by creation of a critical size segmental bone defect which
will always lead to non-union (4). For composite injuries, which contain volumetric tissue
defects in both the bone and the adjacent soft tissue and muscle, the risk for nonunion is
twice as high (3,5). Revision surgery to address nonunions is typically successful in upwards
of 90% of patients; however, chronic nonunions that result after one or more failed
interventions still pose a significant clinical challenge. Chronic nonunions are defined as a
fracture that has failed to heal for more than 12 months, and they can result in multiple
revision surgeries, prolonged hospital stays, increased treatment costs, and even limb loss,
with one prospective study reporting around 2% of patients undergoing amputations
following nonunion of a severe lower limb extremity trauma (3,5). Despite advancements in
surgical procedures and regenerative strategies, there is still an urgent need for improved
treatment strategies for chronic nonunions (7).

Currently, the exact underlying biological and physiological mechanisms leading to the
development of nonunion are poorly understood, and further, how these biological changes
impact treatment outcomes for patients is also poorly understood (8). It is generally accepted
that there are various risk factors, such as age, gender, smoking, and medical comorbidities,
that can increase the likelihood of nonunion and decrease treatment success; however, recent
work has also identified other factors that can impact treatment outcomes for trauma
patients, including systemic immune function (9). Long-term poor clinical outcomes, such
as chronic nonunions, have been associated with systemic immune dysregulation and
immunosuppression, marked by functional decreases in immune effector cells and cytokines
and increases in immunosuppressive cells and cytokines (10). Systemic immune
dysregulation is hypothesized to occur when the immune system overcompensates for high
levels of inflammation, and this has been observed clinically and in pre-clinical models
following severe injury, sepsis, and orthopedic infection (11-13). Additionally, observation
of systemic immune dysregulation in a pre-clinical model of chronic nonunion revealed
correlations between impaired bone healing and systemic cytokine expression (14). The
immune system is essential for appropriate and regulated healing, and the field of
osteoimmunology has highlighted the complex relationship between bone and the immune
system (15). It is unknown if improper functioning of the systemic immune system
contributes to nonunion progression or results from nonunion progression; however,
treatment strategies that are not only osteogenic but also capable of overcoming systemic
immune dysregulation could be essential to improving patient outcomes following treatment
of chronic nonunions.
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One treatment approach for complex bone injuries employs bone morphogenetic protein 2
(BMP-2) delivered on an absorbable collagen sponge (16-18). BMP-2 is a potent
osteoinductive growth factor with FDA approval for use in select applications like spinal
fusions and some tibial fractures; however, pre-clinical and clinical studies over the past 10
years have shown significant promise for BMP-2 treatment in long bone fractures (19,20). In
addition, BMP-2 has exhibited a positive immunomodulatory effect through macrophage
stimulation and upregulation of cytokines important for MSC recruitment and angiogenesis,
resulting in enhanced osteogenesis of bone marrow stromal cells (21). Despite clinical use of
collagen sponges for BMP-2 delivery, they have been shown to retain only 10% or less of
the BMP-2 at the implant site 1 to 2 weeks after delivery, minimizing treatment efficacy and
increasing risk for adverse side effects such as inflammation, heterotopic ossification (HO),
and irregular bone organization (22-27). Delivery vehicles with improved spatiotemporal
release profiles may be essential for decreasing unwanted side effects and improving
efficacy by maintaining BMP-2 locally and preventing systemic spread of BMP-2. In
addition, by maintaining BMP-2 locally, these improved delivery vehicles could also allow
for safe and controlled delivery of higher BMP-2 doses, which may be beneficial since bone
healing has previously exhibited a dose response to BMP-2 (14,22,28). For example, in a rat
chronic nonunion bone defect model, treatment with 2.5ug BMP-2 resulted in only a 50%
bridging rate of the defect, whereas 5ug BMP-2 resulted in a 75% bridging rate (14).
Similarly, in a rat composite bone-muscle defect model, acute treatment with 10ug BMP-2
showed increased bone regeneration compared to a 2.5ug BMP-2 dose (28). Additionally,
both studies showed enhanced mechanical properties, including strength and stiffness, at the
higher BMP-2 doses. Interestingly, these dosages in the rat correspond to human dosages
around 5-10 times below the typical clinical dosage of 0.1-0.5mg/kg. Higher dosages of
BMP-2 need to be evaluated to better correspond to clinical practices. In addition, the ability
to spatiotemporally deliver even higher doses of BMP-2 may be essential for minimizing
side effects and for sustaining endogenous repair mechanisms that could improve outcomes,
especially in more challenging bone defect scenarios, such as chronic nonunions.

Many alternatives to collagen sponges have been investigated in pre-clinical models to
improve BMP-2 retention and prevent rapid release, including polylactic-co-glycolic acid
(PLGA) and alginate (29-31), and these, along with other strategies, have been extensively
reviewed (32—34). One particularly promising approach to appropriately deliver high doses
of BMP-2 utilizes heparin, a naturally occurring biomolecule, that can retain large amounts
of bioactive BMP-2 through reversible, non-covalent electrostatic interactions (35,36). Our
laboratory has previously fabricated heparin methacrylamide microparticles (HMPs) loaded
with BMP-2 that can easily be incorporated within an alginate hydrogel which is then
spatially constrained to the injury site by a polycaprolactone nanofiber mesh (28). This HMP
delivery system enhances the spatiotemporal release profile of moderately high doses of
BMP-2, increases long-term retention of BMP-2 at the defect site, and decreases heterotopic
bone formation in a pre-clinical bone defect model when treated immediately after injury
(37-39), all highlighting the potential of this strategy for successful and controlled delivery
of high doses of BMP-2. The ability to safely deliver higher doses of BMP-2 through the
HMP system may allow BMP-2 to act as both an osteoinductive and immunomodulatory
agent to overcome additional immunological challenges associated with chronic nonunions,
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ultimately enhancing bone regeneration. At the same time, excessive doses of BMP-2 could
harmful, so appropriate dosing for the type and severity of trauma is essential.

In this study, a moderately high dose of BMP-2 (30ug or 0.12mg/kg) delivered from clinical
standard collagen sponge is compared to the same dose of BMP-2 delivered from our
previously established HMP delivery system in two clinically-relevant chronic nonunion
models: a bone defect chronic nonunion model and a more severe composite injury chronic
nonunion model with concomitant volumetric muscle loss. While this strategy showed
promise in an acutely treated segmental defect model, this is the first time that this delivery
strategy has been investigated in more complex and challenging chronic nonunion models
exhibiting systemic immune dysregulation, which has previously been associated with poor
patient outcomes. Specifically, two main hypotheses are investigated: first, that the high dose
BMP-2 delivered through the HMP system will promote spatially controlled functional bone
regeneration in chronic nonunion models, even under challenging conditions exemplified by
the composite bone-muscle injury model; and second, that spatially controlled BMP-2
release from the HMP system will support immunomodulatory functions of BMP-2 that
result in positive modulation of the systemic immune response. A better understanding of
the regenerative response to therapeutic strategies and the immunological changes and
biological mechanisms associated with nonunion progression are both critical to improving
patient outcomes and reducing the morbidity associated with challenging bone nonunions.

2. MATERIALS AND METHODS

2.1 Delivery vehicle preparation

2.1.1 Heparin Microparticle Fabrication—Heparin microparticles were fabricated as
previously described (37,38). Briefly, EDC/Sulfo-NHS chemistry was used to substitute
methacrylamide groups on heparin. Heparin methacrylamide was then dissolved in
phosphate-buffered saline (PBS) and mixed with equimolar amounts of the free radical
initiators, ammonium persulfate (Sigma Aldrich) and tetramethylethylenediamine (TEMED,
Sigma Aldrich). A water-in-oil emulsion was then formed by adding the heparin solution
dropwise into 60mL of corn oil and 1mL of polysorbate 20 (Promega) and then
homogenized on ice for 5 min at 3000rpm (Polytron PT3100 Homogenizer, Kinematica).
Free radical polymerization and thermal cross-linking of the methacrylamide groups was
carried out by immersing the emulsion in a 55°C water bath under constant stirring and
nitrogen purging for 30 minutes. The HMPs were collected following centrifugation for 10
minutes at 3000rpm and subsequently washed in acetone, deionized water several times, and
70% ethanol for sterilization. HMPs were lyophilized and stored at 4°C until ready for
incorporation into the alginate constructs. HMPs were characterized following fabrication
and confirmed to retain their functionality with evaluation of growth factor binding and
release kinetics (38).

2.1.2 Alginate and Nanofiber Mesh Construct Fabrication—Alginate hydrogels
were fabricated as previously described (31). Briefly, a 3% alginate solution was made by
slowly dissolving irradiated, RGD-functionalized alginate (FMC Biopolymer) into sterile
alpha-MEM (Corning). The solution was then mixed with 0.1% rat serum albumin (RSA) in
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4mM HCI containing 30ug of BMP-2 and 0.1mg of HMPs to make a 2% alginate solution.
The final alginate solution containing BMP-2 and HMPs was then cross-linked in an excess
of calcium sulfate (8.4mg/mL; Sigma Aldrich) by thorough mixing and stored in 4°C.
Polycaprolactone (PCL) nanofiber meshes were fabricated as previously described (31).
Briefly, a 12% (w/v) PCL solution is formed by dissolving PCL overnight in a 90:10
solution of 1,1,1,3,3,3-Hexafluoro-2-propanol, 99+% (HFP; Sigma Aldrich) and N,\-
Dimethylformamide, anhydrous, 99.8% (DMF; Sigma Aldrich). The PCL solution is then
electrospun onto aluminum foil until an approximate thickness of 500um. Rectangular
perforated meshes (12mm by 19mm with 0.7mm diameter holes) were then cut from the
electrospun PCL nanofiber meshes and rolled to have an inner diameter of 4.5mm and a
length of 12mm. The meshes were glued with UV cure adhesive (DYMAX), sterilized in
70% ethanol, and then stored in alpha-MEM at 4°C until use. For /in vivo studies, the PCL
nanofiber mesh tube was placed within the defect site and subsequently 150uL of the
alginate hydrogel was syringe injected with a blunt-tip needle into the center of the mesh so
each defect received 0.1mg HMPs and 30ug BMP-2.

2.2 Surgical procedures

All animal procedures were performed in accordance with the Guidelines for Care and Use
of Laboratory Animals of the Georgia Institute of Technology and approved by the Animal
Ethics Committee of the Georgia Institute of Technology. Thirteen-week old female Sprague
Dawley rats (Charles River Laboratories) received a unilateral segmental defect in the left
femora, as previously described (40). Briefly, a polysulfone internal fixation plate provided
stabilization while an oscillating saw was used to remove 8mm from the mid-diaphysis of
the femur. The polysulfone plate sits outside the defect region on metal risers that are about
2-3mm thick. In the composite defect animals, an additional 8mm diameter, full-thickness
defect was created in the overlying quadriceps, as previously described (41). All defects
were left untreated until 8 weeks post-surgery. At 8 weeks, animals underwent an additional
procedure where the defect site was cleared, and treatment was administered (Figure 1A).
Animals received a clinically-equivalent dose of 30ug BMP-2 (0.12kg/mg) loaded in a
collagen sponge, n=10 (DSM) or in the HMP delivery system (HMPs in alginate gel + PCL
nanofiber mesh), n=11 (Figure 1B). Additionally, all composite defect animals received
30ug BMP-2 delivered in the HMP system, n=6, and the muscle defects were left untreated.
In order to minimize animal number used, there was no collagen sponge treated composite
defect group since previous work in our lab has consistently shown that composite defects
heal worse compared to bone only defects with the same treatment (41). Therefore,
comparisons between the HMP treated composite defect group and the collagen sponge
treated bone defect only group exhibit treatment outcomes despite the additional challenge
of a muscle defect. Following surgical procedures, animals were given ad libitum access to
food and water and showed no signs of pain or distress. Animals were euthanized by CO»,
inhalation at twenty weeks from the first surgical procedure.

2.3 Bone regeneration

2.3.1 Radiography and micro-computed tomography—Longitudinal bone
regeneration was qualitatively assessed with radiographs taken at 4, 8, and 12 weeks post-
treatment (12, 16, and 20 weeks post-injury) (Faxitron MX-20 Digital, Faxitron X-ray
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Corp.). At the same time points, micro-computed tomography (Viva-CT 40, Scanco
Medical) was used for quantitative assessment of newly regenerated bone, determined using
a threshold corresponding to = 50% of the density of native cortical bone. Along the long
axis of the femur, the central 166 slices (~6.5mm of the 8mm defect) were evaluated with a
38um voxel size, 55kVp voltage, and 145uA current. To differentiate between bone formed
within the defect (defect bone volume) and bone formed outside of the defect (heterotopic
bone volume), 2 volumes of interest (VOI) were evaluated, as previously described (17). The
first VOI encompassed a large diameter to characterize all bone formation within the thigh,
while the second VOI encompassed only a 6mm-diameter to characterize bone formation
within and immediately bordering the PCL nanofiber mesh. Heterotopic bone volume was
determined by subtracting the bone volume of the second VOI (defect bone volume) from
the bone volume of the first VOI (total bone volume) (Figure 4A). Trabecular thickness,
trabecular number, and connectivity were determined using a Scanco evaluation script
according to previously set guidelines for assessing bone microstructure in rodents (42).
Polar moment of inertia (pMOI) was also determined using a Scanco evaluation script that
measures and calculates the bone distribution along the central longitudinal axis for each
individual slice. These values are then averaged to determine a global pMOI value for each
sample (17,43).

2.3.2 Biomechanical testing—Following euthanasia at the week 20 endpoint, femora
were harvested for biomechanical testing. The soft tissue was cleared, and the fixation plates
were carefully removed. Each femur end was then potted in Wood’s metal (Alfa Aesar) and
tested to failure in torsion at a rotation rate of 3° per second (ELF 3200, TA ElectroForce),
as previously described (40). Torque-rotation curves were used to calculate failure strength
(maximum torque) and torsional stiffness for each sample. Contralateral femora were used
to determine biomechanics of intact bone.

2.3.3 Histological analysis—After mechanical testing, one representative sample from
each group was selected for histology. The samples were fixed in 10% neutral buffered
formalin (NBF) for 24 hours and then decalcified in a formic citrate solution (Newcomer
Supply, Inc). The bone tissue was embedded in paraffin and sectioned at a thickness of 5 um
and then stained with hematoxylin & eosin (H&E) and safranin-O/fast green (Histotox Labs;
Boulder, CO).

2.4 Immune characterization

Approximately 500uL of blood was collected longitudinally via the rat tail vein at weeks 0
(baseline), 2, 8 (prior to treatment), 10, and 20. Half of the blood collected was allowed to
clot overnight at 4°C. The next day, the samples were centrifuged down at 1500g for 10
minutes and the serum was collected and stored at —20°C for cytokine and chemokine
analysis. The other half of the blood collected was stored in heparin coated tubes to prevent
clotting. Following red blood cell lysis (1X RBC Lysis Buffer, eBioscience,), cells were
fixed (BD Cytofix, BD), resuspended in FACS buffer (2% fetal bovine serum in 1X PBS),
and then stored at 4°C until staining for cellular analysis via flow cytometry.
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2.4.1 Cellular analysis—Flow cytometry was used to evaluate circulating immune cell
populations. Prior to staining, cells were blocked with anti-rat CD32 (BD) for 10 minutes at
4°C to prevent non-specific binding. Samples were then stained for the following immune
effector cell populations: T cells (CD3+), helper T cells (CD3+CD4+FoxP3-), cytotoxic T
cells (CD3+CD8+), and B cells (B220+). Samples were also stained for the following
immunosuppressive cell populations: myeloid-derived suppressor cells (MDSCs,
His48+CD11b+) and T regulatory cells (Tregs, CD3+CD4+FoxP3+). All antibodies were
purchased from eBioscience. Data were collected using a BD Accuri C6 flow cytometer, and
FlowJo was used for data analysis. All gates were set based on fluorescent minus one (FMO)
and unstained controls with less than 1% noise allowed.

2.4.2 Cytokine and chemokine analysis—Serum cytokines and chemokines were
evaluated via a multiplexed immunoassay (Milliplex MAP Rat Cytokine/Chemokine
Magnetic Kit, Millipore Sigma), and data were collected using a MAGPIX Luminex reader
(Luminex). Median fluorescent intensity values with the background subtracted were used
for multivariate analyses.

2.5 Statistical analysis and partial least squares discriminant analysis

Cytokine, chemokine, and cellular data were compiled at each time point for multivariate
analysis using partial least squares discriminant analysis (PLS-DA). PLS-DA analysis
reduces the dimensionality of the input variables into a set of latent variables (LVs) that
maximally separate discrete groups (i.e. collagen sponge treatment group vs. HMP treatment
groups). Latent variables are composed of profiles of the input variables that represent their
relative contributions to the latent variables, and thus the separation between the groups.
PLS-DA was conducted in MATLAB (Mathworks) using Cleiton Nunes’ partial least
squares algorithm (Mathworks File Exchange) following z-scoring to normalize the data. All
data are represented as the mean + standard deviation, and analyses were conducted using
GraphPad Prism 7. Parametric and non-parametric statistical tests were used as indicated
based on if assumptions were met or not.

3. RESULTS

3.1 Clinically-relevant bone nonunion models

Two previously established and challenging animal models of chronic nonunion were used
in this study: one consisting of a segmental bone defect (Bone Only) and the other consisting
of a segmental bone defect with concomitant volumetric muscle loss (Composite),
representing a more challenging case of nonunion. In both models, treatment was delayed
until 8 weeks after creation of the defect at which point capping of the bone ends was seen,
indicating little or no further mineralization and establishment of nonunion. Following
treatment with 30ug BMP-2 delivered in either the HMP construct or the clinical standard
collagen sponge (Figure 1B), animals underwent longitudinal evaluation of bone
regeneration and the systemic immune response for an additional 12 weeks (week 20 after
the initial defect surgery; Figure 1C). At Week 0 prior to treatment (8 weeks post-injury),
circulating immune cell populations were evaluated and compared to baseline levels that had
been assessed immediately prior to injury. T cells were significantly decreased compared to
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baseline levels, whereas immunosuppressive MDSCs and macrophages were significantly
elevated in both the Bone Only and Composite injury groups (Figure 2). Although there was
no significant difference in B cell populations, B cells did show a decreased peak in cell
counts compared to baseline (Figure 2).

3.2 Radiography and micro-computed tomography

Radiographs demonstrated qualitative bridging in all samples regardless of group; however,
they also revealed larger variability in healing responses in the collagen sponge group
compared to the HMP treated groups (Figure 3A). In order to minimize animal number used,
a collagen sponge treated composite defect group was not included since previous work in
our lab has consistently shown that composite defects heal worse compared to bone only
defects with the same treatment (41). Therefore, comparisons between the HMP treated
composite defect group and the collagen sponge treated bone defect only group exhibit
treatment outcomes despite the additional challenge of a muscle defect. Representative
samples with low and high amounts of heterotopic ossification (HO) in each group showed
that the collagen sponge group had increased HO compared to the HMP groups.
Additionally, the collagen sponge group also had a lower valley of HO compared to the
HMP groups, although this appears to be due to decreased overall bone volume. In contrast,
samples in the HMP groups with the highest and lowest levels of HO appeared much more
consistent and similar with robust defect bone formation and minimal heterotopic bone
formation, although the more challenging composite nonunion model appeared to have
slightly more HO than the bone only nonunion model. The radiographs are supported by
uCT reconstructions, again showing increased variability and higher peak HO in the
collagen sponge group compared to the HMP groups (Figure 3B).

Quantitation of uCT reconstructions additionally supports radiographic observations. The
HMP delivery strategy resulted in significantly increased new total bone volume at both 4
and 8 weeks post-treatment in both nonunion models (Figure 4B). Looking more specifically
at bone formed within the defect site, there were clear differences between the BMP-2
delivery strategies. Similar to total bone volume, the HMP groups had significantly
increased defect bone volume at both 4- and 8-weeks post-treatment (Figure 4C). Although
there were no significant differences in heterotopic bone volume, at 12 weeks post-
treatment, the HMP groups exhibited decreased variability of HO at week 8 (Brown-
Forsythe test, p=0.07) and at week 12 (Brown-Forsythe test, p=0.09) and a lower level of
peak HO at week 12 compared to the collagen sponge group (Figure 4D). The percentage of
heterotopic bone observed in each group also shows lower peak HO in the HMP groups
compared to the collagen group. Further, at week 12, 40% of the collagen group exhibited
higher HO compared to any sample in either of the HMP groups, and 70% of the collagen
group exhibited higher HO than the average HO in both of the HMP groups (Figure 4E).
Because irregular bone formation can be an adverse side effect of BMP-2 administration, we
also investigated the trabecular number, trabecular thickness, and connectivity of the newly
formed bone. Here, the HMP group for the bone only nonunion model had significantly
increased trabecular number at all weeks post-treatment compared to the collagen sponge
group (Figure 4F). Both HMP groups exhibited significantly increased trabecular thickness
and connectivity at weeks 8 and 12 post-treatment compared to the collagen sponge group
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(Figure 4G,H). There were no significant differences in the polar moment of inertia between
groups (Figure 41).

3.3 Biomechanical testing and histological analysis

Endpoint evaluations of bone regeneration included both biomechanical testing and
histological analysis. There were no significant differences between groups in the torque to
failure; however, all groups exhibited lower failure strengths compared to intact bone (Figure
5A). Further, there were no differences in torsional stiffness between groups, and all were
slightly higher than the stiffness of intact bone (Figure 5B). Prior finite element modeling at
sub-failure rotation demonstrates that the largest strains are present in the outermost
connected regions and there is minimal strain along the central access (17). Therefore, the
central bone actually contributes relatively little to the mechanical properties measured by
torsion testing.

Qualitative histological analysis of bone regeneration (Figure 5C) supports both the
radiographs and the quantitative uCT data. Hematoxylin & Eosin and Safranin-O/Fast Green
staining both reveal larger sections of mineralized tissue in the HMP groups. In the collagen
sponge group, there are larger areas of non-mineralized, marrow-like tissue compared to the
HMP groups; although, the composite nonunion HMP-treated group did have larger areas of
marrow-like tissue compared to the bone only nonunion HMP-treated group. Residual
alginate can also be seen in the HMP groups, indicating that the tissue engineered construct
remained within the defect site. More fatty infiltrate into the marrow cavity can be seen
within the composite defect group compared to the segmental defect only groups.

3.4 Systemic immune characterization

Blood was collected at the baseline (prior to injury) and at various timepoints following
injury and treatment in order to assess the systemic immune response. While there were
changes in circulating immune cell populations over time, there were no differences in
immune cell populations between treatment groups at any time point (Supplementary Figure
1). Additionally, there were no differences in cytokine levels across treatment groups at any
time point (Supplementary Figure 2).

We hypothesized that the lack of differences for markers of the systemic immune response
between the HMP-treated and collagen sponge groups could be due to the wide variability of
responses in the collagen sponge group. Therefore, to better understand the relationship
between the systemic immune response and healing, linear regression of immune cell
populations at the Week 12 endpoint for all samples together was performed against defect
bone volume (as a percent of the total bone volume). Defect bone volume was selected as a
metric for good healing because it encompassed animals with high defect bone volume in
addition to low heterotopic bone formation. Linear regression of week 12 MDSCs versus
defect bone volume percent showed a significant negative correlation (Figure 6A, r2 = 0.24,
p = 0.012), whereas linear regression of week 12 CD3+ T cells and week 12 effector T cells
(CD3+CD4+ cells and CD3+CD8+ cells) versus defect bone volume percent both showed
positive correlations (Figure 6B and Figure 6C). In an effort to better understand the best
and worst responders, we compared the top and bottom quartiles of defect bone volume data
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and compared differences in immune cell populations. The top quartile of responders (best
responders) consisted of 4 out of 7 from the HMP-treated groups, and the bottom quartile of
responders (worst responders) consisted of 6 out of 7 from the collage sponge group.
Comparisons between the best and worst responders revealed more pronounced differences
in immune cell populations with the top quartile of responders exhibiting lower numbers of
MDSCs (p = 0.011, Figure 6D), higher numbers of CD3+ cells (p = 0.13, Figure 6E), and
higher numbers of effector T cells (p = 0.098, Figure 6F) compared with the bottom quartile
of responders.

These analyses highlight that the complexities of the immune response, especially for
average responders, which may mask differences between individual cells and cytokines.
Hence, multivariate partial least squares discriminant analysis (PLS-DA) was performed to
better determine further differences in the overall systemic immune response between
groups. Immune cell and cytokine levels at all timepoints were compiled for PLS-DA.
Results show no separation of data between the HMP and collagen sponge groups based on
the latent variable 1 (LV1) axis (Figure 7A). However, there is separation along the latent
variable 2 (LV2) axis with the HMP groups having significantly lower LV2 scores compared
to the collagen sponge group (Figure 7B). The LV2 loading plot reveals the immune factors
that most contribute to the higher and lower LV2 scores, showing which cells and cytokines
are most correlated with the collagen sponge treated group versus the HMP treated groups
(Figure 7C). The top factors most associated with the HMP groups were T cells, including
the helper (CD4+) and cytotoxic (CD8+) T cell subsets, and the hormone leptin. On the
other hand, the top factors most associated with the collagen sponge group include the
immunosuppressive MDSCs and Tregs as well as the chemotactic factors L1X and
RANTES, also known as CXCL5 and CCL5, respectively.

4 DISCUSSION

Despite advances in trauma care management, orthopedic surgeons still need better
strategies to improve outcomes for patients with chronic nonunions, especially for more
challenging cases with concomitant volumetric muscle loss. While there are many factors
that influence nonunions and bone healing, one promising strategy has focused on the
delivery of BMP-2 in an absorbable collagen sponge. However, if not contained to the injury
site, BMP-2 has been shown to have adverse side effects, highlighting the need for improved
delivery vehicles that can maintain BMP-2 bioavailability and minimize side effects.
Previously, our lab evaluated an HMP hybrid delivery system in an acutely treated segmental
defect model, which resulted in increased long-term retention of BMP-2 at the defect site
and decreased heterotopic bone formation (37-39). The current study evaluates delivery of a
moderately high dose (30ug) of BMP-2 from this same HMP delivery system in two more
complex and challenging chronic nonunion models, and additionally, this study attempts to
preliminarily evaluate the systemic immunological changes associated with each delivery
system.

Evaluation of circulating immune cell populations show changes in the immune response
over time prior to treatment of the defect when compared to pre-injury baseline levels, with
significant decreases in T cells and increases in immunosuppressive MDSCs and
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macrophages (Figure 2). These changes are characteristics of systemic immune
dysregulation observed clinically in trauma patients and have been associated with increased
susceptibility to infection and decreased treatment success (44-47). Following severe
trauma, damaged tissue and high levels of inflammation lead to a systemic inflammatory
response, marked by increases in pro-inflammatory mediators and activation of innate
immune cells (48-50). To prevent against harmful levels of systemic inflammation, a
compensatory anti-inflammatory immune response develops to counteract the initial
inflammation and restore immune homeostasis, marked by increases in anti-inflammatory
cytokines and increases in immunosuppressive cells, such as MDSCs and Tregs (38,39).
However, in some patients, especially those with complications and more challenging
injuries, the compensatory anti-inflammatory response overcompensates for the initial
inflammation and immune homeostasis is not restored, resulting in systemic immune
dysregulation and immunosuppression (51). Systemic immune dysregulation has been
associated with decreased success of treatment; and therefore, effective treatment strategies
may need to be able to overcome any adverse immunological changes that could hinder
successful healing. Our chronic nonunion model exhibits characteristics of systemic immune
dysregulation and could therefore allow for new regenerative strategies to be evaluated in a
more clinically-relevant model by more accurately representing the immune environment at
the time of treatment. This more recent interest in the systemic immune response differs
from historical data that has typically associated local immune responses with interventional
outcomes. However, systemic immune markers may offer more promise than local immune
data because systemic immune markers can be used clinically to identify patients at-risk for
poor healing. This information would be easy to obtain non-invasively and longitudinally in
a clinical setting through routine blood draws. In comparison, local immune data is not easy
to obtain in a clinical setting. For these reasons, we chose to more heavily investigate the
systemic immune response in this study. Further work will aim to evaluate not just the
population levels of circulating immune cells, but also their function. Additionally, while our
model did not include a naive group to confirm that the immunological changes observed are
not simply due to aging, the 8-week delayed treatment time period is still well within what is
considered a young adult rat (53). Typically, immunoaging and immunosenescence begin
past adulthood, so there should not be significant immunological changes occurring in our
model due to aging over the time course of this study (54,55).

We observed differences in bone regeneration between the two delivery vehicles for high-
doses of BMP-2, with the HMP delivery system resulting in more consistent and robust bone
regeneration compared to the collagen sponge delivery vehicle, even despite the additional
challenges historically associated with chronic nonunions and concomitant muscle injury.
The most significant challenge BMP-2 usage faces clinically is the adverse side effects,
including excessive inflammation, heterotopic ossification and irregular bone formation,
which can lead to pain and less desirable patient outcomes (24-27). The HMP delivery
system showed increased bone formation within the defect, lower peak heterotopic
ossification, lower percentage of heterotopic bone, and more regular bone formation
compared to the collagen sponge delivery group. Decreased side effects can be attributed to
increased bioavailability and retention of the BMP-2 at the injury site. Bone formation can
be attributed to the system’s ability to appropriately retain and slowly release BMP-2, even
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though the biomaterials themselves likely have minimal impact on bone formation. The
nanofiber mesh and alginate hydrogel alone have been shown to result in minimal bone
formation in previous studies (17,31). In addition, we have also previously investigated
delivery of BMP-2 in the alginate/mesh system alone or on HMPs within the alginate/mesh
system and have seen significant differences in bone formation, highlighting the specific role
of HMPs on bone formation (56). BMP-2 alone would not be expected to enhance bone
formation because BMP-2 would diffuse out of the defect region rapidly, resulting in more
heterotopic bone formation and negative systemic side effects. Although the biomaterial
itself may have minimal direct impact on bone formation, it enables specific spatiotemporal
delivery of BMP-2 that directly results in the bone formation patterns observed.

Heparin is one of the key components to the hybrid delivery system and is a
glycosaminoglycan (GAG). GAGs are molecules that make up components of the
extracellular matrix (ECM) and are naturally involved in binding and sequestering growth
factors in the cellular microenvironment (57,58). The strong negative charge allows for a
high affinity and reversible electrostatic interaction with BMP-2 which increases retention
within the alginate gel and at the injury site, stimulating progenitor cells and endogenous
repair mechanisms (38,59,60). Although heparin is a known anti-coagulant and has been
shown to inhibit angiogenesis (61), delivery of a potent angiogenic factor (BMP-2) likely
outweighs any potential effects of heparin on angiogenesis, which is essential during the
bone regeneration process. In vitro evaluation of BMP-2 release from HMPs showed
sustained release over a 4 week period, with low burst release (<10% in the first 6 hours).
The cumulative percentage of BMP-2 released over the 4 week period was independent of
loading mass and was <20% of the loaded BMP-2, demonstrating the capability of the
HMPs to retain BMP-2. The presence of the alginate tissue engineered construct can be
observed in histological stain 12 weeks after treatment within the defect site, although it is
unknown how much BMP-2 remains in the construct. The uncontrolled burst release of
BMP-2 from the collagen sponge delivery system decreases bioavailability (23), leading to
decreased bone formation within the defect and increased side effects, including higher
percentage of heterotopic ossification, higher peak HO and irregular bone formation.
Additionally, the inconsistent and uncontrolled release of BMP-2 from collagen sponge
leads to similarly inconsistent bone healing results with wide variability in response to
treatment, which is undesirable for clinical applications. Differences in bone formation can
also be observed in the histology images with increased bone formation in the HMP groups.
Interestingly, there is more lipid and fatty infiltration in the composite defect group, which
has been observed previously in skeletal muscle trauma especially for larger volumetric
defects (62). Bone marrow adipose tissue has previously been shown to decrease bone
regeneration (63), which could be a contributing mechanistic factor to differences in bone
regeneration in the composite group versus the bone only group. Despite clear differences
between the two delivery groups from radiographs, uCT, and histology, there were no
significant differences in the biomechanics of the newly formed bone between the two
groups. However, the method of mechanical testing evaluates the strength and stiffness is
biased towards the outermost regions of bone, not defect bone formation, meaning the higher
percentages of heterotopic ossification observed in the collagen sponge delivery group likely
inflated the observed mechanical properties. This lack of difference in mechanical properties
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aligns with the uCT polar moment of inertia data (Figure 41) which shows no significant
differences in the spatial extent of bone formation. However, despite the lack of
biomechanical differences, the HMP delivery system still had improved spatial localization
of bone regeneration compared to the collagen sponge for two challenging cases of
nonunion with adverse systemic immune environments.

Along with optimizing spatiotemporal BMP-2 delivery with appropriate scaffolds, the
immunological host response to severe injury presents additional challenges for successful
treatment. Although there were no differences between the groups for individual cell
populations or cytokines by routine univariate comparisons between groups, this may be due
to the complexities of the immune system and extensive interactions between immune
mediators (64). The pleiotropic and redundant interactions between various cytokines and
cells make it difficult to identify clear differences between immune responses without the
help of multivariate analyses that can minimize effects of confounding factors and reduce
noise. Following multivariate analyses, the cell populations most associated with the
collagen sponge group include the immunosuppressive MDSC and Treg populations.
Notably, these are the cell populations that most contribute to systemic immune
dysregulation, with MDSCs increased prior to treatment. The continued association with
these cell types suggests that the collagen sponge group may not have been successful at
overcoming the additional challenge associated with immune dysregulation. On the other
hand, the cell types most associated with the HMP groups include all CD3+ T cells,
including the CD4+ helper and CD8+ cytotoxic T cell subsets. Increased numbers and
function of immune effector cells are essential for restoration of immune homeostasis and
re-establishment of a pro-healing and pro-regenerative immune environment, suggesting that
the HMP groups were more successful at addressing the systemic immune dysregulation
present at the time of treatment based on multivariate discriminant analyses. The cytokines
most associated with the collagen sponge group included L1X and RANTES, also known as
CXCL5 and CCL5. LIX is released from inflammatory and endothelial cells and is known
for its chemotactic and activation properties, functioning during both acute and chronic
inflammatory responses (65). Similarly, RANTES is also a chemotactic and pro-
inflammatory cytokine with a wide variety of functions (66). Preliminary studies have also
shown that RANTES may modulate the activity of MDSCs from the bone marrow and
suppress cytotoxic T cell function (67). While chemotactic and pro-inflammatory cytokines
may seem contrasting to elevated levels of immunosuppressive cells, heterotopic ossification
and BMP-2 are known to result in increased inflammation (12,16). Chronic local
inflammation may result in increased levels of pro-inflammatory cytokines while elevated
levels of anti-inflammatory cells maintain a systemic immunosuppressive environment that
together adversely alter bone healing progression. This is further supported by work in the
same bone nonunion model that shows elevated levels of inflammatory cytokines in non-
healing rats versus healing rats (14). On the other hand, leptin was the cytokine most
associated with the HMP groups. While leptin is largely known for its role in maintaining
energy homeostasis, it has also been found to play a role in bone metabolism through a
hypothalamic relay (69,70). Leptin-deficient mice exhibit decreased bone growth and bone
formation rate as well as a decrease in osteoblasts (70). The association of leptin with the
HMP groups could be a result of neuroendocrine function that is essential for the increased
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levels of bone formation observed. This is supported by work in the same bone nonunion
model showing leptin to be the cytokine most associated with healing rats versus non-
healing rats (14). Further studies investigating the role of the systemic immune response
throughout the bone regeneration process are needed to more definitively understand the
relationship between systemic immune mediators and local bone healing and to understand
the role of immune dysregulation in nonunion progression.

Composite tissue polytrauma injuries present additional challenges for orthopedic surgeons
with high rates of complications, such as nonunions, and long-term disability. Strategies that
successfully heal injuries to bone alone may not adequately compensate for the additional
loss of endogenous stem and progenitor cells from damaged vascularized muscle tissue,
resulting in deficient healing and tissue regeneration. For example, in a pre-clinical
composite bone-muscle defect model, five times the BMP-2 dosage (10ug) is required to
achieve robust bone bridging compared to a bone only defect model (2ug) (14,28). Here, we
found that despite addition of a volumetric muscle loss, 30ug BMP-2 delivered in the HMP
system resulted in similar levels of bone regeneration and mechanical strength between the
composite defect and bone defect only chronic nonunion models. Based on this study,
sustained delivery of moderately high doses of BMP-2 may be able to overcome more
challenging bone healing scenarios, including chronic nonunions with concomitant muscle
injury, and adverse immunological environments.

5. CONCLUSIONS

The results obtained in this study indicate that if appropriately delivered spatiotemporally, a
high dose of BMP-2 may be able to overcome the additional challenges associated with
chronic nonunions, including concomitant muscle injury and systemic immune
dysregulation. Evaluation of the HMP delivery system showed improved bone regeneration
and decreased side effects compared to the collagen sponge in clinically-relevant chronic
nonunion models. Utilization of BMP-2 is an attractive option to address challenging
musculoskeletal injuries because it has already received FDA approval and has shown
success clinically. Further work will be essential to better understand biological mechanisms
of nonunions, in particular how systemic and local immunological changes affect treatment
outcomes.
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Figure 1. Clinically-relevant bone nonunion models.
A) Each animal received an 8mm femoral segmental defect, stabilized by a polysulfone

internal fixation plate. The white, dotted rectangle indicates the location of the defect and the
white arrow indicates the fixation plate. Additionally, one group of animals will also receive
an 8mm volumetric muscle loss in the adjacent quadricep muscle (not shown). EX vivo
imaging shows the fixation plate stabilizing the femur and the nanofiber mesh construct
within the defect site, which is used for the HMP hybrid delivery system. Ex vivo images are
reproduced with permission from Krishnan et al (18). B) The defects will be treated with
30ug BMP-2 delivered in HMPs within an alginate/nanofiber mesh construct or 30ug
BMP-2 delivered on an adsorbable collagen sponge. C) The timeline of the study indicates
the timepoints for defect creation, BMP-2 treatment, blood collections, uCT scans,
radiographic images (Faxitron), histology, and mechanical testing.
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Figure 2. Circulating Immune Cell Populations.
Circulating immune cell populations at baseline prior to defect creation, and at Week 0 prior

to BMP-2 treatment (8 weeks post-defect creation) for the bone only defect group and the
composite defect group. Significance was determined using one-way ANOVA with p<0.01
(**), p<0.005 (***), and p<0.001 (****).
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Figure 3. Endpoint radiographsand uCT reconstructions of regenerating bone defects.
A) Week 12 endpoint (20 weeks post-injury) representative radiograph images of both low

heterotopic ossification (HO) and high HO for each group are shown. B) uCT
reconstructions with both the 3D reconstruction and the cross section with the bone density
overlay are shown.
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Figure 4. Longitudinal evaluation of bone regeneration and morphological bone characteristics.
A) A representative image of one slice taken from uCT imaging shows the defect bone

volume region and the heterotopic bone volume region. In addition, the shadow of the
fixation plate can be seen, and the PCL mesh can be seen just inside the defect bone volume
region. Total bone volume includes both defect bone volume and heterotopic bone volume.
Longitudinal quantification of total bone volume (B), defect bone volume (C), absolute
heterotopic bone volume (D), and percent of heterotopic bone (E) reveals differences in bone
regeneration over time between the collagen and HMP groups. Morphological bone
characteristics, including trabecular number (F), trabecular thickness (G), and connectivity
(H), were also evaluated and reveal differences in bone structure over time between the
collagen and HMP groups. There were no differences in the polar moment of inertia
between groups (1). Significance was determined using two-way ANOVA with Sidak’s
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Figure 5. Biomechanical testing and histological analysis.
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Mechanical testing of A) failure strength and B) torsional stiffness shows no difference
between groups. The dotted black line indicates the average failure strength and torsional
stiffness of the contralateral intact femurs, respectively. C) Staining with Hematoxylin &
Eosin and Safranin-O/Fast Green at the 12 week endpoint (20 weeks post-injury) shows

mineralized tissue in the HMP groups and non-mineralized, marrow-like tissue in the

collagen group. Residual alginate can also be seen in the HMP groups and examples are

marked with an “a”. Scale — 150um.
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Figure6. Linear regression analyses comparing systemic immune cell populations with defect
bone volume per cent.
Linear regressions comparing defect bone volume as a percent of total bone volume versus

week 12 (endpoint) circulating immune cell populations for A) MDSCs, B) CD3+ T cells,
and C) effector T cells which includes both helper (CD3+CD4+) and cytotoxic
(CD3+CD8+) T cells with r2 and p values as indicated. Removal of the middle 50% of the
data set according to defect bone volume percent left 25% of the lowest defect bone volume
percent samples and 25% of the highest defect bone volume percent samples. The high
defect bone volume percent samples and the low defect bone volume percent samples were

Biomater Sci. Author manuscript; available in PMC 2021 July 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vantucci et al.

Page 26

then compared for their levels of D) MDSCs, E) CD3+ T cells, and F) effector T cells.
Mann-Whitney or Student’s t-test were performed with p values as indicated ora > (p =
0.011).
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Figure 7. Multivariate analysis of the systemic immune response.
A) PLS-DA plot shows all cytokine levels and cell populations for the collagen treated group

(blue circles), the HMP treated bone only nonunion model (red squares), and the HMP
treated composite defect nonunion model (purple triangles) plotted on the latent variable 1
(LV1) axis and the latent variable 2 (LV2) axis. Cytokine levels and cell populations were
pooled across all time points. Significance was determined using one-way ANOVA with
Tukey’s post hoc test where p<0.01(**) and p<0.005(***). B) Plotting only LV2 scores
reveals a significant separation between the collagen group and the HMP groups. C) The
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LV2 loading plot shows the top factors most correlated with positive L2 scores on the right
(collagen group) and the top factors most correlated with negative LV2 scores on the left
(HMP groups). There was no significant separation between the two HMP treated groups.
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