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A B S T R A C T

Background: A critical size bone defect is a clinical scenario in which bone is lost or excised due to trauma,
infection, tumor, or other causes, and cannot completely heal spontaneously. The most common treatment for this
condition is autologous bone grafting to the defect site. However, autologous bone graft is often insufficient in
quantity or quality for transplantation to these large defects. Recently, tissue engineering methods using
mesenchymal stem cells (MSCs) have been proposed as an alternative treatment. However, the underlying bio-
logical principles and optimal techniques for tissue regeneration of bone using stem cell therapy have not been
completely elucidated.
Methods: In this study, we compare the early cellular dynamics of healing between bone graft transplantation and
MSC therapy in a murine chronic femoral critical-size bone defect. We employ high-dimensional mass cytometry
to provide a comprehensive view of the differences in cell composition, stem cell functionality, and immuno-
modulatory activity between these two treatment methods one week after transplantation.
Results: We reveal distinct cell compositions among tissues from bone defect sites compared with original bone
graft, show active recruitment of MSCs to the bone defect sites, and demonstrate the phenotypic diversity of
macrophages and T cells in each group that may affect the clinical outcome.
Conclusion: Our results provide critical data and future directions on the use of MSCs for treating critical size
defects to regenerate bone.
Translational Potential of this article: This study showed systematic comparisons of the cellular and immuno-
modulatory profiles among different interventions to improve the healing of the critical-size bone defect. The
results provided potential strategies for designing robust therapeutic interventions for the unmet clinical need of
treating critical-size bone defects.
1. Introduction

Approximately 6.3 million cases of fractures of bone occur every year
in the United States. In about 100,000 of these cases, bone is lost or
excised, and the remaining gap is too large to heal spontaneously [1]. In
this scenario, the non-union will persist as a “critical-size bone defect”
without surgical intervention.

The current treatment for such defects is the use of autologous bone
grafting to the local defect to facilitate bone healing. However, bone graft
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is limited in quality and quantity, and harvesting of bone increases the
risk of infection and may result in persistent local pain and disability [2,
3]. Recently, the principles of tissue engineering, regenerative medicine,
and cell therapy have been considered as techniques to improve healing
of bone defects and avoid the use of autologous bone graft. MSCs are the
precursors of osteoblastic lineage cells and are capable of regenerating
bone, cartilage, fibrous tissue, skeletal muscle, and many other mesen-
chymal tissues [4–8]. Other elements including a scaffold, growth factors
and other molecules are combined with progenitor cells to provide the
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necessary components for osteogenesis [9]. However, MSC lineage cells
are not the only cell subset participating in bone healing, macrophages,
dendritic cells, T cells have all been reported to engage in crosstalk with
MSCs and contribute to the bone healing process [10–15]. Additionally,
there is limited information concerning the exact cellular constituents
and complex crosstalk among different cell populations that direct the
process of bone healing. Thus, stem cell therapy has yet to be optimized.

To bridge the gap of knowledge in this area, our overall goal in this
study is two-fold: first, to elucidate the profiles of the different cell
populations and signaling molecules participating in the early stages of
bone-graft-associated healing; second, to compare the biological profiles
of bone graft transplantation and MSC-based cell therapy early in the
healing process.

To achieve these goals, we have employed high-dimensional
Cytometry by Time Of Flight mass spectrometry (CyTOF) to analyze
samples collected from mice with critical-size bone defects one week
after grafting. By measuring over 40 cell-surface and intracellular pro-
teomic markers per cell, we provided a comprehensive view of cell
composition, functionality, and immunomodulatory activity between
bone graft transplantation and the MSC based therapy. This result will
help guide the development of novel biological constructs that mimic the
performance of bone graft for treating critical-size bone defects.

2. Materials and methods

2.1. Isolation of MSCs

Bone marrow-derived MSCs were isolated from male BALB/c mice
and characterized as previously described [16]. Briefly, 8- to 10-
week-old BALB/c male mice were used to collect the bone marrow from
femurs and tibias. The bone marrow with cells was filtered through a 70
μm cell strainer, spun down and resuspended using α-minimal essential
medium (α-MEM, Thermo Fisher Scientific, Waltham, MA USA) supplied
with 10% certified fetal bovine serum (FBS, Invitrogen, Thermo Fisher
Scientific, Waltham, MA USA) and antibiotic-antimycotic solution (100
units of penicillin, 100 μg of streptomycin and 0.25 μg of amphotericin B
per milliliter, Hyclone, Thermo Fisher Scientific, Waltham, MA USA).
Unattached cells were removed by replacing medium the next day
(passage 1). Flow cytometry (LSRII, Stanford Shared FACS Facility) was
used to characterize the immunophenotype of isolated MSCs at passage
4: spinocerebellar ataxia type 1 (Sca1þ)/CD105þ/CD44þ/CD34-/
CD45-/CD11b-. Identified MSCs at passage 4–8 were used in the
Fig. 1. Murine critical-size bone defect model and sample collections from bone def
stabilized with an external fixation device. B) Bone graft harvested from iliac crest (l
(right) are ready for transplantation. C) Tissue samples containing bone graft (top p

65
experiments. This protocol has been approved by Stanford's Adminis-
trative Panel on Laboratory Animal Care (APLAC) (#APLAC-9964).

2.2. Generation of genetically modified MSCs

The lentiviral vector preparation was performed as previously
described [17,18]. Human embryonic kidney 293T cells (ATCC, Mana-
ssas, VA, USA) were used to transfect the green fluorescent protein (GFP)
expressing lentivirus vector pCDH-CMV-MCS-EF1-copGFP together with
the psPAX2 packaging vector, and pMD2GVSV-G envelope vector using a
calcium phosphate transfection kit (Clontech, Mountain View, CA, USA)
with 25 μM chloroquine. Titer of the harvested virus was detected 48 h
after the transfection. The virus was diluted in MSC culture medium
supplemented with 10 μg/mL of polybrene (Sigma Aldrich, St. Louis, MO,
USA), and used to infect murine MSCs at multiplicity of infection (MOI)
¼ 100. At 3 days post-infection, the infected cells were confirmed as GFP
positive by fluorescence microscopy (Keyence, Itasca, IL, USA) (Fig. 1B,
left).

2.3. Critical-size bone defect murine model

Eight-week old wild-type BALB/cByJ mice were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA). APLAC approved this animal
experiment protocol (#APLAC-26905) Stanford University's guidelines
for the care and use of laboratory animals were strictly followed. Sub-
cutaneously injection of 0.1 mg/kg of buprenorphine was given to the
mice for preoperative analgesia. While under 2–3% isoflurane in 100%
oxygen inhalation anesthesia, right sided 2 mm critical sized femoral
defects were made in the mice using a special jig; the femur was stabi-
lized with a custom murine external fixator (Fig. 1A) [9,19,20]. Our
previous studies [9,20,21] showed that the 2-mm defect would not heal
spontaneously 6 weeks after establishment of the defect without in-
terventions. Accordingly, a 2 mm bone defect size was used in the current
study. Four weeks after the critical size defect was established, the sec-
ondary surgeries were performed to transplant bone graft or scaffold with
cells into the bone defect site.

2.4. Bone graft harvest and transplantation

The mice designated as bone graft donors were eight-week old gene-
modified CD90.1 BALB/cByJ mice and were a gift from the Negrin Lab at
Stanford University [21]. In comparison, the wild-type BALB/cByJ mice
ect sites. A) 2 mm critical-sized defect has been created in the mouse femur and
eft) and microribbon (μRB) scaffold (middle) embedded with GFP-labeled MSCs
anel) or μRB scaffold (bottom panel) collected from bone defect sites.
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receiving bone graft transplantation express CD90.2, and thus, cells from
donor mice and from recipient mice could be distinguished using these
two different isotypes of CD90. On the same day immediately before the
secondary surgeries, the bone graft was harvested from the iliac crest of
the donor mice (Fig. 1B, left) and then transplanted to fill the bone defect
sites of the recipient mice. While most of the iliac crest bone graft from
donor mice was transplanted into recipient mice, the remaining excess
iliac crest bone was collected and analyzed separately. One week after
the secondary surgeries, the entire tissue within the bone defect site was
harvested for analysis (Fig. 1C, top panel).
2.5. MSCembedded scaffold preparation and implantation

Gelatin micron-ribbon scaffolds (μRBs) were fabricated through a wet
spinning process according to a previous report [22,23]. To fabricate
scaffolds and embed MSCs within them, the μRBs were rehydrated in PBS
containing 0.05% LAP photo-initiator. After 1 h of incubation at 37C,
trypsinized MSCs suspended in PBS were gently mixed with the μRBs.
The final uRB concentration is 7.5% (wt%) with 10 million cells/ml. The
cell-containing μRBs were placed into cylindrical molds with diameter of
2 mm and height of 2 mm and exposed to ultraviolet light (365 nm, 2
mW/cm2) for 4 min to produce macroporous scaffolds. The scaffolds
were then gently pushed out from the mold and kept in culture medium
containing 10% FBS one day prior to the secondary surgeries (Fig. 1B,
middle). During the secondary surgeries, the 2 mm long μRB scaffolds
embedded with GFP-labeled MSCs were implanted into the bone defect
site. One week after the secondary surgeries, the entire tissue within the
bone defect site was harvested for analysis (Fig. 1C, bottom panel).
2.6. Cytometry by Time Of Flight (CyTOF)

The tissues harvested from the bone defect site were first dissociated
into single cells and then fixed in 2% PFA. Once all samples were
collected and fixed, cells were analyzed using high-dimensional mass
cytometry (also known as Cytometry by Time Of Flight or CyTOF). Cells
were barcoded, permeabilized, and stained with a cocktail of antibodies
tagged with metal isotopes according to a standardized protocol [24–26].
Stained cells were then washed and re-suspended in MilliQ water and
Fig. 2. Diagram of experimental design and bone defect model in mice. In each expe
the 2 mm femoral midshaft diaphyseal bone defect, closed the wound, applied vario
sequently harvested the tissue in the defect 1 week later.
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analyzed using the Helios mass cytometry platform (Fluidigm, Inc., South
San Francisco, CA) (Figure S1-A). A panel of 40 antibodies mediators
(Supplementary Table 1) was used to identify specific cell types and
multiple relevant signaling pathway. Antibodies were purchased
pre-conjugated from Fluidigm or were conjugated in-house to purified,
carrier-free stocks from Biolegend (http://www.biolegend.com) and
Abcam (http://www.abcam.com).
2.7. Study cohort

This study consists of 3 cohorts of mice. The respective procedures for
each cohort are described as follows.

For the first cohort (Fig. 2, top panel), surgeries were performed on 6
mice. After 5 weeks, the tissue within the bone defect sites was collected.
Since there were no transplantations performed in this cohort, the
amount of the tissue collected within the bone defect sites was limited.
Thus, tissue collected from all 6 mice was pooled into one sample for
CyTOF analysis, from which only 1400 cells were obtained. This is the
“Bone Defect (BD) Tissue Empty Ctrl” group.

For the second cohort (Fig. 2, middle panel), primary surgeries were
performed on 8 mice. After 4 weeks, secondary surgeries were performed
to transplant the μRB scaffolds embedded with GFP-labeled MSCs into
the bone defect sites. After another week (5 weeks after the primary
surgeries), the tissues within the bone defect sites containing the MSC-
μRB scaffold transplants were collected. Since there was insufficient yield
of cells from the digestion process of the μRB scaffolds, tissues collected
from 8 mice in this cohort were pooled into 4 samples for CyTOF,
resulting in about 150,000 cells from each sample. This is the “BD Tissue
w Scaffold þ MSC” group.

For the third cohort (Fig. 2, bottom panel), primary surgeries were
performed on 8 mice. After 4 weeks, secondary surgeries were performed
to transplant the iliac crest bone graft from the donor mice to the bone
defect sites of the recipient mice. After another 1 week (5 weeks after the
primary surgeries), the tissues within the bone defect sites containing the
bone graft transplants from these 8 mice were collected for CyTOF,
resulting in about 80,000 cells from each sample. This is the “BD Tissue w
Bone Graft” group.

The remaining iliac crest bone (bone graft resource) from 8 donor
riment, we first applied the external fixation device onto the left femur, created
us treatments 4 weeks later after the nonunion was established, and then sub-

http://www.biolegend.com
http://www.abcam.com


E.E. Huang et al. Journal of Orthopaedic Translation 36 (2022) 64–74
mice was collected to demonstrate the cell composition of the original
bone graft and about 250,000 cells from each sample were obtained for
data analysis. This is the “Original Bone Graft” group.

2.8. Data analysis

The raw data obtained from CyTOF were normalized and de-
barcoded, then uploaded onto the cloud-based computational tool,
Cytobank (http://www.cytobank.com), for both cell subset-specific
gating and multiparametric analysis (viSNE, FlowSOM). A universal
data cleaning process was performed on all samples to remove debris,
doublets, dead cells, and red blood cells (RBCs) for each sample
(Figure S1-B). After data cleaning, a universal gating strategy was applied
using multiple phenotypical markers to identify major cell types
(Figure S2). Briefly, CD45 was first used to distinguish leukocytes from
non-leukocytes. Within the leukocyte population, Ly6G was used to
separate granulocytes and mononuclear cells. Among mononuclear cells,
CD3 was used for identifying T cells, CD19 for B cells, CD49b for NK cells,
CD11c for dendritic cells (DCs), and CD11b plus F4/80 for macrophages.
Within the non-leukocyte population, CD31, Sox9, and Pax7 were used to
reveal endothelial cells, chondrocytes, and muscle satellite cells,
respectively. The cell count of a specific cell type is compared with the
cell count of the single, live, non-RBCs (i.e., total cell population) to
determine the percentage of this specific cell type within the total cell
population. Significant changes between different samples are deter-
mined by one-way ANOVA using PRISM GraphPad with a two-sided level
of significance of α ¼ 0.05.

3. Results

Distinct Cell Compositions among Tissues Collected from Bone Defect
Sites, Reflecting the Different Clinical Outcomes between the Bone Graft
Transplantation and MSC Therapy.

We identified the major cell populations using a traditional gating
strategy (Figure S2 and described in “Materials and Methods”) and
compared their frequencies among the 4 groups (Fig. 3A). Only 1400
cells were obtained for the “BD Tissue Empty Ctrl” group from all 6 mice.
This low yield of cells indicated very limited cellular activities occurring
within the bone defect site and suggested that the gap would not heal
spontaneously without surgical intervention. Due to this low yield, no
statistical analysis could be performed for this group and only a few
major cell populations could be identified with confidence.

As expected, granulocytes (CD45þ, Ly6Gþ) are the major cell popu-
lation (~62%) in the “Original Bone Graft” group (Fig. 3A); this is ex-
pected since they emanate from the bone marrow [27]. In all three
groups with chronic bone defect, granulocytes are not a major population
and only accounted for ~10% or less of cells. The most abundant type of
granulocytes is neutrophils, which are regarded as the first-line
responder to the early stages of inflammation and set the stage for
macrophages to repair tissue damage [27,28]. The presence of neutro-
phils indicates the occurrence of early-stage immune response within the
bone defect sites. The “BD Tissue w Scaffold þ MSC” group contained
significantly more neutrophils compared with “BD Tissue w Bone Graft”
group (~9% vs ~3%), which might indicate that using scaffold plus
exogenous MSCs as transplants may have delayed the transition from the
acute to the repair stage of bone healing.

Next, we examined the monocyte-derived cells, including macro-
phages (CD45þ, Ly6G-, CD11bþ, F4/80þ) and DCs (CD45þ Ly6G�,
CD11cþ). Macrophages are involved in all stages of fracture healing and
have a major impact on long-term bone regeneration [29,30]. They
comprised about 10% of the total cell population. DCs are one major type
of antigen-presenting cells (APCs) and are responsible for the initiation of
the adaptive immune response [31]. DCs can also act in conjunction with
osteoclast precursors to modulate bone destruction [32]. We observed a
higher percentage of DCs in the “BD Tissue w Scaffold þ MSC” group
compared with the “BD Tissue w Bone Graft” group (3.0% vs 1.8%),
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which may correlate with the inferior bone healing when using Scaffold
plus MSCs as bone transplants.

The lymphocyte population consisted of B cells (CD45þ, Ly6G�,
CD19þ), T cells (CD45þ, Ly6G�, CD3þ), and NK cells (CD45þ, Ly6G�,
CD49bþ). There were significantly more B cells in the “BD Tissue w
Scaffold þ MSC” group (~11%) compared with the “BD Tissue w Bone
Graft” group or the “Original Bone Graft” group (both below 1%). T cells
comprise a major population in the “BD Tissue w Scaffold þMSC” group
(~24%), but in the “BD Tissue w Bone Graft” group, the percentage of T
cells varied from 1% to 40%. B cells and T cells participate in initial
fracture repair by infiltrating the callus in two waves, first accumulating
at the fracture site on Day 3, decreasing by Day 7, and then re-entering
the callus after Day 14 [33]. Since the current model is a chronic
critical-size bone defect similar to a nonunion, on Day 7, the behaviors of
B cells and T cells might not parallel the scenario of an acute bone
fracture. However, this dramatic difference in the percentages of B and T
cells among these two groups of bone defect tissues might reflect the
temporal variations in transitioning from a pro-inflammatory state to an
anti-inflammatory state induced by either the scaffold plus MSCs or by
the bone graft. Although NK cells are reported to interact with MSCs and
thus, play an important role in regulating bone regeneration [34,35], few
NK cells were detected in all our study groups, casting doubt on their
importance in bone healing within the critical size bone defect model.

We also quantified the non-leukocyte (CD45-) population, including
chondrocytes (CD45-, Sox9þ), endothelial cells (CD45-, CD31þ), and
muscle satellite cells (CD45-, Pax7þ). Chondrocytes were not detected in
any of the samples, which is similar to our previous studies using this
model [9,36,37]. Very few endothelial cells and muscle satellite cells
were detected on Day 7.

To complement the analysis of traditionally gated cell subsets, which
depends on prior knowledge of cell phenotypes, we employed an unsu-
pervised dimension reduction algorithm (viSNE) to generate a holistic
view of overall cell composition. The “BD Tissue Empty Ctrl” group was
not included in all multiparametric analyses (viSNE, FlowSOM) due to
insufficient cell numbers.

We first colored the viSNE plot according to the expression levels of
individual phenotypic biomarker (selected ones are shown in Fig. 3B)
and visualized distinct cell clusters that corresponded to major cell
population. For example, the cell cluster on the right-side showed high
expression of CD45, Ly6G, and CD11b, and low expression of CD3, CD19,
MHCII, and CD11c; thus, this cell cluster represents granulocytes. Using
this method, we identified the most common cell types on the plot for all
3 groups.

Next, we colored the viSNE plot by gated cell population to show the
landscapes of overall cell composition for each group (Fig. 3C). We found
that the total cell populations from all groups consisted of 4 major cell
types. The first cell population located on the top of the plot is non-
leukocytes (shown in light gray), which contains identifiable numbers
of MSCs (shown in dark red). The second cell population located on the
right-side represents granulocytes (shown in orange). The third cell
population located at the bottom is T cells (shown in cyan). The fourth
cell population is antigen-presenting cells (APCs), which includes a
cluster of B cells on the left-side (shown in green), a cluster of macro-
phages in the middle (shown in pink), and a few DCs and other APCs
scattered in between. Clearly, the overall landscapes of cell composition
are distinctive across these 3 groups.

We further quantified the percentages of these 4 major cell types to
visualize the differences in the 3 groups (Fig. 3D) and color-coded the
columns corresponding to the cell populations in Fig. 3C. In the “Original
Bone Graft” group that shows the original state of the bone graft (bone
marrow), ~61% of the cells are granulocytes and the remaining ~34% of
the cells are mostly monocytes and macrophages (one type of APCs). T
cells and other non-leukocytes are uncommon and consist only 5% in this
group. When comparing the cell compositions of the other two groups,
we observe more granulocytes and APCs, a similar ratio of T cells, and
less non-leukocytes in the “BD Tissue w Scaffold þ MSC” group, which

http://www.cytobank.com


Fig. 3. Distinct cell compositions among tissues from bone defect sites compared with original bone graft. A) Frequency of major cell subsets. B) viSNE plots colored
according to phenotypic marker expression. C) viSNE plots depicting major cell populations identified based on phenotypic marker expression. D) The frequency of cell
populations depicted in C was quantified.
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appears to indicate higher inflammatory activity at the bone defect sites
transplanted with scaffold plus MSCs, compared with those transplanted
with bone graft.

Active Recruitment of MSCs to the Bone Defect Sites, Suggesting Bone
Healing Process is Triggered by Transplants but Primarily Conducted by
Autologous Cells.

Previous studies have suggested that crosstalk among different types
of cells may collectively contribute to the bone healing process [36–39].
We therefore sought to elucidate cell compositions in tissues from bone
defect sites that contained either the MSCs-embedded scaffold or the
bone graft and compare them with that of the original bone graft.

MSCs have been shown to play a crucial role in bone healing [38–40].
Therefore, multiple biomarkers (including CD45-, CD31-, Sca1þ, CD44þ)
for the identification of MSCs were included in this analysis. We found
there are significant more MSCs within the bone defect tissues, either
implanted with scaffold plus MSCs or with bone graft, compared with the
original bone graft (Fig. 4A). We identified the MSCs population (CD45-,
CD31-, Sca1þ, CD44þ) and compared their percentages versus total
population and versus non-leukocytes population (Fig. 4B).

We identified about 0.03% of the total population (about 100 cells in
each sample) as MSCs in the “Original Bone Graft” group, which agrees
with previous reports regarding the percentages of MSCs in bone marrow
[41,42]. In the “BD Tissue w Bone Graft” group, about 0.8% of the total
population are MSCs. Given that the MSC percentage is very low
(~0.03%) in the original bone graft, this large number of MSCs (~0.8%)
indicates either an active recruitment of MSCs to the bone defect sites, a
significant proliferation of the implanted MSCs, or a combination of both
(Fig. 4B, left). MSCs account for about 1.7% of the total population in the
“BD Tissue w Scaffold þ MSC” group. This percentage of MSCs is ex-
pected to be high, since we embedded MSCs into the scaffolds before
transplanting them into bone defect sites.

In addition, a higher proportion of non-leukocytes was observed in
the “BD Tissue w Bone Graft” group (~23%) compared with the “BD
Tissue w Scaffold þ MSC” group (~5%) or the “Original Bone Graft”
group (~3%) (Fig. 3D). As the frequency of MSCs may be heavily
impacted by the abundance of the leukocytes versus non-leukocytes, we
also examined the percentage of MSCs within the non-leukocyte popu-
lation (Fig. 4B, right). We found about 36% of the non-leukocytes are
MSCs in the “BD Tissue w ScaffoldþMSC” group, but in the “BD Tissue w
Bone Graft” group, only 5% of the non-leukocytes are MSCs. This
Fig. 4. Active Recruitment of MSCs to the Bone Defect Sites. A) Contour plots of MSC
versus total population and versus non-leukocytes. C) Validation of GFP and CD90.2 a
recruited MSCs versus implanted MSCs in 2 groups of bone defect tissues. E) Qu
non-leukocytes.
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suggests that the “BD Tissue w Scaffold þ MSC” group is associated with
active local recruitment of local MSCs and/or MSC proliferation.

We further explored the origins of the MSCs accumulated at the bone
defect sites. They were either recruited to the bone defect sites from the
host mouse (recruited MSCs) or derived from the MSCs which originally
resided within the scaffold or bone graft (implanted MSCs). The MSCs
embedded within the scaffolds are genetically modified GFP-labeled
MSCs, therefore we included an anti-GFP antibody to distinguish these
GFP-labeled MSCs (Fig. 4C, left). To distinguish the MSCs from host mice
versus from the bone graft of the donor mice, we included the biomarker
CD90.2 (Thy1.2). CD90 is a biomarker that is primarily expressed in T
cells and stem cells (such as MSCs) and has two isotypes: CD90.1 and
CD90.2. In our experimental design, the donor mice express CD90.1 and
the host mice express CD90.2. By detecting CD90.2 expression, both
MSCs and T cells can be distinguished from donor and host mice (Fig. 4C,
right). Taking advantage of both GFP and CD90.2 biomarkers, we found
that the majority of the MSCs were recruited to the bone defect sites from
the host mice instead of derived from the implanted MSCs. This active
recruitment of MSCs was observed both in the “BD Tissue w Scaffold þ
MSC” group (72% are recruited MSCs) and in the “BD Tissue w Bone
Graft” group (64% are recruited MSCs) (Fig. 4D).
3.1. Macrophages population shows increased phenotypic diversity in the
bone defect tissues, indicating active immune response at early stage of bone
healing

Macrophages have a major immunomodulatory effect during the
bone healing process [43]. We first identified the macrophage population
(CD45þ, Ly6G�, CD11bþ, F4/80þ) and within macrophages, we further
examined their subtypes, which are often categorized as M0 (uncom-
mitted), M1 (pro-inflammatory), and M2 (anti-inflammatory
pro-reconstructive) [44–46]. M2macrophages have been subdivided into
M2a, M2b, M2c, and M2d [47,48]. There are many biomarkers that have
been reported to differentiate M1 and M2 macrophages. CD80, CD86,
MHCII, and iNOS have commonly been regarded as M1 macrophage
markers, while CD206, CD163, and Arg-1 have commonly been regarded
as M2 macrophage markers [45,46,49]. However, these categorizations
remain controversial due to the lack of universal criteria to define each
subtype. For example, CD86 and MHCII have been reported to be
expressed on M2b macrophages [48–50] and iNOS has been reported to
s population (Sca1þ, CD44þ) in 3 groups. B) Quantification of MSCs percentages
s biomarkers to distinguish recruited cells and implanted cells. D) Proportions of
antification of recruited MSCs percentages versus total population and versus
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be expressed on M2d macrophages [49]. In our study, M0 macrophages
were identified as CD11bþ F4/80þ MHCII� CD206- cells, M1 macro-
phages were identified as MHCIIþ CD206- cells, and M2 macrophages
were identified as MHCþ/� CD206þ cells.

We examined the percentages of M0, M1, and M2 macrophages
versus the pan-macrophage population or the total population (Fig. 5A,
left). In the “Original Bone Graft” group, the majority of macrophages
(~88%) were M0. In the other 3 groups, the proportion of M0 macro-
phages was significantly decreased, indicating macrophages had been
polarized to the M1 or M2 phenotype at the bone defect sites. M1 mac-
rophages only consisted of about 10% of the macrophage population in
the “Original Bone Graft” group but increases to 20%–30% in all three
groups of bone defect tissues, suggesting increased inflammation at the
bone defect sites. In the “Original Bone Graft” group, M2 macrophages
are hardly detectable (<1%). However, in the “BD Tissue w Bone Graft”
group, the proportion of M2 macrophages increased to 8%. In the “BD
Tissue w ScaffoldþMSC” group, the proportion of M2macrophages even
increased to 40%, which is similar to the “BD Tissue Empty Ctrl” group
Fig. 5. Heterogeneity of macrophages. A) Different proportion of macrophage subty
erogeneity of macrophages among three groups. C) Activation of NF-κB signaling pa
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(~32%). This suggests that one week after the second surgeries, the
immunomodulatory effects of the transplanted MSCs in the “BD Tissue w
Scaffold þ MSC” group have transitioned the local microenvironment to
an anti-inflammatory stage, while the bone defect site containing iliac
crest bone graft remained at the pro-inflammatory stage. This observa-
tion is consistent with the fact that MSCs promote macrophages to
polarize towards an M2 phenotype [51]. Since the proportions of mac-
rophages in the total cell population are not significantly different among
these three groups (Fig. 3A, top-middle), similar trends were also
observed when we examined the percentages of M0, M1, and M2 mac-
rophages versus total population (Fig. 5A, right).

Classifying macrophages into M1 and M2 phenotypes is an over-
simplification and does not adequately reflect the phenotypic diversity of
the macrophage cell compartment. To fully reveal the spectrum of
macrophage populations, we performed an unsupervised FlowSOM
analysis of the macrophage population identified using viSNE (Fig. 5B).
FlowSOM considers a full panel of biomarkers holistically to parse cells
into metaclusters automatically, and thus results in an unbiased
pes among three groups of samples. B) FlowSOM figures demonstrate the het-
thway in MSCs and M2 macrophages from the BD tissue containing bone graft.
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clustering and classification of macrophages.
The FlowSOM analysis showed that the macrophage population in the

“Original Bone Graft” group was mainly derived from 2metaclusters (red
& purple) (Fig. 5B, right). In the “BD Tissue w Bone Graft” group and the
BD Tissue w Scaffold þ MSC” group, the number of metaclusters pro-
gressively increased from 6 to 8 to 15, suggesting increasing diversity in
macrophage phenotypes. The FlowSOM results reveal many sub-
populations of macrophages (instead of just M1 and M2) within the bone
defect sites, especially when transplanted with the scaffold plus MSCs.
Considering many MSCs have been embedded into the scaffold in this
group, this finding might suggest active crosstalk between MSCs and
macrophages within the local niche at the bone defect site.

Next, we evaluated the activities of several major signaling pathways
(including NF-κB, p38, ERK, and MAPK) among MSCs and macrophage
subsets (Fig. 5C). We observed that in the defect containing bone graft,
the activity of the NF-κB signaling pathway was dramatically elevated in
both MSCs and M2 macrophages. This suggests that the pro-
inflammatory microenvironment had not yet resolved. Bone healing
begins with a stage of acute inflammation that lasts several days and then
progresses to resolution and reparative stages in which acute inflam-
mation subsides. We studied the tissues collected at the bone defect site
at one-week post-operation #2. It is expected that the sites first become
pro-inflammatory in the first a few days and then turn into an anti-
inflammatory milieu after operation #2; this is on a back-drop of
chronic inflammation in our model. When acute inflammation subsides,
there is a change of polarization from M1 to M2 macrophage phenotype.
However, persistence of upregulated NFkB reflects persistent adverse
inflammatory processes which delay the resolution and reparative stages
of bone healing.

The Composition of T Cells is Distinctive Between Bone Defect Tissues
with Different Transplants, Demonstrating Stronger Inflammation Using
the MSC plus Scaffold Therapy.

There are significant numbers of T cells in the bone defect tissues,
however, the number of T cells in the “Original Bone Graft” group is small
(Fig. 3A, center). This suggests that the majority of the T cells at the bone
defect site transplanted with bone graft are recruited from the host mice,
rather than from the original bone graft. This observation is confirmed by
Fig. 6. The Composition of T Cells is Distinctively Different among Bone Defect Tissu
the T cells. B) FlowSOM analysis demarcates distinct T cell subsets among groups. C
markers in T-cell subtypes among groups.
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examining the CD90.2 biomarker that is only expressed in the host mice
(Fig. 6A).

We performed FlowSOM analysis of the T-cell population identified
using viSNE analysis. Although the proportions of T cells are similar
between the “BD Tissue w Scaffold þ MSC” group and the “BD Tissue w
Bone Graft” group, FlowSOM results show distinct differences between
groups (Fig. 6B). T cells from the “BD Tissue w Scaffold þ MSC” group
show higher level of phenotypic diversity than those from the “BD Tissue
w Bone Graft” group; this finding is similar to what we observed in the
macrophage population.

To further study the phenotypic diversity of the T cell population,
individual T-cell subtypes, including helper T cells (CD45þ, Ly6G�,
CD3þ, CD4þ), cytotoxic T cells (CD45þ, Ly6G�, CD3þ, CD8þ), and
double-negative (DN) T cells (CD45þ, Ly6G�, CD3þ, CD4-, CD8-) were
evaluated (Fig. 6C). In the “BD Tissue w Scaffold þ MSC” group, CD4þ T
cells form a major population and consist of about 68% of the total T-cell
population whereas CD8þ T cells consist of about 10%. Both of their
proportions are significantly higher than those in the “BD Tissue w Bone
Graft” group, which is about 10% for CD4þ T cells and 2% for CD8þ T
cells, respectively. In contrast, the majority of the T-cell population in the
“BD Tissue w Bone Graft” group is DN T cells (about 86%). Since most of
the T cells (93%) are recruited to the bone defect site (Fig. 6A) and the
peripheral T cells should mainly consist of CD4þ T cells and CD8þ T cells
in a 2:1 ratio [52,53], it is interesting to observe such a high percentage
of DN T cells in the bone defect site transplanted with the bone graft, but
not with the scaffold plus MSCs.

DN T cells have been regarded as a strong suppressor of the allor-
eactive immune response during transplantation in both mice and
humans [54–59]. A recent study has reported that the number of DN T
cells is negatively correlated with the severity of the graft-versus-host
disease (GvHD) in preclinical transplantation models and shows immu-
nomodulatory potential by preventing pathological B cell responses in
vivo [60]. These findings are consistent with our present findings, that in
the “BD Tissue w Bone Graft” group, there are high percentages
(approximately 86%) of DN T cells (Fig. 6C), and very rare B cells (<1%)
(Fig. 3A, middle-left), whereas in the “BD Tissue w Scaffold þ MSC”
group there are low numbers (<20%) of DN T cells (Fig. 6C), but
es with Different Transplants. A) CD90.2 expression level shows the originality of
) Comparison of T-cell subpopulation in percentage. D) Heatmaps of functional
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significantly more B cells (~11%) (Fig. 3A, middle-left). Others have
reported that DN T cells can modulate CD4þ T cells’ functionality by
abrogating the mTOR signaling pathway and stimulating both NF-κB and
p38 pathways [61]. This has also been observed in our studies (Fig. 6D).
In the “BD Tissue w Bone Graft” group which has high level (~86%) of
DN T cells (Fig. 6C), both NF-κB and p38 pathways are highly expressed
in CD4þ T cells and CD8þ T cells, compared with the other two groups.

Taken together, the accumulation of DN T cells within the bone defect
sites transplanted with bone graft, but not with the scaffold plus MSCs,
might indicate a DN T cells-mediated inhibition of the alloreactive im-
mune response could facilitate an improved clinical outcome in treating
critical-size bone defect using bone graft versus scaffold plus MSCs.

4. Discussion

Critical-size bone defects remain a significant challenge and an unmet
clinical need. Previously we and others have shown that after 4 weeks, a
critical size bone defect with nonunion develops with this model. Our
previous research [9] has shown promising enhancement of bone healing
using local delivery of MSCs at time 0, during the acute inflammatory
stage; however further research showed the efficacy of delivery of MSCs
during the chronic inflammatory stage of nonunion was unsuccessful
(unpublished data). We chose the time point of four weeks after the
primary surgery during the chronic inflammatory stage of a nonunion, as
potential therapies to achieve union at this time are an unmet clinical
need. We investigated two reconstructive options for such defects: syn-
geneic (simulating autologous) bone grafting versus MSC-based therapy
together with a supporting matrix [62,63] and revealed distinct cell
compositions of tissues from bone defect sites treated with these two
options. Both treatments show active recruitment of MSCs to the bone
defect sites, but the macrophages and T cell populations are more diverse
when the bone defect site is treated with the MSC-based therapy.

Autologous bone grafting is regarded as the gold standard for treating
critical-size bone defects. Although autogenous grafts are effective, they
often require an additional surgical site to harvest the bone graft (with
potential surgical complications) and the amount of autologous bone
may be limited in quantity and quality [2]. Although allogenic bone may
be sufficient in quantity, it lacks viable cells and active growth factors
and is incapable of inducing bone healing of critical size defects [3].

MSCbased therapy is a relatively new method for bone regeneration
and has gained more attention in recent years [38–40, 64–70].
MSC-based therapy possesses multiple advantages over autologous bone
grafting. First, MSC-based therapy is less invasive as it does not require an
additional open wound to harvest bone graft, and therefore, decreases
the risk of potential complications. Second, since the cells and the scaf-
folds are both scalable in vitro, MSC-based therapy is less likely to be
constrained by the size and quantity of the implants to fill large bone
defects. Third, once the process is optimized, MSC-based therapy may
have the potential to regenerate bone even faster and more efficiently
than autologous bone grafting.

Despite these potential advantages, MSC-based therapy is still not a
first line treatment for obtaining union of critical size bone defects. To
elucidate and differentiate the fundamental mechanisms of inducing
bone healing for these two treatments and determine potential ap-
proaches for optimization of MSC-based therapy, we have designed three
cohorts of experimental groups using a well-established murine critical-
size bone femoral bone defect model. The first cohort demonstrates the
natural biological state of the critical-size bone defect without any sub-
sequent surgical intervention. The second cohort simulates the use of
autologous bone grafting for treating critical-size bone defects. The third
cohort examines the use of MSC-based therapy, where MSCs were carried
by a novel scaffold and transplanted into the bone defect site to stimulate
bone regeneration.

MSCbased therapy shows great potential but still requires significant
improvements to achieve similar clinical outcomes compared with bone
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graft transplantation [71, 72]. Our results have revealed differences in
the cellular compositions between transplanted bone graft and
MSC-based therapy. By comparing these differences, we can adjust the
MSC-based therapy to mimic the healing effect induced by bone graft. We
also demonstrated that there is active recruitment of multiple cell types,
including MSCs and other immune cells, to bone defect sites during the
bone healing process. It is widely accepted that MSCs play a critical role
during bone healing, as they are the progenitors of osteoblasts. However,
constant communication between MSCs and other cell types collectively
contribute to the process of bone formation.

Crosstalk between macrophages and MSCs has been studied exten-
sively and has been shown to facilitate bone healing [73,74].
MSC-secreted growth factors can polarize macrophages from a
pro-inflammatory M1 phenotype to an anti-inflammatory M2 phenotype
[75,76], which in turn, facilitates bone healing. In this study, we went
beyond the conventional classification of M1 and M2 macrophages and
examined the overall heterogeneity status of the macrophage population
via FlowSOM and observed a significantly higher heterogeneity in the
defect with scaffold plus MSCs compared to the defect with transplanted
bone graft. This reflected an elevated immunomodulatory activity at the
bone defect site transplanted with scaffold plus MSCs.

MSCs also create a microenvironment that can suppress the prolif-
eration of CD4þ and CD8þ T cells, while promoting the expansion of T
regulatory cells [77, 78]. This suppression is especially prominent in the
defect with transplanted bone graft, as we observed significantly less
CD4þ and CD8þ T cells, and more DN T cells in the defect with trans-
planted bone graft compared to the defect with scaffold plus MSCs. As DN
T cells have been widely reported to suppress alloreactive immune
response during transplantation [54–59], this might contribute to better
clinical outcomes by using bone graft as the transplants.

There are several limitations to our study. First, we have only
included one scaffold group embedded with unaltered MSCs. While this
typically represents current MSC-based therapy, gene-modified MSCs [9]
or MSCs combined with nanoparticle-mediated growth factors (such as
TGF-β) [79] may further enhance bone healing. This study is the first step
in developing advanced MSC-based therapy, to achieve improve clinical
outcomes compared with autologous bone graft procedures. Second,
when designing the antibody panel for the CyTOF analysis in this study,
we primarily focused on common phenotypic biomarkers and 4 major
signaling pathways. As we gain further insights into the cell compositions
and biological pathways in the healing callus using this model, further
studies could focus on changes in different cellular biomarkers, relevant
functional pathways, and gene-expression levels in the critical cell sub-
types over time. Previous studies have shown that cellular crosstalk is
integral to the bone healing process [73,74]. Although CyTOF can
elucidate the key cells and mechanistic pathways that are important to
bone healing, additional methods that explore complex cellular in-
teractions will further expand our understanding of the processes of bone
healing in a complex multi-cellular microenvironment.

In summary, traditional research methods, such as histo-
morphometry, immunohistochemistry, qPCR, flow cytometry, cell and
organ culture and others have been used to elucidate the mechanisms
underlying healing at bone defect sites. The current study using a new
and cutting-edge methodology, namely CyTOF, provides a highly inno-
vative perspective of the cellular composition, functionalities, and
cell–cell interactions within bone defect sites early in the healing process.
Our CyTOF results have systematically compared the cellular and
immunomodulatory profiles among different interventions to obtain
bone healing and have identified specific areas that warrant further
exploration to improve MSC-based therapy for treating critical-size bone
defects. Other novel methodologies are currently being implemented in
our laboratory and by others to further understand the complexities of
failed bone healing. This research area is critical to solving an unmet
clinical need.
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