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SUMMARY

Mesenchymal stromal cells (MSCs) transplantation could enhance bone repair. However, the cell fate of transplanted MSCs, in terms of
their local distribution and spatial associations with other types of cells were poorly understood. Here, we developed a single-cell 3D
spatial correlation (sc3DSC) method to track transplanted MSCs based on deep tissue microscopy of fluorescent nanoparticles (fNPs)
and immunofluorescence of key proteins. Locally delivered fNP-labeled MSCs enhanced tibial defect repair, increased the number of
stem cells and vascular maturity in mice. fNP-MSCs persisted in the defect throughout repair. But only a small portion of transplanted
cells underwent osteogenic differentiation (OSX+); a significant portion has maintained their expression of mesenchymal stem cell
and skeletal stem cell markers (SCA-1 and PRRX1). Our results contribute to the optimization of MSC-based therapies. The sc3DSC

method may be useful in studying cell-based therapies for the regeneration of other tissue types or disease models.

INTRODUCTION

Cell therapies based on mesenchymal stromal cells (MSCs)
have shown promise as a therapeutic strategy to promote
bone repair based on their capacity for self-renewal and mul-
tipotent differentiation (Oryan etal., 2017). Although multi-
ple studies have demonstrated that transplantation of MSCs
promoted bone regeneration in preclinical models (Dupont
et al., 2010; Seebach et al., 2015), MSC-based therapies still
face some major challenges, such as low survival rates (Mei
et al., 2014). The beneficial behaviors of transplanted stro-
mal cells, including migration, differentiation, and cell-cell
interactions, during bone repair are becoming increasingly
clear (Featherall etal., 2018). Marrow MSCs could participate
in bone regeneration not only by osteogenic differentiation
but also by supporting the local microenvironment, such as
regulating angiogenesis (Green et al., 2018). In addition,
transplanted MSCs could also recruit resident pericytes and
promote vascular maturation in a spinal cord injury model
(Menezes etal., 2020). However, the local spatial distribution
of transplanted MSCs and their cell fate in a bone defect re-
mains unclear. Therefore, MSC-based therapies for bone
regeneration could be vastly improved by understanding
the spatiotemporal distributions of transplanted MSCs.
Recent development of fluorescence probes has enabled
the tracking of implanted cells without genetic manipula-
tions (Chen et al., 2018). Fluorescent nanoparticles (fNPs)
with aggregation-induced emission and the cell-pene-
trating peptide Tat have enabled long-term tracking of im-
planted MSCs (Ding et al., 2014). This class of {NPs has low
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toxicity, is photophysically stable, and is retained in small
animal models of skin injury, limb ischemia, and liver
regeneration (Cao et al., 2019). However, the effectiveness
of this f{NP in tracking implanted MSCs within a healing
bone defect has not been investigated.

Recent advances in deep tissue microscopy have enabled
the observation of single cells that spans up to hundreds of
micrometers in the skeletal system (Acar et al., 2015; Ram-
asamy et al., 2016; Sivaraj et al.,, 2021). However, this
method also created a vast amount of data. The torturous
3D structures of blood vessels and blood volume pose
additional challenges to quantify their relationship to
surrounding cells. In our previous work, an automated
approach was developed to quantify the 3D spatial correla-
tion of one cell type and blood vessels in a bone repair
model (Liu et al., 2019). Here, we improved this methodol-
ogy to study transplanted fNP-labeled MSCs and multiple
other cell types involved in bone repair, as well as blood
vessel and blood volume, using a deep learning algorithm
based on U-Net (Zhou et al., 2018).

MSC transplantation as a therapeutic has great potential in
improving bone regeneration. However, the spatiotemporal
progression in terms of cell fates and cell-cell interactions
still need to be elucidated. In this study, we hypothesized
that, in addition to osteogenic differentiation, a portion of
transplanted MSCs retain stem-like phenotype, and promote
bone regeneration by recruiting and regulating multiple cell
types that are essential for bone regeneration. In this effort,
we utilized a custom-made fNP to label marrow-derived
MSCs. Using immunofluorescent deep-tissue microscopy,
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this study aims to reveal the spatiotemporal behavior of
transplanted MSCs in a mouse monocortical tibial defect
(MTD) model. We were able to quantify the proportions of
transplanted cells and their osteogenic progenies, and their
effects on blood vessels, mesenchymal stem cells, skeletal
stem cells, and more mature osteoblasts.

RESULTS

The survival and retention of locally delivered MSCs in
tibial defect

Fluorescent signals of {NPs were localized in the cytoplasm
of MSCs after 12 h of NP incubation in vitro (Figure S1).
Over 80% of fNP-labeled MSCs expressed SCA-1; less than
10% of which expressed OSX and F4/80 (Figure S1). The
fNP-labeled MSCs were capable of differentiating into oste-
ogenic lineage cells in vitro, with no significant difference to
non-labeled MSCs (Figure S2). MSCs labeled with second
near infrared (NIR-II) fNPs (Li et al., 2021) were locally
delivered to tibial defects (Figure 1A). The NIR-II signals
were observed in the defect area throughout the bone
repair process (Figure 1B). NIR-II signals were not observed
in the contralateral tibia without MSC transplantation.
Compared with post surgery day O (PSD 0), the fluorescence
intensity did not show significant decrease on PSD 7, but
was reduced by 28% + 12% on PSD 10 (Figure 1C). The
NP signals were observed in the cytoplasm of transplanted
cells and confirmed their penetration into the defect (Fig-
ure 1D). Out of total transplanted MSCs, 23% + 8%
migrated into the defect (Figure 1E).

Locally delivered MSCs with fNP labeling improved
structure and function of bone defect tissue
Microcomputed tomography (micro-CT) data showed that,
compared with control, transplantation of either unlabeled
MSCs or fNP-labeled MSCs (fNP-MSCs) significantly
increased new bone volume (BV) on PSD 10 (Figure 2A),
BV fraction (BV/total tissue volume [TV]) by 47% + 7%
and 50% =+ 5%, trabecular number (Tb.N) by 39% =+ 4%
and 45% + 6%, trabecular thickness (Tb.Th) by 24% + 8%
and 32% = 6%, and decreased trabecular separation
(Tb.Sp) by 36% =+ 4% and 45% =+ 6%, respectively
(Figures 2C-2G). Bone mineral density was not affected
(Figure 2E). Movat’s pentachrome staining showed that
new bone area has increased in both MSC and fNP-MSC
transplantation groups on PSD 10, compared with the con-
trol group (Figures 2I and 2J).

Using digital image correlation (DIC), elevation of axial
strain across the defect area was correlated with increased
load (Figure 2B). MSC and fNP-MSC transplantation
reduced axial strain at the defect area by 43% + 7% and
50% + 9%, respectively, under 12 N of load (Figure 2H).

MSC transplantation also reduced axial strain on the sur-
rounding uninjured areas of the tibia (Figure S3).

Quantitative spatial analysis of transplanted cells in
defect via sc3DSC

The sc3DSC method was developed to quantify (1) the
spatial distribution of transplanted MSCs, (2) phenotype
markers and secreted proteins of all cells within a bone
defect, and (3) the spatial relationship between different
cell types during bone repair. The cell-to-cell method was uti-
lized to quantify the distance between transplanted fNP+
cellsand other cell types (Figures 3B and 3D). Fluorescent sig-
nals with a distance less than 5 pm from the center of each
other were considered to be co-localized in the same cell (Fig-
ure 3B). The cell-to-surface method was utilized to quantify
biological marker proteins, fNPs, and their spatial correla-
tion with the blood vessels (Figures 3C and 3E).

Locally delivered MSCs increased osteoblastic cell
numbers in the bone defect, but few underwent
osteogenic differentiation

Having observed the enhanced bone regeneration and the
presence of locally delivered MSCs, we proceeded to
examine the cell fate of transplanted MSCs. Using sc3DSC,
we analyzed DAPI, PRRX1, and NP signals in 3D space and
found that transplanted MSCs differentiated into skeletal
stem cells (PRRX1+) (Wilk et al., 2017) (Figure 4A). MSC
transplantation resulted in higher number of PRRX1+ cells
(131% £ 13% on PSD 7, and 58% + 6% on PSD 10), but not
on PSD 3 (Figure 4B). PRRX1+ cells were in closer proximity
of implanted cells on PSD 7 and PSD 10 compared with PSD
3 (Figure 4C). The proportion of fNP+ PRRX1+ cells in the
defect was 5% + 3%, 10% + 4%, and 7% + 3% on PSD 3,
7, and 10, respectively (Figure 4D). Furthermore, the pro-
portions of NP+ PRRX1+ cells out of the total number of
fNP+ cells were 6% + 2%, 33% + 8%, and 15% + 5% on
PSD 3, 7, and 10, respectively (Figure 4E). Some trans-
planted MSCs differentiated toward the osteogenic pheno-
type, showing both fNP and OSX signals (Figure 4F). MSC
transplantation increased the number of OSX+ cells by
103% + 7% on PSD 10, but had no effect on PSD 7 (Fig-
ure 4G). Compared with PSD 7, more OSX+ cells were in
proximity of transplanted cells on PSD 10 (Figure 4H).
The proportion of NP+ OSX+ cells over total OSX+ cells
was 2% + 1% and 13% + 4% on PSD 7 and PSD 10, respec-
tively (Figure 4I); the proportion of fNP+ OSX+ cells over
fNP+ cells in the defect area was 3% + 1% and 17% + 4%
on PSD 7 and PSD 10, respectively (Figure 4]). Expressions
of osteogenic genes (Ocn, Opn, Runx2, Alp, and Coll) were
significantly higher in the MSC implantation group on
PSD 10 (Figure S4). Transplantation of MSCs increased
collagen fiber volume by 110% + 11% in defect region on
PSD 10, but had no obvious effect on PSD 7 (Figure S5).
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Figure 1. Long-term tracking of implanted MSCs in tibial defects
(A) Schematic of fNP labeling and MSC transplantation.

during bone repair

(B) Long-term tracking of implanted MSCs in the tibial defect site with NIR-II imaging, quantification was performed in the region of

interest (ROI).

(C) Fluorescence intensity of the ROI over the defect area; n = 6 mice; *p < 0.05.
(D) Confocal microscopy of implanted cells (fNP) within the defect on PSD 3, 7, and 10. Zoomed-in images of regions enclosed by white
dotted lines are shown to the right, followed by 3D rendered surfaces; c, cortical bone; d, defect area. Scale bars, 80 um (in the left pane)

and 5 um (in zoomed-in images).
(E) The number of MSCs from (C) at each time point; n = 6 mice.

Locally delivered MSCs increased SCA-1+ cells
population during bone defect repair

We found that implanted MSCs had proliferative activity at
all time points (Figures 5A and 5B). MSC transplantation
decreased the proportion of KI67+ proliferating cells by
216% + 3% on PSD 3, but had no effect on PSD 7 and 10
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(Figure 5C). The distance between KI67+ cells and fNP+
cells did not change at these time points (Figure 5D). Out
of all transplanted cells, 14% + 3% were proliferative on
PSD 3; this proportion was maintained to PSD 10 (Fig-
ure 5F). The proportion of proliferating implanted cells
(fNP+ KI67+) over total proliferating cells (KI67+) was
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Figure 2. Locally delivered MSCs impr-
oved structure and function of regenerat-
ing tissue in bone defects; this improve-
ment was not affected by fNP labeling
(A) Micro-CT of the defect on PSD 10.

(B) Strain fields on tibia surface with de-
fects under 3-12 N of axial loading,
measured by DIC; red dotted line, defect
region.

(C-G) Structural properties and bone min-
eral density (BMD) of defect regions on PSD
10; n=6 mice; *p<0.05, **p<0.01, ***p<
0.001, ****p < 0.0001.

(H) Axial strain on defect region under 3-12
N of loading; n =6 mice. **p<0.01, ****p<
0.0001.

(I) Movat's pentachrome staining of a tibia
with MTD (left) and zoom-in defect regions
(right). Scale bars, 80 um; ¢, cortical bone;
d, defect area.

(J) Bone area from Movat's pentachrome
staining; n = 6 mice; ***p < 0.001.
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12% + 3% on PSD3, and showed no change on PSD 7 and
PSD 10 (Figure SE).

Cells with NP SCA-1 signals were present in defects and
the periosteum throughout bone repair (Figure 5G). Higher
numbers of host stem cells (fNP- SCA-1+) were in the MSC
implantation group on PSD 3 and PSD 7; and they were
spatially adjacent to the implanted cells (fNP+) (Figure 5G).
Voxel-wise co-localization analysis revealed that 68.6% of
fNP+ voxels were SCA-1+ on PSD 3, but this decreased to
26.9% and 15.3% on PSD 7 and PSD 10, respectively (Fig-
ure 5H). Lower proportions of SCA-1+ voxels were fNP+
(7.4% on PSD 3, 2.6% on PSD7, and 2.4% on PSD 10) (Fig-
ure SH). MSC transplantation significantly increased the
number of SCA-1+ cells in the defect by 182% + 10% and
419% + 18% on PSD 3 and PSD 7, respectively, but had
no effect on PSD 10 (Figure 5I). sc3DSC analysis showed
that more SCA-1+ cells were adjacent (<10 pm) to im-

Control

MSC fNP-MSC

planted fNP+ cells on PSD 3 and PSD 7, compared with
PSD 10 (Figure 5J). We observed 61% + 8% of fNP+ SCA-
1+ cells over total fNP+ cells on PSD 3; but the percentage
decreased significantly on PSD 3 to PSD 10 (Figure 5K).
The proportion of implanted cells expressing mesen-
chymal stem cell and skeletal stem cell markers (SCA-1
and PRRX1) was higher than the proportion of implanted
cells expressing more mature osteogenic markers (OSX)
on PSD 3, PSD7, and PSD 10 (Figure 5L).

Locally delivered MSCs were in close proximity to
newly formed vessels and improved
neovascularization in bone defects

To elucidate the relationship between transplanted MSCs
and newly formed vessels, we applied sc3DSC analysis for
EMCN-+ vessels and fNP+ implanted cells at the defect dur-
ing the vessel invasion (PSD 3-7) and vessel remodeling
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Figure 3. Spatial correlation analysis of transplanted MSCs during bone repair through sc3DSC

(A) The workflow of sc3DSC analysis.

(B) Cell-to-cell method; points from different channels with less than 5 um in distance were considered to be in the same cell (right). Scale
bars, 20 um (in the left and middle panels) and 3 pum (in the right panel).

(C) Cell-microvessel/protein correlation analysis via the cell-to-surface method; distance mask depicts the distance from every voxel in
extravascular spaces to the closest voxel containing vascular endothelial cells (EMCN, green); the center points of transplanted cells (fNP,
red) were correlated with the distance mask with respect to EMCN. Scale bar, 25 pum.

(D and E) Spatial statistical analysis between transplanted cells (fNP) versus proliferating cells (KI67) and microvessels (EMCN).

phase (PSD 7-10). Implanted cells were in close proximity
to newly formed vessels throughout tibial defect repair
(Figure 6A). The distance between fNP+ cells and EMCN+
vessels did not change significantly at each time point (Fig-
ure 6B). MSC transplantation increased vessel volume and
vessel number on PSD 3 and PSD 7 (Figures 6C and 6F).
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MSC transplantation produced thicker vessels on PSD 10
(Figure 6E), but had no effect on the distribution of vessel
diameters on PSD 7 (Figure 6D). The blood volume, which
was generated by deep learning, followed closely to the
vascular structure (Figures 6G and S6). Compared with con-
trol, MSC transplantation increased blood volume by 361%
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Figure 4. Locally delivered MSC increased osteoblastic lineage cell numbers in the defect, but few underwent osteogenic dif-
ferentiation

(A) Fluorescent microscopy showing cells expressing the skeletal stem cell marker PRRX1 and implanted cells (fNP). Scale bars, 80 um; c,
cortical bone; d, defect area; zoomed-in images of regions enclosed by white dotted line are shown to the right, followed by 3D rendered
surfaces. Scale bars, 5 um; yellow dotted line, volume of interest (VOI); white dotted lines in the zoomed-in images, fNP+ PRRX1+ cells.
(B) Number of PRRX1+ cells; **p < 0.01, ***p < 0.001, #p < 0.05, ###p < 0.001; n = 6 mice.

(C) Distances between implanted cells (fNP+) to PRRX1+ cells in defect at each time point; red dotted lines, fNP+ PRRX1+ cells (distance
<5 pum).

(D) Proportion of fNP+ PRRX1+ cells over total PRRX1+ cells in the VOI from (A); **p < 0.01; n = 6 mice.

(E) Proportion of fNP+ PRRX1+ cells over fNP+ cells in the VOI from (A); ***p < 0.001; n = 6 mice.

(F) Fluorescent microscopy showing osteoblasts (0SX) and implanted cells (fNP). Scale bars, 80 pum; c, cortical bone; d, defect area;
zoomed-in images of regions enclosed by white dotted line, followed by 3D rendered surfaces. Scale bars, 5 um; the white dotted lines
indicate fNP+ OSX+ cells.

(G) Number of 0SX+ cells in the VOI from (F); *p < 0.05; n = 6 mice.

(H) Distances between implanted cells (fNP+) to osteoblast (0SX+) in defect at each time point; red dotted lines, fNP+ 0SX+ cells (distance
<5 um).

(Iand J) Proportion of fNP+ 0SX+ cells over total 0SX+ cells and fNP+ cells, respectively, in the VOI from (F); ***p <0.001, ****p < 0.0001;
n =6 mice.

factor B (PDGF-BB) by 353% =+ 9%, 476% + 11%, and
661% + 25%, respectively (Figure S4). Transplanted MSCs
secreted VEGFA and PDGF-BB proteins within the defect
(Figure 7A and 7F). MSC transplantation increased

+19% and 116% + 14% on PSD 3 and PSD 7, respectively
(Figure 6H).

Locally delivered MSCs secreted VEGFA and PDGF-BB
during the early phase of bone repair

MSC transplantation increased the relative mRNA expres-
sion level of VEGFA, HIF-1a, and platelet-derived growth

VEGFA volume by 171% + 6% and 417% = 19% on PSD 3
and PSD 7, respectively, but had no effect on PSD 10
(Figures 7B and 7C); and increased PDGF-BB volume by
261% = 6% only on PSD 3 (Figures 7G and 7H). We
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repair

(A) Fluorescent microscopy showing cells with proliferative activity (KI67) and implanted cells (fNP); c, cortical bone; d, defect area. Scale

bars, 80 um; yellow dotted line, VOI.

(B) XY (top) and XZ plane (middle) of zoomed-in regions enclosed by white dotted lines in (A), followed by 3D rendered surfaces (bottom).
Scale bars, 5 um; white dotted lines, fNP+ KI67+ cells.
(C) Proportion of KI67+ cells in VOI from (A); *p < 0.05; n = 6 mice.
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observed fewer fNP+ VEGFA+ cells on PSD 10 compared
with PSD 3 and 7 (Figure 7D). Out of total transplanted
cells, 71% + 6% and 70% = 8% expressed VEGFA (fNP+
VEGFA+/fNP+ cells) on PSD 3 and 7, respectively (Fig-
ure 7E). The proportion of fNP+ PDGF-BB+ cells over
fNP+ cells was 58% = 9% on PSD 3, and decreased to 22%
+ 4% and 19% + 6% on PSD 7 and 10 (Figure 7J).

A small portion of fNP-labeled cells showed co-localiza-
tion with F4/80+ macrophages (fNP+ F4/80+) on PSD 3,
7, and 10 (Figures S7A-S7C). The proportion of fNP+ F4/
80+ voxels was 8% =+ 2% of total cells on PSD 3, and
decreased to only 1.1% + 0.3% on PSD 7, and 2.3% =+
0.1% on PSD 10 (Figure S7E).

DISCUSSION

The main challenge of validating and improving MSC
therapies for bone regeneration is the uncertain spatial
distribution of implanted cells. Previous fluorescence
probes were not able to continuously track transplanted
MSCs in vivo due to a combination of low resolution,
poor depth penetration, and short-term retention (Ni
et al.,, 2020). We report a series of fNPs as exogenous
trackers, which allow long-term tracking of MSCs with
bright fluorescence, excellent biological and photophysi-
cal stabilities, low influence on viability and differentia-
tion, and superb retention (Ding et al., 2014; Li et al,,
2013a). These fNPs outperformed commercial products
of exogenous fluorescent trackers, offering great promises
in investigating cell fates during regeneration. We were
able to directly observe locally delivered MSCs with fNP
labeling at single-cell resolution during long bone defect
repair. The fluorescent signal from NIR-II fNPs could pene-
trate soft tissues, and allowed imaging of transplanted
MSCs in living mice (Li et al., 2021). In this study, locally
delivered MSCs were applied onto the periosteal side of an
MTD. Using a combination of live imaging and deep tis-
sue microscopy, we showed that locally delivered MSCs
were retained around the defect site and had migrated
into the defect. Micro-CT analysis showed that MSCs

both with and without fNP labeling, had comparable effi-
cacy at improving the BV and trabecular structure of re-
generated bone tissue, indicating that fNP labeling would
not affect the osteogenic effect of transplanted MSCs.

The complex mixture of soft and hard tissues within a re-
generating bone defect has posed significant challenges
with regard to measuring its mechanical properties (Ruspi
et al., 2017). Previous studies successfully utilized DIC to
measure the local and global strain field on large bones,
such as human spine (Palanca et al., 2018) and sheep tibia
(Thompson et al., 2007). However, the main drawback of
these DIC strategies was resolution being in the macro
scale, which limited its use for small animal models and
correlating mechanical strain with cells. Recently, DIC
with microscopy has been developed to measure local
strain field on an irregular surface with micrometer resolu-
tion (Carrieroa et al., 2018), thus allowing the measure-
ment of mechanical properties of mouse bones (Sztefek
et al., 2010). Using this method, we found that strains on
the surface of intact bone from control groups were
2,000-3,000 pe in response to 9 N of force, which was
consistent with previous analyses (Sztefek et al.,, 2010).
We observed higher stiffness in bone defects after MSC
transplantation as shown by reduced strain, indicating
functional recovery of the defect tissue.

We investigated the spatiotemporal distribution of
locally delivered MSCs, using the sc3DSC technique to
quantify their progenies in relation to host cells, which re-
vealed exogenous MSC cell fates and functions during
bone formation. Previous work has shown that allogeneic
MSCs could directly differentiate into osteogenic cells after
transplantation (Julien et al., 2021). Our results showed
that bone defects with transplanted MSCs had significantly
higher numbers of PRRX1+ skeletal stem cells and OSX+ os-
teoblasts. However, only a small proportion of the total
implanted MSCs underwent osteogenic differentiation,
suggesting that implanted MSCs were enhancing bone
repair through other mechanisms, such as promoting the
invasion of host mesenchymal stem cells and skeletal
stem cells into the defect area, and subsequent regulation
of their proliferation and differentiation.

(D) Distance distribution of fNP+ cells to KI67+ cells; region enclosed by red dotted line, fNP+ KI67+ cells (distance < 5 pum).

(E and F) Proportion of fNP+ KI67+ cells over total fNP+ cells and total KI67+ cells, respectively, at each time point. n = 6 mice.

(G) Fluorescent microscopy showing SCA-1+ cells and fNP+ implanted cells; ¢, cortical bone; d, defect area. Scale bars, 80 pum; yellow
dotted lines, VOI; zoomed-in images of regions enclosed by white dotted line are shown to the right, followed by 3D rendered surfaces;
white triangles, SCA-1+ fNP- cells; empty triangles, SCA-1+ fNP+ cells. Scale bars, 5 um.

(H) Co-expression analysis of SCA-1 and fNP. Scale bars, 80 pm.

(I) Number of SCA-1+ cells in VOI from (G); *p < 0.05, ****p < 0.0001; n = 6.

(J) Distance distribution of fNP+ cells to SCA-1+ cells; red dotted line, fNP+ SCA-1+ cells (distance < 5um).

(K) Proportion of fNP+ SCA-1+ cells over total fNP+ cells; ****p < 0.0001; n = 6.

(L) Qualitative summary of implanted cells with stem cell marker (SCA-1) or osteogenic lineage cell marker (PRRX1, 0SX) expression in

defect area at each time point.
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Figure 6. Locally delivered MSCs had peri-vascular localization and promoted angiogenesis

(A) Fluorescent microscopy showing vessels (EMCN) and implanted cells (fNP). Scale bars, 80 um; yellow dotted line, VOI for quantitative
analysis; ¢, cortical bone; d, defect area; zoomed-in images of regions enclosed by white dotted line are shown to the right, followed by 3D
rendered surfaces. Scale bars, 10 um; white arrows, fNP+ cells adjacent to newly formed vessels.

(B) The distance distribution of implanted cells (fNP) to EMCN+ vessels.

(legend continued on next page)
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MSCs are capable of self-renewal and osteogenic differen-
tiation, but whether implanted MSCs could maintain these
characteristics during bone repair is still unclear. Immuno-
fluorescence microscopy of mesenchymal stem cells and
skeletal stem cell markers (SCA-1 and PRRX1) allowed us
to track the biomarker-based stemness of implanted
MSCs. Using sc3DSC, we found that 30%-40% of im-
planted MSCs had SCA-1 and PRRX1expression up to our
longest time point (PSD 10), suggesting that they main-
tained stemness throughout the bone repair process. Dur-
ing early stages of bone repair, implanted MSCs induced
higher numbers of host stem cells (NP-SCA-1+) in the
defect, most of which were located in close proximity to
implanted cells, suggesting the recruitment of host stem
cells. Interestingly, MSC implantation decreased the pro-
portion of KI67+ proliferating cells on PSD 3, but not on
PSD 7 and 10. The higher proportion of stem cells and pro-
genitors due to MSC implantation may have an inhibitory
effect on proliferation, while promoting osteogenic differ-
entiation, thus accelerating bone repair. This is corrobo-
rated by higher numbers of PRRX1+ skeletal stem cells on
PSD 7, and higher numbers of more mature OSX+ osteo-
genic cells on PSD 10. Therefore, MSC implantation could
promote bone regeneration by accelerating the osteogene-
sis process.

Paracrine effects of MSCs plays a critical role in tissue
regeneration. Regulatory factors secreted by mesenchymal
stem cells could regulate immune responses (Pajarinen
et al., 2019), osteogenesis (Lee et al., 2019), and angiogen-
esis (Lietal., 2013b), as well as supporting the bone marrow
niche. Here, we found that transplanted MSCs secreted
PDGF-BB, a major growth factor (Xie et al., 2014) and
stem cell chemoattractant (Gao et al., 2019). Administra-
tion of recombinant PDGF-BB could increase bone forma-
tion in osteonecrosis (Su et al., 2020), osteoporosis (Chen
et al., 2015; Mitlak et al., 1996), and bone defect repair
(Del Rosario et al., 2015). Previous results demonstrated
that PDGF-BB could promote the proliferation, migration,
and osteogenic differentiation of MSCs, and enhance the
expansion of endothelial progenitors, thus improving
angiogenesis and osteogenesis during bone remodeling
(Chen et al., 2015; Zhang et al., 2018). We found that im-
planted MSCs secreted and increased the amount of
PDGF-BB in bone defects on PSD 3. At the same time point,
MSC implantation has enhanced blood vessel volume and
the number of SCA-1+ cells. These results suggest that im-
planted MSCs may have contributed to the recruitment

of host SCA-1+ cells and promoted vessel formation
through the secretion of PDGF-BB.

Work by Kusumbe et al. (2014) had shown a specific type
of vessels, type H vessels, were coupled with osteogenic
cells. Implanted MSCs could regulate new vessel formation
in bone repair, as transplanted MSCs increased vessels vol-
ume (McDermott et al.,, 2019). In this study, sc3DSC
analysis showed that transplanted MSCs were localized
close to newly formed vessels during bone repair, similar
to the localization of host MSCs. In addition, more osteo-
genic cells were found near blood vessels in MSC transplan-
tation groups. Taken together, MSC transplantation could
enhance bone repair by enhancing osteogenesis-angiogen-
esis coupling. In addition, transplanted MSCs seemed to
have pro-angiogenic functions, as we have found higher
vessel volume during the early phase of repair (PSD 3 and
7). Endogenous MSCs could secrete angiogenic factors,
including VEGEF, PDGF-BB, and bFGF (Wang et al., 2013).
We examined whether transplanted MSCs secreted angio-
genic factors during bone defect healing. Our data showed
that over 70% of NP+ cells were expressing the pro-angio-
genic factor VEGFA within the defect during this time
frame. The distribution of vessel thickness showed a higher
peak in the MSC transplantation groups on PSD 10, which
could be due to accelerated vascular remodeling, which is
vital during bone regeneration (Boerckel et al., 2011; Ein-
horn and Gerstenfeld, 2015).

Blood availability could also affect bone repair, as
adequate blood supply would be vital for nutrient and
waste transport. However, quantification of blood volume
in a bone defect has been difficult. Micro-CT angiography
together with a contrast agent had been utilized to measure
blood volume (McDermott et al., 2019; Sawall et al., 2020).
But capillary vessels posed significant challenge to radio-
logical contrast agents, which were limited by high viscos-
ity and the pressure required. The best method to study
skeletal blood volume involves manual filling of immuno-
fluorescence data (Gomariz et al., 2018). Here, we utilized a
U-Net-based deep learning algorithm (Zhou et al., 2018) to
fill microvessels to obtain the blood volume automatically.

As the uptake of nanoparticles by endogenous macro-
phages is possible (Dupont et al., 2010). We found a small
proportion of F4/80+ macrophages with fNP signals in
the defect area on PSD 3, which was in agreement with
previous data showing internalized nanoparticles in
macrophages (Dupont et al., 2010; Liu et al., 2021), but
this decreased to around 1% during later time points.

(C-F) Vessel volume, the distribution of vessel diameter versus volume, and vessel number at each time point; *p <0.05, **p<0.01; n=6

mice.

(G) Fluorescent microscopy showing newly formed vessels (green) and blood volume generated with neural network (white) within the
defect. Scale bars, 100 and 50 pum for up and down planes, respectively; ¢, cortical bone; d, defect area.

(H) Blood volume quantification; *p < 0.05, **p < 0.01; n = 6.
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Figure 7. Transplanted MSCs secreted VEGFA and PDGF-BB in the bone defect

(A) Fluorescent microscopy showing VEGFA and implanted cells (fNP) within the defect; c, cortical bone; d, defect area. Scale bars, 80 um;
regions enclosed by yellow dotted lines: VOI1 was selected as quantitative regions with 200, 400, and 40 pm on X, Y, and Z on PSD 3; VOI1
was adjacent to cortical bone; VOI2 was selected as quantitative regions with 700, 400, and 40 um on X, Y, and Z on PSD 7 and 10, the
middle portion of the defect is selected; zoomed-in images of regions enclosed by white dotted lines are enlarged to right panels, followed
by 3D rendered surfaces; white arrows indicate fNP+ VEGFA+ cells; empty arrows indicate fNP+ VEGFA- cells. Scale bars, 10 pum.

(B and C) Quantification of VEGFA; *p < 0.05, ***p < 0.001; n = 6.

(D) The distance distribution of fNP+ cells to the VEGFA surface.

(E) The proportion of fNP+ VEGFA+ cells relative to fNP+ cells in defect area; ***p < 0.001; n = 6.

(F) Representative confocal microscopy images of PDGF-BB (green) and implanted cells (fNP, red) within the defect. Scale bars, 80 um;
zoomed-in images of regions enclosed by white dotted lines are enlarged to right panel of respective groups, followed by 3D rendered
surface; white arrows indicate fNP+ PDGF-BB+ cells; empty arrows indicate fNP+ PDGF-BB- cells. Scale bars, 10 pum.

(G and H) Quantification assessment for PDGF-BB volumes. *p < 0.05, ***p < 0.001; n = 6.

(I) The distance distribution of fNP+ cells to the PDGF-BB surface.

(J) The proportion of fNP+ PDGF-BB+ cells relative to fNP+ cells; ****p < 0.0001; n = 6.

This F4/80+ NP+ cell population during the early phase of
repair was likely due to post-transplant cell death of im-
planted MSCs (Swijnenburg et al., 2008). However, the
contribution of macrophages was small compared with im-
planted MSCs, as fNP+ F4/80+ cells only consisted of
around 8% of total cells on PSD 3. Then, {NP+ macrophages
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were quickly cleared from the defect region. Significant
proportion of implanted cells maintained SCA-1 expres-
sion and small proportion of implanted cells showed oste-
ogenic differentiation, suggesting low off-target effects on
tracking transplanted MSCs. The higher proportion of cells
with F4/80 and fNP co-expression on PSD 10 may be due to



the apoptosis of fNP-MSC-derived osteoblasts and endocy-
tosis of cell debris by macrophages (Jilka et al., 1998).

One limitation in our study is the lack of using multiple
marker genes together to define well-known cell types. As
the fNPs utilized in this study occupied a wide range of
the light spectrum and limited multiplexing of immuno-
fluorescent staining, we utilized single phenotype markers
to study the behavior of skeletal stem cells and osteogenic
lineage cells. However, cells could express SCA-1 and
PRRX1 simultaneously during osteogenic differentiation
(Takarada et al., 2016). PRRX1+ SCA-1+ cells also have mul-
tipotent and self-renewal potential, but stops expressing
SCA-1 and PRRX1 when differentiated into more mature
osteogenic cells, and start to express OSX (Esposito et al.,
2020; Nakashima et al., 2002; Takarada et al., 2016). Note
that SCA-1 and OSX should not overlap and would not
affect our conclusion regarding the cell fate of transplanted
cells. We hope future development in ultra-narrow band-
gap probes and fluorescent markers and imaging method
would allow us to integrate more markers simultaneously
and investigate different stage of osteogenic differentiation
of transplanted MSCs.

In conclusion, we have utilized fNP labeling, live imag-
ing, deep tissue microscopy, and sc3DSC analysis to track
and quantify cell fates and activities of transplanted MSCs
during bone defect repair. Our results showed spatiotem-
poral distribution of transplanted MSCs, spatial correlation
with other cell types, osteogenic differentiation, and para-
crine activities. The primary contribution of transplanted
MSCs at enhancing bone repair seemed to be the accelera-
tion of osteogenesis by recruiting endogenous skeletal
stem cells and osteogenic cells, as well as the regulation of
newly established vascular network within the defect space.
These findings would contribute to the discovery of new
cell-based therapy candidates that promote bone repair.
These newly developed methodologies may be useful for
analyzing transplanted cells in other tissue types for the
purpose of promoting regeneration and treating diseases.

EXPERIMENTAL PROCEDURES

Animals and reagents

Twelve-week-old female C57BL/6] mice (Shanghai Model Organ-
ism) were housed in the Southern University of Science and Tech-
nology Animal Care Facility and had access ad libitum to standard
mouse chow and water for the duration of the study. All in vivo an-
imal protocols were approved by the Institutional Animal Care and
Use Committee.

Bone marrow-derived MSC isolation, fNP labeling,

and local delivery

Bone marrow-derived MSCs (BMSCs) were isolated from the femur
and tibia of 8-12-week-old female C57BL/6] mice according to

methods published previously (Zhang et al., 2008). In brief, bone
marrow of female C57BL/6 mice (6-8 weeks old) was extracted
by rinsing the bone cavity with culture medium (DMEM + 1%
PS + 10% FBS). The cells were resuspended in the culture media
containing basic fibroblast growth factors and cultured for
5 days. The extracted BMSCs (2 X 10° cells) were cultured in a
25 cm? cell culture flask.

fNPs were obtained by assembling Tat and 2,3-bis(4-(phenyl-(4-
(1,2,2 triphenylvinyl)phenyl)amino)phenyl)fumaronitrile. These
fNPs were fabricated by utilizing DSPE-PEG2000 (1 mg) and its
maleimide derivative DSPE-PEG2000-Mal (1 mg) as the encap-
sulation matrix, and reacted with Tat peptide (100 mM in 40 pL).
The chemical structure of these nanoparticles was as reported
previously (Li et al., 2013a). BMSCs were incubated with fNPs
(50 pg/mL) in growth medium for 18 h to label cells before
transplantation.

BMSCs were delivered locally on the periosteal side of the tibial
defect mixed within a fibrin gel (Enzo Life Sciences, USA). The
cultured BMSCs or fNP-labeled BMSCs were resuspended in fibrin-
ogen at a concentration of 2.5 x 10* cells/uL immediately prior to
tibial defect surgery. Implants contained 2.5 x 10* fNP-labeled
MSCs, or cell-free fibrin gel was injected into the defect area.

Long-bone defect repair model and local delivery of
BMSCs

MTD surgery was performed as described previously (Liu et al.,
2018). In brief, under isoflurane anesthesia, a longitudinal skin
incision was made over the lower limb. Using a high-speed drill,
1-mm-diameter circular defects were created on the anterior
medial surface of a mouse tibia centered between the tibiofibular
junction and the tibial tubercle. The defect center was 4 mm distal
to the proximal articulating surfacing of the tibia. After saline irri-
gation, the incision was closed with 6-0 nylon sutures. Buprenor-
phine was administered immediately before surgery and at 24
and 48 h after surgery.

Tracking of BMSCs by NIR-II live imaging during bone
defect repair

The NIR-II fluorescence imaging (Suzhou NIR-Optics) of locally
delivered MSCs were performed at different time points (1, 3, 5,
7, and 10 days) post-surgical transplantation, using an 808-nm
laser with a power density of 30 mW/cm? for excitation and a
1,020 nm long-pass filter to collect the fluorescence signal with
an exposure time of 50 ms (n = 6). The measurement of the light
intensity of fNP probes was quantified with Image].

Micro-CT

The tibias were harvested on post-surgery day 10, and scanned us-
ing a micro-CT scanner (Skyscan 1172, Bruker, USA) with the
voltage of 60 kV, current of 100 pA, and a resolution of 6 um.
The CTAn software was used to analyze total BV/TV, trabecular
number (Tb.N), trabecular thickness (Tb.Th), and trabecular
spacing (Tb.Sp). The 3D reconstruction of the intact bone and
defect region was performed by Mimics 17 (Materialise, USA).
The volume of interest was the circular region of the tibial defect,
on the same frontal plane as the existing cortical bone. A successful
repair process will result in the formation of cortical bone in this
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volume of interest (VOI). BV/TV was defined as the ratio of the
segmented bone volume to the total volume of VOI. Tb.N,
Th.Th, and Tb.Sp were defined as measure of the average number
of trabeculae per unit length, mean thickness of trabeculae, and
distance between trabeculae in VOI. The computation of Tb.N,
Th.Th, and Tb.Sp was based on 3D calculations, namely, a sphere
fitting method (Bouxsein et al., 2010), where for thickness mea-
surement the spheres are fitted to the object and for separation
the spheres are fitted to the background. The basic approach is to
determine the diameter of the largest possible sphere that can be
fitted through each voxel that is completely contained within
the object (or background) and then to average these diameters.

Mechanical testing

The mechanical properties of the bone defect tissue were deter-
mined using DIC according to methods published previously
(Thompson et al., 2007). The surface of tibias was coated with a
layer of matt, water-based white acrylic paint (XF-2, Tamiya
Paint, USA) then speckled with matt, water-based, black paint
(0741, Haoshun, China), using a high-precision airbrush. Then
painted tibias were placed in the loading cups of electromagnetic
mechanical test system (ElectroForce 3200 system, TA Instru-
ments, USA). Axial compressive mechanical load was applied at
a rate of 8 N/min up to a maximum of 12 N and the strain field
was determined using the 3D DIC system (XTDIC-Micro, XTOP,
China).

Immunofluorescent staining of thick bone sections
Mice were sacrificed on PSD 3, 7, and 10. Thick (90 pm) longitudi-
nal tibia frozen sections were prepared as described previously (Ku-
sumbe et al., 2015). In brief, each tibia was stripped of soft tissues
and fixed in 4% paraformaldehyde (PFA) at 4°C for 4 h, decalcified
in 0.5 M EDTA at 4°C for 48 h, cryoprotected at 4°C for 48 h, and
cryoembedded. Cryosections were prepared using a cryostat (Leica
3050S) with a thickness of 80 um and stored at —80°C.

For immunostaining, the tibia sections were hydrated, permeabi-
lized, blocked, and incubated with primary antibodies against en-
domucin (sc-65495, 1:100, Santa Cruz), osterix (ab22552, 1:200,
Abcam), paired related homeobox 1 (PRRX1) (ab211292, 1:200,
Abcam), KI67 (ab15580, 1:200, Abcam), and F4/80 (ab6640,
1:200, Abcam) overnight. Next day, the sections were incubated
with anti-rabbit Alexa Fluor 488 (A32790, 1:300, Invitrogen) sec-
ondary antibody for 1 h at room temperature. Sections were
washed with PBS and mounted with DAPI FluoroMount-G
(0100-20, SouthernBiotech) and then sealed with coverslips.

Confocal and two-photon imaging

3D fluorescent images were acquired using a Nikon A1R confocal
laser scanning microscope with a 20x objective lens. The z stacks
of 80 um in height and an x-y detect area at a size of 1,024 x 1,024
pixels, with a resolution of 0.624 um, were taken for each slide. The
1-mm defect was imaged by tiling three z stacks, spanning
1,500 mm along the long axis of the tibia.

The second harmonic generation of collagen fibers was acquired
on an Olympus FVMPE-RS Multiphoton laser scanning micro-
scope (Japan). Images were excited with an 860-nm laser, and emis-
sions were detected using 420-465 filters. The z stack of 40 um
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height and an x-y detect area, at a size of 1,024 x 1,024 pixels,
with a resolution of (0.623) um, were taken for each sample.

Spatiotemporal analysis of transplanted MSCs by
sc3DSC

The sc3DSC method was developed to quantify (1) the spatial dis-
tribution of fNP+ cells, (2) phenotype markers and secreted pro-
teins of all cells within a bone defect, and (3) the spatial relation-
ship between different cell types during bone repair. The
workflow of sc3DSC is shown in Figure 3A. The 3D surfaces of
each confocal channel was created by utilizing the surface function
in Imaris (v.7.1, Oxford Instruments, Switzerland). The spatial po-
sition of cells (fNP+, PRRX1+, OSX, and KI67) were obtained by the
position output in Imaris and saved as excel files. The distance dis-
tribution to selected surfaces (EMCN, VEGFA, and PDGF-BB) was
generated by Distance Transformation tool in Imaris, and saved
as tiff files. For cell-to-surface analysis, the position information
of NP+ cells and the distance distribution to surface were input
into MATLAB script. The distance distribution of fNP+ cells versus
surface was analyzed by utilizing cell-to-surface code (cell-to-sur-
face code.m). For cell-to-cell analysis, the position information of
fNP+ cells and PRRX1+ cells were input into cell-to-cell code
(cell-to-cell code.m) in MATLAB, which output the minimum dis-
tance between the cells.

The fNP signals were located in the cytoplasm of transplanted
cells, but some cell markers (PRRX1, OSX, and KI67) were located
in cellular nucleus (Esposito et al., 2020). The diameter of mesen-
chymal stem cells is about 20-30 um (Ge et al., 2014), and the
diameter of osteoprogenitor is approximately 20-50 um (Malaval
et al., 1999). Thus, fluorescent signals with a distance less than
5 um from the center of each other were considered to be co-local-
ized in the same cell. When the distance between fNPs and VEGFA/
PDGF-BB was less than 10 um, VEGFA/PDGF-BB was determined to
be secreted by fNP+ cells. Spatial correlation between implanted
MSCs and newly formed vessels was analyzed using the cell-to-sur-
face method. Co-localization between fNPs and VEGFA/SCA-1 was
evaluated in Imaris using the co-localization method.

In deep tissue images of longitudinal thick sections of the MTD,
rectangular VOIs of 700, 400, and 40 pm on X, Y, and Z were
selected as quantitative regions. The VOIs were in the space previ-
ously occupied by cortical bone.

Histological staining

The tibias with MTD were extracted on PSD 10, fixed in 4% PFA for
24 h, and decalcified in a large volume of 0.5 M EDTA at 4°C for
3 weeks before tissue processing. Then, tissue samples were
dehydrated and embedded in paraffin (Leica ASP 300S, Leica).
Five-micrometer paraffin sections were created using a microtome
(Leica CM1950, Leica) and stained with hematoxylin and eosin
(G1120, Solarbio, China) and Movat’s pentachrome (A55580,
OKA, China) according to the manufacturers’ instructions.

qPCR

A 2-mm section of tibia containing the defect was collected on PSD
10 and ground into powder at —80°C using TissueLyser (Jingxin,
China). The total RNA was extracted using TRIzol (15596, Thermo
Scientific, USA). A RevertAid First Strand cDNA Synthesis Kit



(K1622, Thermo Fisher Scientific, USA) was utilized to perform
cDNA synthesis from isolated total RNA. The relative expression
levels of osteogenic- and angiogenic-related genes in the defect
were assessed by qPCR using GoTaq qPCR Master Mix (A6002,
Promega, USA). Primer sequences are listed in Table S1. Gene
expression was presented as 2—“~C" after normalizing to 18 s.

Statistical analysis

Statistical significance between two groups were evaluated by Stu-
dent’s t test. Multiple group comparison was performed with one-
way and two-way ANOVA tests with Tukey’s multiple comparisons
test. Experimental data were expressed as means + SD. Results were
considered statistically significant if p < 0.05. GraphPad 8.0 soft-
ware (GraphPad Software, La Jolla, CA, USA) was used for all statis-
tical analyses.
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