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Hematopoietic Stem Cells as a 
Novel Source of Dental Tissue Cells
Katie R. Wilson1, In-Hong Kang1, Uday Baliga1, Ying Xiong1, Shilpak Chatterjee2, Emily 
Moore3, Beneta Parthiban2, Krishnamurthy Thyagarajan2, James L. Borke4, Shikhar 
Mehrotra2, Keith L. Kirkwood5, Amanda C. LaRue1,6,7, Makio Ogawa1 & Meenal Mehrotra1,3,6,8

While earlier studies have suggested that cells positive for hematopoietic markers can be found in 
dental tissues, it has yet to be confirmed. To conclusively demonstrate this, we utilized a unique 
transgenic model in which all hematopoietic cells are green fluorescent protein+ (GFP+). Pulp, 
periodontal ligament (PDL) and alveolar bone (AvB) cell culture analysis demonstrated numerous 
GFP+ cells, which were also CD45+ (indicating hematopoietic origin) and co-expressed markers of 
cellular populations in pulp (dentin matrix protein-1, dentin sialophosphoprotein, alpha smooth muscle 
actin [ASMA], osteocalcin), in PDL (periostin, ASMA, vimentin, osteocalcin) and in AvB (Runx-2, bone 
sialoprotein, alkaline phosphatase, osteocalcin). Transplantation of clonal population derived from 
a single GFP+ hematopoietic stem cell (HSC), into lethally irradiated recipient mice, demonstrated 
numerous GFP+ cells within dental tissues of recipient mice, which also stained for markers of cell 
populations in pulp, PDL and AvB (used above), indicating that transplanted HSCs can differentiate 
into cells in dental tissues. These hematopoietic-derived cells deposited collagen and can differentiate 
in osteogenic media, indicating that they are functional. Thus, our studies demonstrate, for the first 
time, that cells in pulp, PDL and AvB can have a hematopoietic origin, thereby opening new avenues of 
therapy for dental diseases and injuries.

Loss of teeth resulting from decay, periodontal diseases, trauma, or surgery negatively affects quality of life. 
During recent years, the quest for identifying the ideal stem cell to regenerate tooth has attracted increased atten-
tion. Earlier studies have shown that cells in bone marrow, which contains both hematopoietic stem cells (HSCs) 
and mesenchymal stem cells (MSCs), can differentiate into odontoblast-like cells1,2 and regenerate dental pulp3. 
Recently, it has been shown that compressive forces in the scaffolds can induce adult bone marrow stem cells to 
undergo a lineage switch and begin to form dentin-like tissue4. Local transplantation of bone marrow cells regen-
erated periodontal ligament (PDL)5–8, and their migration after systemic transplantation into periodontal tissues 
was increased by mechanical stress9. Enhanced green fluorescent protein (EGFP)-expressing cells were observed 
around periodontal defects after systemic transplantation of bone marrow derived cells10,11, which were capable 
of participating in tissue repair12. GFP+ bone marrow cells have been shown to differentiate into dental-specific 
cells and expressed dental-specific proteins after systemic transplantation13.

Bone marrow also includes the HSCs which till now are said to only give rise to blood cells and some tissue 
cells such as osteoclasts. However, recent studies (stated below) have begun to suggest the plasticity of HSCs (abil-
ity to give rise to other cells). Using a transplantation technique in which bone marrow of lethally irradiated mice 
is replaced with a clonal population derived from a single GFP+ HSC, we have previously shown that a number 
of fibroblasts/myofibroblasts in multiple tissues14–16, adipocytes17 and osteo-chondrocytes18,19 are derived from 
HSCs. In fact, in previous studies in the dental tissue, CD34+ (marker for HSCs) cells have been demonstrated in 
the healthy human gingiva20 and majority of GFP+ cells were CD45+ (pan hematopoietic marker) in reparative 
dentin in a parabiosis model21, suggesting that HSC-derived cells may also be present in the dental tissues.
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In this study, we demonstrate, for the first time, that cells having a hematopoietic origin are present in the den-
tal tissues. We also establish that after systemic transplantation of lethally irradiated mice with a clonal population 
derived from a single HSC, HSC-derived cells expressing markers of resident cellular populations can be detected 
in the pulp, PDL and alveolar bone (AvB) of the recipient mice. We also show that these cells can deposit collagen 
and undergo osteogenic differentiation, depositing calcium in vitro. Together with the above reports, our studies 
clearly delineate that hematopoietic-derived cells are present in the pulp, PDL and AvB, thereby providing a novel 
source of cells in the dental region.

Results
CD45+ cells are observed in pulp, PDL and AvB. To test the hypothesis that cells with a hematopoietic 
origin could be present in pulp, PDL and AvB, we took sections through the molar crown of C57/BL6 mice and 
conducted immunofluorescent staining using CD45 antibody. A number of CD45+ cells (indicated by green 
staining and marked by arrows), having the morphology of fibroblasts and osteocytes, can be visualized within 
the pulp, PDL and AvB (Fig. 1a). CD45 positive staining can be seen mainly in the pulp cells, CD45+ cells are 
present all along the length of the PDL and CD45+ osteocytes can be seen in the bone matrix. To further confirm 
that these CD45+ cells were indeed fibroblasts and osteoblasts, the major resident cell populations of these regions 
and not immune cells, cells from all the three tissues were cultured for 7–14 days before being stained for CD45 
and alpha smooth muscle actin (ASMA) for pulp and PDL and CD45 and osteocalcin for AvB. The cells were 

Figure 1. CD45+ cells are observed in pulp, PDL and AvB: (a) Sections through the molar crown from a 
C57BL/6 mouse were taken and immunofluorescent staining was conducted using CD45 antibody and Alexa 
Fluor 488 secondary antibody. CD45 positive cells (green staining, white arrows) can be observed in all the 
three tissues, pulp, PDL and AvB. CD45 positive staining can be seen mainly in the pulp cells, CD45+ cells 
are present all along the length of the PDL and CD45+ osteocytes can be seen in the bone matrix. Thus, cells 
with a hematopoietic origin are present in the dental tissues. Bar: pulp, PDL and AvB = 50 µM; secondary 
only = 100 µM. (b) To determine if the cells with the hematopoietic origin are fibroblasts and osteoblasts 
(major population of cells found in these tissues), cells were extracted from the pulp, PDL and AvB and 
cultured for 7–14 days (n = 3). They were then stained with CD45 and ASMA antibodies (for pulp and PDL) 
and CD45 and osteocalcin (OCN) antibodies (for AvB) and Alexa Fluor 488 and Cy3 secondary antibodies. 
Immunofluorescent imaging demonstrates the presence of CD45 staining (green) in the membranes of some 
of the cells which stained positive for ASMA (red) in pulp and PDL and OCN (red) in AvB (white arrows), 
indicating the existence of hematopoietic-derived fibroblasts and osteoblasts respectively. Bar for all = 10 µM. 
(c) These cells were further analyzed by flow cytometry, for the expression of CD45 and ASMA (in pulp and 
PDL) and CD45 and OCN (in AvB), to determine the percentage of fibroblasts and osteoblasts which have a 
hematopoietic origin. In this representative image, about 10% of pulp cells and 3% of PDL cells were found to 
express both CD45 and ASMA. In AvB, about 13% of cells were positive for CD45 and OCN. This indicates that 
there is a percentage of fibroblasts in pulp and PDL and a percentage of osteoblasts/osteocytes in AvB which 
have a hematopoietic origin.
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Figure 2. Presence of hematopoietic-derived cells in pulp, PDL and AvB in transgenic mice: (a) Generation of 
Cre-activated dual fluorescence mouse (VavR), in which all hematopoietic cells are GFP+ (after Cre-mediated 
excision of floxed RFP) while all non-hematopoietic cells, with no Cre activity, are RFP+. (b) Flow cytometric 
analysis of peripheral blood from 4 weeks old VavR pups show presence of GFP+ cells while non-transgenic 
pup demonstrates presence of RFP+ cells. (c) Cultured cells from pulp, PDL and AvB, from VavR mice, were 
analyzed by immunofluorescence. GFP+ cells (hematopoietic-derived) can be appreciated among RFP+ cells 
(stromal-derived). Bar = 100 µm. (d) Representative flow cytometric analysis from 3 mice show that percentage 
of GFP+ cells ranged from 6–24% in pulp, 6–34% in PDL and 17–50% in AvB, indicating their hematopoietic 
origin. (e) Immunofluorescent staining for CD45 (red; Cy5) was performed to confirm hematopoietic origin 
of GFP+ cells. Only GFP+ cells, from all three tissues, stained positive for CD45 (red staining on cell surface). 
Bar = 50 µm. (f) Flow cytometric analysis of pulp, PDL and AvB cells after staining with CD45-APC. Analyses 
was performed after initially gating for GFP+ (green) and RFP+ (red) cells and examining expression of CD45 
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then either visualized by immunofluorescent staining or analyzed by flow cytometry (n = 3). Figure 1b shows 
the immunofluorescent staining of CD45 (in green) and either ASMA or osteocalcin (in red) in the cultured cells 
from pulp, PDL and AvB. CD45 staining can be observed (marked by arrows) in the membranes of some of the 
cells which also stained positive for ASMA in pulp and PDL and for osteocalcin in AvB, indicating the presence 
of hematopoietic-derived fibroblasts and osteoblasts respectively. On analyzing by flow cytometry, about 5–18% 
of pulp and 3–5% of PDL cells were found to be CD45+ and ASMA+ while in AvB, about 12–20% of cells were 
CD45+ and osteocalcin+, again indicating the percentage of fibroblast and osteoblasts which have a hematopoi-
etic origin (Fig. 1c). Thus, these data strongly suggest that cells of hematopoietic origin are present in pulp, PDL 
and AvB of mice.

Presence of hematopoietic derived cells in pulp, PDL and AvB in transgenic mice. In order to 
conclusively demonstrate the hematopoietic origin of the cells in the pulp, PDL and AvB, we utilized a specific 
transgenic mice first described by Suga et al.22. They reported the generation of a Cre-activated dual fluores-
cence mouse (VavR) with the Cre expression being under the Vav-1 gene promoter. Vav-1 is a pan-hematopoietic 
marker expressed exclusively in hematopoietic system23. In VavR mice, obtained by crossbreeding Vav-Cre and 
mTmG strains, all hematopoietic cells, which express Vav-1, are labeled with GFP (after a Cre-mediated excision 
of floxed RFP) while all non-hematopoietic cells, with no Cre activity, remain RFP labeled (Fig. 2a). Importantly, 
if Vav-1 has been expressed in a cell at any point during development, that cell is permanently labeled with GFP 
which eliminates the problem of transient expression of hematopoietic lineage markers such as CD4522. In order 
to differentiate transgenic VavR pups from the non-transgenic pups, we analyzed their peripheral blood by flow 
cytometry. Representative images from the analysis shows the presence of GFP+ cells in the peripheral blood of 
transgenic VavR pups while the non-transgenic pup demonstrates RFP+ cells only (Fig. 2b). After confirming 
transgenic pups, we cultured the cells from pulp, PDL and AvB of these VavR mice and analyzed them by immu-
nofluorescence and flow cytometry. GFP+ cells can be detected among the RFP+ cells in cultures from all three 
dental tissues (Fig. 2c). Flow cytometric analysis (n = 7 mice) demonstrated that the percentage of the GFP+ cells 
ranged from 6–24% in pulp, from 6–34% in PDL and from 17–50% in AvB (Fig. 2d). The above data indicate the 
presence of hematopoietic-derived cells among the stromal-derived cells in the pulp, PDL and AvB. To confirm 
that only the GFP+ cells were of hematopoietic origin, we stained the cells from pulp, PDL and AvB with CD45. 
Figure 2e demonstrates that only GFP+ cells, from all three tissues, stained positive for CD45 (seen as red staining 
on the cell surface). This is confirmed by flow cytometric analysis showing that all GFP+ cells from pulp, PDL and 
AvB stained positive for CD45 also while RFP+ cells do not show any CD45 staining (Fig. 2f). Lastly we wanted 
to confirm which resident cells populations in the pulp, PDL and AvB had a hematopoietic origin. The main 
cell populations in pulp are fibroblasts and odontoblasts while PDL consists of fibroblasts, bone and cementum 
cells and osteoblasts/osteocytes form the main cellular population in AvB. Thus, we used markers such as dentin 
matrix protein-1 (DMP-1), dentin sialophosphoprotein (DSPP), ASMA, vimentin, periostin, runt-related tran-
scription factor 2 (Runx-2), bone sialoprotein (BSP), alkaline phosphatase (ALP) and osteocalcin to identify the 
cell populations as has been described in studies previously24–30. As seen by immunofluorescent staining, almost 
all of the GFP+ cells in pulp also stained for DMP-1, DSPP, ASMA and osteocalcin, in PDL also stained for peri-
ostin, ASMA, vimentin and osteocalcin and in AvB also stained positive for Runx-2, BSP, ALP and osteocalcin (as 
indicated by dual stained yellow cells) (Fig. 2g). Thus, these data conclusively establish that cells with a hemato-
poietic origin are present within the resident cell populations of pulp, PDL and AvB.

CD45 enriched bone marrow cells give rise to cells in the pulp, PDL and AvB. Next we wanted 
to confirm if the HSCs in the bone marrow have the ability to give rise to the cells in the pulp, PDL and AvB. In 
order to initiate these studies, we first transplanted mice with plastic non-adherent bone marrow cells. Studies 
have shown that HSCs reside in the CD45 enriched non-adherent cell (NAC) population of bone marrow31. We 
performed initial experiments by transplanting GFP+ NACs into lethally irradiated mice. Almost 100% of bone 
marrow NACs were CD45+ after 4 days in culture indicating complete enrichment of this population (Fig. 3a). 
This population was then collected and transplanted into lethally irradiated mice. Peripheral blood analysis from 
recipient mice, one month after transplantation, demonstrated hematopoietic engraftment of 88% or greater 
(Fig. 3b). Pulp, PDL and AvB cells were then extracted from recipient mice, cultured for 2 weeks and then either 
fixed and imaged or analyzed by flow cytometry. Presence of GFP+ cells can be detected in cultures from pulp, 
PDL and AvB (Fig. 3c) which demonstrates cells derived from transplanted CD45 enriched bone marrow. GFP− 
resident cells can also be observed in the culture. Flow cytometric analysis demonstrates that 35–70% of pulp 
cells, 10–40% of PDL cells and 23–85% of AvB cells (n = 5–6) were GFP+. Representative images are seen in 
Fig. 3d. While this data confirms participation of CD45 enriched bone marrow cells in dental tissues, the contri-
bution of HSCs specifically remains unaddressed.

in these gated populations. Representative images confirm that all GFP+ cells from pulp, PDL and AvB are also 
CD45+ (green graph) while all RFP+ cells are CD45− (red graph). Isotype for CD45 (negative control) is shown 
by blue graph. (g) To examine the resident cell population in the different tissues which was hematopoietic-
derived, immunofluorescent staining was conducted for various markers of these cells using DMP-1, DSPP, 
ASMA and osteocalcin for pulp, periostin, ASMA, vimentin and osteocalcin for PDL and Runx-2, BSP, ALP and 
osteocalcin for AvB (red; Cy5). All GFP+ cells (green) also stained for the various markers (yellow cells; white 
arrows) in pulp, PDL and AvB, indicating that GFP+ cells also expressed the markers of the resident populations 
in these tissues. Bar = 50 µm. In all images, Hoechst shows the nuclear staining (blue) while DIC images shows 
morphology.
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HSCs give rise to cells in pulp, PDL and AvB. To unequivocally confirm that HSCs can differentiate 
into cells in pulp, PDL and AvB, we generated mice with high-level, multilineage hematopoietic engraftment by 
a clonal population derived from a single HSC as has been described previously17,19,32,33. The description of the 
method, given in Materials and Methods, is shown in schematic form in Fig. 4a. To confirm that the transplanted 
cells did not include any MSCs, we analyzed Lin−Sca-1+C-kithiCD34− population of cells for presence of MSC 
markers by flow cytometry. Figure 4b demonstrates that this population was negative for MSC markers such as 
CD105, CD106, CD90, CD29, thus confirming no MSCs were transplanted. These cells were positive for CD11b 
(Mac-1). It has been previously demonstrated that CD11b is expressed on activated HSCs34. This further con-
firms that the clonal population transplanted consisted of HSCs alone. Transplanted mice (n = 3) were analyzed 
for multilineage engraftment in the blood before being used for the experiment, as one of the hallmarks of a true 
HSC is its ability to reconstitute all lineages of blood. Figure 4c shows flow cytometric analysis of the periph-
eral blood from a representative recipient mouse exhibiting high-level multilineage engraftment 8 months after 
transplant. The percentage of total GFP+ cells within the different blood lineages in this mouse was 73%. A large 
number of granulocytes/macrophages (25%), and B cells (43%) in this mouse were GFP+. The slow turnover of 

Figure 3. CD45 enriched bone marrow cells give rise to cells in the pulp, PDL and AvB: (a) Bone marrow 
cells from GFP mice were cultured for 4 days and supernatant with non-adherent cells (NACs) was collected. 
NACs were analyzed by flow cytometry for CD45+ cells. Representative images show that almost 100% of the 
NACs, after 4 days in culture, were CD45+ indicating complete enrichment of the population. (b) To check 
for engraftment in the recipient mice, peripheral blood from lethally irradiated non-GFP recipient mice, 
transplanted with the CD45 enriched NACs from GFP mice, was analyzed by flow cytometry, one month after 
transplantation, for the presence of GFP+ cells. Representative image shows a mouse with an engraftment of 
88%. (c) Pulp, PDL and AvB cells were extracted from the engrafted mice and cells cultured for 2 weeks, fixed 
and observed under microscope for presence of GFP+ cells. Superimposition of GFP images with DIC images 
(showing morphology), demonstrates numerous GFP+ cells in the cultures from all three dental tissues present 
among GFP− resident cells. Bar = 100 µm. (d) The cells from all three tissues (n = 3) were analyzed by flow 
cytometry, for the percentage of GFP+ cells. Representative images show that the percentage of GFP+ cells were 
44.5% in pulp, 39.9% in PDL and 84.7% in AvB. Cells from pulp. PDL and AvB, from a non-transplanted non-
GFP mouse were taken as controls.
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T cells is believed to be responsible for the minority population of GFP+ T cells (5.4%). To investigate whether 
donor-derived cells are present in dental tissues, paraffin sections through molar tooth from clonally engrafted 
mice were evaluated by immunofluorescent staining. Analysis of images of sections stained with GFP antibody 
(visualized in red) demonstrates that a large number of cells within the pulp, PDL and AvB were GFP+ (marked 
by arrows), confirming the ability of HSCs to contribute to these dental tissues (Fig. 4d). Most of the GFP+ cells 
can be observed in the cell-rich layer of pulp with a few GFP+ cells in the odontoblast layer surrounding the pulp 
(Fig. 4d; pulp). GFP+ cells were widely distributed along the length of PDL (Fig. 4d; PDL). In the AvB, GFP+ cells 

Figure 4. HSCs give rise to cells in pulp, PDL and AvB: (a) Schematic form of the transplantation method to 
generate mice with high-level, multilineage hematopoietic engraftment by a clonal population derived from a 
single HSC. (b) Representative flow cytometric analysis of Lin−Sca-1+C-kithiCD34−SP cells for the presence 
of MSC markers. Images show that this population was negative for MSC markers such as CD105, CD106, 
CD90, CD29 (sample in red versus isotype in grey). These cells were positive for CD11b (Mac-1), confirming 
that the clonal population transplanted consisted of HSCs alone. (c) Representative flow cytometric analysis 
of the peripheral blood from a clonally engrafted lethally irradiated GFP− recipient mouse shows GFP+ cells 
representing 43% of B cells, 5.4% of T cells and 25% of granulocytes-macrophages, 8 months after transplant. 
This indicates multilineage engraftment of the transplanted HSCs. (d) Representative images from section of 
the molar tooth from a transplanted mouse, examined after staining with the antibody to GFP (seen in red; 
Cy3). DIC images show cell morphology while nuclei are indicated by Hoechst stain in blue. Staining with GFP 
antibody demonstrates the presence of HSC-derived cells within pulp, PDL and AvB. This is more apparent in 
the merged images (shown by arrows). Most of the GFP+ cells are observed in the cell-rich layer of the pulp with 
a few GFP+ cells in the odontoblast layer surrounding the pulp. GFP+ cells were widely distributed along the 
length of the PDL. In the AvB, GFP+ cells can be visualized both in the osteoblasts lining the bone surface and in 
the osteocytes present in the bone matrix. Last panel shows the secondary only staining as control. Bar = 50 µM.
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Figure 5. HSC-derived cells in pulp, PDL and AvB express dental tissue markers: Sections through mandible 
region, from mice transplanted with a clonal population derived from a single HSC, were stained with markers 
of the major resident cell populations present there and co-related with the GFP expression. (a) DMP-1, DSPP, 
ASMA and osteocalcin (OCN) were utilized for pulp; (b) periostin, ASMA, vimentin and OCN were utilized 
for PDL; (c) Runx-2, BSP, ALP and OCN were utilized for AvB. Secondary only staining is shown in (d). In 
all, DIC images show cell morphology, nuclei are indicated by Hoechst stain in blue, GFP staining is in green 
(Alexa Fluor 488) and the various markers are shown in red (Cy3). Co-staining of GFP and markers is seen 
in yellow indicated by arrows. In the pulp, cells co-expressing GFP and either DMP-1, DSPP and OCN can be 
seen within the pulp and only a very few in the odontoblast layer while cells co-expressing GFP and ASMA 
are seen only within the pulp layer. In the PDL, co-expression of GFP and periostin (seen here mainly in the 
extracellular matrix), ASMA, Vimentin and OCN can be seen throughout the entire length of the PDL. In AvB, 
co-localization of GFP with Runx-2 and BSP is mainly detected in the osteoblasts lining the surface of the bone 
while co-localization of GFP and ALP can be seen in the lining osteoblasts as well as the osteocytes in the bone 
matrix. Co-localization of GFP and OCN is mainly observed in the osteocytes in the bone matrix. Bar = 50 µm.
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can be visualized both in the osteoblasts lining bone surface and in the osteocytes present in bone matrix (Fig. 4d; 
AvB). These data confirm that HSC-derived cells can be found in the dental tissue region after transplantation.

HSC-derived cells in pulp, PDL and AvB express dental tissue markers. To confirm that HSCs can 
differentiate into the resident cell populations present in these dental tissues, we stained the sections, obtained 
from mice transplanted with a clonal population derived from a single HSC, with markers of the major cellular 
populations present there and co-related their expressions with GFP expression. As mentioned above, the main 
cell populations in pulp are fibroblasts and odontoblasts while PDL consists of fibroblasts, bone and cementum 
cells and osteoblasts/osteocytes form the main cellular population in AvB. Thus, markers such as DMP-1, DSPP, 
ASMA, vimentin, periostin, Runx-2, BSP, ALP and osteocalcin were used to identify the cell populations as has 
been described in studies previously24–30 and also used for the experiments earlier. Figure 5 shows staining of 
sections through the molar crown from a mouse transplanted with clonal population derived from single GFP+ 
HSC with GFP (in green) and DMP-1, DSPP, ASMA and osteocalcin (in red) for pulp (Fig. 5a); periostin, ASMA, 
vimentin and osteocalcin (in red) for PDL (Fig. 5b) and Runx-2, BSP, ALP and osteocalcin (in red) for AvB 
(Fig. 5c). In pulp, cells co-expressing GFP and either DMP-1, DSPP and OCN can be seen mainly within the 
cellular layer of the pulp and only a very few in the odontoblast layer while cells co-expressing GFP and ASMA 
are seen only within the pulp layer. In the PDL, co-expression of GFP and periostin (seen here mainly in the 
extracellular matrix), ASMA, Vimentin and OCN can be seen throughout the entire length of the PDL. In AvB, 
co-localization of GFP with Runx-2 and BSP is mainly detected in the osteoblasts lining the surface of the bone 
while co-localization of GFP and ALP can be seen in the lining osteoblasts as well as the osteocytes in the bone 
matrix. Co-localization of GFP and osteocalcin is mainly observed in osteocytes in bone matrix. Control second-
ary only staining is shown in Fig. 5d. This demonstrates that the donor-derived bone marrow HSCs can directly 
differentiate into resident cell populations found in pulp, PDL and AvB.

Hematopoietic-derived cells in pulp, PDL and AvB can deposit collagen and undergo osteogenic  
differentiation. In order to verify that the hematopoietic-derived cells in the dental tissues were functional, 
we performed in vitro analysis for collagen deposition and examined the osteogenic differentiation. As we have 
shown above, the major cell populations in pulp, PDL and AvB which have a hematopoietic origin are the fibro-
blasts and the osteoblasts. A major functional hallmark of fibroblasts is their ability to deposit collagen35 while 
osteoblasts in culture can differentiate and mineralize and deposit calcium36. We measured the collagen and 
non-collagenous proteins using the Fast Green/Sirius Red kit while deposition of calcium was measured by 
Alizarin red staining. For these experiments, we obtained the cells from the pulp, PDL and AvB of VavR mice 
as described in Material and Methods. On confluence, the cells were collected and sorted based on their GFP 
expression, as shown in Fig. 6a. The upper panels indicated the percentage of GFP+ cells present in each of the 
dental tissues, which was then sorted based on the gates shown. The lower panels indicates the post-sort analysis 
to ascertain the purity of the sorted cells. The percentage ranged from 97% to 99%, indicating that a highly pure 
population of GFP+ cells was obtained. The GFP+ cells were then grown in regular and osteogenic media for 3 
weeks, after which Fast green/Sirius Red and Alizarin Red staining was done, as described in the material and 
Methods. The left panel in Fig. 6b shows the merged images displaying the GFP and RFP expression in the cells. 
As seen in these images, only GFP expression can be visualized indicating that no RFP expressing cells were 
present in the culture at the time of staining. Even though the number of cells was less in the pulp cultures, they 
do deposit collagen as evidenced by the pink staining (Fig. 6b, pulp, middle panel). These hematopoietic-derived 
cells can be made to differentiate in culture and secrete a mineralized matrix as evidenced by calcium deposition 
indicated by the red staining (Fig. 6b, pulp, right panel). Images from the PDL demonstrate the formation of a 
honeycomb like structure (resembling bone) which deposited both collagen (pink) and non-collagenous proteins 
(Fig. 6b, PDL, middle panel). In osteogenic media, the hematopoietic-derived PDL cells undergo mineralization 
and deposit calcium as evidenced by the red staining (Fig. 6b, PDL, right panel). AvB also showed the formation 
of bone like honeycomb structure and stained positive for alkaline phosphatase indicating the presence of osteo-
blasts (Fig. 6b, AvB, middle panel), which deposited collagen and non-collagenous proteins (image not shown). 
These hematopoietic-derived AvB cells mineralized in osteogenic media and deposited calcium (Fig. 6b, AvB, 
right panel). The quantification of the visual data is shown in Fig. 6c. As visualized, the amount of collagen and 
non-collagenous proteins as well as calcium deposited by pulp cells is less than the PDL and the AvB, but all three 
dental tissues do show quantifiable amounts indicating that these hematopoietic-derived cells are functional.

Discussion
Advances in tissue engineering offers exciting translational opportunities for new therapies for dental regenera-
tion. There has been considerable interest in recent years in the use of stem cells for repair of dental tissues such 
as pulp, PDL and AvB. Increasing evidence suggests that stem cells from sources such as dental tissue itself (PDL 
stem cells, pulp stem cells), stem cells from human exfoliated deciduous teeth, stem cells from apical papilla 
and dental follicle precursor cells37,38, adipose tissue39 as well as bone marrow can differentiate into cells in pulp 
and periodontium1–3,5,7,8. Zhou et al.13 reported that bone marrow derived cells preferentially migrate into pulp 
and periodontium over other organs and a small fraction of these migrating cells became dental tissue specific 
stem cells with a greater proliferative potential than resident stem cells. Thus, bone marrow can be a beneficial 
source of stem cells for dental repair. Bone marrow contains two types of stem cells, MSCs and HSCs. It is mostly 
believed that MSCs are responsible for the generation of tissue stromal cells but studies from our group have 
shown that HSCs can give rise to many types of mesenchymal cells such as fibroblasts/myofibroblasts and adipo-
cytes (reviewed in Ogawa et al.15,16). We have also demonstrated that HSCs can differentiate into osteoblasts and 
contribute to repair of non-stabilized fracture19.
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In this study we demonstrate, for the first time to our knowledge, that cells in the pulp, PDL and AvB can have 
a hematopoietic origin and HSCs can differentiate into the resident cells present in these tissues. Cells positive for 
CD45 can be visualized in pulp, PDL and AvB. The low percentage of CD45+ cells seen in culture can be explained 
by the fact that cells are thought to lose the expression of CD45 when grown in culture40. To eliminate the problem 
of transient expression of hematopoietic markers and also to confirm the findings, we utilized the VavR trans-
genic mice in which all hematopoietic-derived cells are GFP+ while all other cells are RFP+22. Presence of GFP+ 
cells can be seen in the pulp, PDL and AvB which also stained positive for markers of the resident cells in these 
tissues such as DMP-1, DSPP, ASMA and osteocalcin for pulp, periostin, ASMA, vimentin and osteocalcin for 

Figure 6. Hematopoietic-derived cells in pulp, PDL and AvB can deposit collagen and undergo osteogenic 
differentiation: Cells were obtained from the pulp, PDL and AvB of VavR mice by enzymatic digestion and 
grown till confluence. (a) They were sorted based on the GFP expression (gating was done using cells from a 
C57BL/6 mouse as negative controls-unstained). Upper panels show the percentage of GFP+ cells in the pulp 
(10%), PDL (6%) and AvB (25%). Lower panel showing the post-sort analysis of the cells demonstrates that a 
highly pure population of GFP+ cells was obtained (97–99%). (b) The GFP+ cells were then grown in regular 
and osteogenic media (described in Material and Methods) for 3 weeks, imaged and then stained with Fast 
Green/Sirius Red (cells in regular media) and Alizarin red (cells in osteogenic media). Merged images of GFP 
and RFP expression are shown in the left panel. Only GFP expression can be visualized indicating that no RFP 
expressing cells were present in the culture at the time of staining. Pulp cells deposit collagen as evidenced by 
pink staining (middle panel) and differentiate in culture, secreting a mineralized matrix as evidenced by calcium 
deposition indicated by the red staining (right panel). PDL cells demonstrate the formation of a honeycomb 
like structure which deposited both collagen (pink) and non-collagenous proteins (middle panel) and undergo 
mineralization and deposit calcium as evidenced by the red staining (right panel). AvB cells also showed the 
formation of bone like honeycomb structure and stained positive for ALP indicating the presence of osteoblasts 
(middle panel) which mineralized in osteogenic media and deposited calcium (right panel). (c) Quantification 
of the collagen and non-collagenous proteins and the calcium deposition, confirms the visual findings and 
strengthens the fact that hematopoietic-derived cells are functional.
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PDL and Runx-2, BSP, ALP and osteocalcin for AvB as well as for CD45 (hematopoietic marker) in all the three 
regions. These data confirm that cells with hematopoietic origins do exist in the pulp, PDL and AvB. To validate 
whether transplanted HSCs can differentiate into cells in dental tissues, we initiated the studies by transplanting 
lethally irradiated mice with CD45+ bone marrow cells and then to unequivocally confirm this, with a clonal pop-
ulation of cells derived from a single HSC. Both these data demonstrate that transplanted HSCs can differentiate 
into resident cells of dental tissues as confirmed by presence of cells which expressed GFP and markers such as 
DMP-1, DSPP, ASMA, vimentin, periostin, osteocalcin, BSP, ALP and Runx-2 in the pulp, PDL and AvB. We also 
demonstrate the functionality of these cells by showing that they have the ability to lay down collagen in vitro and 
undergo osteogenic differentiation depositing calcium. Collectively, all our data confirms that functional cells 
having a hematopoietic origin are present in dental tissues. A few previous reports demonstrating presence of 
GFP+ CD45+ cells in close association with reparative dentin21, c-kit enriched bone marrow cells giving rise to 
odontoblast like cells41 and CD34+ cells being discovered in human gingiva20 are in agreement with our observa-
tion that HSCs can contribute to the dental architecture, nonetheless, ours is the first study to describe this thor-
oughly. Most notable of the previous studies is the one by Frozoni et al.21 in which the authors show the presence 
of GFP+ cells around the reparative dentin in a parabiosis model. They speculate that it is “possible that the GFP+ 
cells around the reparative dentin represent new odontoblast-like cells derived from either a small population of 
mesenchymal stem cells (CD45− of approximately 4.3%) or hematopoietic cells (CD45+ of approximately 54%) 
in the circulating peripheral blood”. However, they further comment that, “due to the lack of contribution of the 
hematopoietic cells to the regeneration of the cells in skeletal tissues as shown previously, the GFP+ cells around 
the reparative dentin most likely do not represent odontoblasts derived from hematopoietic cells”. They also do 
not do any additional characterization of these GFP+ cells to examine their origin. In addition, they have used a 
parabiosis model. This experimental approach cannot distinguish between the hematopoietic cells and the stro-
mal cells which might be the origin of the GFP+ cells seen around the reparative dentin. In contrast, we have 
unequivocally demonstrated the presence of hematopoietic-derived cells in the dental tissue by using techniques 
which can clearly distinguish between the hematopoietic-derived and stromal-derived cells such as CD45 stain-
ing, transgenic mice as well as transplantation of a clonal population derived from a single GFP+ HSC. We do 
observe a difference in the percentage of the GFP+ (hematopoietic-derived) cells seen by the different methods. 
Studies suggest the cells lose their CD45 expression in culture40 which can explain the lower percentage of CD45+ 
cells observed. For the transgenic VavR mice, we did observe a varying percentage of hematopoietic-derived cells 
in the various mice that we analyzed. We can speculate that the hematopoietic-derived cells are most probably 
involved in the replenishment and repair of the surrounding structures such as the dentin and periodontium 
occurring regularly. Thus, the varied percentage of hematopoietic-derived cells in each mouse probably depends 
on the requirement for these cells. In the mice transplanted with HSCs, the percentage of donor-derived cells in 
pulp, PDL and AvB depends on the percentage of engraftment of the HSCs in the recipient, in other words, to 
what percentage the HSCs have reconstituted the bone marrow hematopoietic cells. Also the recipient mice have 
been irradiated, which might contribute to the varying percentage observed.

The hematopoietic-derived cells in our study were predominantly seen in cellular layers of pulp and PDL. 
Thus, it seems possible that these hematopoietic-derived cells would need the stimulus of an injury to differentiate 
into dentin-secreting odontoblasts in pulp or osteoid-secreting cells in PDL. Along those lines, we demonstrate 
that these hematopoietic-derived cells can be made to differentiate and deposit calcium in culture. In addition, 
our data also demonstrates that these hematopoietic-derived cells are highly proliferative and express the stem-
ness markers such as Nanog and Sox-2 (data not shown). Thus, we can speculate that these cells might be more 
pluripotent and might actively participate in the repair of the dental tissue (dentin or periodontium) in case 
of injuries or disease. In fact our previous study, examining the contribution of hematopoietic-derived cells to 
fracture healing utilizing the transplanted mice, demonstrates that the GFP+ cells are recruited to the site of the 
injury, in this case the fracture callus, where they can differentiate into osteoblasts which help in the fracture 
healing19. Thus, the next steps in this study would be to examine the function and contribution of these cells 
especially in cases of injury or disease such as pulp exposure or periodontitis. It would be interesting to investigate 
if, during injury and recovery, the hematopoietic-derived cells are recruited or activated to a greater extent than 
the surrounding stromal-derived ones as well as the percentage of contribution of the hematopoietic-derived 
cells relative to the stromal-derived ones. It would also be noteworthy to examine that if the percentage of HSCs 
is increased in the peripheral blood (using drugs such as AMD3100 for HSCs mobilization from the bone mar-
row42), can we possibly increase the percentage of hematopoietic-derived cells in the dental tissues which can then 
initiate enhanced healing of the dental tissues. Thus, further studies are needed to clearly identify the contribution 
of these hematopoietic-derived cells to the dental tissue homeostasis and turnover. Mechanisms that govern the 
recruitment and homing of these cells to the dental tissues also need to be elucidated.

Our goal, with this study, was to examine as well as confirm by various methods the presence of hematopoietic- 
derived cells in the dental tissues as well as the ability of the HSCs to give rise to the cells in the pulp, PDL and 
AvB. Another interesting extension of this study would be to examine when during the embryonic development 
do these hematopoietic-derived cells originate or contribute to the dental tissues. This will involve examining the 
tissues at various prenatal (embryonic) as well as postnatal stages, which would require a separate study to fully 
investigate the ontogeny of these hematopoietic-derived cells in the dental tissues.

Collectively, our data along with these other studies strongly support the potential of hematopoietic-derived 
cells in dental tissues and open an avenue where these cells can be therapeutically exploited for dental repair. 
Given that HSCs are a primitive cell population, modulation of hematopoietic-derived cells for dental tissue 
healing may provide a sustained source of precursors, leading to more robust healing in damaged pulp/dentin and 
PDL, which harbors the regenerative cells for repair of peridontium and AvB. Long-term, elucidation of methods 
for augmenting hematopoietic-derived cell participation will have to be conducted to realize their maximum 
potential in new HSC-based therapies for enhanced repair of dental tissues.
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Material and Methods
Mice. Breeding pairs of transgenic EGFP mice (C57BL/6-CD45.2) were kindly provided by Dr. Okabe43,44 
(Osaka University, Japan). Breeding pairs of congenic C57BL/6-CD45.1 mice as well as Vav-Cre (B6.Cg-Tg(Vav1-
cre)A2Kio/J) and mTmG (B6.129(Cg)-Gt(ROSA)26S or tm4(ACTB-tdTomato,-EGFP)Luo/J) strains for generation of VavR 
transgenic mice were purchased from Jackson Laboratories. Crossbreeding was set up with hemizygous Vav-
cre and homozygous mTmG mice and peripheral blood was obtained from tails of the pups at 4 weeks, which 
was analyzed for presence of GFP+ cells by flow cytometry, indicating transgenic VavR pup. All mice were bred 
and maintained at Animal Research Facility of the Medical University of South Carolina and Veterans Affairs 
Medical Center. All aspects of animal research and experimental protocols have been performed in accordance 
with the guidelines and regulations set by the PHS Policy on Humane Care and Use of Laboratory Animals and 
the Institutional Animal Care and Use Committee of Medical University of South Carolina and Department of 
Veterans Affairs Medical Center (AR # 3338).

Reagents. Antibodies for lineage negative (Lin−) selection (B220, Gr-1, TER-119, CD4 and CD8), for sorting 
(anti-Sca-1-PE, Anti-c-kit-APC, biotin-conjugated lineage panel antibodies (B220, Gr-1, CD3ε, TER-119) and 
streptavidin-conjugated APC-Cy-7) and for multilineage engraftment analysis (PE conjugated anti-B220, Thy-1.2, 
Mac-1 and Gr-1) along with the appropriate isotypes were purchased from BD Pharmingen. Sheep anti-rat IgG 
Dynabeads® were purchased from Invitrogen. Biotinylated murine anti-CD34 was purchased from eBiosciences. 
CD105, CD106, CD90, CD39, CD11b were from Biolegend. Murine GFP, CD45, ASMA, Vimentin, DMP-1, 
Runx-2, periostin, BSP and ALP antibodies were purchased from Abcam. Osteocalcin (OCN) antibody was from 
Takara Bio (Clontech). DSPP antibody was from Santa Cruz Biotechnology. All secondary antibodies were from 
Jackson ImmunoResearch Laboratories. CD45-APC for flow cytometry was purchased from eBiosciences.

Extraction of cells from pulp, PDL and AvB. Molar teeth were extracted, scraped to obtain PDL tissue 
and then cut to obtain pulp tissue. For AvB, a section of mandible was cut into pieces before digestion. All the 
tissues were digested in 3 mg/ml Collagenase type I and 4 mg/ml Dispase (Worthington) in PBS for 1.5–2 h at 
37 °C. Single cell suspensions were obtained and cultured in α-modification of eagles’ media (AMEM)/20% fetal 
bovine serum (FBS) (Gibco) with 1% penicillin/streptomycin (P/S; Gibco), 200 µM Ascorbic acid (AA; Wako) 
and 2mM L-glutamine (Sigma) for 7–14 days, before being analyzed by immunofluorescent staining or flow 
cytometry. For analysis of the functionality of the HSC-derived cells, the GFP+ cells from pulp, PDL and AvB 
were sorted. They were then plated in regular media (as described above) and in osteogenic media (regular media 
with β-glycerophosphate [10 mM; MP Biochemicals) and cultured for 3 weeks. The cells were then fixed and 
stained with either Fast Green/Sirius Red (cells grown in regular media) or Alizarin Red (for the cells grown in 
osteogenic media).

Non-adherent bone marrow cell Transplantation. Bone marrow cells were flushed from tibiae and 
femurs of 10–14 week EGFP (C57Bl/6-CD45.2) mice, pooled and washed with PBS/0.1% bovine serum albu-
min (BSA). For NAC preparation, mononuclear cells (MNC) from bone marrow were separated by density 
gradient using Lympholyte-M (Cedarlane) and plated in a T75 flask in AMEM/20% FBS/1%P/S. Supernatant 
with NACs was collected on Day 4, washed with phosphate buffered saline (PBS) and cells counted. Recipient 
C57BL/6-CD45.1 mice were given a single 950-cGy dose of total-body irradiation using a 4 × 106 V linear accel-
erator (lethally irradiated) and 1 million NACs were injected via tail vein. For engraftment analysis, periph-
eral blood was obtained from retro-orbital plexus of anesthetized mice one month after transplantation and 
donor-derived GFP+ cells analyzed. All mice used had engraftment levels of 80% and higher. Cells were extracted 
from engrafted mice as described above and analyzed by immunofluorescent staining and flow cytometry.

HSC Transplantation. Cell Preparation for transplantation. Generation of mice exhibiting high level of 
multilineage engraftment from a single HSC was conducted as previously described17,19,32,33. Briefly, bone mar-
row cells were flushed from tibiae and femurs of 10–14 week EGFP mice (donors), pooled and washed with 
PBS/0.1%BSA. MNCs were isolated by gradient separation using Lympholyte-M then further enriched for Lin− 
cells by negative selection using antibodies to B220, Gr-1, CD4, CD8, TER-119, and Dynabeads® sheep anti-rat 
IgG beads. Lin− cells after staining with anti-Sca-1-PE, anti-c-kit-APC, biotinylated anti-CD34 and biotinylated 
lineage panel antibodies (B220, Gr-1, CD3ε, TER-119) followed by streptavidin-APC-Cy7, were resuspended at 
1 × 106/ml in Hanks balanced salt solution/2% FBS/10 mM HEPES/1% P/S with Hoechst 33342 (Sigma; 5 µg/ml) 
and incubated at 37 °C for 60 min. Cells were then washed, stained with propidium iodide (1 µg/mL), resuspended 
in PBS/0.1% BSA and sorted using MoFlo Cell Sorter (DakoCytomation). Appropriate isotype-matched controls 
were analyzed. Individual Lin−Sca-1+c-kithiCD34− side population cells were deposited into wells of 96-well cul-
ture plates (Corning). Eighteen hours after deposition, wells containing single cells were identified and marked. 
The cells were then incubated for 7 days at 5% CO2, 37 °C in media containing AMEM/20% FBS/1% deionized 
fraction V BSA/1 × 10−4 mol/L 2-mercaptoethanol/100 ng/mL stem cell factor/10 µg/mL murine interleukin-11 
(R & D Systems). Because the majority of HSCs are dormant and begin cell division a few days after initiation of 
cell culture, clones consisting of less than 20 cells, after 7 days of culture, were selected. This method significantly 
enhanced efficiency of generating mice with high-level multilineage engraftment by a single HSC.

Transplantation and Engraftment Analysis. C57Bl/6-CD45.1 recipient mice were lethally irradiated as described 
above. For transplantation, contents from the wells (≤20 clonal cells) were injected via tail vein into mice along 
with 500 CD45.1 bone marrow Lin− Sca-1+c-kit+CD34+ cells. These cells have been shown to be effective radi-
oprotective cells during post radiation pancytopenia period45. After transplantation, mice were fed irradiated 
diet (Tekland Global Diets) and MilliQ water ad libitum. Neomycin (200 mg/300 ml) was added to the water 
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in the first month after transplantation to prevent infection. For multilineage engraftment analysis, peripheral 
blood was obtained from retro-orbital plexus of anesthetized mice two months after transplantation and RBCs 
lysed (1X PharM Lyse; BD Pharmingen). Donor-derived GFP+ cells in T cell, B cell, granulocyte and monocyte/
macrophage lineages were analyzed by staining with PE-conjugated anti-Thy-1.2, anti-CD45R/B220 and a combi-
nation of anti-Gr-1 and anti-Mac-1, respectively. Only those mice demonstrating high-level multilineage engraft-
ment (>50%) were used. The mandible with teeth were dissected from mice and fixed in 4% paraformaldehyde 
solution overnight, and then kept in 70% ethanol.

Decalcification, Embedding and Sectioning. Decalcification was carried out using ethylenediaminetetra- 
acetic acid (EDTA; Lonza). The fixed mandible with teeth was put in 0.12 M EDTA for 14–21 days with daily 
weighing of sample and changing of solution. Decalcification end point was determined as the time when weight 
gain was noted46. Samples were washed with water, dehydrated through serial ethanols (70%, 95%, 100%), infil-
trated (using Histoclear in place of xylenes to preserve EGFP expression) in serial Histoclear:paraffin solutions 
(1:0, 3:1, 1:1, 1:3, 0:1) and embedded under vacuum (60 °C). Five micron sections were generated.

Immunofluorescent staining. To ensure that EGFP expression detected was not due to auto-fluorescence, 
an antibody against GFP was used with antigen retrieval. For antigen retrieval, sections were deparaffinized, 
and treated with 10% formic acid (or 2N HCl for CD45) before staining. Sections were permeabilized in 
0.02%Triton X-100/PBS, blocked in 3%BSA/5% normal donkey serum/PBS, and then incubated with appro-
priate primary antibodies in PBS. After incubation, sections were again washed and incubated with appropriate 
fluorochrome-conjugated secondary antibodies in PBS, followed by Hoechst staining. For cells, inherent GFP was 
visualized without any staining. No antigen retrieval was done before staining.

Fast Green/Sirius Red Staining. For the Fast Green/Sirius Red staining (Chondrex), the cells were fixed 
with Kahle fixative (as mentioned in the protocol with the kit) for 10 min and then washed with PBS. The cells 
were then incubated with the dye solution for 30 minutes, washed well with water and imaged under the inverted 
microscope. After imaging, the dye was extracted using the dye extraction buffer and the eluted dye solution was 
read at 540 nm and 605 nm. The amount of collagen and non-collagenous proteins were calculated as described 
in the protocol with the kit.

Alizarin red staining. For Alizarin Red staining (Millipore), the cells were fixed with 4% paraformaldehyde 
and washed with PBS. They were then incubated with the alizarin red solution for 10 min, washed well with water, 
dried and imaged with the inverted microscope. After imaging the dye was extracted using the cetylpyridinium 
chloride extraction method and OD at 570 nm was read. The amount of alizarin red staining was calculated using 
a standard curve.

Microscopy. Imaging was conducted using inverted and upright 80i microscope and A1R+ A1+ confocal 
microscope (Nikon) and processing was performed using Adobe Photoshop CS5 (Adobe Systems).

Flow Cytometry. Cells were stained with antibodies for either CD45-APC, ASMA (pulp and PDL) or 
osteocalcin (AvB) with counter staining with APC-conjugated secondary antibody for ASMA and osteocalcin. 
Inherent GFP was also examined. For staining for ASMA and osteocalcin, which are intracellular, the cells were 
permeabilized using the Cytofix/Cytoperm kit (BD biosciences). Cells were analyzed using BD Accuri or BD 
LSRFORTESSA flow cytometer (BD Biosciences).

All experimental protocols were approved and performed in accordance with the relevant guidelines and 
regulations of Medical University of South Carolina.

Data availability. All data generated or analyzed during this study are included in this published article.

References
 1. Li, Z. Y. et al. Odontogenic potential of bone marrow mesenchymal stem cells. J Oral Maxillofac Surg 65, 494–500 (2007).
 2. Lei, G. et al. Differentiation of BMMSCs into odontoblast-like cells induced by natural dentine matrix. Archives of oral biology 58, 

862–870 (2013).
 3. Ishizaka, R., Iohara, K., Murakami, M., Fukuta, O. & Nakashima, M. Regeneration of dental pulp following pulpectomy by 

fractionated stem/progenitor cells from bone marrow and adipose tissue. Biomaterials 33, 2109–2118 (2012).
 4. Hashmi, B. et al. Mechanical induction of dentin-like differentiation by adult mouse bone marrow stromal cells using compressive 

scaffolds. Stem Cell Res 24, 55–60 (2017).
 5. Kawaguchi, H. et al. Enhancement of periodontal tissue regeneration by transplantation of bone marrow mesenchymal stem cells. J 

Periodontol 75, 1281–1287 (2004).
 6. Hasegawa, N. et al. Behavior of transplanted bone marrow-derived mesenchymal stem cells in periodontal defects. J Periodontol 77, 

1003–1007 (2006).
 7. Yang, Y., Rossi, F. M. & Putnins, E. E. Periodontal regeneration using engineered bone marrow mesenchymal stromal cells. 

Biomaterials 31, 8574–8582 (2010).
 8. Du, J., Shan, Z., Ma, P., Wang, S. & Fan, Z. Allogeneic bone marrow mesenchymal stem cell transplantation for periodontal 

regeneration. Journal of dental research 93, 183–188 (2014).
 9. Tomida, M. et al. Promotion of transplanted bone marrow-derived cell migration into the periodontal tissues due to orthodontic 

mechanical stress. International journal of medical sciences 10, 1321–1326 (2013).
 10. Yu, M. et al. The role of systemically delivered bone marrow-derived mesenchymal stem cells in the regeneration of periodontal 

tissues. Int J Oral Maxillofac Implants 28, e503–511 (2013).
 11. Kimura, Y. et al. Recruitment of bone marrow-derived cells to periodontal tissue defects. Front Cell Dev Biol 2, 19 (2014).



www.nature.com/scientificreports/

13SCieNTifiC REPORTS |  (2018) 8:8026  | DOI:10.1038/s41598-018-26258-y

 12. Wang, Y. et al. Bone marrow-derived cells homing for self-repair of periodontal tissues: a histological characterization and 
expression analysis. Int J Clin Exp Pathol 8, 12379–12389 (2015).

 13. Zhou, J. et al. Role of bone marrow-derived progenitor cells in the maintenance and regeneration of dental mesenchymal tissues. J 
Cell Physiol 226, 2081–2090 (2011).

 14. Ogawa, M., LaRue, A. C. & Drake, C. J. Hematopoietic origin of fibroblasts/myofibroblasts: Its pathophysiologic implications. Blood 
108, 2893–2896 (2006).

 15. Ogawa, M., LaRue, A. C. & Mehrotra, M. Hematopoietic stem cells are pluripotent and not just “hematopoietic”. Blood cells, 
molecules & diseases 51, 3–8 (2013).

 16. Ogawa, M., LaRue, A. C. & Mehrotra, M. Plasticity of hematopoietic stem cells. Best Pract Res Clin Haematol 28, 73–80 (2015).
 17. Sera, Y. et al. Hematopoietic stem cell origin of adipocytes. Experimental hematology 37, 1108–1120 (2009).
 18. Mehrotra, M., Rosol, M., Ogawa, M. & Larue, A. C. Amelioration of a mouse model of osteogenesis imperfecta with hematopoietic 

stem cell transplantation: microcomputed tomography studies. Experimental hematology 38, 593–602 (2010).
 19. Mehrotra, M., Williams, C. R., Ogawa, M. & LaRue, A. C. Hematopoietic stem cells give rise to osteo-chondrogenic cells. Blood cells, 

molecules & diseases 50, 41–49 (2013).
 20. Lavu, V., Padmavathy, R. & Rao, S. R. Immunolocalization of CD 34 positive progenitor cells in healthy human gingiva–a pilot study. 

Indian J Med Res 129, 685–689 (2009).
 21. Frozoni, M., Zaia, A. A., Line, S. R. & Mina, M. Analysis of the contribution of nonresident progenitor cells and hematopoietic cells 

to reparative dentinogenesis using parabiosis model in mice. J Endod 38, 1214–1219 (2012).
 22. Suga, H. et al. Tracking the elusive fibrocyte: identification and characterization of collagen-producing hematopoietic lineage cells 

during murine wound healing. Stem Cells 32, 1347–1360 (2014).
 23. Moores, S. L. et al. Vav family proteins couple to diverse cell surface receptors. Molecular and cellular biology 20, 6364–6373 (2000).
 24. Kalluri, R. & Zeisberg, M. Fibroblasts in cancer. Nat Rev Cancer 6, 392–401 (2006).
 25. Feng, J. Q. et al. The Dentin matrix protein 1 (Dmp1) is specifically expressed in mineralized, but not soft, tissues during 

development. Journal of dental research 82, 776–780 (2003).
 26. Yamada, S. et al. Characterization of a novel periodontal ligament-specific periostin isoform. Journal of dental research 93, 891–897 

(2014).
 27. Aubin, J. E. Advances in the osteoblast lineage. Biochem Cell Biol 76, 899–910 (1998).
 28. Papagerakis, P. et al. Investigation of osteocalcin, osteonectin, and dentin sialophosphoprotein in developing human teeth. Bone 30, 

377–385 (2002).
 29. Ivanovski, S., Li, H., Haase, H. R. & Bartold, P. M. Expression of bone associated macromolecules by gingival and periodontal 

ligament fibroblasts. J Periodontal Res 36, 131–141 (2001).
 30. Mu, R. et al. Bone morphogenetic protein 7 promotes odontogenic differentiation of dental pulp stem cells in vitro. Life Sci, https://

doi.org/10.1016/j.lfs.2018.03.026 (2018).
 31. Fricke, S. et al. Characterization of murine non-adherent bone marrow cells leading to recovery of endogenous hematopoiesis. 

Cellular and molecular life sciences: CMLS 67, 4095–4106 (2010).
 32. LaRue, A. C. et al. Hematopoietic origins of fibroblasts: I. In vivo studies of fibroblasts associated with solid tumors. Experimental 

hematology 34, 208–218 (2006).
 33. Abangan, R. S. et al. MCP1 directs trafficking of hematopoietic stem cell-derived fibroblast precursors in solid tumor. The American 

journal of pathology 176, 1914–1926 (2010).
 34. Randall, T. D. & Weissman, I. L. Phenotypic and functional changes induced at the clonal level in hematopoietic stem cells after 

5-fluorouracil treatment. Blood 89, 3596–3606 (1997).
 35. McAnulty, R. J. Fibroblasts and myofibroblasts: their source, function and role in disease. Int J Biochem Cell Biol 39, 666–671 (2007).
 36. Boskey, A. L. & Posner, A. S. Bone structure, composition, and mineralization. Orthop Clin North Am 15, 597–612 (1984).
 37. Hynes, K., Menicanin, D., Gronthos, S. & Bartold, P. M. Clinical utility of stem cells for periodontal regeneration. Periodontology 

2000 59, 203–227 (2012).
 38. Bojic, S., Volarevic, V., Ljujic, B. & Stojkovic, M. Dental stem cells - characteristics and potential. Histology and histopathology (2014).
 39. Sugawara, A. & Sato, S. Application of dedifferentiated fat cells for periodontal tissue regeneration. Human cell 27, 12–21 (2014).
 40. Rogers, I. et al. Identification and analysis of in vitro cultured CD45-positive cells capable of multi-lineage differentiation. Exp Cell 

Res 313, 1839–1852 (2007).
 41. Hu, B. et al. Bone marrow cells can give rise to ameloblast-like cells. Journal of dental research 85, 416–421 (2006).
 42. Liles, W. C. et al. Mobilization of hematopoietic progenitor cells in healthy volunteers by AMD3100, a CXCR4 antagonist. Blood 102, 

2728–2730 (2003).
 43. Okabe, M., Ikawa, M., Kominami, K., Nakanishi, T. & Nishimune, Y. ‘Green mice’ as a source of ubiquitous green cells. FEBS Lett 

407, 313–319 (1997).
 44. Nakanishi, T. et al. FISH analysis of 142 EGFP transgene integration sites into the mouse genome. Genomics 80, 564–574 (2002).
 45. Osawa, M., Hanada, K., Hamada, H. & Nakauchi, H. Long-term lymphohematopoietic reconstitution by a single CD34-low/negative 

hematopoietic stem cell. Science 273, 242–245 (1996).
 46. Sanderson, C., Radley, K. & Mayton, L. Ethylenediaminetetraacetic acid in ammonium hydroxide for reducing decalcification time. 

Biotechnic & histochemistry: official publication of the Biological Stain Commission 70, 12–18 (1995).

Acknowledgements
The research reported in this publication was supported by pilot funding from the NIH grant P30GM103331, 
awarded to the Medical University of South Carolina (MM), NIH grant R03DE024536 (MM) and NIH grant 
R01AR066094 (MM). This work was also supported in part by the Office of Research and Development, Medical 
Research Services, Department of Veterans Affairs (ACL) and by NIH grant DK077821 (MO), K01AR059097 
(MM) and the Department of Pathology and Lab Medicine. The authors would like to acknowledge the Flow 
Cytometry and Cell Sorting Shared Unit of the Cell Evaluation & Therapy Shared Resource, Hollings Cancer 
Center, Medical University of South Carolina (P30CA138313), with special thanks to Dr. Haiqun Zeng for 
assistance in FACS sorting. We would also like to thank the staff of the Center for Oral Health Research for 
processing and sectioning of the dental tissues, the staff of Radiation Oncology Department for assistance in 
irradiation of mice and the staff of the VA Medical Center and the MUSC Animal Facility for the care of mice. A 
part of this work was presented at the 2013 Annual Meeting of American Society of Bone and Mineral Research, 
Baltimore, MD (Abstract #SA0105) and at the 2018 Annual Meeting of American Association for Dental 
Research, Fort Lauderdale, FLA (Abstract #1147).

http://dx.doi.org/10.1016/j.lfs.2018.03.026
http://dx.doi.org/10.1016/j.lfs.2018.03.026


www.nature.com/scientificreports/

1 4SCieNTifiC REPORTS |  (2018) 8:8026  | DOI:10.1038/s41598-018-26258-y

Author Contributions
I.K. and K.R.W. contributed to acquisition, analysis and interpretation of data; U.B., Y.X., S.C. and K.T. contributed 
to acquisition and analysis of data; E.M. and B.P. contributed to acquisition of data only; J.B., S.M., K.K., A.L., 
M.O. contributed to design, interpretation of data; M.M. contributed to conception, design, interpretation of data 
and writing of the manuscript. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Hematopoietic Stem Cells as a Novel Source of Dental Tissue Cells
	Results
	CD45+ cells are observed in pulp, PDL and AvB. 
	Presence of hematopoietic derived cells in pulp, PDL and AvB in transgenic mice. 
	CD45 enriched bone marrow cells give rise to cells in the pulp, PDL and AvB. 
	HSCs give rise to cells in pulp, PDL and AvB. 
	HSC-derived cells in pulp, PDL and AvB express dental tissue markers. 
	Hematopoietic-derived cells in pulp, PDL and AvB can deposit collagen and undergo osteogenic differentiation. 

	Discussion
	Material and Methods
	Mice. 
	Reagents. 
	Extraction of cells from pulp, PDL and AvB. 
	Non-adherent bone marrow cell Transplantation. 
	HSC Transplantation. 
	Cell Preparation for transplantation. 
	Transplantation and Engraftment Analysis. 

	Decalcification, Embedding and Sectioning. 
	Immunofluorescent staining. 
	Fast Green/Sirius Red Staining. 
	Alizarin red staining. 
	Microscopy. 
	Flow Cytometry. 
	Data availability. 

	Acknowledgements
	Figure 1 CD45+ cells are observed in pulp, PDL and AvB: (a) Sections through the molar crown from a C57BL/6 mouse were taken and immunofluorescent staining was conducted using CD45 antibody and Alexa Fluor 488 secondary antibody.
	Figure 2 Presence of hematopoietic-derived cells in pulp, PDL and AvB in transgenic mice: (a) Generation of Cre-activated dual fluorescence mouse (VavR), in which all hematopoietic cells are GFP+ (after Cre-mediated excision of floxed RFP) while all non-h
	Figure 3 CD45 enriched bone marrow cells give rise to cells in the pulp, PDL and AvB: (a) Bone marrow cells from GFP mice were cultured for 4 days and supernatant with non-adherent cells (NACs) was collected.
	Figure 4 HSCs give rise to cells in pulp, PDL and AvB: (a) Schematic form of the transplantation method to generate mice with high-level, multilineage hematopoietic engraftment by a clonal population derived from a single HSC.
	Figure 5 HSC-derived cells in pulp, PDL and AvB express dental tissue markers: Sections through mandible region, from mice transplanted with a clonal population derived from a single HSC, were stained with markers of the major resident cell populations pr
	Figure 6 Hematopoietic-derived cells in pulp, PDL and AvB can deposit collagen and undergo osteogenic differentiation: Cells were obtained from the pulp, PDL and AvB of VavR mice by enzymatic digestion and grown till confluence.




