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Abstract

Rapid advancements in the field of stem cell biology have led to many current efforts to exploit

stem cells as therapeutic agents in regenerative medicine. However, current ex vivo cell

manipulations common to most regenerative approaches create a variety of technical and

regulatory hurdles to their clinical translation, and even simpler approaches that use exogenous

factors to differentiate tissue-resident stem cells carry significant off-target side effects. We show

that non-ionizing, low-power laser (LPL) treatment can instead be used as a minimally invasive

tool to activate an endogenous latent growth factor complex, transforming growth factor–β1 (TGF-
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β1), that subsequently differentiates host stem cells to promote tissue regeneration. LPL treatment

induced reactive oxygen species (ROS) in a dose-dependent manner, which, in turn, activated

latent TGF-β1 (LTGF-β1) via a specific methionine residue (at position 253 on LAP). Laser-

activated TGF-β1 was capable of differentiating human dental stem cells in vitro. Further, an in

vivo pulp capping model in rat teeth demonstrated significant increase in dentin regeneration after

LPL treatment. These in vivo effects were abrogated in TGF-β receptor II (TGF-βRII) conditional

knockout (DSPPCreTGF-βRIIfl/fl) mice or when wild-type mice were given a TGF-βRI inhibitor.

These findings indicate a pivotal role for TGF-β in mediating LPL-induced dental tissue

regeneration. More broadly, this work outlines a mechanistic basis for harnessing resident stem

cells with a light-activated endogenous cue for clinical regenerative applications.

INTRODUCTION

Regenerative medicine is currently focused on directing differentiation of stem cells into

lineage-specific, functional cells that can promote tissue repair and organization. Stem cell

therapies are attractive for treating numerous diseases, including dental diseases (for

example, tooth decay and gum disease), which are among the most prevalent health

concerns. Current clinical dentistry is predominantly focused on restorative approaches

involving placement of inert materials, but tissue regeneration is an attractive alternative

because materials alone fail with time and do not provide the full function of the tissue (1).

Several different biological and biomechanical cues are presently being explored to direct

stem cell behavior. Clinical application of stem cell therapies is exemplified by culture-

based manipulation of patient-specific cells and reintroduction into specific anatomical

contexts. In contrast, exogenous morphogens may be delivered to tissues to mobilize and

promote resident stem cells toward specific biological functions. In either situation,

exogenous materials must be delivered to the body with stringent spatial and temporal

control, and this poses significant technical, regulatory, economic, and biological (off-target

effects) barriers to widespread clinical applications (2).

Targeting resident stem cell pools by activating endogenous morphogens could potentially

bypass many of the limitations of the current approaches to regenerative medicine and

revolutionize the field (3). Among these endogenous factors, physiologically available latent

growth factor complexes, such as members of the transforming growth factor–β (TGF-β)

superfamily, could be harnessed as potent cues. TGF-β is secreted as a latent complex, and

its activation is a key step in its physiological function (4). The TGF-β superfamily is

encoded by 23 distinct genes that include TGF-β, bone morphogenetic protein (BMP),

Activin, Nodal, Inhibin, and growth differentiation factor (GDF) (5, 6). Their interactions

and complex context-dependent roles in modulating stem cell pluripotency and

differentiation have been elegantly demonstrated in a variety of experimental models.

Recent studies highlight the role of the TGF-β signaling pathway as a master regulator of

stem cell differentiation (7, 8). The induction of Oct4 and Nanog expression by specific

inhibition of TGF-β receptor I (TGF-βRI) with subsequent absence of lineage differentiation

marker expression has identified TGF-β signaling as a key player in stem cell pluripotency

and differentiation (9–11). Moreover, TGF-βs have a central role in tooth development,
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specifically in the pulp-dentin pathophysiology that is used as the experimental model in this

study, and are among the most promising cues in regenerative endodontics (12, 13).

Several methods of latent TGF-β1 (LTGF-β1) activation have been described, including

extreme pH, heat, ultrasound, integrin binding, ionizing radiation, and proteases, such as

thrombospondin-1 (14). These TGF-β triggers have various degrees of attractiveness for

clinical application because of practical and safety concerns. Light is an appealing modality

for regenerative medicine, but its use to date has been predominantly focused on its

destructive phototoxic effects, for example, to kill tumor cells. In contrast to those

modalities, low-power light (LPL) therapy has been noted to reduce pain and inflammation

and to promote wound healing, and these effects are collectively termed photobiomodulation

(15). LPL treatment has been anecdotally noted to promote regeneration in cardiac, skin,

lung, and nerve tissues (16). These regenerative responses have been suggested to be

mediated by direct or indirect effects on stem cells (17–19), but a direct link between laser

treatment and stem cell biology has not yet been clearly demonstrated.

Here, we evaluate the ability of LPL to direct differentiation of dental stem cells for dentin

regeneration, and investigate the precise molecular mechanisms involved in the process.

LPL appears to generate reactive oxygen species (ROS), which in turn activate LTGF-β1 via

a specific methionine (position 253) on latency-associated peptide (LAP). A rodent pulp-

dentin healing model was used in these studies owing to the abundant, endogenous adult

dental stem cell population within the readily accessible oral cavity.

RESULTS

LPL treatment induces tertiary dentin formation

Tooth pulps in two rat maxillary first molars were mechanically exposed: one site received

LPL treatment, whereas the other served as a control (no laser); both teeth received a filling

(Fig. 1A). LPL treatment did not significantly affect the inflammatory response at 24 hours,

as indicated by a myeloperoxidase probe (Fig. 1B and fig. S1A). Calcium hydroxide

[Ca(OH)2] dressing was used as a positive control for tertiary dentin induction in this model

(fig. S1B). Tertiary dentin induction was assessed with high-resolution microcomputed

tomography (μCT) (Fig. 1C). Increased tertiary dentin volumes were observed 12 weeks

after LPL treatment compared to controls by μCT (Fig. 1D) and by histology (Fig. 1E and

fig. S1C). Tertiary dentin is characterized by disorganized, bone-like (osteodentin)

morphology and distinct mineral composition and anatomical location, as noted in the

Ca(OH)2-treated samples (fig. S2). LPL-induced tertiary dentin had a similar composition to

that observed with Ca(OH)2-treated samples as assessed with energy-dispersive

spectroscopy (EDS) (Fig. 1F) and Raman microscopy (Fig. 1G).

LPL treatment generates ROS

We next examined the mechanisms mediating the regenerative effects of LPL treatment.

LPL-induced ROS generation was assessed using fluorescent probes (table S1). Increased

superoxide and hydrogen peroxide (H2O2) were observed in mink lung epithelial cells

(Mv1Lu) after LPL treatment in a dose-dependent manner, whereas no changes in nitric
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oxide (NO) were noted in either Mv1Lu or mouse dental pulp cells [mouse dental papilla

cell-23 (MDPC-23)] (Fig. 2, A to D). Incubation with a ROS scavenger, N-acetyl cysteine

(NAC), reduced ROS detection after LPL treatment (Fig. 2, A and C). Antimycin A, an

inhibitor of mitochondrial oxidative phosphorylation that generates ROS, was used as a

positive control.

Cell-free solutions of fetal bovine serum (FBS) were next subjected to LPL treatment. An

LPL dose–dependent generation of superoxide, H2O2, and hydroxyl radicals was noted (Fig.

2, E and F, and fig. S3A). Substitution of water with deuterium, which enhances ROS

lifetimes owing to differences in dielectric and diffusion constants, to dilute serum resulted

in a significant increase in LPL-induced ROS (fig. S3B). Transition metals form core proton

donor complexes that facilitate photon absorption. Depleting transition metal ions by

preincubating serum with Chelex resin followed by LPL treatment demonstrated a

significant reduction in ROS generation (fig. S3C).

LPL-ROS activates LTGF-β

Because LPL generates ROS in vitro, the role of these reactive intermediate chemical

species in modulating biological complexes was explored further. Using a fluorescent dye,

IAEDANS, that binds to free cysteines, we noted increased fluorescence after LPL treatment

of FBS, indicating that LPL induces conformational changes of constituent serum

complexes (Fig. 3A). To identify possible candidates, IAEDANS-labeled serum samples

were subjected to gel electrophoresis, and distinct complexes were noted in the LPL-treated

samples compared to the controls (Fig. 3B, left panel). One major band was serum albumin,

which undergoes redox-sensitive conformational changes (20). Immunoblotting identified

other bands as various forms of TGF-β (Fig. 3B, right panel), as expected from previous

studies (21, 22). Cleavage of di-sulfide linkages, exposing free cysteines (23), is involved in

TGF-β1 activation; thus, this finding suggests that LPL treatment leads to TGF-β1

activation. Solutions of purified, recombinant human LTGF-β1 (rhLTGF-β1) were also

tested, and results demonstrated that LPL treatment is capable of directly modulating its

conformational structure (Fig. 3A).

The ability of LPL to directly activate LTGF-β1 was next characterized. Serum and

recombinant LTGF-β1 were treated with LPL, and their activation was assessed by enzyme-

linked immunosorbent assay (ELISA). LPL activated two different forms of LTGF-β1 in a

dose-dependent manner (Fig. 3C and fig. S4A). Furthermore, LPL treatment of TGF-β

reporter (p3TP-luc) MvLu1 cells led to increased luciferase activity (fig. S4B), indicating

that LPL-activated TGF-β was biologically potent. Pre-incubation of these cells with

inhibitors of ROS (NAC) or TGF-βRI (SB431542) before LPL treatment partially reduced

luciferase reporter activity (fig. S4B). The inability of these inhibitors to provide complete

loss of reporter activity is likely due to AP-1 (activator protein 1) elements in the p3TP

reporter that are amenable to transactivation by other growth factors (24).

Individual ROS generated by LPL—namely, superoxide, H2O2, and hydroxyl radicals—

were assessed for their ability to activate LTGF-β1. All three species were generated

individually in serum (table S1) and were capable of activating the LTGF-β complex (fig.

S4C). A critical TGF-β1 residue that confers ROS sensitivity is methionine at position 253
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on the latency-associated peptide (LAP); mutation to alanine (M253A) abrogates this ROS

sensitivity (25). Stably transfected mouse embryonic fibroblasts (MEFs) secreting either a

full-length wild-type or a ROS-insensitive mutant (M253A) of LTGF-β1 were used to assess

LPL-generated ROS activation of LTGF-β1. Both cell lines secreted equivalent levels of

LTGF-β1 and were amenable to routine chemical activation (fig. S4D). On treatment with

LPL, the MEFs expressing wild-type LTGF-β1 demonstrated a robust increase in p-Smad2,

but this was absent in MEFs with mutant LTGF-β1 (Fig. 3D). Direct addition of

recombinant TGF-β1 to the mutant MEFs induced p-Smad2, confirming the integrity of the

TGF-β signal transduction pathway in these cells. Treatment of conditioned medium from

mutated MEFs with H2O2 also demonstrated decreased TGF-β activation, as compared to

medium from wild-type MEFs (fig. S4, D and E). Together, these results indicate that ROS

sensitivity in the LAP is required for TGF-β activation by LPL treatment.

LPL treatment directs differentiation of human dental stem cells

We next investigated possible biological targets of the LPL–ROS–TGF-β1 axis in the

context of tooth regeneration. TGF-β has a central role in mediating mammalian odontoblast

differentiation (26, 27). Adult human dental stem cells (hDSCs) in the tooth pulp express

characteristic stem cell surface markers (positive for CD44, CD90, CD106, CD117, and

Stro-1; negative for CD45) and are capable of multilineage differentiation, making them key

players in tooth regeneration (28). The ability of LPL to activate TGF-β1 and direct the

differentiation of these dental stem cells was thus examined. hDSCs were isolated from

extracted tooth specimens, and the expression of pluripotency cell surface markers was

confirmed (fig. S5). LPL activated TGF-β1 in the hDSCs (Fig. 4, A and B), which was

blocked with NAC or SB431542. LPL treatment demonstrated substantial down-regulation

of stem cell markers Stro-1, CD90, CD117, and CD44, whereas CD106 expression was

slightly reduced (Fig. 4, C and D). This suggests that LPL induced a transition in these cells

away from their pluripotent state. Concurrently, LPL-treated stem cells exhibited an increase

in markers of odontoblast (dentin-forming cells) differentiation compared to control hDSCs,

including dentin matrix protein 1 (DMP1), dentin sialoprotein (DSP), osteopontin (OPN),

and alkaline phosphatase (ALP) (Fig. 4E) (table S2) (29, 30).

LPL induces dentin differentiation in two- and three-dimensional cultures

To further confirm the role of LPL in odontoblast differentiation, a mouse pre-odontoblast

cell line, MDPC-23, was subjected to LPL treatments. LPL activated TGF-β signal

transduction and induced ALP activity in these cells in two-dimensional (2D) culture (Fig. 5,

A and B). This appeared to be partly mediated by ROS and TGF-β, as preincubation with

NAC or SB431542 partially reduced ALP activity (Fig. 5B and fig. S6A). Owing to limited

spatial differentiation, matrix secretion, and organization in 2D culture systems, a

poly(lactide-co-glycolide) (PLG) scaffold system was used to assess mature dentin

differentiation in 3D (Fig. 5C). LPL treatment activated TGF-β1 in the 3D scaffold system,

as observed with increased luciferase activity in TGF-β reporter (p3TP-luc) MvLu1 cells

(Fig. 5D). TGF-β signaling was prevented by preincubation with NAC, indicating that LPL-

generated ROS are necessary. As a positive control, addition of recombinant TGF-β1 itself

robustly induced luciferase activity.
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MDPC-23 cells were cultured in the 3D PLG scaffolds under mineralizing culture

conditions for 21 days. Supplementing cultures with recombinant TGF-β1 or treating cells

with conditioned medium activated with H2O2 induced dentin matrix expression and ALP

activity (fig. S6, B and C). LPL treatment induced dentin differentiation in 3D culture, as

indicated by up-regulation of ALP activity and DMP1 and OPN expression (Fig. 5, E and

F). Together, these observations suggest that LPL treatment directs dentin differentiation of

hDSCs (2D culture) and mouse pre-odontoblasts (2D and 3D culture) via the ROS–TGF-β

axis.

TGF-β1 is critical for LPL-mediated dentin regeneration in vivo

Two distinct interventional strategies were chosen to confirm the in vivo role of LPL-

activated endogenous TGF-β1 in dentin regeneration. In the first approach, LPL treatment

was combined with controlled delivery of a small-molecule inhibitor of TGF-βRI (Alk5),

SB431542, from PLG microspheres on the exposed dental pulp of rat teeth (fig. S7).

Sustained release of TGF-βRI inhibitor at the site of LPL treatment over the course of 7 days

prevented tertiary dentin induction, as observed with μCT and histology (Fig. 6, A and B),

supporting the role of TGF-β in LPL-mediated regeneration.

The second in vivo approach was taken using transgenic mice. A conditional knockout

(DSPPCreTGF-βRIIfl/fl) mouse was generated by crossing dentin sialophosphoprotein-Cre

(DSPPCre) with the floxed TGF-β type II receptor (TGF-βRIIfl/fl) mice (fig. S8, A and B).

The DSPP gene is expressed in late dentinogeneses and encodes two distinct dentin matrix

proteins with key roles in dentin mineralization, namely, DSP and dentin phosphoprotein

(DPP) (31). TGF-βRII is the specific receptor for TGF-β ligands and has very high affinity

for TGF-β isoforms 1, 2, and 3 (32). The TGF-βRII knockout mouse simulates TGF-β

knockout, indicating that it has a key role in normal TGF-β pathophysiology (33). DSPPCre

was noted to be expressed postnatally (fig. S8, C and D), and the DSPPCreTGF-βRIIfl/fl mice

appear to have normal dentin morphology and organization (fig. S8, E and F). Moreover,

tooth pulp cells from the DSPPCreTGF-βRIIfl/fl mice were capable of a mineralized tissue

repair response (BMP4-induced ALP activity), but were nonresponsive to TGF-β1

stimulation (Fig. 6C).

LPL treatment of exposed pulp in the DSPPCreTGF-βRIIfl/fl mice (n = 3) demonstrated

similar amounts of tertiary dentin induction to untreated controls by μCT analyses (Fig. 6D).

Histological analyses of teeth from both groups demonstrated minimal dentin induction (Fig.

6E). The LPL-treated teeth also demonstrated engorged, dilated blood vessels with better

organized stroma (Fig. 6E). This could be potentially attributed to differences in sectioning

planes. In contrast, a normal dentin repair response was noted in TGF-βRIIfl/fl mice (n = 2),

similarly in rats (Fig. 1), after LPL treatments (fig. S9). These two distinct in vivo

approaches targeting the TGF-β pathway in both rat and mouse teeth support the role of

endogenous TGF-β activation in mediating LPL regenerative effects on tertiary dentin

induction.
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DISCUSSION

A wide variety of biochemical (small molecules, growth factors, peptides, microRNAs) and

biophysical (electrical, magnetic, ultrasound) cues are currently being explored for their

ability to promote tissue regeneration. The ability of LPL to activate an endogenous

morphogen to direct resident stem cell differentiation—in this case, dental stem cell—adds a

new, potent tool to the regenerative armamentarium. This study elucidated both the efficacy

and the primary mechanistic role of LPL and ROS–TGF-β1 in mediating dentin

regeneration. The ability to activate endogenous components in a controlled, self-limiting

manner is a critical aspect of this potential therapeutic modality because both ROS and

TGF-β1 in excessive amounts are potently deleterious (34, 35). The absolute LPL-activated

levels of both these key intermediates would depend on their biological source and presence

of other inhibitors (for example, antioxidants) in the treatment zones. Our simplest cell-free

system with serum solutions was meant to test the post-wounding hemostatic milieu, present

during LPL treatment, containing abundant platelet-derived and serum LTGF-β1.

Nonetheless, LPL treatment extends well beyond the local exposure site and could

potentially activate other sources, such as cell-secreted and extracellular matrix– and dentin

matrix–sequestered forms of LTGF-β1 (36). TGF-β has key roles in many biological

processes including development, immune responses, wound healing, and malignancies

(37). Modulating endogenous LTGF-β, as shown in this study, could provide a powerful tool

to study its role in normal physiology and pathology and could be exploited therapeutically

in many of these contexts.

It is prudent to note that the mineralized tissue (tertiary dentin) induction was noted in a

widespread area within the pulp after LPL treatment, leading to formation of pulp stones,

rather than an ideal reparative dentin bridge. This was probably a result of the large area of

laser–biological tissue interactions and the paracrine effects of the activated factor. Good

operative techniques that minimize both the exposed pulp surface and mechanical debris

have been shown to be key factors in determining dentin regeneration (38). Therefore, better

surgical techniques, which are possible in larger animals and humans, as well as optical

focusing approaches, such as multiphoton modalities, are likely to allow one to restrict laser-

biological interactions to the treatment interface and to improve LPL therapeutic efficacy.

Further, it is important to highlight that the long-term effects on mineralized tissue

regeneration in this study were initiated by a single LPL treatment; multiple clinical

treatment dosing protocols could lead to more profound, optimized therapies. Limitations of

this study are the small sample sizes in the mouse studies, owing to limited availability of

these transgenic animals, and technical difficulties of instrumenting minute tooth samples

and maintaining their integrity during processing.

Lasers are widely used in various biomedical applications (for example, microscopy and

spectroscopy), and clinical high-power laser applications are common in ophthalmology,

surgery, and dermatology. The use of lasers for in vivo optical imaging is also gaining rapid

popularity with techniques such as optical coherence tomography and laser speckle imaging.

These latter optical imaging applications also use very low doses of photoillumination,

raising interesting questions on their potential therapeutic side effects. The major purpose of

this study was to explore the primary molecular mechanisms underlying near-infrared, LPL
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treatment–induced regeneration. Studies on the molecular mechanisms mediating

photobiomodulation or low-level light therapy have previously focused on in its role in

modulating the mitochondrial enzyme, cytochrome c oxidase, and ROS generation (39).

Recently, a potent role of ROS in mediating regeneration has been described (40). Although

the precise nature of the LPL photoabsorber remains unclear in our current study, the results

in this study suggest a critical role for metal ions and water molecules; the photoabsorber

may absorb photons to form an excited triplet state, which further undergoes energy transfer

with oxygen to form various ROS. The expanding applications of lasers in medicine

highlight the importance of understanding photon-biological interactions.

Regenerative medicine currently relies predominantly on ex vivo manipulated cells or the

delivery of exogenous factors such as recombinant growth factors (41, 42), and both

approaches have significant limitations. The results of the current study suggest that a

minimally invasive treatment, LPL, can be used to activate endogenous cues that can drive a

regenerative response of resident stem cells, potentially bypassing the need to deliver

exogenous cells or factors. These observations in multiple models (mice, rats, and primary

hDSCs) suggest that this mechanism is conserved across species. This, combined with the

simplicity of the LPL treatment, suggests that clinical translation would be straightforward.

Given the broad range of roles that ROS and TGF-β can mediate in vivo and the popularity

of laser devices in current clinical settings, the mechanistic insights from this study could

also promote clinical translation of LPL treatments to modulate pain, inflammation, or

immune responses, and promote tissues regeneration of bone, neural, vascular, and muscle

tissues.

MATERIALS AND METHODS

Study design

hDSCs and a rodent pre-odontoblast cell line were chosen to recapitulate lineage-specific

cell responses after laser treatments. Cell-free serum was used to assess LTGF-β1 activation

because serum is abundant in the hemostatic milieu after injury (pulp exposure). The in vivo

rodent direct pulp capping models were used to recapitulate routine human dental clinical

scenarios after excavation of deep carious lesions. The conditional knockout studies were

aimed at assessing if LPL treatment effects were mediated via TGF-β in vivo by generating

a nonresponding dentin forming cell population. Two experimental sites were randomly

assigned to control or test (LPL treatment) groups in each animal to allow paired

comparisons. Analyses were performed in a nonblinded manner; teeth were analyzed

immediately after retrieval and the same individual performed the LPL treatment and μCT

analysis (P.R.A.). Multiple assays, including in vivo and in vitro imaging and molecular and

biochemical analyses, used in this study were aimed at assessing two key endpoints in

clinically successful dentin repair, namely, dentin-specific matrix expression and subsequent

mineralized tissue repair.

Rodent model for dentin repair

Rats (Sprague-Dawley, 4 weeks, Charles River) and mice [4 to 6 weeks, C57B6/129SVJ/

FvBN, National Institute of Dental and Craniofacial Research (NIDCR)] were used as
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rodent models of dental pulp repair as described previously (43). All procedures were

approved by the Harvard University and NIDCR animal care and use care committees.

Briefly, rats or mice were anesthetized [ketamine (80 to 120 mg/kg) and xylazine (5 to 10

mg/kg), intraperitoneally] and two cavity preparations were made on the occlusal aspect,

exposing the pulp of the first maxillary molar tooth with a conventional handpiece (NSK),

#1 round carbide bur (0.8 mm) (Dentsply), and portable dental unit (Dentport Dental

Supply). Laser treatments were performed with an 810-nm GaAlAs laser diode system as

described below. For loss-of-function studies in rats, two maxillary molar teeth were

instrumented; pulp was exposed and packed with TGF-βRI inhibitor–releasing micro-

spheres followed by a restoration. On the following day, the two teeth were re-instrumented

exposing the pulp; one site received LPL treatment, and both sites were refilled with

inhibitor microspheres and restored.

Cell culture

hDSCs and mouse pulp cells from DSPPCreTGF-βRIIfl/fl mice were isolated from the pulp

from tooth samples obtained, following Institutional Review Board approval at the

Children’s Hospital Boston, as previously described (44). Briefly, tooth specimens were

dissected aseptically and incubated with 4 ml of 0.25% trypsin-EDTA (Life Technologies)

at 37°C for 30 min. After neutralization with 4 ml of complete medium, solutions were

pipetted vigorously to release cells and then passed through a cell strainer (70 μm, Corning),

and resulting cells were cultured in complete medium supplemented with ascorbic acid (100

μM) and β-mercaptoethanol (50 μM) (both from Sigma). Mv1Lu (mink lung epithelial cells)

(a gift from D. Rifkin, New York University, Langone Medical Center), MDPC-23 (mouse

dental papilla cells) (a gift from T. Bottero, University of Michigan), D1 (mouse

mesenchymal stem cells), and 7F2 (mouse osteoblasts) (both from American Type Culture

Collection) cells were cultured in complete medium composed of 10% FBS, Dulbecco’s

modified Eagle’s medium, GlutaMAX, and penicillin (100 U/ml)–streptomycin (100 μg/ml)

(all from Gibco, Life Technologies) in a 37°C incubator with 5% CO2. MEFs, stably

transfected with either full-length or ROS-insensitive (M253A) LTGF-β1, were maintained

in growth medium supplemented with G418 (Gibco, Life Technologies).

LTGF-β1–transfected MEFs

MEFs expressing either wild-type or M253A (ROS-insensitive mutant) LTGF-β1 were

allowed to become 80% confluent in 10-cm dishes (Nunc, Thermo Fisher Scientific) and

switched to 0.2% serum for medium conditioning. The medium from some dishes was

assessed for total TGF-β1 (routine chemical activation: 1 N HCl for 10 min followed by 1.2

N NaOH and 0.5 M Hepes for 10 min) and H2O2 (100 μM) activation of LTGF-β1 with

ELISA. In other plates, LPL treatment at 3 J/cm2 was performed, and after 15 min, cells

were washed with phosphate-buffered saline, lysed, and subjected to immunoblotting for

phospho-Smad2. As controls in these experiments, recombinant (active) TGF-β1 (2.5 ng/ml)

(R&D Systems) was added to both cells to ensure signaling competency. In some cases,

conditioned medium was removed and treated with H2O2 (100 μM) for 5 min before being

added back to these cells.
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Detection of ROS in the presence of cells

Cells were seeded in eight-well chamber slides (Nunc, Thermo Fisher Scientific) in

complete medium and allowed to attach overnight. The following day, LPL treatment was

performed at varying fluences, and cells were probed with fluorescent dyes to assess specific

ROS, namely, MitoSOX Red dye (5 μM) for superoxide and CM-H2DCFDA (10 μM) for

H2O2. For both experiments, MitoTracker Green (500 nM) and MitoTracker Red (500 nM)

(both from Molecular Probes, Life Technologies) were used to counterstain mitochondria.

Fluorescence was visualized using a confocal microscope (Olympus IX81) and imaging

software IP lab (version 4.0). The Griess assay (Promega) was performed per

manufacturer’s protocol. Briefly, cells were incubated with 50 μl of sulfanilamide for 10

min, followed by N-1-napthylethylenediamine dihydrochloride (NED) under acidic

conditions for another 10 min. Absorbance was measured at 520 nm using a microplate

reader.

Western blotting

Cells were lysed in radioimmunoprecipitation assay buffer (Sigma) with Complete Mini

Protease Inhibitor (Roche). Lysates from MDPC-23 cells seeded in PLG scaffolds and rat

dental pulp tissue were prepared by mincing with scissors in lysis buffer. This was followed

by repeated sonication (Sonics) in lysis buffer on ice. Lysates were centrifuged at 14,000

rpm at 4°C for 20 min, and total protein was estimated with a Bradford assay (BCA, Thermo

Scientific Inc.). Protein lysates were separated in precast tris-glycine or tris-acetate gels and

transferred onto nitrocellulose membranes (both Invitrogen). Blots were incubated with

various primary antibodies (table S3) at 4°C overnight. After washes, blots were incubated

with appropriate species-specific secondary antibodies (Jackson ImmunoResearch

Laboratories), and chemiluminescence (Thermo Scientific Inc.) was detected by films

(Kodak MR, Sigma-Aldrich). Images were scanned digitally; brightness and contrast were

adjusted for the whole image wherever appropriate.

Laser treatments

In vitro assays—A near-infrared laser was used in all experiments. Specifically, an 810-

nm GaAlAs laser diode system (driver, temperature controller, and cooling mount) with a

fiber optic delivery system (400 μm fiber) (all from Newport) was used in continuous wave

mode. Laser dose was checked before each experiment with a power meter (Newport).

Power density (irradiance, W/cm2) was varied to achieve various energy densities (fluence,

J/cm2) for treating samples. For example, a spot size of 20, 30, or 50 mm for four wells in a

96-well plate, one 35-mm dish, or one 60-mm dish, respectively, was used by varying the

target distance (beam divergence, 15°) and adjusting power (irradiance, W/cm2) assessed

with a power meter. All treatments were performed as described earlier, and treatment time

(5 min) was kept constant in all experiments. Owing to variations in laser output at very low

power levels and attenuation by cell culture plastic and medium, a 10% dose variance was

included in all in vitro experiments. Cell-free solution experiments were performed in black

wells, whereas cell treatments were performed with a black background (card sheet) placed

below the clear-bottom culture dishes or wells.
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In vivo assays—The same laser unit described above (Newport) was used for in vivo

(mouse and rat) experiments. This unit has a 400-μm fiber delivery system, and the end

piece was placed directly on the exposed pulpal tissue and used at 0.01 W/cm2 for 5 min in

continuous mode for a total dose of 3 J/cm2. The end piece was moved continuously in a

smooth, uniform motion during treatments to ensure that there was no appreciable heating.

Animals were treated only once and followed for 8 weeks (mice) or 12 weeks (rats).

Generation and characterization of conditional knockout (DSPPCreTGF-βRIIfl/fl) mice

DSPPCre mice (45) were bred with TGF-βRIIfl/fl mice (33) to generate DSPPCreTGF-βRIIfl/fl

mice and characterized by genotyping (table S2), histology, and μCT, as described in

Supplementary Methods.

Pre-odontoblasts in 3D scaffold cultures

Mouse MDPC-23 cells (3 × 106 cells/ml) were seeded in PLG scaffolds (supporting

methods) in complete medium. Cells were allowed to attach for 30 min and then floated in

complete medium. After overnight incubation, LPL (above section) or TGF-β1 (2.5 ng/ml)

treatments were performed. Scaffolds were placed in fresh medium in a 12-well plate with

mineralizing supplements (10 mM β-glycerophosphate, 10 nM dexamethasone, and 20 mM

ascorbic acid). The medium was changed every 3 days and maintained in culture for 21

days. Cell lysates from scaffolds were analyzed for ALP activity and dentin matrix

induction.

Histological analyses

The tooth samples were decalcified and processed routinely for paraffin-embedded 4-μm

serial sections. Owing to the tiny (0.7 to 1 mm) size of the tooth samples and relatively large

defect created, sections at the defect site had poor integrity and were difficult to process for

histology. Therefore, we chose to perform quantitative high-resolution μCT of the entire

tooth to bypass these technical limitations (Supplementary Methods). For qualitative

histological analysis, tissue sections adjacent to the defect (where remnants of filling

materials were evident) were used. These sections were stained with H&E, Masson’s

trichrome, Azan Blue, and toluidine blue and examined with routine microscopy or

polarized illumination (Nikon).

Statistical analyses

Data were analyzed using Microsoft Excel and GraphPad Prism software. Means and SDs

were calculated. A Student’s t test was performed for all data, unless otherwise noted, where

P < 0.05 was considered statistically significant. In assays comparing multiple means,

Bonferroni correction was applied. For the in vivo experiments, analyses were performed in

a paired manner as two sites (molar teeth) in each animal were randomly assigned to either

control or LPL treatment. Given the limited number of data points to assess data distribution

in a valid manner, data were assumed to be distributed in a non-Gaussian manner and the

nonparametric Wilcoxon matched-pairs signed rank test was used to analyze the data; P <

0.05 was considered statistically significant. The sample size for animal studies was based

on previous studies reported in the literature, and power analyses (80% confidence interval,
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α = 0.05, to detect a 10% change between treatment and control groups with an SD of 0.05)

yielded a sample size n = 4. Owing to the limited availability of the transgenic mice and the

technical difficulties of instrumenting minute mouse teeth effectively and maintaining their

integrity during processing, we were unable to power mouse studies adequately for

statistical analysis in certain figures (Fig. 6D and fig. S9).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. LPL induces tertiary dentin in a rodent model
(A) An occlusal defect (arrow, top panel) exposed the pulp in the maxillary first molar in

rats. These defects were subsequently irradiated with LPL, packed with microspheres or

Ca(OH)2 dressing, and sealed with a restoration (bottom panel). (B) Image and

quantification of inflammatory response with a myeloperoxidase probe at 24 hours after

pulpal exposure and restoration (Control) versus pulpal exposure followed by LPL treatment

(Laser). Data are means ± SD (n = 3). P > 0.05, paired two-tailed t test. (C) Dentin repair

imaged by high-resolution μCT. Red arrows in top panel indicate cement filling, and yellow

arrows in lower panel indicate tertiary dentin deposition along walls of pulp chamber. (D)

Quantification of mineralized tissue formation in defects after 12 weeks using high-

resolution μCT imaging after pulp exposure alone (Control) and LPL treatment (Laser).

Tissue formation defined by the ratio of bone volume (BV) to total tooth volume (TV). Data

are individual animals represented by unique symbols (n = 7). Red lines denote means; P

value determined by Wilcoxon matched-pairs signed rank test. (E) Histological analysis of

decalcified teeth by hematoxylin and eosin (H&E) and toluidine blue staining, with

polarized illumination. Sections were taken from tissue adjacent to the defect. # indicates

regions of tertiary dentin. Scale bar, 200 μm. (F) Mineral content of non-decalcified sections

by scanning electron microscopy (SEM)–EDS. Data are means ± SD (n ≥ 3). Inset image
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depicts pseudocolored SEM image of regions assessed for analyses. TD, tertiary dentin. (G)

LPL-treated non-decalcified tooth samples (n = 2) were imaged using Raman microscopy to

CH. Scale bar, to see compositional map of ratio of phosphate (PO4
3−) 100 μm. Inset shows

quantitative histograph depicting spatial distribution of intrapulpal islands (arrow) of tertiary

dentin induction. # indicates regions of tertiary dentin within the pulp.
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Fig. 2. LPL treatment generates ROS in mammalian cells in vitro
(A) Mv1Lu cells were treated with LPL at various fluences and assessed for superoxide

generation with MitoSOX Red. Mitochondria were counterstained with MitoTracker Green.

Red and green overlays are shown representative of three independent experiments. Some

cells were preincubated with NAC (1 mM) before LPL (3 J/cm2) treatment or antimycin A

treatment as a positive control. Scale bars, 20 μm. (B) Superoxide generation after LPL (3

J/cm2) treatment of Mv1Lu cells. Data are means ± SD (n = 3). P value determined by two-

tailed t test. (C) H2O2 generation in Mv1Lu cells (revealed by CM-H2DCFDA) in response

to LPL irradiation, with or without NAC (1 mM). Mitochondria were counterstained with

MitoTracker Red. Red and green overlays are shown. Scale bar, 100 μm. (D) Griess assay

for NO generation after LPL (3 J/cm2) treatment of Mv1Lu cells and mouse dental papilla

cells (MDPC-23). (E) H2O2 generation assessed with Amplex UltraRed after LPL treatment
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of FBS at various fluences. Some samples were preincubated with NAC (1 mM) before LPL

treatment. (F) LPL (3 J/cm2)–induced generation of hydroxyl radicals in cell-free serum, as

assessed with proxylhydroxylamine. In (D) to (F), data are means ± SD (n = 3). P values

determined by two-tailed t test. These findings indicate that LPL treatment induces tertiary

dentin formation within the rat tooth pulp.
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Fig. 3. LPL-generated ROS activates LTGF-β1 in vitro
(A) Free cysteines in serum and in a solution of rhLTGF-β1 after LPL treatment (3 J/cm2).

Data are means ± SD (n = 3). P values determined by two-tailed t test. (B) Control and LPL-

treated serum samples were labeled with IAEDANS and then separated by gel

electrophoresis; specific bands were visualized by ultraviolet, indicating the labeling of

LPL-induced conformational changes in putative candidates. Right panel shows the same

samples, transferred onto a nitrocellulose membrane and subjected to immunoblotting

against TGF-β1. Asterisk indicates serum albumin. (C) TGF-β1 activation in serum after

treatment with LPL at increasing fluences assessed with ELISA. Data are means ± SD (n >

3). P value was determined by two-tailed t test with Bonferroni correction compared to

control (no laser treatment). (D) Phosphorylated Smad2 after LPL treatment of wild-type

MEFs or MEFs transfected with mutated (M253A) LTGF-β1. Mutated MEFs were also

treated with recombinant TGF-β1 to ensure signaling competency (without laser treatment).
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Fig. 4. LPL-induced odontoblastic differentiation of human dental stem cells (hDSCs)
(A) Phospho-Smad2 expression in hDSCs after LPL treatment. TGF-β1 treatment served as

a positive control. Some cells were pretreated with TGF-βRI inhibitor, SB431542, before

LPL treatment. Actin served as a loading control. (B) The TGF-β responsiveness of hDSCs

was assessed by nuclear translocation of p-Smad2/3 after LPL treatment. Counterstaining

for cytoskeletal actin (phalloidin) and nuclei [4′,6-diamidino-2-phenylindole (DAPI)] was

performed. Tricolor overlays are shown. Some samples were preincubated with NAC or

SB431542 before LPL treatments. Scale bar, 20 μm. (C) Immunofluorescent labeling of

stem cell markers Stro-1 and CD90 in hDSCs 7 days after LPL or TGF-β1 treatment.

Controls are untreated hDSCs. Nuclei were counterstained with DAPI. Inset shows red

channel only. Scale bar, 50 μm. (D) Western blots for stem cell markers CD44, CD106, and

CD117 in hDSCs 7 days after LPL or TGF-β1 treatment. Actin served as a loading control.

(E) Dentin matrix expression was assessed by semiquantitative reverse transcription

polymerase chain reaction (RT-PCR) in hDSCs, 7 days after LPL treatment. Gel images

were inverted (black bands) for clarity of presentation.
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Fig. 5. LPL directs dentin differentiation in 2D and 3D mouse pre-odontoblast cultures
(A) The kinetics of TGF-β1 responsiveness of MDPC-23 after LPL or TGF-β1 treatment

was assessed with phospho-Smad2 Western blot. (B) ALP activity 3 days after LPL

treatment of mouse MDPC-23 cells. Some cells were preincubated with NAC or SB431542

before LPL treatments. (C) SEM image of PLG macroporous scaffolds used for 3D culture

(left). Polychromatic SEM technique shows cells seeded within scaffold pores (right). Scale

bars, 100 μm (left) and 50 μm (right). (D) Left panel shows quantification of luciferase

activity from TGF-β reporter (p3TP luc) Mv1Lu cells at 24 hours after LPL or TGF-β1

treatment. Some scaffolds were preincubated with NAC before LPL treatment. Panel on the

right shows hypercolored image of in situ luciferase imaging of reporter cells within 3D

scaffolds. (E) LPL induction of mineralizing phenotype assessed by ALP activity in mouse

odontoblast-like cells (MDPC-23) cultured in 3D scaffold cultures at 21 days. (F) Western

blots for DMP1 and OPN after LPL treatment of MDPC-23 cells cultured in 3D PLG

scaffolds for 21 days. In (B), (D), and (E), data are means ± SD (n = 3). P values determined

by two-tailed t test.
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Fig. 6. TGF-β mediates the effect of LPL on dentin formation in vivo
(A) Quantitation of induced tertiary dentin volume, as indicated by the ratio of bone volume

(BV) to total tooth volume (TV), of rats treated with SB431542 alone or with LPL treatment

assessed by μCT at 12 weeks. Means (red lines) are presented; each data point represents

individual animal (n = 4). P value determined by Wilcoxon matched-pairs signed rank test.

(B) H&E and toluidine blue staining, with polarized illumination, of tooth sections obtained

from rats treated with SB431542 (TGF-βRI inhibitor) with or without LPL. Scale bar, 200

μm. Asterisk denotes tertiary dentin noted along the pulp walls. (C) Pulp cells from

DSPPCreTGF-βRIIfl/fl teeth were treated with TGF-β1 and BMP4 and assessed for ALP

activity. Data are means ± SD (n = 4). P values determined by two-tailed t test. (D)

Quantitation of dentin volume in teeth of DSPPCreTGF-βRIIf/f mice with no treatment

(Control) or after LPL treatment (Laser) at 8 weeks. Means (red lines) are presented; each

data point represents an individual animal (n = 3). P value determined by Wilcoxon

matched-pairs signed rank test. (E) H&E and toluidine blue staining, with polarized

illumination, of tooth sections obtained from DSPPCreTGF-βRIIlfl/fl mice that were either

untreated (Control) or LPL-irradiated (Laser). Scale bar, 200 μm.
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