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Dental pulp stem cells (DPSCs) are an easily accessible, heterogenous source of mesenchymal stem cells (MSCs) that are derived from the neural crest. Evidence suggests that they have neurotrophic qualities in their undifferentiated state and can also be differentiated into neuronal and retinal cell types. There is growing interest in using DPSCs in cell-based therapies to treat glaucoma and blinding retinal diseases. However, careful characterization of these cells is necessary as direct intravitreal and subretinal MSC transplantation is known to lead to deleterious glial reaction and fibrosis. In this study, we provide evidence for the mesenchymal-predominant nature of DPSCs and show that DPSCs maintain their mesenchymal phenotype despite upregulating mature retinal markers under retinal differentiation conditions. CD56, which was previously thought to be a specific marker of neural crest lineage, is robustly co-expressed with mesenchymal markers and may not be adequate for isolating a subpopulation of neural crest cells in DPSCs. Therefore, identification of more specific markers is required to elucidate the heterogeneity of the population and to successfully isolate a putative neural stem cell population before DPSCs can be used for retinal therapy.
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Introduction

In the last decade, there have been major advances in stem cell therapy for blinding retinal diseases like age-related macular degeneration. In addition to the use of embryonic and induced pluripotent stem cells, there has been significant interest in the use of adult mesenchymal stem cells (MSCs) from other sources such as bone marrow, cord blood, adipose tissue and muscle. These cells are available in abundance and can be isolated from the patient autologously, overcoming problems of immune rejection.

The applications of MSC therapies for eye disease have expanded in the last decade. MSCs exert a significant paracrine effect and many groups across the world have attempted transplantation of undifferentiated MSCs in the subretinal or intravitreal space for neuroprotection. Although results have been promising, particularly in glaucoma and optic nerve crush models (1, 2), there is considerable evidence that intravitreal transplantation of MSCs can induce extensive reactive gliosis (3), severe vitreoretinopathy and epiretinal membrane formation (4). In the human eye which has a larger vitreous space compared to rodent eyes, these effects are more pronounced. Attempts at MSC transplantation into the subretinal space in humans have led to epiretinal membrane formation, proliferative vitreoretinopathy and even tractional retinal detachment (5–8). Transplantation of stem cells of mesenchymal origin for retinal therapy must therefore be undertaken with extreme caution.

Adult MSCs are also being evaluated as autologous sources of stem cells for retinal therapy. When subjected to differentiating conditions in vitro, these cells have been shown to acquire retinal cell markers and to a limited extent, even function like retinal neurons (9). However, not all cells undergo this differentiation. In many cases it is not clear what proportion of cells have differentiated into retinal neuronal precursors. It is also not known if these ‘retinal’ cells still possess mesenchymal properties. Given the high risk of mesenchymal cell associated blinding complications in the subretinal and intravitreal space, it is imperative that MSC-derived retinal cells being considered for clinical use be carefully evaluated for their mesenchymal phenotype at the end of the differentiation process.

Dental pulp stem cells (DPSCs) are a population of MSCs derived from adult human teeth. They contain a mix of different stem cell types including mesenchymal, vascular and neuronal stem cells (10). Like other adult MSCs, DPSCs have been shown to demonstrate a paracrine neurotrophic effect (11, 12). In vitro, they also possess the ability to upregulate expression of neuronal markers in general (13) and markers of retinal cell fates like photoreceptor and retinal ganglion cells in particular (9, 14). It has been suggested that DPSCs may be used as a source of stem cells for retinal cell replacement therapy. In this study, we established primary DPSC cultures, evaluated them at baseline, and directed them toward a retinal fate with particular focus on their mesenchymal phenotype during and at the end of differentiation.



Materials and methods


Isolation and culture of primary human dental pulp stem cells

Dental pulp stem cells isolation and culture was performed as previously described (10). Healthy non-infected human teeth (molar, premolar and canine) were collected with informed consent from adult patients (15-41 years of age) undergoing routine extraction for orthodontic reasons, under approved guidelines set by the Centralized Institutional Review Board (SingHealth Research). Teeth were cleaned in iodine solution and cracked open using a power drill to expose the pulp chamber. Dental pulp was extracted with forceps, minced with a scalpel and digested in a solution of 3mg/ml collagenase and 4mg/ml dispase (Roche) for 1 h at 37°C. Single-cell suspensions were obtained by straining the cells through a 70 μm cell strainer (Falcon). Dental pulp cell suspensions were seeded at a maximum density of 1,100 cells per cm2 in [growth medium] and maintained at 37°C and 5% CO2.



Induction of retinal differentiation

phDPSCs were induced toward a photoreceptor fate as described previously (15). Briefly, cells were seeded on laminin-coated plates, allowed to expand for three days before being switched to Neurobasal A media (Gibco, Thermo Fisher Scientific) supplemented with B27 (1:50, Thermo Fisher Scientific), epidermal growth factor (20 ng/mL, Sigma-Aldrich) and basic fibroblast growth factor (40ng/mL, Sigma-Aldrich). On day 8 of differentiation, this was changed to 50% DMEM (Gibco, Thermo Fisher Scientific) + 50% F12 (Gibco, Thermo Fisher Scientific) media supplemented with insulin-transferrin-sodium selenite (conc, Gibco, Thermo Fisher Scientific) and basic fibroblast growth factor (40 ng/mL, Sigma-Aldrich). From day 15 to day 21 of differentiation, retinoic acid (0.5 μg/ml, Sigma-Aldrich) was added to the culture medium. All differentiation media contained penicillin (50 μg/ml, Gibco, Thermo Fisher Scientific) and streptomycin (500 μg/ml, Gibco, Thermo Fisher Scientific) to prevent bacterial contamination. Cells were photographed/lysed to isolate RNA or fixed for immune-cytochemistry at weekly time points.



Fluorescence-activated cell sorting analysis

Pre-conjugated primary antibodies to CD56 and CD15, CD24, CD29, CD90, CD34, and CD45 (Supplementary Table 1) were used to label the DPSC cells in suspension as per manufacturer’s instructions; along with Propidium iodide (Molecular Probes, Thermo Fisher Scientific) to discriminate live cells. Stained cells were analyzed on the BD FACSverse 3L8C fluorescence-activated cell sorter and data analysis was carried out using BD FACS suite V1.0.6. For list of antibodies used see Supplementary Table 1.



mRNA expression analysis

Total cellular RNA was extracted from cell pellets using the Pico Pure RNA isolation kit (Thermo Fisher Scientific). 1μg of total RNA was reverse transcribed using the iScript Reverse Transcription Supermix for RT-qPCR system (Bio-Rad) in a C1000 Thermal Cycler (Bio-Rad). Real-time RT-PCR was carried out on 2μl of the synthesized cDNA and 0.5μl each of forward and reverse primers 20μM, using Bio-Rad SYBR Green Master Mix (containing dNTPs, MgCl2, and DNA polymerase). For list of primers used see Supplementary Table 2.



Immunocytochemistry

Adherent cells on coverslips in culture were washed thrice in DPBS and fixed in 4% PFA for 10 minutes, followed by incubation in blocking buffer (DPBS, 1% BSA, 100mM Glycine, 0.3% Triton X-100) for 60 min. Immunostaining was performed in antibody dilution buffer (DPBS, 1% BSA, 0.3% Triton X-100) overnight at 4°C. Goat anti -OTX2 (Novus biologicals AF1979); rabbit anti-Rax (ab23340 Abcam) or mouse anti MITF (Millipore MABE78) was used along with FITC conjugated CD90. Secondary antibodies conjugated with Alexa Fluor (Invitrogen) were diluted 1:1000 in antibody dilution buffer and incubated for 60 min at room temperature. Coverslips were mounted on a microscopic slide using Antifade Mounting Medium. Image acquisition and processing were performed using AxioVision software (Zeiss).




Results


Undifferentiated phDPSCs are predominantly mesenchymal in nature

phDPSC cultures were established from a total of 44 teeth collected from 30 donors. In each case cell colonies first appeared after 5-10 days in culture and grew into confluent monolayers by week 3. phDPSCs could then be cultured up to passage 9, cryopreserved and revived from cryopreservation without change in morphology or loss of proliferative ability. In culture, phDPSCs demonstrate a fibroblastic morphology (Figure 1).
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FIGURE 1
Primary human dental pulp stem cells (DPSC) show fibroblastic morphology in culture.(D5, D7, D10) Phase contrast microscopy images in the top panel show clonal expansion of DPSC in primary culture with expansion to confluence over time. Bottom panel shows confluent DPSC at increasing magnification in subsequent passages also showing predominantly fibroblastic morphology. Scale bar = 50 μm.


Although phDPSCs express pluripotency markers Oct 3/4 and Nanog, the level of mRNA expression compared to human embryonic stem cells is 100-1000 fold lower (Figure 2A). Compared to pluripotency markers, phDPSC expression of mesenchymal markers CD90, CD29 and PEDF is significantly higher (Figure 2B).
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FIGURE 2
Primary human dental pulp stem cells (DPSC) are predominantly mesenchymal in nature. (A) DPSC express pluripotency markers Nanog and OCT 3/4 at 100-1000 fold lower levels compared to human embryonic stem cells (hESC). The quantitative PCR analysis was performed on mRNA from 3 different primary DPSC lines and compared against different replicates from one HESC line. (B) Primary DPSC express higher levels of mesenchymal markers (PEDF/CD29 and CD90) compared to pluripotency markers (Oct 3/4, Nanog and Sox2). CD56 expression is seen at low levels equivalent to that of Oct 3/4. The analysis was performed on cells from 3 different cell lines and 2 different passages with a total n = 6. In both graphs, raw data and spread is shown as a Cumming estimation plot on the upper axes and mean difference compared to control sample are plotted as bootstrap sampling distributions on the lower axes. Each mean difference is depicted as a dot and each 95% confidence interval is indicated by the ends of the vertical error bars.


Flow cytometric analysis shows that over 95% of the phDPSC population is positive for CD90 with 50-80% positive for CD56 (Figures 3A,B). The high proportion of CD90 positive cells is maintained in culture despite repeated passage (Figure 3C). Similarly the size of the CD56 positive cell population within the phDPSC does not show significant change with passage although there is greater individual fluctuation between cell lines. The variability in proportion of CD90 and CD56 positive cells in different primary DPSC cell line is shown in Supplementary Figure 1 and suggests that there cells derived from different donors may have different stem cell potential. As reported previously (16), phDPSC show negligible expression of hematopoietic stem cell markers CD34 and CD45.
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FIGURE 3
PhDPSC analysis immunophenotyping by FACS shows predominant CD90 expression. (A) Top panel shows representative FACS histograms for each of the markers tested including hematopoetic markers CD 34 and CD45, mesenchymal markers CD29 and CD90 as well as neural crest marker CD56. Gray plot shows negative control and blue plot shows positive population. (B) Quantitative analysis by FACS is depicted as percentage positive cells and shows negligible expression of CD34 and CD45, slightly higher percentage of cells express CD29 with significantly higher percentage expressing CD 56 and CD 90. The analysis depicts pooled data from experiments performed on 2-3 different cell lines from passage 1-2. CD34 expression is used as the standard against which remaining samples are compared. (C) CD90 and CD56 percentage positive cells in primary DPSC is depicted over time in culture. Despite repeat passaging, percentage of CD90 cells remain high and stable in the phDPSC population. A trend toward decline in percentage of CD56 cells with passage is seen although the mean difference between early and later passages is not significant. CD 56 expression at each passage also shows significant variability (as seen by the spread of the individual data points). This analysis was performed on cells from 3 different cell lines comparing expression in P1-2 with P3-4. In (B,C), raw data and spread is shown as a Cumming estimation plot on the upper axes and mean difference compared to control sample (In B, CD34 data is used as control) are plotted as bootstrap sampling distributions on the lower axes. Each mean difference is depicted as a dot and each 95% confidence interval is indicated by the ends of the vertical error bars.




phDPSCs retain a mesenchymal phenotype despite differentiation toward retinal fate

It is known that a small number of DPSCs can acquire retinal markers when differentiated toward a retinal fate in animal models. Given our data showing the predominantly mesenchymal nature of phDPSC, we evaluated the fate of these cells when placed in retinal differentiating conditions in vitro. Specifically we evaluated the mesenchymal phenotype of DPSC cells that acquire retinal markers. We find that phDPSC placed in retinal differentiation conditions upregulate mRNA expression of early eye field transcription factors such as LHX2, RAX and OTX2 (Figure 4A) and retinal precursor markers such as MITF, CHX10 and Rhodopsin (Figure 4B). However, despite acquisition of these retinal markers, phDPSC continue to concurrently express significant mRNA levels of mesenchymal markers PEDF, CD29 and CD90 (Figure 4C).
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FIGURE 4
PhDPSC cultured in retinal differentiation conditions –D continue to express high levels of mesenchymal markers despite acquisition of retinal progenitor and retinal subtype specific precursor markers. (A) Top panel shows up-regulation of mRNA expression of retinal progenitor markers LHX2, RAX, OTX-2, and PAX6 in primary DPSC cultured in retinal differentiation conditions –D compared to primary DPSC cultured in control conditions –C after 4-6 weeks in culture. Note that no expression of PAX6 is seen in either control or differentiated cells. (B) Middle panel shows a small but significant upregulation of retinal subtype-specific precursor markers MITF, CHX-10, and Rhodopsin in phDPSC cultured in retinal differentiation conditions –D compared to the same cells cultured in control conditions –C after 4-6 weeks in culture. (C) Bottom panel shows that there is no significant decline in levels of mesenchymal markers PEDR, CD29 and a small decline in CD90 between control –C and differentiated –D phDPSC. Also note that the fold change values on the Y axis are very small in (A,B) while being significantly higher in (C) indicating that acquisition of retinal markers is minimal while expression of mesenchymal markers remains robust despite the differentiating conditions. In all the above graphs, raw data and spread is shown as a Cumming estimation plot on the upper axes and mean difference compared to each sample’s control are plotted as bootstrap sampling distributions on the lower axes. Each mean difference is depicted as a dot and each 95% confidence interval is indicated by the ends of the vertical error bars.


Evaluation of CD90 expression of phDPSC undergoing retinal differentiation by immunocytochemistry (ICC) confirmed that cells acquiring retinal markers continued to express CD90 at levels comparable to undifferentiated cells. Note that to preserve expression of the cell-surface marker CD90, ICC is usually performed without permeabilization. When phDPSC are labeled without permeabilization, this results in a robust CD90 signal (Figure 5A). However, to assess colocalization of CD90 with eye field transcription factors like OTX2, MITF and RAX which are expressed in the nucleus, the permeabilization step during ICC becomes necessary and results in quenching of the CD90 surface signal. This is evident in Figure 5B control cells where the CD90 signal is significantly dimmer compared to Figure 5A. Despite the quenched signal, CD90 expression is seen in the differentiating DPSC with co-localization of CD90 with retinal markers OTX2, MITF and RAX (Figure 5C). This suggests that even in retinal differentiating conditions, despite acquisition of early retinal progenitor markers, the phDPSC cells retain a predominantly mesenchymal phenotype.
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FIGURE 5
Immunocytochemistry confirms CD90 expression in phDPSC acquiring retinal progenitor markers. Robust CD90 expression (green) is seen in untreated phDPSC cells by immunocytochemistry. (A) This panel shows signal strength when ICC is performed in the absence of permeabilization (to preserve the signal of cell surface marker CD90). (B) These panels show secondary only controls for red and green signals when ICC is performed with permeabilization to detect nuclear markers. (C) Expression of CD90 and early eye field transcription factors OTX2, MITF, and RAX in phDPSC treated to retinal differentiation conditions after 50 days in culture. The CD90 signal is quenched compared to A due to the permeabilization required to elicit signal from nuclear antigens OTX2, MITF, and RAX but can be compared to the secondary only control in B to assess the positivity of the signal. Despite the quenched signal, CD90 (green) is seen not only in control cells but in treated cells colocalizing with nuclear expression of OTX2, MITF, and RAX.




CD56 + phDPSCs are predominantly mesenchymal

Although CD56 was previously considered a neural crest marker, its specificity has come under question (17). To address this in the context of phDPSCs, we sorted these cells into CD56 + and CF56– subpopulations for further analysis.

Despite extensive optimization of settings, flow sorting of phDPSCs labeled with CD56 showed a continuous scatter plot without a distinct segregation between CD56 positive and negative populations. Gating was therefore performed using negative controls as a guide, with bias toward under-sorting to reduce likelihood of cross-contamination (Figures 6A–D).
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FIGURE 6
CD56+ subpopulations of primary human DPSC are also predominantly mesenchymal. (A–D) Representative flow cytometry plots demonstrating gating of CD56 negative and positive cells which was used to segregate primary DPSC into CD56+ and CD56- cells. (A,B) Scatter plots of primary DPSC cells stained with secondary (PE) only negative controls. (C,D) Scatter plots of cells stained with PE-conjugated CD56 antibody. (E) There was no significant difference in relative mRNA expression of pluripotency markers Oct 3/4, Nanog and Sox2 in CD56+ compared to CD56 cells. (F) There was no significant difference in relative mRNA expression of mesenchymal markers PEDF/CD29 and CD90 in CD56+ compared to CD56 cells. (G) FACS scatter plot showing significant overlap of CD56+ (green) and CD90+ (blue) cells in UR quadrant with most of the CD56+ cells showing positivity for CD90 as well.


Apart from there being no significant difference in cell morphology of the two groups in culture (data not shown), mRNA expression of pluripotency markers Oct3/4, Nanog and Sox2 was equivalent and negligible in both CD56 + and CD56− cells (Figure 6E).

Although there was apparent greater expression of SOX2 among the CD56 + cell samples, the mean difference remained statistically insignificant. In addition, not only did the CD56 + cells show expression of mesenchymal markers PEDF, CD29 and CD90, the expression level was equivalent to that seen in CD56– cells (Figure 6F).

FACS analysis of phDPSCs double-stained with CD56 and CD90 showed that most of the CD56 + cells were also positive for CD90 (Figure 6G). This was seen consistently across the different phDPSC cell lines and through passage 1-5 (data not shown).

Therefore, both CD56 + and CD56– phDPSCs were equivalent in terms of their expression of mesenchymal markers at both a population and single-cell level, with most CD56 + phDPSCs co-expressing mesenchymal marker CD90.




Discussion

In this study, we present evidence that phDPSCs are a predominantly mesenchymal population. Our data suggests that not only are phDPSCs highly mesenchymal in their undifferentiated state, they maintain a mesenchymal phenotype despite attempted differentiation toward a retinal fate. We demonstrate that this holds true at both a population level (where results can be confounded by different cell types if the population is heterogenous) and at the level of the individual cell.

Compared to MSCs derived from other sources, DPSCs are thought to be embryologically derived from neurectoderm. Previously, the abundant presence of CD56 in DPSCs has been used to support a neuroectodermal origin (16, 18), suggesting that these represent a population of neural crest-derived stem cells persisting in the adult dental pulp niche. However, CD56 seems to be variably expressed in phDPSCs with no distinct segregation between strongly positive and negative cells. There is also significant variability in CD56 expression between different donor cell lines suggesting that the stem cell potential of DPSC derived from different donors might be different.

Expression of mesenchymal markers was equivalent in CD56− and CD56 + cells with both groups appearing fibroblastic in morphology and expressing equivalent and negligible levels of pluripotency genes. Expression of CD90 and CD56, particularly the former, was robust in culture despite repeated passage. Taken together, these results indicate that CD56 may not be the most specific marker of neurectodermal lineage and CD56 + cells do not represent a separate lineage from the mesenchymal-predominant phDPSCs. Our findings concur with previous studies which have also found high (though variable) proportions of CD56 in cultures of phDPSCs, as well as subpopulations of phDPSCs co-expressing CD56 together with MSC markers such as MSCA-1 (18, 19) and CD90 (16).

The use of CD56 as a reliable neural crest stem cell marker is being questioned in other MSC populations as well. Although initially thought to be absent from human bone marrow-derived MSCs (hBM-MSCs), hBM-MSCs have been shown to express CD56 and at variable proportions ranging from 25 to 90% (17) similar to our findings in phDPSCs. Rather than being a marker of neural stem cells, CD56 may instead be a more generic MSC marker. CD56 has long been known to be expressed widely in undifferentiated mesenchymal cells during human embryogenesis (20). CD56 is also not specific for cells of neuronal potential, being a marker of myogenic progenitor cells (21) including craniofacial muscle-derived stem cells with osteogenic, adipogenic, and myogenic potential (22). In hBM-MSCs, cells co-expressing both CD56 and the MSC marker MSCA-1 and CD56 represent a subgroup of MSCs with potent chondrogenicity (23). Therefore, CD56 may be either an MSC marker or a marker for a more-differentiated subgroup of phDPSC cells, committed to neurogenic or myogenic fates.

Previous studies have demonstrated the neurogenic potential of DPSCs both in vitro (24–26) and in vivo (24). Specifically, the ability of phDPSCs to acquire retinal markers in vitro has previously been shown in a variety of culture conditions, including in response to conditioned media from injured rat retinae (14) and in directed differentiation in 3D culture (9). Our data shows similar acquisition of early eye field transcription markers (including Rho, MITF and Chx10) by phDPSC. Like previous studies this happens within 2-4 weeks of directed differentiation. However at a single-cell level, the same cells which acquire markers of early eye field transcription also show robust expression of mesenchymal marker CD90. It is quite likely that the differentiation toward retinal cell fate is incomplete at this point. The persistence of mesenchymal markers at this stage therefore indicates that phDPSC are likely still predominantly mesenchymal despite acquiring retinal markers.

Careful characterization of MSC-derived cells is necessary if they are to be used in cell-based applications, as transplantation of inadequately differentiated MSCs into the subretinal or intravitreal space is known to cause extensive reactive gliosis (27). The hallmark of reactive gliosis is upregulation of vimentin (Vim) and glial fibrillary acidic protein (GFAP). Previous attempts at in vivo transplantation of DPSCs are consistent with development of reactive gliosis in the transplant. By culturing DPSCs in neural stem cell (NSC) media, Jung et al. (28) attempted to enrich the neural stem cell (NSC) subpopulation before transplantation into the rat central nervous system. However, while the NSC-cultured cells expressed higher levels of neural crest markers, they continued to express high levels of mesenchymal markers CD29 and vimentin. Moreover, high GFAP levels were found in the rat CNS after transplantation. Another key study by Mead et al. (1) showed that intravitreally transplanted DPSCs promote survival of neurons in crushed rat optic nerves. However, in rat eyes transplanted with live DPSCs, a strong activation of glial response was seen with robust expression of GFAP in the ganglion cell layer. These results support not only the mesenchymal-predominant nature of DPSCs but also their propensity for inducing reactive gliosis when transplanted into the central nervous system.

In conclusion, from the immunoprofiling of undifferentiated phDPSCs, the high expression of mesenchymal markers in the CD56 + population and the retention of mesenchymal markers in phDPSC undergoing retinal differentiation, it is clear that the phDPSC population is mesenchymal predominant. If there is a subpopulation of neural stem cells present we do not currently have the correct markers to identify them and use them for differentiation purposes. Since the DPSCs behave to be a mesenchymal predominant population, at this juncture, it is currently unsafe to use them as a source of retinal stem cells for in vivo therapy of retinal eye diseases. Identification of more specific markers is required to elucidate the heterogeneity of the population and to successfully isolate the neural stem cell population from the phDPSCs before the cells can be used for retinal therapy.
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