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Abstract
Bioactive bio ceramics are a family of osteoconductive materials 
that include bioactive glass and calcium phosphates such as 
hydroxyapatite (HA) and tricalcium phosphate (β-TCP or α-TCP). 
These materials exhibit excellent bone binding properties and are 
usually designed to be used as bone fillers or as bioactive coatings 
on metal implants. Their in vivo resorption ability may be modulated 
by controlling synthesis and processing parameters. Bioceramics 
can be associated to stem cells in cell-based therapies, using 
transplanted cells to guide the spatially complex process of tissue 
formation, thus optimizing osteoinduction, osteoconduction and 
osteogenesis. Although tissue engineering strategies using stem 
cells aim to ameliorate the prognosis of the grafted materials, there 
are several questions still to be addressed, such as which are 
the best materials and which are the best adult stem cells to be 
associated with these scaffolds in order to improve and hasten the 
replacement of bone fillers by newly formed bone tissue in an ideal 
way. Almost all structures such as bone, cranial and facial sutures, 
cartilage, ligaments and teeth, are derived from mesenchymal cells. 
Mesenchymal stem cells (MSCs) have been isolated from most of 
the postnatal tissues, including several craniofacial tissues. They 
have a well-characterized potential to differentiate into all cellular 
lineages that constitute mesenchymal and connective tissues. Dental 
pulp tissue is an interesting source of MSCs to be used in tissue 
bioengineering studies due to their multi differentiation potential, 
noninvasive and efficient process of isolation, immunosuppressive 
activity and similarity to bone cells. The aim of this work is to 
discuss the potential of mesenchymal stem cells to be used for 
guided osteogenesis and show the efficiency of its association with 
fabricated scaffolds to aid bone regeneration processes.
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Introduction
Since the 1950’s, the advances of the clinical infrastructure and 

biomedical applications for health improvements have demonstrated 
an increase in life expectancy of world’s population. However, the 
increase in longevity was accompanied by a demographic transition, 
indicating an intrinsic concept of epidemiological transition [1]. This 

transition process is described as a progressive evolution of high 
mortality profile from infectious diseases to chronic-degenerative 
diseases. The current relevance of degenerative diseases and mortality 
patterns worldwide is a major concern for the international scientific 
community. Nowadays, adult stem cells have been presented as a 
key approach for the prevention, control and treatment of several 
kinds of degenerative diseases [2]. Adult stem cells brought a new 
perspective on different stem cell-based therapies, avoiding the 
ethical dilemma of the possible disposal of an embryo that occurs 
when embryonic mesenchymal stem cells are used [3]. Although 
adult stem cells show lower versatility to differentiate when compared 
to embryonic mesenchymal cells, an increase in their utilization as 
platforms to study disease and drug discovery or direct therapeutic 
use in association with different types of frameworks/delivery systems 
to regenerate damage tissues is verified [3, 4].

In the recent decades, stem cell-based therapy has been widely 
used for the treatment of several disorders of the blood and immune 
system through adult hematopoietic stem cell transplants. A 
hematopoietic stem cell is a cell present in the blood able to renew itself 
and to differentiate into different blood cells: such as red blood cells, 
white blood cells and platelets. However, adult mesenchymal stem 
cells have been identified in specific areas of several tissues in order to 
assist the tissue repair and health maintenance [4, 5]. The discovery of 
mesenchymal stem cells that are able to differentiate into solid tissue 
cells (such as muscles, bones, cartilage and neurons) revealed the new 
promising cells source for the next revolution in medical science: 
regenerative medicine. Adult mesenchymal stem cells, also classified 
as multipotent cells, can be isolated from several tissues and, thereby, 
represent a potential source for tissue engineering [5, 6].

The field of regenerative medicine aims to induce the biological 
function of specific tissue or organ and repair/replace their structures. 
The understanding of interactions between stem cells, scaffolds and 
bioactive molecules, such as growth factors, is considered the triad 
of tissue engineering - a subfield of regenerative medicine [6, 7]. The 
interplay of stem cells with the growth factors and/or in contact with 
the unique chemical and morphology surface of biomaterial could 
induce their differentiation into all cellular lineages. This review will 
discuss the association of mesenchymal stem cells with biomaterials, 
such as bioceramics, to replace lost tissue or regenerate damaged 
tissue or improve the healing mechanisms as a breakthrough of the 
present implantable grafts technology. In addition, show the current 
scenario of clinical trials of bone regeneration using mesenchymal 
stem cells and FDA-approved cell based therapies.

Biomaterial Controlling Stem Cell Fate
The understanding of cell behavior on the surface of biomaterial 

and the signaling from the surrounding microenvironment, e.g. 
extracellular matrix (ECM), cells and growth factors, is pivotal 
to modulate the cell fate through engineering of biomaterial 
properties. In tissue engineering, the resorbable scaffold is produced 
to temporarily support the growth of living cells, stimulating 
physiological interactions through reactions with serum proteins 
and other cells at molecular level, to recapitulate the normal tissue 
development process [7, 8].
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The control of design at macro- and micrometric scale, as well as 
variations of chemical composition, Nano metric scale topography, 
surface charge and stiffness matrix has been known to affect the cell 
activity and the tissue formation. Therefore, biomaterial properties 
play a key role in tissue engineering and cell-based regenerative 
therapeutics. 

Biomaterial Properties
Immediately after biomaterial placement, its surface becomes 

completely covered by a thin layer of serum proteins. The first 
proteins to reach and bind to the biomaterial surface are those present 
at high concentrations in blood and will further be slowly replaced 
by proteins with higher affinity with surface. The initial interactions 
of blood cells and proteins with biomaterial influence clot formation 
and cell attachment [8]. The molecular conformation of proteins is 
sensitive to the surface nature. Therefore, surface characteristics 
determine the availability of specific peptide sequences containing 
proteins, a phenomenon known to affect cell adhesion and behavior. 
In contact with blood and biological fluids, hydrophobic surfaces can 
partially denature proteins, leading to less accessible sites for cell-
binding; whereas hydrophilic surfaces promote protein adsorption in 
a conformation that exposes adhesion sites and enhance cell adhesion 
[9]. Therefore, a hydrophilic surface, facilitating the cell attachment 
onto scaffolds, is a prerequisite to biomaterial-cell association, as 
well as biological performance. The hydrophilicity of scaffolds with 
the same architecture show that the addition of pristine graphene 
had a positive impact on cell viability and proliferation, and that 
enhanced wettability from surface leads to an improved cell response 
[10]. In other hand, hydrophobic surfaces have been demonstrated 
to promote the differentiation of stem cells, however with a lower 
attachment of cells [11, 12].

It has been demonstrated that several types of cells is affected by 
different chemical, morphology and energy surfaces from biomaterial. 
When manufacturing a scaffold for bone tissue regeneration, the 
most essential design element is the biocompatibility, where the 
biomaterial should not demonstrate immunogenicity or elicit an 
adverse inflammatory response. Furthermore, an ideal scaffold 
should provide bioactivity (to make direct bonding with living bone), 
osteoconductivity (to serve as a scaffold for new bone formation), 
osteoinductivity (recruiting bone-forming cells to induce the new 
bone formation) and osteogenesis (to provide osteogenic cells to 
form new bone). In addition, the design of scaffold includes optimal 
mechanical properties, pore structure and pore size, and a suitable 
degradation rate for new bone tissue formation [13-16].

A highly-interconnected architecture scaffold, including macro 
and microporosity, is one of critical factors to vascularization, cells 
colonization and survival, and supply oxygen and nutrients for 
transplanted cells [17, 18]. A combined macro and micro pore structure 
of the scaffold have been demonstrated an improvement of cellular 
responses, such as adhesion, spreading, growth and proliferation, 
and also increase the bone growth throughout the scaffold. The 
interconnection of macropores (size > 100 μm) are usually formed by 
using porogenic agents in bioceramics. It is well defined that porosity 
should be greater than 100 μm as the requirement for blood vessels 
and bone tissue ingrowth [17, 18]. Several methods already exist to 
form porous three-dimensional scaffolds with different materials 
and composites e.g. replica method [19, 20], sacrificial phase [19-
21], direct foaming [19-22], paste extrusion [23], rapid prototyping 
[24, 25], injection mold [26], slip casting [27], freeze casting [28]. 

Porous bioactive bioceramics exhibits a chemical bonding with the 
bone tissue and their interconnected macro and micropores provide 
a mechanical interlocking and good mechanical behavior in load 
bearing sites prior to regeneration of new tissue. Long bone defects 
have shown significantly higher bone ingrowth and torsional strength 
for cell-seeded scaffolds, when compared to those receiving acellular 
scaffolds [29, 30].

The addition of controlled nanostructures to biomaterial surface 
has shown promising clinical results when compared to nanosmoother 
surfaces [31]. It has been established that the interaction between 
the nanoscale features from biomaterial surface and the biological 
environment have effects on cell proliferation and differentiation, 
mediated by alterations in cell adhesion [31]. When associated within 
a microporosity, the nanoscale features can boost an enhance cell 
spreading, growth, and gene expression. Although the nanometric 
surface of biomaterial are several orders of magnitude smaller than 
stem cells, the interaction occurs through molecular bonding between 
cell-surface receptors and their ligands, such as integrin receptors 
in the cells’ focal adhesions that allow the cells to adhere the surface 
and modulate the sequence of cell events. For understanding the cell 
behavior on biomaterial surface, studies have shown that cell filopodia 
and lamellipodia play an important role in the sensing of nanoscale 
physical and chemical features in the early stages of the cell-surface 
interaction. The modification of chemical surface of biomaterial 
is one of the methods to increase wettability and cell adhesion in 
physiological environment. Controlled and functionalized surface 
chemistry, such as hydroxyl, amino and carboxyl groups, have been 
extensively studied by self-assembled monolayers (SAMs) of alkanethiols 
to mimic the extracellular matrix for cell-related studies and to influence 
cell-biomaterial surface interaction.  A possible mechanism for directing 
mesenchymal stem cells fate by surface chemical functionality is through 
the signaling pathways of integrins αv and β1, which are bridges for ECM 
interactions, transducing signals from the exterior to interior of cells, via 
signaling pathways [32]. 

As seen above, besides the biomaterial chemistry and topography 
influences on cell behavior, the fate of stem cells can also be 
manipulated by controlling the biomaterial physical properties. 
Studies demonstrated that differentiation of stem cells can be 
modulated by elastic modulus (stiffness) of substrates [33-35]. 
Stiffness is considered the rigidity property of a material, or as the 
resistance of a solid material to deformation. Although the behavior 
of different types of cells varies with stiffness of substrate. The increase 
of cells that migrates towards surfaces of greater stiffness is known as 
mechanotaxis phenomenon [36]. The osteogenesis culture of human 
mesenchymal stem cells on uniformly stiff substrates shows more cells 
spread, larger in area, and stained darker by alkaline phosphatase, 
indicating a higher expression of the osteogenic marker. In opposite, 
uniformly soft surfaces indicated minimal staining and, in addition, 
a significantly higher level of expression of the stem cell marker 
CD105 was observed, that implies an inhibit of hMSCs osteogenesis 
[37]. Therefore, the control of triad of properties, surface chemistry, 
topography and stiffness, has the potential to selectively guide the cell 
fate within 3D scaffolds [38].

Mesenchymal Stem Cells / Biomaterials association
Most of the surgical procedures aiming to regenerate cranio-

maxillofacial bone involve the use of either autografts or allografts [39, 
40]. Despite their importance in the reconstruction of lost or damaged 
bone structures, there are many limitations, such as cost, limited 
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bone supply and anatomical difficulties [39, 41, 42]. To surpass these 
drawbacks, surgeons and scientists have been seeking alternative 
solutions. There is also evidence that mesenchymal stem cells are 
immune-modulatory, reducing the expression of inflammatory 
dendritic cells and suppressing T cells effects [43].

Scaffolds have been fabricated from naturally derived (bone 
powders, granules and fragments) and synthetic biomaterials 
(bioceramics, biocompatible polymers, metallic alloys and composites) 
as three-dimensional bone grafts and bone substitutes [42]. Such 
materials are supposed to possess osteoconductive properties and lead 
to the recruitment, proliferation and differentiation of host cells from 
healthy flanking tissue [44]. In spite of a quick development of a wide 
diversity of biomaterials with varying physicochemical and structural 
properties to embody biological characteristics, most empty scaffolds 
have largely failed to improve bone healing [45, 46]. Figure 1 shows 
some examples of ceramics and/or composite polymer-ceramic such 
as membrane, scaffolds or microspheres for medical applications.

Biomaterials can be combined with stem cells, delivering 
transplanted cells to guide the spatially complex process of tissue 
formation and stimulating osteoconduction, osteoinduction and 
osteogenesis. In order to both sustain and modulate cell behavior, 
a scaffold must have biocompatibility, suitable surface texture and 
chemistry for osteogenic cellular proliferation and differentiation as 
well as favorable mechanical properties [47, 48].

In light of these considerations, ceramics are a family of 
osteoconductive materials made of calcium phosphate (mainly 
HA and β-tricalcium phosphate) with advantageous bone binding 
properties. Ceramics are usually designed to be substitutes for the 
mineral phase of bone (since 70% of the mineral phase of mature 
bone is composed of hydroxyapatite) and their in vivo resorption 
can be modulated by calcium to phosphate ratio and by their porous 
microstructural configuration [49], as can be seen in Figure 2. As an 
alternative to ceramics and being the major component of extracellular 
bone matrix (95% of its organic matrix is composed of type I 
collagen), collagen is a valuable material for tissue engineering when 
compared with synthetic polymers since, still being osteoconductive, 
it provides an attractive surface for cell attachment, besides playing an 
important role as modulator of cell morphology, cell migration and 
differentiation [50, 51].

Tissue engineering strategies using stem cells aim to improve 
and increase the prognosis of the grafted materials, using them as 

carriers for cells with osteogenic properties to achieve proper bone 
regeneration. Clinical success of these designs ultimately depends 
on an optimal cell source for bone reconstruction [52]. Almost all 
craniofacial structures, like bone, cartilage, ligaments and teeth, are 
derived from mesenchymal cells [53, 54] and mesenchymal stem 
cells (MSCs) have been isolated from most of the post-natal tissues, 
including several cranio-maxillofacial tissues. [55-57]. 

Mesenchymal stem cells from the bone marrow niche (BMSCs) 
have been thoroughly explored in tissue engineering approaches 
to regenerate bone. Amid bony structures successfully regenerated 
with BMSCs are calvarial bone in mice, associating BMSCs to gelatin 
sponges [58], cranial defects of canines, associating BMSCs with 
β-TCP scaffolds [59], mandibular defects in sheep, combining BMSCs 
to β-TCP scaffolds [60] and maxillary sinus floor in humans, attaching 
BMSCs to a biphasic HA/β-TCP scaffold [61]. Due to the scarcity of 
these cells and since bone marrow harvesting procedure is painful 
and laborious; there is a great interest in harvesting osteogenic cells 
from more convenient tissue sources, such adipose tissue-derived 
stem cells (ASCs) obtained by liposuction or MSCs from deciduous 
teeth or from teeth being extracted. 

Human adipose tissue-derived stem cells (hASCs) can be 
harvested in abundant quantities from the adipose tissue. It has 
been suggested that ASCs undergoes osteogenesis with minimal 
stimulation by exogenous factors, representing a promising option 
for skeletal tissue engineering trials [62]. Among cranial structures 
regenerated with ASCs are calvarial defects in mice, associating 
hASCs to apatite-coated PLGA scaffolds [62], calvarial defects in 
rats, associating hASCs and PLGA scaffolds [63], calvarial defects 
in rabbits, seeding rabbit ASCs onto gelatin foam scaffolds [64] and 
a widespread bilateral calvarial defect in a seven year-old girl using 
autologous hASCs and fibrin glue [65]. 

Dental pulp tissue is a promising source of MSCs to be used in tissue 
bioengineering studies due to their multi differentiation potential, 
noninvasive and efficient process of isolation, immunosuppressive 
properties and similarity to osteoblasts [66-68]. Dental pulp stem 
cells (DPSCs) have also been used to reconstruct large calvarial 
critical sized defects in rats, attached to a collagen membrane [69, 
70] and to aid in the regeneration of human mandibular alveolar 
defects using hDPSCs. An example of protocol to associate hDPSC’s 
and bioceramics can be performed by simple seeding procedure for 
an ideal period of cells culture, obtaining an osteoinductive surface. 

Figure 1 Several designs of biomaterials for medical applications.



Citation: Rocha DN, Marçal RLSB, Barbosa RM, Ferreira JRM, Silva MHP (2017) Mesenchymal Stem Cells Associated with Bioceramics for Bone Tissue 
Regeneration. Biomater Med Appl 1:2.

• Page 4 of 8 •Volume 1 • Issue 2 • 1000110

Figure 3 shows a seeding procedure (a) and the FEG-SEM image after 
24h of cell culture (b). 

Besides displaying in vitro and in vivo multilineage plasticity, 
dental pulp and adipose tissue are both attractive sources of MSCs 
for bone tissue engineering for a variety of reasons. ASCs can be 
easily and promptly isolated from human tissue, besides being 
readily available in large quantities and it has been reported that 
ASCs are able to acquire bone cell-like responsiveness and upregulate 
osteogenic genes in response to shear stress in vitro, which suggests 
that they are capable to respond to mechanical loads [71]. Moreover, 
scaffolds loaded with pre-differentiated ASCs cells show more robust 
bone tissue regeneration when compared to scaffolds seeded with 
undifferentiated ASCs [64, 72-74]. 

In other hand, DPSCs can be isolated in a noninvasive and highly 
efficient fashion from deciduous teeth that are usually discarded 
without ethical concerns [66, 75]. Furthermore, they are considered 
to be analogous to bone cells since they show expression of osteogenic 
marker proteins as well as response to many growth factors for 
osteo/odontogenic differentiation [67, 76, 77] and harbor increased 
immunosuppressive activity when compared with BMSCs, which 

could lead to potential advantages in different clinical applications 
[78]. DPSCs can also be easily cryopreserved for long periods and 
retain multi differentiation plasticity potential after preservation, 
which favors the establishment of cryobanks for adult tissue 
regeneration [78-80].

Methods of Biomaterial-Cell Association
The first step of the traditional tissue engineering approach is, 

typically, performed by the biomaterial-cells association, seeding 
differentiated or undifferentiated cells on synthetic scaffolds, 
developing an ECM in vitro that is crucial in the progression of tissue 
formation. The cell seeding strategy is a key process that occurs in 
laboratory and plays a fundamental role in cell distribution within the 
scaffold. Although the traditional method of static seeding cells onto 
a scaffold is the most commonly method used, some disadvantages 
are observed, such as low efficiency of cell seeding and non-uniform 
cell distribution. In order to surpass these problems, dynamic seeding 
in an agitated environment or perfusion system allows mechanical 
conditions for desirable cell density and homogeneity. Bioreactors 
systems can also provide an enhanced environment for tissue growth, 
increasing the uniformity of cell seeding and perfusion of three-

Figure 2 Bioceramics scaffolds produced by a coating process on polyurethane sponges and sintered at 1200°C.

Figure 3 Example of an association of hDPSC and bioceramic surface (hydroxyapatite).
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dimensional cultures. In addition, bioreactor parameters, such as 
mass transfer, hydrodynamics and environment conditions, could be 
individually controlled for each desired tissue.

The next step on this association universe is to integrate cells 
directly on the scaffold fabrication, using a bio-ink for 3-D printing. 
The development of bio-inks stills a challenge to researchers, once 
it is composed by living cells, bioactive molecules and biomaterials. 
Despite the aforementioned challenges the production process has 
its own complications and increases the difficulties to obtain the 
desired behavior. The process challenge includes three main steps: 
cell sedimentation within the ink cartridge; cell viability during 
extrusion; and cell viability after ink curing; success can be achieved 
by solving this triad. Some works are aiming on development of new 
formulations, new molecules and new materials to perfectly combine 
living cells and bioprinting [81, 82]. On the other hand, there are some 
efforts on the quality analysis of the produced bio-ink, searching on 
methods to analyze these three main quality aspects [83]. Bioprinting 
and bio-ink development demonstrates the future of medical devices, 
clinical applications and diseases studies, as a lot of research efforts 
are employed, significant advances on patients’ health will become 
[84].

Clinical Trials and FDA-Approved Therapies
The search on active and completed clinical trials are an indicative 

for new therapies and where these therapies are based on for future 
applications, following the logic that is not successful to treat new 
conditions with old therapies. It was searched on clinicaltrials.gov 
website [42] with keywords “mesenchymal”, “stem”, “cell”, using the 
search tool “AND” after the first 3 search keywords and before the 
term “bone regeneration”, appearing on dialog box as “mesenchymal 
stem cell AND bone regeneration”. The results were classified on the 
actual status, not been computed studies with that status: suspended; 
terminated; withdrawn; and unknown status. It was found 28 
studies, which indicates a research effort for evolution on the area 
of mesenchymal stem cells and biomaterials association for bone 
regeneration. The results also showed a worldwide spread of clinical 
trials attempts with some concentration on Europe and Asia, Table 1 
demonstrates these results. Another way to indicate the search result 
is filtrating the conditions treated with these clinical trials. The top 
twenty conditions are listed below with the number of studies, in 
Table 2.

In addition, the evolution of clinical trials, in some cases, are 
followed by an attempt to put the innovative therapy available on 
market, to reach this goal, is necessary to obtain a FDA-approval. 
On FDA website [43] is listed the attempts of cell based therapies 
already approved. At the date of this search, there are 14 FDA-
approved therapies by OTAT (Office of Tissues and Advanced 

Region Name Number of Studies

World 28

Asia 13

Europe 10

North America 1

South America 1

Not Divulged 3

Table 1 Worldwide dispersion of clinical trials.

Conditions Number

Musculoskeletal Diseases 7

Wounds and Injuries 7

Stomatognathic Diseases 6

Mouth Diseases 5

Central Nervous System Diseases 4

Trauma, Nervous System 4

Arthritis 3

Bone Diseases 3

Collagen Diseases 3

Fractures, Bone 3

Gingival Diseases 3

Joint Diseases 3

Osteoarthritis 3

Periodontal Diseases 3

Periodontitis 3

Rheumatic Diseases 3

Spinal Cord Diseases 3

Spinal Cord Injuries 3

Chronic Periodontitis 2

Congenital Abnormalities 2

Table 2 Top twenty most cited conditions on clinical trials for mesenchymal stem 
cell and bone regeneration search.

Therapies) that uses cells, summarized on Table 3, 7 of that are based 
on hematopoietic stem cells, 1 on fibroblasts, 1 on chondrocytes 
associated with a porcine collagen membrane for cartilage defects, 1 
on keratinocytes and fibroblasts associated with bovine collagen for 
wound repair and regeneration, 1 on genetically modification of cells 
for melanoma treatment, 1 on genetically modification of T-cells for 
acute lymphoblastic leukemia, 1 on peripheral blood mononuclear 
cells for metastatic castrate resistant prostate cancer and 1 on 
genetically modification of T-cells for diffuse large B-cells lymphoma. 
Summarizing, from 14 available cell based therapies approved by 
FDA 2 of them are a direct association of cells and biomaterials.

The recent research effort, demonstrated on clinical trials attempts, 
illustrates a promising scenario about to treat new conditions with 
new therapies technology and new approaches. This research effort 
is being validating when some researches acquires FDA approval 
to make the therapy technology available to society, improving life 
quality of patients.

Conclusion
The use of adult stem cells for bone regeneration is a robust 

therapeutic option worldwide, being spread in clinical trials. FDA-
approved cell based therapies also indicates the safety and promising 
area evolution that evokes the established approach of new therapies 
to treat new conditions. The understanding and optimization 
of settings to ideally match biomaterial scaffolds with stem cells 
harboring higher degrees of osteogenic potential, will contribute to 
make stem cell-based therapies a better bid than the golden standard 
autologous bone substitute for reconstruction and rehabilitation of 
craniofacial osseous defects.
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Trade name Manufacturer Indication

ALLOCORD SSM Cardinal Glennon 
Children's Medical Center

For use in unrelated donor hematopoietic progenitor cell transplantation procedures in conjunction with an 
appropriate preparative regimen for hematopoietic and immunologic reconstitution in patients with disorders 
affecting the hematopoietic system that are inherited, acquired, or result from myeloablative treatment.

CLEVECORD Cleveland Cord Blood Center
For use in unrelated donor hematopoietic progenitor cell transplantation procedures in conjunction with an 
appropriate preparative regimen for hematopoietic and immunologic reconstitution in patients with disorders 
affecting the hematopoietic system that are inherited, acquired, or result from myeloablative treatment.

HEMACORD New York Blood Center, Inc.
For use in unrelated donor hematopoietic progenitor cell transplantation procedures in conjunction with an 
appropriate preparative regimen for hematopoietic and immunologic reconstitution in patients with disorders 
affecting the hematopoietic system that are inherited, acquired, or result from myeloablative treatment.

DUCORD Duke University School of 
Medicine

For use in unrelated donor hematopoietic progenitor cell transplantation procedures in conjunction with an 
appropriate preparative regimen for hematopoietic and immunologic reconstitution in patients with disorders 
affecting the hematopoietic system that are inherited, acquired, or result from myeloablative treatment.

NONE Clinimmune Labs, University of 
Colorado Cord Blood Bank

For use in unrelated donor hematopoietic progenitor cell transplantation procedures in conjunction with an 
appropriate preparative regimen for hematopoietic and immunologic reconstitution in patients with disorders 
affecting the hematopoietic system that are inherited, acquired, or result from myeloablative treatment.

NONE LifeSouth Community Blood 
Centers, Inc. 

For use in unrelated donor hematopoietic progenitor cell transplantation procedures in conjunction with an 
appropriate preparative regimen for hematopoietic and immunologic reconstitution in patients with disorders 
affecting the hematopoietic system that are inherited, acquired, or result from myeloablative treatment.

NONE Bloodworks 
For use in unrelated donor hematopoietic progenitor cell transplantation procedures in conjunction with an 
appropriate preparative regimen for hematopoietic and immunologic reconstitution in patients with disorders 
affecting the hematopoietic system that are inherited, acquired, or result from myeloablative treatment.

AZFICEL-T Fibrocell Technologies, Inc. Indicated for improvement of the appearance of moderate to severe nasolabial fold wrinkles in adults.

MACI Vericel Corporation Indicated for the repair of single or multiple symptomatic, full-thickness cartilage defects of the knee with or without 
bone involvement in adults. MACI is an autologous cellularized scaffold product.

GINTUIT Organogenesis Incorporated Is an allogeneic cellularized scaffold product indicated for topical (non-submerged) application to a surgically 
created vascular wound bed in the treatment of mucogingival conditions in adults.

IMLYGIC Amgen Inc.  Indicated for the local treatment of unresectable cutaneous, subcutaneous, and nodal lesions in patients with 
melanoma recurrent after initial surgery.

KYMRIAH Novartis Pharmaceuticals 
Corporation  

Indicated for the treatment of patients up to 25 years of age with B-cell precursor acute lymphoblastic leukemia 
(ALL) that is refractory or in second or later relapse.

PROVENGE Dendreon Corporation For the treatment of asymptomatic or minimally symptomatic metastatic castrate resistant (hormone refractory) 
prostate cancer. 

YESCARTA Kite Pharma, Incorporated 

A CD19-directed genetically modified autologous T cell immunotherapy indicated for the treatment of adult patients 
with relapsed or refractory large B-cell lymphoma after two or more lines of systemic therapy, including diffuse large 
B-cell lymphoma (DLBCL) not otherwise specified, primary mediastinal large B-cell lymphoma, high grade B-cell 
lymphoma and DLBCL arising from follicular lymphoma.

Table 3 FDA-approved to date cell based therapies.
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