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Abstract
BACKGROUND
Novel strategies are needed for improving guided bone regeneration (GBR) in
oral surgery prior to implant placement, particularly in maxillary sinus
augmentation (GBR-MSA) and in lateral alveolar ridge augmentation (LRA). This
study tested the hypothesis that the combination of freshly isolated, unmodified
autologous adipose-derived regenerative cells (UA-ADRCs), fraction 2 of plasma
rich in growth factors (PRGF-2) and an osteoinductive scaffold (OIS) (UAADRC/PRGF-2/OIS) is superior to the combination of PRGF-2 and the same OIS
alone (PRGF-2/OIS) in GBR-MSA/LRA.
CASE SUMMARY
A 79-year-old patient was treated with a bilateral external sinus lift procedure as
well as a bilateral lateral alveolar ridge augmentation. GBR-MSA/LRA was
performed with UA-ADRC/PRGF-2/OIS on the right side, and with PRGF-

https://www.wjgnet.com

124

February 26, 2019

Volume 11

Issue 2

Solakoglu Ö et al. UA-ADRCs for sinus augmentation
the use is non-commercial. See:
http://creativecommons.org/licen
ses/by-nc/4.0/

Manuscript source: Unsolicited
manuscript

Received: October 9, 2018
Peer-review started: October 9,
2018

First decision: November 14, 2018
Revised: December 7, 2018
Accepted: January 10, 2019
Article in press: January 11, 2019
Published online: February 26,
2019

2/OIS on the left side. Biopsies were collected at 6 wk and 34 wk after GBRMSA/LRA. At the latter time point implants were placed. Radiographs (32 mo
follow-up time) demonstrated excellent bone healing. No radiological or
histological signs of inflammation were observed. Detailed histologic,
histomorphometric, and immunohistochemical analysis of the biopsies evidenced
that UA-ADRC/PRGF-2/OIS resulted in better and faster bone regeneration than
PRGF-2/OIS.
CONCLUSION
GBR-MSA with UA-ADRCs, PRGF-2, and an OIS shows effectiveness without
adverse effects.
Key words: Case report; Cell-based therapy; Guided bone regeneration; Maxillary sinus
augmentation; Lateral alveolar ridge augmentation; Unmodified autologous adiposederived regenerative cells; Stem cells
©The Author(s) 2019. Published by Baishideng Publishing Group Inc. All rights reserved.
Core tip: Novel strategies are needed in oral surgery for improving guided bone
regeneration in maxillary sinus augmentation prior to implant placement. We
demonstrate that the combination of freshly isolated, unmodified autologous adiposederived regenerative cells, fraction 2 of plasma rich in growth factors and an
osteoinductive scaffold is superior to the combination of fraction 2 of plasma rich in
growth factors and the same osteoinductive scaffold alone. This novel procedure may
contribute to a decreased healing period and increased bone quality in rehabilitation of
the edentulous posterior maxilla as well as in other regenerative techniques in preimplant bone augmentation procedures.

Citation: Solakoglu Ö, Götz W, Kiessling MC, Alt C, Schmitz C, Alt EU. Improved guided
bone regeneration by combined application of unmodified, fresh autologous adipose derived
regenerative cells and plasma rich in growth factors: A first-in-human case report and
literature review. World J Stem Cells 2019; 11(2): 124-146
URL: https://www.wjgnet.com/1948-0210/full/v11/i2/124.htm
DOI: https://dx.doi.org/10.4252/wjsc.v11.i2.124

INTRODUCTION
The main causes of tooth loss are periodontal disease and dental caries[1]. Replacing
missing or lost teeth with osseointegrated dental implants has been highly successful
in the treatment of single, partial, or complete edentulism[2]. However, insufficient
bone volume is a common problem occurring in the rehabilitation of the edentulous
posterior maxilla with implant-supported prostheses[3-5]. Both the presence of the
maxillary sinus and atrophy of the alveolar process after tooth extraction or loss
contribute to this problem. Therefore, it is often necessary to perform vertical alveolar
ridge augmentation to enable implant placement and integration. A well-studied
technique in this context is maxillary sinus membrane elevation with autologous bone
or a variety of biomaterials (i.e., a form of guided bone regeneration in maxillary sinus
augmentation; thereafter, “GBR-MSA”)[3-6]. However, for the following reasons there is
a need for developing novel strategies for improving GBR-MSA.
First, autologous bone is considered to be the gold standard in GBR-MSA due to its
osteogenic, osteoinductive, and osteoconductive properties including lack of
immunogenicity [7,8] . However, autologous bone grafts may show a number of
disadvantages, such as increased operation time, donor site morbidity, post-operative
discomfort, limitations in bone quantity and volume, unpredictable bone quality,
reduced volume stability, and fast resorption rate[9-13]. It may also be only effective
under good recipient conditions. Furthermore, the intraoral amount of autologous
bone is limited, and therefore extraoral donor sites are needed for larger defects.
Extraoral donor sites like the iliac crest may lead to further discomfort for the patient
and an even higher morbidity rate compared to intraoral donor sites.
Second, while allografts have osteogenic properties, their probable osteoinductive
and osteoconductive functions are still discussed contradictorily[7,11,14-16]. Especially the
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osteoconductive property of bone allografts leads to a significant higher volume
stability compared to autologous bone, although it is still resorbable and will be
degraded into autologous bone. Demineralized freeze-dried bone allografts were
shown to be osteoinductive and osteoconductive due to the release of bone
morphogenetic proteins[17], although clinical outcomes comparing mineralized and
demineralized freeze-dried bone allografts were reported to be similar[18]. Studies in
vitro and animal investigations revealed osteoinductive functions of demineralized
freeze-dried bone allografts by recruiting cells and ectopic bone formation [19] .
Disadvantages of allogeneic materials may be a protracted vascularization, slow
remodeling and resorption or longer time for osseointegration, and the risk of
immunogenic reactions[15-18].
Third, several experimental studies on animal models[20,21], clinical studies[22-24], and
an earlier meta-analysis[25] indicated that platelet-rich plasma (PRP) can increase new
bone formation in maxillary sinus augmentation when used in combination with
autologous or allogeneic graft material. The use of PRP is based on the premise that it
contains large quantities of growth factors, including platelet derived growth factor,
insulin-like growth factor-1, and transforming growth factor-β that may enhance
osteogenesis[26-28]. However, a number of recent systematic reviews and meta-analyses
came to the conclusion that PRP has no significant impact on bone formation as well
as on implant survival in maxillary sinus augmentation[29-31].
Based on multidisciplinary expert consultation the aim of the present study was to
test (using a first-in-human, split-mouth single case study design) the hypothesis that
in GBR-MSA the combination of freshly isolated, unmodified autologous adipose
derived regenerative cells (UA-ADRCs), fraction 2 of plasma rich in growth factors
(PRGF-2), and an osteoinductive scaffold (OIS) is superior to the combination of
PRGF-2 and the same OIS alone. Due to the fact that preliminary data were not
available, the present study tested the null hypothesis that the combination of UAADRCs, PRGF-2, and an OIS in GBR-MSA is not more effective than the combination
of PRGF-2 and the same OIS alone.

CASE PRESENTATION
Chief complaints
A 79-year-old male patient presented with a partly failing maxillary dentition to the
clinic of the principal investigator who specialized in periodontology and implant
dentistry. The patient reported that his major concern was a functional occlusion
resulting in restoration of an aesthetic smile.

History of present illness
The patient reported extensive restorative treatment in the past as well as the loss of
several premolar and molar teeth.

History of past illness
No specific past illness was reported that was directly related to the present illness.
However, the patient reported reduced oral hygiene in the past, including lack of
supragingival plaque control and limited motivation for oral hygiene.

Personal and family history
No specific personal and family history was reported that was directly related to the
present illness.

Physical examination upon admission
The clinical examination upon admission revealed a reduced vertical dimension of
occlusion and loss of several premolar and molar teeth. Furthermore, advanced
periodontal defects were present around several teeth in the anterior maxilla as well
as around maxillary and mandibular molar teeth. Most of the remaining maxillary
teeth had a guarded to hopeless prognosis.

Laboratory examinations
No laboratory examinations were performed upon admission.

Imaging examinations
A panoramic radiograph was performed upon admission (i.e., at time point T0; the
time course of the present study is summarized in Table 1) showed the loss of several
premolar and molar teeth and revealed that the residual bone height of the
edentulous posterior maxilla below the antrum and the ridge crest was less than 3
mm on both sides (Class D according to[32]) (Figure 1).
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Table 1 Overview on the treatments performed in the present study.
Treatments

Time point

Pre-phase

Procedures

T0

Evaluation of the patient

T1 (4 mo after T0)

Preparation of plasma rich in growth factors
(PRGF-2); isolation of unmodified, autologous
adipose derived regenerative cells (UA-ADRCs)

1

T1 (GBR-MSA)

Extraction of tooth # 14; ridge preservation and
external sinus lift procedures

2

T2 (6 wk after T1)

Extraction of teeth # 11, #12 and #22; collection of
the first biopsies

3

T3 (34 wk after T1)

Placement of implants; collection of the second
biopsies

4

T4 (1 yr after T3)

Extraction of tooth #18; placement of healing
abutments

5

T5 (6 wk after T4)

Placement of the definitive prosthetic telescopic
bridge

T6 (32 mo after T1)

Last radiologic follow-up

Preparatory steps

In order to prevent potential identification of the patient the timeline was coded.

MULTIDISCIPLINARY EXPERT CONSULTATION
Önder Solakoglu, DDS, Head of the Clinic for Periodontology and Implantology
(Hamburg, Germany)
The residual bone height of the edentulous posterior maxilla as well as of the alveolar
bone crest height around the remaining maxillary teeth did not justify immediate
implant placement. Therefore, extensive bone augmentation procedures (GBR-MSA)
were necessary prior to implant placement. According to the literature, residual bone
height of the edentulous posterior maxilla below the antrum and the ridge crest of less
than 3 mm shall be treated with a lateral approach involving a bone grafting material
and delayed implant placement[33].
To date, the combination of PRGF-2 instead of PRP and an OIS appears to be the
most advanced procedure for GBR-MSA. This is due to the fact that a recent
experimental study on rats showed that PRGF-2 has more availability for bone
regeneration than PRP[34]. The use of a combination of PRGF-2 (prepared using the
PRGF-Endoret technology; BTI, Miñano, Spain) and a mineralized cancellous bone
particulate allograft (MCBPA) (Puros Cancellous Particulate Allograft; Zimmer
Biomet Dental, Palm Beach Gardens, FL, United States) is the current standard
procedure for GBR-MSA at the Clinic for Periodontology and Implantology
(Hamburg, Germany).

Eckhard U. Alt, MD, PhD, Professor, Chairman of the Board of InGeneron (Houston,
TX, United States) and of Isar Klinikum (Munich, Germany)
It appears feasible to further improve GBR-MSA by the application of stem cells (for
recent reviews on the use of stem cells in regenerative dentistry[35-37]). Among the
different types of mesenchymal stem cells, cells derived from adipose tissue (either
freshly isolated or culture-expanded) have emerged as a promising tool for GBR[4,38,39].
The freshly isolated cells are named stromal vascular fraction or ADRCs, and the
cultured cells are named adipose-derived stem cells (ASCs). It should be mentioned
that some studies on animal models suggested that bone marrow stem cells (BMSCs)
may demonstrate greater differentiation into osteoblasts than ADRCs and ASCs[40,41]
and might be more useful than ADRCs or ASCs in GBR-MSA[42]. However, bone
marrow has a significantly lower stem cell density than adipose tissue (0.01% vs 5%),
and harvesting adipose tissue is much less painful than harvesting bone marrow
because the former is less invasive than the latter [43-45] . Furthermore, focusing
exclusively on the potential to differentiate into osteoblasts would fail to take into
account the known effect of indirect stimulation of bone regeneration by ADRCs and
ASCs, which led to the same amount of measured regenerated bone volume after 6
wk in a study that compared the bone regeneration effect of BMSCs and ASCs in a
rabbit craniectomy model[40].
Furthermore, several studies demonstrated that the combination of ADRCs or
ASCs with an OIS is a more effective strategy for GBR than the use of an OIS alone
(reviewed in[46-48]). Moreover, it was hypothesized that the application of ADRCs or
ASCs in combination with an OIS and osteogenic/angiogenic growth factors may
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Figure 1

Figure 1 Panoramic radiograph at T0. The yellow arrows indicate the reduced bone height of the edentulous
posterior maxilla below the antrum and the ridge crest of less than 3 mm on both sides. R: Right; L: Left.

help to optimize clinical procedures[46]. In this regard the following must be kept in
mind: (1) Compared to cultured and potentially modified ASCs, freshly isolated,
unmodified ADRCs have the advantage of lower safety requirements because it is not
necessary to culture and/or modify the cells; (2) Several non-enzymatic and
enzymatic systems for isolating ADRCs were developed (reviewed in [49] ). It was
reported that cell yield may vary considerably[50]. Moreover, it was shown that in
general, non-enzymatic isolation of ADRCs yielded fewer cells than enzymatic
(mechanical) isolation[51,52]. To our knowledge, the greatest difference in cell yield
between enzymatic and non-enzymatic isolation of ADRCs was reported for the
Transpose RT system and the proprietary Matrase Reagent (both from InGeneron,
Inc., Houston, TX, United States)[53] (this study is discussed in detail below); and (3)
Some clinical studies on cell-based therapies reported the production of donorspecific antibodies after application of allogeneic cells[54,55]. This is not the case when
using autologous cells.
In summary, the combination of enzymatically isolated, UA-ADRCs with PRGF-2
and an OIS may be optimal for GBR-MSA.

Werner Götz, MD, PhD, Director of the Laboratory for Orthodontic Basic Research,
University of Bonn (Bonn, Germany)
The use of a combination of UA-ADRCs, PRGF-2, and an OIS appears promising but
has not yet been reported in GBR-MSA or in guided bone regeneration in general.
Thus, it is justified to test this combination in a first-in-human, split-mouth single case
study. Furthermore, it is recommended to perform comprehensive histologic,
histomorphometric, and immunohistochemical analysis of biopsies of the newly
formed bone collected at different time points after GBR-MSA.

Christoph Schmitz, MD, PhD, Head of the Department of Neuroanatomy at LMU
Munich (Munich, Germany)
Contemporary histomorphometric analysis of bone biopsies may be insufficient to
assess the significance of a combination of UA-ADRCs, PRGF-2, and an OIS in GBRMSA because it does not provide a detailed analysis of the relative amount
(area/area) of bone, allograft, fibrin and connective tissue, adipocytes, arteries, and
veins in biopsies of the newly formed bone. However, the latter can be achieved with
design-based stereology[56].

FINAL DIAGNOSIS
Loss of several premolar and molar teeth, with residual bone height of the edentulous
posterior maxilla as well as of the alveolar bone crest height around the remaining
maxillary teeth considered insufficient for implant placement. Justification for
treatment with a novel combination of UA-ADRCs, PRGF-2, and an OIS in a first-inhuman, split-mouth single case study, carefully controlled by comprehensive
histologic, design-based stereologic, and immunohistochemical analysis of biopsies of
the newly formed bone collected at different time points after GBR-MSA.
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The present single-case study was approved by the ethics committee of the Federal
Dental Association Hamburg (Hamburg, Germany) (no. PV5211). Written informed
consent was obtained from the patient to participate in this study after verbal and
written information provided by the principal investigator.
During a 4 mo pre-phase the patient’s reduced oral hygiene was significantly
improved by oral hygiene advice and supragingival plaque control.
During the first treatment, venous blood (8 × 9 mL = 72 mL) was withdrawn from
the patient’s arm and was processed into PRGF using the PRGF-Endoret technology
(BTI, Miñano, Spain) according to the manufacturer’s instructions for use. After
centrifugation, PRGF-2 was collected and activated with PRGF Activator (BTI).
Furthermore, human subcutaneous adipose tissue was obtained using liposuction.
To this end, the periumbilical abdominal area was surgically disinfected. Then, local
anesthesia was achieved by infiltrating the periumbilical subcutaneous adipose tissue
with 150 mL of modified Klein tumescent solution[57], comprising lactated Ringer
solution, adrenaline (1:1000; 1 mg/mL) and 2% lidocaine (20 mg/mL). Fifteen minutes
later a stab incision was made 15 cm lateral of the umbilicus, bilaterally.
Lipoaspiration was performed using the Coleman method[58] using a 4-hole blunt
tipped cannula (3 mm × 150 mm) (part of the LCK-15 Lipoaspiration Collection Kit;
InGeneron) and a 60 cm3 Luer-Lock Toomey-Syringe (also part of the LCK-15 Kit;
InGeneron). After liposuction, pressure was applied to the wounds. Then the wounds
were closed using adhesive bandage strips (Leukosilk; BSN Medical GmbH,
Hamburg, Germany). The lipoaspirate (100 mL) was divided into four aliquots of 25
mL each. Then, all aliquots were processed using the Transpose RT system
(InGeneron) for isolating UA-ADRCs from the adipose tissue. Specifically, each
aliquot was incubated together with Matrase Reagent (InGeneron) for 1 h. The latter
was performed in the processing unit under agitation at 39 °C according to the
manufacturer’s instructions for use. The total procedure time was 70 min.
Approximately 7 g (2 × 2 cubic centimeters of 0.25-1.0 mm particle size and 1 x 3
cubic centimeters of 1-2 mm particle size) of Puros Cancellous Particulate Allograft
(Zimmer Biomet Dental, Palm Beach Gardens, FL, United States) were rehydrated
with 1.5 mL of PRGF-2 and a suspension of UA-ADRCs (approximately 50 × 106 cells
in 3 mL saline) (hereafter referred to as MCBPA/PRGF-2/UA-ADRCs). This was done
within 30 min after completion of the PRGF processing and immediately after
completion of isolating the UA-ADRCs (Figure 2A). Another 7 g of the same MCBPA
were rehydrated with 1.5 ml of PRGF-2 and 3 mL of saline (hereafter referred to as
MCBPA/PRGF-2/saline).
After the patient was prepared for surgery and anesthetized via local infiltration
with Ultracain-DS Forte (Sanofi-Aventis, Frankfurt/Main, Germany), the maxillary
tooth 14 was extracted using a minimal traumatic approach with periotomes.
Following careful extraction with special emphasis on preservation of the buccal plate
of bone, the extraction sockets were examined for potential perforation and
fenestration. Curettage of the extraction site was performed to remove all soft tissue
debris as well as granulation tissue and to promote healing by stimulating bleeding
from the osseous base. Additionally, a bilateral external sinus lift procedure using the
Tatum technique[59] was performed. The lateral window access was prepared in the
areas of the first molars on both sides using a very atraumatic piezosurgery approach
(Mectron, Cologne, Germany) to a size of approximately 10 mm × 7 mm (length ×
height) in order to allow for sufficient overview into the sinus cavity and to minimize
the reduction of cortical bone for overall stability (Figure 2B). Then, the
MCBPA/PRGF-2/UA-ADRCs was loosely packed into the prepared right maxillary
sinus (Figure 2C), and the MCBPA/PRGF-2/saline into the prepared left maxillary
sinus. Afterwards, all sites were covered with a resorbable native pericardium
membrane (CopiOs Extend Membrane; Zimmer Biomet Dental) in order to promote
the ingrowth of new bone by excluding epithelial migration into the grafted sites.
Finally, a soft tissue flap extension[60,61] was surgically performed and primary closure
without tension was achieved using vertical and horizontal cross mattress sutures
using Gore-Tex Suture (W.L. Gore and Associates, Inc., Flagstaff, AZ, United States)
(Figure 2D). The anterior maxillary teeth 11, 12 and 22 were initially preserved for
aesthetic reasons and scheduled for extraction 6.5 wk later (Figure 3A).
Analgesics (Paracetamol 500 mg, t.i.d.) and prophylactic antibiotics (Amoxicillin
500 mg, t.i.d.) were prescribed for 7 d postoperatively. Tooth brushing in the surgical
area was restricted for the first 2 wk. In addition, chlorhexidine mouthwash was
prescribed to maintain the oral flora and prevent infection. Sutures were removed on
the 10 th postoperative day, and routine monitoring appointments were held at
monthly intervals to evaluate healing.
Six weeks after the first treatment, the patient was reappointed and the maxillary
anterior teeth # 11, 12, and 22 were extracted (second treatment) using the same
approach as applied to the maxillary posterior tooth # 14 during the first treatment.
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Figure 2

Figure 2 Details of the procedures performed immediately before and during the first surgery (guided bone regeneration-maxillary sinus augmentation). A:
Rehydration of the MCBPA with PRGF-2 and UA-ADRCs; B: Preparation of the right maxillary sinus with a lateral external window after atraumatic extraction of tooth
# 14 (the Schneiderian membrane was elevated); C: Filling of the right sinus cavity with loosely packed MCBPA/PRGF-2/UA-ADRCs; D: Achievement of primary
closure without tension on the right side using horizontal mattress as well as a continuous half-hitch sutures. MCBPA: Mineralized cancellous bone particulate
allograft; PRGF-2: Fraction 2 of plasma rich in growth factors; UA-ADRCs: Unmodified autologous adipose-derived regenerative cells.

During this procedure, biopsies of the areas grafted during the first treatment with the
MCBPA/PRGF-2/UA-ADRCs (right) and the MCBPA/PRGF-2/saline (left) were
collected using a trephine bur (length: 18 mm; inner diameter: 2.6 mm; outer
diameter: 3.2 mm; Trepan Bur 227A.204.032; Komet Dental, Lemgo, Germany).
Biopsies were fixed by immersion in 4% buffered formaldehyde at room temperature.
After at least 1 d of fixation they were prepared for histologic and immunohistological
analysis (described in detail below).
The postoperative management (prescription of analgesics, antibiotics, and
chlorhexidine mouthwash, restriction of tooth brushing in the surgical area, removal
of sutures, and routine monitoring) was the same as performed after the first
treatment.
The patient was reappointed again at 34 wk after the second treatment and
prepared for dental implant placement surgery (third treatment). Anesthesia was
induced via local infiltration of Ultracain-DS Forte (Sanofi-Aventis). Then, an
osteotomy for implant placement was initially prepared in the alveolar bone using a
trephine bur that was identical to the one used during the second treatment (Trepan
Bur 227A.204.032; Komet Dental), and biopsies of the areas grafted during the first
treatment with the MCBPA/PRGF-2/UA-ADRCs (right side) and the MCBPA/PRGF2/saline (left side) were collected (these biopsies were handled and processed in the
same way as the biopsies that were collected during the second treatment). The
osteotomies for implant placement were prepared by sequential cutting to the
radiographically determined length with surgical drills in graduated diameters
according to the dental implant manufacturer’s instructions of use. Implants were
then placed according to the manufacturer’s recommendations (ASTRA TECH
implants with cover screw, Dentsply, Mannheim, Germany). Implants of the
following dimensions were inserted into the finally prepared osteotomies: regions 16
and 26: 5.0 S × 11 mm; region 14: 4.0 S × 13 mm; regions 12, 15, and 25: 4.0 S × 11 mm;
and region 22: 3.5 S × 11 mm. All implants achieved a high primary stability of 25-30
Ncm insertion torque. The implant access holes were closed with cover screws prior
to primary soft tissue closure as performed during the first treatment (Figure 3B). The
postoperative management was the same as performed after the first and second
treatments.
Twelve months after the third treatment, radiographs were taken and
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Figure 3

Figure 3 Clinical findings. A: Panoramic radiograph taken immediately after the first surgery (GBR-MSA). The
yellow arrows indicate the restored bone height of the edentulous posterior maxilla on both sides; B: Panoramic
radiograph taken after the third surgery (placement of implants at 34 wk after GBR-MSA); C: Panoramic radiograph
taken at 32 mo after the first treatment. R: Right; L: Left.

demonstrated excellent bone healing around the dental implants, within the
augmented sinus, and the extraction sockets (Figure 4) (fourth treatment) (note that
the long time between the third and the fourth treatment was due to constraints of
time on the side of the patient; from a medical point of view the fourth treatment
could have been performed already at 4 mo after the third treatment). No radiological
signs of inflammation were observed. The patient was reappointed again and
prepared for uncovering of the implants and implant abutment placement surgery as
well as extraction of tooth #18. Anesthesia was induced via local infiltration of
Ultracain-DS Forte (Sanofi-Aventis). Localized mucoperiosteal flaps were raised and
the cover screws were removed from the implant access holes. The implant access
holes were rinsed using 2% chlorhexidine solution and were then covered with
ASTRA Tech Implant healing abutments (‘Gingivaformer’) of the following
dimensions: regions 16 and 26: 5.5 mm × 4.0 mm; regions 12, 14, 15, and 25: 4.5 mm ×
4.0 mm; and region 22: 3.5 mm × 4.0 mm.
Prior to closure of the implant access hole, the healing abutment screws were
covered with 2% chlorhexidine gel in order to minimize bacterial contamination. The
healing abutments were placed using a torque of 20 Ncm according to the
manufacturer’s recommendations. All implants were surrounded with very sufficient
three-dimensional bone volume and demonstrated excellent stability (Figure 4). No
clinical signs of inflammation were observed. Tooth # 18 was carefully extracted using
a piezosurgery device as described above. Following achievement of primary closure
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Figure 4

Figure 4 Digital volume tomography radiographs taken after the fourth surgery (1 year after the placement of implants and 20 mo after guided bone
regeneration-maxillary sinus augmentation). A: Panoramic view; B-E: Detailed view on selected regions 15 (B), 16 (C), 25 (D), and 26 (E). With the application of
unmodified autologous adipose-derived regenerative cells (UA-ADRCs) the bone around the implants in regions 15 and 16 appeared larger in area and denser
(arrows in B, C) than without the application of UA-ADRCs in regions 25 and 26 (arrowheads in D, E).

around the healing abutments as described for the other treatments, the same
postoperative care regimen was administered as described above and the sutures
were removed approximately 10 d postoperatively.
Six weeks after placement of the healing abutments, the definitive prosthetic
telescopic bridge (prepared by Dr. Johanna Hevelke, Winsen/Luhe, Germany) was
placed.
Histologic processing of the biopsies was performed at the Department of
Orthodontics, Center of Dento-Maxillo-Facial Medicine, University of Bonn, Bonn,
Germany. To this end, the fixed biopsies were decalcified in 4.1% EDTA solution at
room temperature for about 7 d, changing the EDTA solution every 24 h. Then, the
biopsies were hydrated, followed by rehydration in an ascending series of ethanol.
Afterwards they were embedded in paraffin and cut into 3 µm thick serial
longitudinal sections. The sections were mounted on Superfrost Plus slides (Gerhard
Menzel, Braunschweig, Germany). Sections representing positions within the biopsies
near the longitudinal axis were stained with hematoxylin and eosin stain, or were
processed by immunohistochemistry. Finally, all sections were coverslipped with
DePeX (Serva, Heidelberg, Germany).
Relative amounts (area/area) of bone, allograft, connective tissue and fibrin,
adipocytes, arteries, and veins were determined on the sections that were stained with
hematoxylin and eosin stain using point counting as described in detail in[56] (Figure
1B). The distance between the points was 110 µm in XY directions, resulting in a mean
total number of 943 (range, 662-1172) points per section. Analyses were performed
with a computerized stereology workstation consisting of a modified light microscope
(Axioskop; Carl Zeiss Microscopy, Jena, Germany) with Plan-Neofluar objectives 2.5 ×
(numerical aperture [NA] = 0.075) and 10 × (NA = 0.3) (Carl Zeiss Microscopy),
motorized specimen stage (BioPrecision2; Ludl Electronics, Hawthorne, NY, United
States), stage controller (MAC 6000 XY; Ludl Electronics), focus encoder (MT 1271;
Heidenhain, Traunreut, Germany), CCD color video camera (1,600 x 1,200 pixels; MBF
Bioscience, Williston, VT, United States), and stereology software (Stereo Investigator
version 10; MBF Bioscience).
After deparaffinizing and rehydrating, sections were rinsed for 10 min in TBS.
Histochemical detection of tartrate-resistant acid phosphatase was performed with a
specific Acid Phosphatase staining kit (Sigma-Aldrich, Steinheim, Germany)
according to the staining protocol of the manufacturer. For immunohistochemistry,
endogenous peroxidase was blocked in a methanol/H 2 O 2 (Merck, Darmstadt,
Germany) solution for 45 min in the dark. Then, sections were pretreated with TBS
containing 1% bovine serum albumin at room temperature for 20 min. Afterwards,
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sections were digested with 0.4% pepsin at 37 °C for 10 min, followed by incubation
with the primary antibodies in a humid chamber. Table 2 summarizes details of the
antibodies and the incubation protocols.
Antibody binding was detected with the peroxidase-conjugated EnVision antimouse system (Dako, Glostrup, Denmark) or the horseradish peroxidase-conjugated
EnVision anti-rabbit/anti-goat secondary antibodies (Dako) that were diluted 1:50
and incubated at room temperature for 30 min. Visualization of peroxidase activity
was performed using diaminobenzidine resulting in a brown staining product.
Mayer’s hematoxylin was used for counterstaining the sections. In order to perform
specificity controls, primary antibodies were omitted and TBS or normal horse serum
was applied. In other control experiments, both primary and secondary antibodies
were omitted. Fetal human bone or mandibular bone (i.e., tissues carrying known
antigens) were used as positive controls. Qualitative histological evaluations were
performed blinded by one of the authors.
Digital photography was used to produce the photomicrographs shown in Figure
5A and 5B. To this end, on average 41 (range, 30-45) images were captured for each
composite using a computerized stereology workstation. The latter consisted of a
modified light microscope (Axio Imager 2; Carl Zeiss Microscopy) with an EC Plan
Neofluar 10 × objective (NA = 0.3) (Carl Zeiss Microscopy), motorized specimen stage
for automatic sampling (H101A; Prior Scientific Instruments, Cambridge, United
Kingdom), focus encoder (MT 1271; Heidenhain), CCD color video camera (1388 x
1040 pixels; AxioCam MRc; Carl Zeiss Microscopy), and stereology software (Stereo
Investigator version 10; MBF Bioscience). The Virtual Slice module of the Stereo
Investigator software (MBF Bioscience) was used to create the montages. The
photomicrographs shown in Figure 5C and 5D, Figure 6 and Figure 7 were produced
by digital photography (all components from Carl Zeiss Microscopy) using an
AxioCam MRc camera attached to an AxioScope 2 microscope and AxioVision 4.7
software using the following objectives: Epiplan 20 × (NA = 0.40) and Plan-Neofluar
40 × (NA = 0.75). Corel Photo-Paint X7 and Corel Draw X7 (both versions 17.5.0.907;
Corel, Ottawa, Canada) were used to construct the final figures. Contrast and
brightness were only marginally adjusted, which did not alter the appearance of the
original materials.

OUTCOME AND FOLLOW-UP
The patient was very satisfied with the maxillary restoration regarding aesthetics,
function, phonetics, and cleansibility (Figure 8). The last radiologic follow-up
examination took place at 32 mo after the GBR-MSA surgery (Figure 3C).
The biopsies that were collected at 6 wk after GBR-MSA showed the formation of a
network of cancellous bony trabeculae by appositional membranaceous osteogenesis
in different developmental stages around allogeneic fragments. The newly formed
bone (asterisks in Figure 5A and 5B) consisted of fibrous bone. Typically, newly
formed bone spicules contained nuclei of allogeneic remnants that showed basophilic
staining and contained empty osteocyte lacunae (arrows in Figure 5A and 5B). Most
surfaces of the newly formed trabeculae were covered by osteoblasts with underlying
osteoid (arrowheads in Figure 5A and 5B). With the application of UA-ADRCs a
higher bone lining cell density was achieved than without UA-ADRCs. No signs of
active inflammation or necrosis could be recognized in either biopsy.
The biopsies that were collected at 34 wk after GBR-MSA showed a similar
morphology as the biopsies that were collected at 6 wk after GBR-MSA. However,
bone formation seemed to be increased with a decreased percentage of allogeneic
remnants (arrows in Figure 5C and 5D) and fibrous bone. Newly formed cancellous
bone was in an advanced stage of remodeling, appearing as lamellar bone (asterisks
in Figure 5C and 5D) with fibrous bone remnants incorporated. Fewer adipocytes
developed after the application of UA-ADRCs than without UA-ADRCs (arrowheads
in Figure 5C and 5D).
At higher magnification, the biopsy that was collected at 6 wk after GBR-MSA with
the application of UA-ADRCs showed regions with early osteogenic condensations
within a highly cellular surrounding. Specifically, osteoclasts appeared on the surface
of natural and allogeneic bone (arrowheads in Figure 5E). Such regions with early
osteogenic condensations were not observed at 6 wk after GBR-MSA without
application of UA-ADRCs. Rather, osteogenesis appeared more discrete in this case
(Figure 5F). Likewise, at 34 wk after GBR-MSA a higher cell density around newly
formed cancellous bone was found after the application of UA-ADRCs (arrowheads in
Figure 5G) than without UA-ADRCs (arrowheads in Figure 5H).
The results of the histomorphometric analysis are summarized in Figure 9. The
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Table 2 Details of antibodies and incubation protocols used in the present study
Antibody
runX2

Isotype

Manufacturer

Dilution/incubation
1:30, 4 °C, ON

Goat polyclonal

Santa Cruz Biotechnology (Dallas, TX, United States)

Collagen type I

Rabbit monoclonal

Abcam (Cambridge, United Kingdom)

1:400, RT, 1 h

Alkaline phosphatase

Rabbit polyclonal

Quartett (Berlin, Germany)

Ready to use, 4 °C, ON

Von Willebrand factor

Rabbit polyclonal

Linaris (Dossenheim, Germany)

1:200, RT, 1h

CD146

Rabbit monoclonal

Abcam

1:50, RT, 1h

CD73

Mouse monoclonal

Antibodies-online (Atlanta, GA, United States)

1:100, 4 °C, ON

PPARγ

Mouse monoclonal

Santa Cruz Biotechnology

1:25, 4 °C, ON

ON: Overnight; RT: Room temperature.

application of UA-ADRCs resulted in a higher relative amount (area/area) of newly
formed bone (+ 63% at 6 wk; + 44% at 34 wk), a higher relative amount of fibrin and
collagen (+ 144% at 6 wk; + 78% at 34 wk) and a lower relative amount of adipocytes
(- 83% at 34 wk) compared to the situation without application of UA-ADRCs. Besides
this, the ratio of the relative amounts (area/area) of veins to arteries was 3.5 after the
application of ADRCs and 4.7 without ADRCs at 34 wk after GBR-MSA.
Tartrate-resistant acid phosphatase immunostaining revealed middle-sized
osteoclasts on the surface of newly formed and allogeneic bone and on debris
accumulations at 6 wk after GBR-MSA, with a higher osteoclast density after the
application of UA-ADRCs than without UA-ADRCs (arrows in Figure 6A and 6B).
Only a few osteoclasts were found at 34 wk after GBR-MSA (arrows in Figure 6C and
6D).
Anti-runt-related transcription factor 2 immunoreactivity was found at 6 wk after
GBR-MSA with the application of UA-ADRCs, but not in GBR-MSA without UAADRCs, in most osteoblasts and osteoblast-like cells (arrows in Figure 6E). Only very
weak anti-runt-related transcription factor 2 immunoreactivity was found at 34 wk
after GBR-MSA (Figure 6G and 6H).
Type I collagen appeared in osteoid seams (arrows in Figure 6I and 6J) and in a
weak manner in the matrix of newly formed bone trabeculae (asterisks in Figure 6I
and 6J) at 6 wk after GBR-MSA. At 34 wk after GBR-MSA the pattern of
immunoreactivity for type I collagen was similar to the pattern observed at 6 wk after
GBR-MSA but weaker (arrows and asterisks in Figure 6K and 6L).
The application of UA-ADRCs resulted in strong alkaline phosphatase (AP)
immunoreactivity in osteoblasts, osteoblast-like cells, and fibroblasts in the
intertrabecular connective tissue at 6 wk after GBR-MSA, while in GBR-MSA without
UA-ADRCs only a few osteoblasts were immunoreactive for AP (arrows in Figure 6M
and 6N). At 34 wk after GBR-MSA AP immunoreactivity appeared in some
osteoblasts and osteoblast-like cells in a weak to moderate manner (arrows in Figure
6O and 6P).
Immunohistochemical detection of factor VIII/von Willebrand factor showed dense
vascularization in all biopsies (arrows in Figure 7A-D), with the highest density at 6
wk after GBR-MSA with the application of UA-ADRCs. In GBR-MSA without UAADRCs, larger sinusoidal vessels were found at 34 wk after GBR-MSA and were
located within the intertrabecular connective tissue (arrowheads in Figure 7D).
Vessel walls were strongly immunoreactive for CD146 in all biopsies (arrows in
Figure 7E-H).
A strong intracellular, granular anti-CD 73 immunoreactivity was seen in all
biopsies in subsets of fibroblasts and osteoblasts (arrows in Figure 7I-L), as well as in
vessel walls (arrowheads in Figure 7I-L).
Nearly all osteoblasts and fibroblasts as well as a subset of osteocytes showed
immunoreactivity for PPARγ at 6 wk after GBR-MSA (arrows in Figure 7M and 7N).
Furthermore, PPARγ immunoreactivity was also found in vessel walls in areas with
osteogenesis (arrowheads in Figure 7M and 7N). In general, a very similar pattern
was found at 34 wk after the application of UA-ADRCs, whereas without UA-ADRCs
immunoreactivity for PPARγ was restricted to vessel walls (arrows and arrowheads
in Figure 7O and 7P).
The immunohistochemically negative control specimens displayed no
immunoreactivity.
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Figure 5

Figure 5 Histological findings. Representative photomicrographs of 3 µm thick paraffin sections stained with hematoxylin and eosin of biopsies that were collected
at 6 wk (A, B, E, F) or 34 wk (C, D, G, H) after guided bone regeneration maxillary sinus augmentation with the application of UA-ADRCs (A, C, E, G) or without UAADRCs (B, D, F, H). In A-D the asterisks indicate newly formed bone and the arrows indicate empty osteocyte lacunae in allogeneic fragments. Furthermore, in A and
B the arrowheads point to osteoblasts with underlying osteoid, while in C and D the arrowheads indicate adipocytes. In E-H the arrows indicate cells on the surface of
newly formed bone. The scale bar in H represents 150 µm in A-D and 75 µm in E-H. UA-ADRCs: Unmodified autologous adipose-derived regenerative cells.

DISCUSSION
The present study is the first one in which a combination of freshly isolated UAADRCs, PRGF-2, and an OIS was used for GBR-MSA. Furthermore, our study is the
first one in which cellular and histological effects of mesenchymal stem cells in human
GBR-MSA were investigated with design-based stereology, histochemistry, and
immunohistochemistry. The analysis of the biopsies that were collected at 6 wk and
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Figure 6

Figure 6 Histological findings. Representative photomicrographs of histochemical detection of tartrate-resistant acid phosphatase (TRAP) (A-D) as well as of
immunohistochemical detection of Runt-related transcription factor 2 (runX2) (E-H), collagen 1 (Coll 1) (I-L), and alkaline phosphatase (AP) (M-P) in 3 µm thick
paraffin sections of biopsies that were collected at 6 wk (A, B, E, F, I, J, M, N) or 34 wk (C, D, G, H, K, L, O, P) after GBR-MSA with the application of UA-ADRCs (A,
C, E, G, I, K, M, O) or without UA-ADRCs (B, D, F, H, J, L, N, P). In A-D the arrows point to osteoclasts, in E to osteoblasts, in I-L to type I collagen in osteoid seams,
and in M-P to AP immunostaining found in osteoblasts, osteoblast-like cells, and fibroblasts in the intertrabecular connective tissue. Furthermore, in I-L the asterisks
indicate type I collagen in the matrix of newly formed bone trabeculae. The scale bar in P represents 200 µm in A-D and I-P, and 100 µm in E-H. UA-ADRCs:
Unmodified autologous adipose-derived regenerative cells.

again at 34 wk after GBR-MSA showed that the combination of UA-ADRCs, PRGF-2,
and the OIS resulted in better and faster bone regeneration than the combination of
PRGF-2 and the same OIS alone. It is of note that our design-based stereologic finding
of a higher relative amount of newly formed bone after GBR-MSA with the
application of UA-ADRCs than without UA-ADRCs (+ 63% at 6 wk; + 44% at 34 wk)
(Figure 9) was in line with our radiologic finding of more dense bone after the
application of UA-ADRCs in regions 15 and 16 than without UA-ADRCs in regions 25
and 26 at 20 mo after GBR-MSA (Figure 4).
The results of the present study may open new horizons for the rehabilitation of the
edentulous posterior maxilla and potentially for other regenerative techniques in preimplant bone augmentation procedures like lateral and horizontal alveolar ridge
augmentation, socket preservation, and bone grafting following large cystectomies.
Specifically, the novel GBR-MSA approach presented here could result in a superior
bone-implant-contact due to advanced new bone formation (Figure 9) and could also
serve as the basis for reducing the time between GBR-MSA and the placement of
implants in patients with residual bone height below the antrum and the ridge crest of
less than 3 mm (Class D[32]). Besides this, our novel approach may allow for immediate
implant placement in combination with bone augmentation procedures when the
primary stability of the implant is provided. Moreover, the harvesting of ADRCs may
result in less morbidity of the patient compared to bone marrow aspiration from the
iliac crest area (addressed in the next paragraph). However, it will be the task of
future studies to test these hypotheses.
GBR-MSA using mesenchymal stem cells (except of the use of UA-ADRCs) has
been investigated in many preclinical and clinical studies, with and without OIS, and
with and without use of PRP (reviewed in[62-64]). In most of these studies BMSCs,
autologous bone marrow aspirate concentrate (BMAC), or periosteal derived stem
cells were used. Histomorphometric analysis showed considerable differences in the
relative amount (area/area) of newly formed bone at 24 wk after surgery, ranging
between 13.5% using BMSCs and bovine bone material (BBM)[65] and 55.2% using
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Figure 7

Figure 7 Histological findings. Representative photomicrographs of immunohistochemical detection of factor VIII/von Willebrand factor (vWF) (A-D), CD146 (E-H),
CD73 (I-L), and peroxisome proliferator-activated receptor gamma (PPARγ) (M-P) in 3 µm thick paraffin sections of biopsies that were collected at 6 wk (A, B, E, F, I,
J, M, N) or 34 wk (C, D, G, H, K, L, O, P) after GBR-MSA with the application of UA-ADRCs (A, C, E, G, I, K, M, O) or without UA-ADRCs (B, D, F, H, J, L, N, P). In all
panels the arrows point to vessels. Furthermore, the arrowheads indicate sinusoidal vessels in D, and fibroblasts and osteoblasts in I-L, M, and O. The scale bar in P
represents 200 µm in A-D and I-P, and 100 µm in E-H. GBR-MSA: Guided bone regeneration maxillary sinus augmentation; UA-ADRCs: Unmodified autologous
adipose-derived regenerative cells.

BMAC and BBM[66]. This considerable difference and the fact that the relative amount
(area/area) of cancellous bone in normal human bone is only approximately 25%[67]
should give reason to accept the results of related studies only after having critically
scrutinized the corresponding methodological details. For example, in a study that
reported a relative amount of newly bone of 55.2% using BMAC and BBM[67] only
small portions of the investigated specimens were shown, and histomorphometry was
performed by inspecting the specimens with a 1.25× objective, which precludes to
distinguish between empty osteocyte lacunae (representing scaffold) and cell bodies
within osteocyte lacunae (representing newly formed bone). In any case, a metaanalysis of nine studies (seven animal and two human studies) in which the
combination of mesenchymal stem cells and OIS versus OIS alone were compared,
found a statistically significant positive effect of stem cells on the bone re-growth in
GBR-MSA[63].
At first glance our design-based results (relative amount of newly formed bone of
24.2% at 34 wk after GBR-MSA) do not speak in favor of our approach compared to
the use of BMSCs (among the six studies reviewed in[63] in which BMSCs were applied
and histomorphometric analysis was performed at 24 wk after surgery, three studies
reported a relative amount of newly formed bone of more than 24%). However, our
decision to use UA-ADRCs rather than other types of cells (including ASCs, BMSCs,
periosteal derived stem cells, allogeneic and/or modified ASCs/BMSCs, dentalderived mesenchymal stem cell-like cells (reviewed in[68]) or induced pluripotent stem
cells) was based on the fact that UA-ADRCs are the only type of cell that allows
immediate usage at point of care, with the lowest safety concerns in cell-based
therapy as no culturing or modification is required. This is fundamentally different
from all other types of cells that have been considered for cell-based therapies in
dentistry (reviewed in[69]). Regarding safety concerns one must keep in mind that, e.g.,
potential oncogenesis currently limits the clinical translation of induced pluripotent
stem cells[70,71], and applying allogeneic cells may cause the production of donorspecific antibodies and cell induced immune response[54,55]. The only other cell-based
therapy that allows immediate usage at point of care is autologous BMAC, which was
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Figure 8 Documentation of clinical outcome. A, B: Intraoral ventral (A) and occlusal (B) views on the healing abutments in regions 12, 14, 15, 16, 22, 25, and 26
after the fourth treatment (1 year after the placement of implants and 20 mo after guided bone regeneration maxillary sinus augmentation). Note that the teeth # 13,
21, 23, and 24 are crowned; C, D: External (C) and internal (D) view of the prosthetic telescopic bridge; E: Intraoral view of the final prosthetic reconstruction.

investigated in two studies on GBR-MSA (BBM as OIS). One of these studies was a
case report on a 46-year-old partially edentulous man, showing a relative amount of
newly formed bone of 27% at 12 wk after surgery without control treatment[72]. The
other study[73] was a randomized controlled trial (from the same lab as[72], published in
the same year, and using exactly the same procedure for harvesting bone marrow
aspirate as used in[72]), reporting a mean relative amount of newly formed bone of
only 12.6% at 12 wk after surgery (n = 34 patients), with a mean relative amount of
newly formed bone of only 14.3% at 12 wk after grafting BBM and autologous bone (n
= 11 patients)[73]. It is of note that only in the latter study[73] whole specimens were
shown and methodological details of the histomorphometric analysis were provided.
The data of the latter study[73] are in line with the data obtained with our control
treatment (Figure 7) and indicates that the use of UA-ADRCs may be more effective
than the use of BMAC in GBR-MSA.
Detection of factors involved in osteogenesis and bone remodeling using
histochemistry and immunohistochemistry is not frequently applied in studies on
GBR-MSA in dentistry. Mostly, only selected factors were investigated. In line with
former studies[74,75] we applied a broader panel of antibodies including vessel markers
like factor VIII/von Willebrand factor. The immunostaining pattern obtained revealed
similar findings as for remodeling of allografts[76]. However, the direct comparison of
the immunolabeling of osteogenic factors like runt-related transcription factor 2 and
AP between both sides showed stronger immunopositivity after the application of
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Figure 9

Figure 9 Results of histomorphometric analyses. Relative amounts (area/area) of bone (Bo), allograft (Al), fibrin and connective tissue (F/CT), adipocytes (Ad),
arteries (Ar), veins (Ve) and artifacts (X) in 3 µm thick paraffin sections stained with hematoxylin and eosin stain of biopsies that were collected at 6 wk (on the left) or
34 wk (on the right) after guided bone regeneration maxillary sinus augmentation with the application of unmodified autologous adipose-derived regenerative cells
(UA-ADRCs) or without UA-ADRCs. UA-ADRCs: Unmodified autologous adipose-derived regenerative cells.

UA-ADRCs, which underlines better and faster bone regeneration. The finding of
middle-sized osteoclasts on the surface of newly formed and allogeneic bone and on
debris accumulations at 6 wk after GBR-MSA, with a higher osteoclast density after
the application of UA-ADRCs than without UA-ADRCs (Figure 5E, 5F, and Figure
6A-D), was in line with earlier reports in the literature[77,78] about osteoclasts involved
in bone remodeling (which was increased after application of UA-ADRCs compared
to the situation without UA-ADRCs). This phenomenon must not be confused with
foreign material resorption by multinucleated giant cells[77]. That was not observed in
the present study. The denser vascularization on the cell treated side (detected with
both histomorphometry and anti-factor VIII/von Willebrand factor immunohistochemistry) that was treated with UA-ARDCs underlines the importance of the
coupling of angiogenesis and osteogenesis in bone regeneration[79].
We did not characterize the UA-ADRCs isolated from lipoaspirate with the
Transpose RT system and Matrase Reagent (both from InGeneron) in the present
study. However, a very recent study compared cell suspensions that were obtained by
isolating cells from lipoaspirate from 12 healthy donors using the Transpose RT
system and Matrase Reagent (thereafter: "TRT-MR cell suspensions") with cell
suspensions that were obtained by isolating cells from lipoaspirate from the same
donors just mechanically (i.e., using the Transpose RT system but without Matrase
Reagent) (thereafter: "TRT cell suspensions")[53]. It was found that the mean cell yield
(numbers of cells/g of processed lipoaspirate) was approximately twelve times higher
in TRT-MR cell suspensions than in TRT cell suspensions (P < 0.001), and cells in TRTMR cell suspensions formed on average 16 times more colony forming units
(considered to be an indicator of stemness) per g lipoaspirate than cells in TRT cell
suspensions (P < 0.001)[53]. Of note, the mean relative number of viable cells in TRTMR cell suspensions (85.9% ± 1.1%; mean ± SE) exceeded the proposed minimum
threshold for the viability of cells in the stromal vascular fraction of 70% established
by the International Federation for Adipose Therapeutics and Science[80], whereas the
mean relative number of viable cells in TRT suspensions (61.7% ± 2.6%) did not (P <
0.001)[53]. On the other hand, cells in TRT-MR cell suspensions exhibited no statistically
significant differences in the expression of regenerative cell-associated genes such as
Oct4, Hes1, and Klf4 compared to cells in TRT cell suspensions[53].
The same study demonstrated that upon stimulation with specific differentiation
media cells in TRT-MR and TRT cell suspensions were independently able to
differentiate into cells from all three germ layers (i.e., into the adipogenic, osteogenic,
hepatogenic, and neurogenic lineages)[53]. The latter is in line with earlier findings that
adult stem cells may obtain any of the lineages but depend on constant induction of
differentiation and re-confirmation by signals released and communicated from the
local microenvironment[81-83]. If this information and confirmation is missing or ceases,
adult stem cells stop differentiating [84,85] . In fact, only true stem cells are able to
continue their expected differentiation pathway as supported by the local
microenvironment[86-88]. This is one of several reasons why adult stem cell therapy with
UA-ARDCs is very safe[89-91]. In contrast, safety concerns have been raised regarding
stem cell therapy with cultured adult stem cells because with higher passages an
increased rate of potential malignant transformation may occur[92-94].
A study on fresh, uncultured cells that were isolated from adipose tissue of pigs
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using the Transpose RT system and Matrase Reagent showed that approximately 40%
of cells in the stromal vascular fraction were immunopositive for CD29 (thereafter:
CD29+) and CD44+[95], which are markers of adipose tissue-derived stem cells[50,96].
Furthermore, on average only 9% of the cells were CD45+ (a marker of blood derived
cells[50]), and on average only 11% of the cells were CD31+ (a marker of endothelial
cells[50]). Another study on fresh, uncultured cells that were isolated from adipose
tissue of horses using a predecessor of the Transpose RT system (ARC system;
InGeneron) and Matrase Reagent found the highest relative gene expression of
osteocalcin (a gene associated with the osteogenic lineage[97]) when investigating these
cells for the relative gene expression of CD44, CD73, CD90, CD105, CD146, and
CD166 (mesenchymal stem cell surface markers), CD34 and CD45 (hematopoietic
markers), CD31 (endothelial cell marker), type-1 collagen, PPARγ2 (a gene associated
with the adipogenic lineage), and osteocalcin[98]. Collectively, these data underline the
osteogenic potential of the UA-ADRCs used in the present study.
We used PRGF-2 rather than PRP because our clinical experience is in line with
data from a recent experimental study on rats that showed that PRGF-2 has more
availability for bone regeneration than PRP[34]. The content of PRGF-2 prepared using
the PRGF-Endoret technology (BTI) was investigated in several studies in the
literature. Most relevant to the results of the present study was the demonstration of
high amounts of growth factors in PRGF-2[98], i.e. on average approximately 14000
pg/mL of platelet derived growth factor-AB, 46000 pg/mL of transforming growth
factor-β 1, 220 pg/mL of vascular endothelial growth factor, 400 pg/mL hepatocyte
growth factor, 83000 pg/mL insulin-like growth factor-1, and 600 pg/mL endothelial
growth factor (note that what was named "PRGF F3" in[98] is now named "Fraction 2 of
PRGF" according to BTI, and the latter terminology was used in the present study).
Several pilot studies described the use of PRGF in GBR-MSA[99-101]. Furthermore, it was
shown that PRGF can stimulate the proliferation, migration, and chemotaxis of
osteoblasts in vitro and enhance the osteblasts’ autocrine expression of vascular
endothelial growth factor and hepatocyte growth factor that are proangiogenic
factors[98]. Both vascular endothelial growth factor and hepatocyte growth factor are
contained in PRGF-2 [98] and were also identified within the ASCs’ secretome
(reviewed in[102]). A recent study showed that PRGF can induce proliferation and
migration of human-derived ASCs and reduce senescence and autophagocytosis of
these cells in vitro[103]. The same study[103] confirmed our own finding that humanderived ASCs can efficiently differentiate into osteocytes or adipocytes when cultured
in osteogenic or adipogenic induction medium, respectively [ 5 3 , 1 0 4 ] , but also
demonstrated that this process is enhanced in the presence of PRGF[103]. Accordingly,
our finding that the treatment with MCBPA/PRGF-2/UA-ADRCs resulted in the
formation of 44% more bone and 83% fewer adipocytes in the biopsies collected at 34
wk after GBR-MSA (Figure 9) cannot be directly attributed to the action of PRGF-2 on
UA-ADRCs. Rather, it is reasonable to hypothesize that cues from the local
extracellular environment affected the properties of the UA-ADRCs in terms of
proliferation and specific osteogenic differentiation (c.f.[105]), and this process was
enhanced by PRGF-2.
GBR-MSA has been performed using a number of grafting materials, including
autologous bone grafts, allografts, and xenografts [106] . An earlier meta-analysis
published in 1998 found that the survival rates of implants placed in grafted maxillary
sinuses did not depend on whether autologous, allogeneic, or alloplastic grafts were
used[107]. However, when focusing on the total bone volume, another meta-analysis
published in 2010 concluded that autologous bone should still be considered the gold
standard in MSA surgery [108] . On the other hand, the latter study stated that the
consequence of the total bone volume for implant survival is still unknown[108]. A
recent meta-analysis based on 16 original studies found that the implant survival rate
was 99.6% when a biomaterial was used during surgery compared to 96.0% when no
graft material was used (the follow-up period was 48 to 60 mo in this study)[109].
However, these data should be handled cautiously because only two studies in this
meta-analysis were performed with autologous bone grafts, and in 10 out of the 16
included studies (six out of seven studies without interpositional graft material) the
average preoperative bone height was more than 5 mm, which represents Class C
according to[32] and does not resemble the situation addressed in the present study.
We used the Puros Cancellous Particulate Allograft (Zimmer Biomet Dental) because
it fulfills all of the following criteria that are considered essential for an OIS in the
literature (reviewed in[110]: volume stability of at least 4 mo after implantation, full
biocompatibility and resorbability, and possibility for loading with stem cells and
growth factors.
The patient who was investigated in our study was 79-years-old. The statistical life
expectancy of 80-year-old men and women has increased 7.7 years and 9.2 years,
respectively in Germany [111] . Thus, one can expect an increasing demand for the
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restoration of an aesthetic smile and a functional occlusion by patients aged 79 and
older (and of course by younger patients) in the future. On the other hand, some
authors have argued that age-related progressive decline in mechanical strength of
tissue could be due to loss of resident stem cell number and function and have raised
concerns regarding the use of autologous adult stem cell therapy in older patients[112].
Indeed, an earlier study[113] found that the number and multilineage differentiation
potential of ASCs declined with the age of healthy volunteers, combined with
increased expression of cyclin-dependent kinase inhibitor p16ink4a and CHEK1 (i.e.,
genes associated with senescence)[112]. These and other data reported in the literature
have motivated patients to start cryopreserving ADRCs from lipoaspirate [112] .
However, a recent pilot study showed that two samples of ADRCs collected from a
healthy person at age 72 years and again at age 84 years showed the same cell yield
and ADRC subpopulation composition without change in the proliferation rates of
ASCs (obtained by culturing the ADRCs), as well as the capability of tri-lineage
differentiation of both cell cultures[112]. Another recent pilot study showed that protein
expression profiles of human umbilical vein endothelial cells that were co-cultured
under oxidative stress conditions with ADRCs from three healthy persons aged 42, 45,
and 47 years did not differ from protein expression profiles of human umbilical vein
endothelial cells that were co-cultured under identical conditions with ADRCs from
three healthy persons aged 61 and 62 (two persons) years[114]. Collectively, these data
with the results of the present study, indicate (albeit preliminary) that using freshly
isolated UA-ADRCs from patients aged 79 years and older is a valid approach for
GBR-MSA. Effects of aging on PRGF-2 have, to our knowledge, not been reported.
There are limitations to the present study. First, only a single patient was
investigated. However, from an ethical point of view, this appears justified in a firstin-human pilot study. It goes without saying that the efficacy and safety of our novel
approach must be confirmed in future studies (including well-designed randomized
controlled trials) on a larger number of patients. Second, only a single combination of
a certain dose of UA-ADRCs, PRGF-2, and a certain OIS was tested. However, the
same was done in most other feasibility studies on cell-based therapies for GBR-MSA.
Third, we did not investigate the combination of UA-ADRCs and MCBPA. Rather, we
used MCBPA/PRGF-2/saline as a control treatment because we wanted to compare
the effects of UA-ADRCs in GBR-MSA with an established procedure (a similar
decision was taken in an earlier study[79] that compared a combination of BMAC and
BBM with a combination of autologous bone and BBM in GBR-MSA rather than BBM
alone). Fourth, we were unable to determine whether (and, if so, how many) UAADRCs differentiated into osteoblasts. This is due to the fact that UA-ADRCs can in
principle not be labeled and, thus not be quantified.

CONCLUSION
The present study suggests that GBR-MSA with a combination of UA-ADRCs, PRGF2, and an OIS is effective, leading to a significant increase in the relative amount of
newly formed bone and of dense fibrous tissue as well as less unwanted new adipose
tissue formation without adverse effects. The results of our study support further
evaluation of UA-ADRCs (including the isolation procedure used), dose, and
combination with PRFG-2 and an OIS in future clinical trials under strict criteria.
Besides this, the results presented here may also be of relevance to other fields of
regenerative dentistry using stem cells (reviewed in[115-117]), as well as for GBR in
general. The results depicted in Figure 9 indicate that the addition of stem cells
induces more bone formation already after 6 wk than achieved without stem cells
after 6 mo. This clinically relevant shortening of time to implant should be evaluated
by future studies.
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