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Abstract
Stem cells hold significant promise for regeneration of tissue defects and disease-modifying
therapies. Although numerous promising stem cell approaches are advancing in clinical trials,
intraoperative stem cell therapies offer more immediate hope by integrating an autologous cell
source with a well-established surgical intervention in a single procedure. Herein, the major
developments in intraoperative stem cell approaches, from in vivo models to clinical studies, are
reviewed, and the potential regenerative mechanisms and the roles of different cell populations in
the regeneration process are discussed. Although intraoperative stem cell therapies have been
shown to be safe and effective for several indications, there are still critical challenges to be
tackled prior to adoption into the standard surgical armamentarium.
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INTRODUCTION
Regenerative medicine promises to restore structure and function to damaged tissues and
organs. Approaches utilizing exogenous cell sources typically harness stem cells or
progenitor cells and are currently being tested in hundreds of cell therapy clinical trials.
These trials include cells derived from both autologous and allogeneic sources. In particular,
intraoperative cell therapies, which integrate autologous cell-based therapy with surgical
interventions into a single procedure, offer enormous hope for the near future, and some
approaches have already reached clinical fruition. The intraoperative cell therapy process
typically includes tissue harvesting and processing to obtain the desired cell product,
surgical intervention depending on the clinical application, and cell delivery (see Figure 1).
Intraoperative cell therapy benefits from the accessibility and safety of using the patient’s
own cells, which do not trigger an immune response, and from the many relevant cell types
that can be harvested using minimally invasive techniques. This therapy also circumvents
many of the limitations of exogenous cell therapy by avoiding in vitro cell manipulation and
costly cell expansion, the need forGood Manufacturing Practice facilities, the need to hire
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personnelwith cell culture training, the potential for contamination, and a second procedure
(at a different time point) to harvest the cells. It may be beneficial to avoid cell culture to
limit phenotype changes that can occur when cells are removed from their native
microenvironment for an extended time frame. Additionally, strategies performed entirely
within the operating room (without culture expansion) may reduce the wait time to surgery.
Importantly, the US Food and Drug Administration, the European Medicines Agency, and
other regulatory authorities generally consider adult cell products as biological products that
can be divided into two categories: minimally manipulated biological products (e.g.,
autologous blood products, including platelet-rich plasma or platelet concentrate, and
allogeneic blood products, such as bone marrow or umbilical cord blood), and manipulated
biological products such as culture-expanded mesenchymal stem cells (MSCs). Certain
intraoperative cell approaches fit under the minimally manipulated biological product
category, in which extensive clinical trials are not required, thus accelerating potential
translation to the clinic. The primary focus of this review is to present an overview of
autologous cell therapy approaches in which cell products are harvested, minimally
manipulated, and delivered to the patient on the same day.

INTRAOPERATIVE STEM CELL THERAPY
To date, conventional intraoperative stem cell approaches have been rather simplistic,
typically utilizing whole bone marrow without a cell concentration strategy or specific
methods to deliver the cells or to control their function in vivo. The field is rapidly evolving
toward achieving greater control over the cell composition, phenotype, and function in vivo
by harnessing bioengineering approaches. These approaches include the concentration and
selection of stem cell or progenitor populations, along with the incorporation of biomaterials
including scaffolds or matrices with appropriate chemical and physical properties to promote
rapid attachment of specific cell types or to direct cell fate in vivo. Table 1 summarizes
published studies about intraoperative stem cell therapies, including those describing
preclinical models, case reports, and clinical trials to treat a wide array of acute and chronic
conditions. In the following sections, we describe intraoperative approaches that have been
developed for several clinical applications, focusing on the technical procedures and clinical
outcomes.

Osteogenesis
Natural bone grafting materials have evolved over the past two centuries to include
autologous or allogeneic grafts of cortical bone, corticocancellous bone, cancellous bone,
and demineralized bone matrix (1). The first intraoperative bone autograft was performed in
Germany in 1820, yet this procedure did not become common clinical practice until F.H.
Albee summarized his experience with 3,000 autologous bone grafting procedures in 1915
(2). Autologous cancellous bone that includes bone chips, a heterogeneous population of
cells, and several growth factors has become the gold standard for osseous regeneration and
reconstructive procedures that produce the most successful and predictable clinical results.
This success has been attributed partially to the presence of cells within the graft (3). The
history of and progress with bone autografts have been extensively reviewed elsewhere (3).
Here we focus on the use of intraoperatively aspirated and delivered marrow stromal cells.

The first intraoperative cell therapies to promote osteogenic regeneration utilized bone
marrow that was aspirated via a needle and then injected percutaneously into bone defects
(4–8). Compared with performing a bone autograft harvested from the iliac crest, injecting
autologous marrow is less invasive and results in fewer complications at the donor and
recipient sites (6, 9). Percutaneous injections of whole bone marrow mixed with
demineralized bone powder were also delivered to bone cysts to successfully halt the
expansion phase and promote cyst ossification (10, 11). Although autologous bone marrow
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has been used to augment osteogenic wound healing for decades, the exact mechanism
mediating this response is not clear, given that isolated bone marrow is extremely
heterogeneous (i.e., is composed of multiple cell types) and contains an array of cytokines,
extracellular matrix components, and often small pieces of bone.

A possible correlation between effectiveness of bone marrow and cell concentration (12)
prompted investigation into methods to sort cells prior to transplantation. For example,
subpopulations obtained by density gradient separation of bone marrow showed increased
osteogenesis (13). Furthermore, in the late 1980s, Connolly et al. (14) proposed a method to
enhance the osteogenic potential of an injectable bone marrow preparation through
concentration of bone marrow nucleated cells by centrifugation. The concentrated bone
marrow significantly increased osteogenesis, resulting in enhanced regeneration as assessed
radiographically. An important clinical study by Hernigou et al. (15) evaluated the
correlation between the number of bone marrow–derived progenitor cells (determined by
fibroblast colony-forming units) and the extent of bone healing in a tibial shaft nonunion.
The investigators observed a threshold for the total number of progenitor cells present in
concentrated bone marrow (equivalent to a cell concentration of 1,000 progenitor cells per
cubic centimeter) required for the success of the treatment (union of the tibial shaft fracture).
As an alternative to centrifugation to concentrate cells for osteogenic applications, work
from George Muschler’s (16) laboratory in Cleveland demonstrated the feasibility of
selective cell retention (SCR) technology (see Figure 2) for rapid isolation and concentration
(3–4×) of connective tissue progenitor cells within the operating room, from fresh bone
marrow aspirates and vertebral bodies. Through the use of this process, bone graft
performance was enhanced. SCR is technically simple and fast: The porous, biocompatible,
and implantable substrate, which has surface properties that promote rapid attachment of
connective tissue progenitor cells, is loaded into a syringe, and the bone marrow is passed
through the matrix samples at a low flow rate to obtain composite graft enriched in
progenitor cells. Muschler et al. (17) examined cancellous bone as the matrix and the impact
of a bone marrow clot (bone marrow aspirate harvest without heparin) in animal models for
spine fusion. The clinical outcome was assessed using the union score (degree of union,
from 0% to 100% complete fusion of both facet joints and the entire lamina), quantitative
computed tomography (to determine the bone volume, bone density, and cross-sectional area
of the fusion mass), and mechanical testing (load displacement curves were generated to
calculate stiffness, maximum load, displacement failure, and total energy failure). The
results show that the combination of the enriched cellular bone graft and bone marrow clot
permits one to achieve significantly improved clinical outcomes than those of either
technique alone (enriched bone graft or bone graft plus bone marrow clot). The authors
present several hypotheses for the positive effect of the bone marrow clot on the graft
efficacy: The fibrin clot may provide mechanical stability and act as a scaffold for the
transplanted and endogenous cells; the degranulation of platelets provides a supplement of
osteogenic cytokines, namely, platelet-derived growth factor (PDGF), epidermal growth
factor (EGF), fibroblast growth factors (FGFs), and transforming growth factor β (TGF-β);
and the fibrinolytic activity of the bone marrow clot may serve as a source of angiogenic
factors.

Muschler et al. (18) also explored demineralized cortical bone as an alternative matrix for
SCR, using the same animal model for spinal fusion and the same methods to evaluate the
outcome. Augmentation of cell delivery with demineralized cortical bone powder and
cancellous bone matrix has been extensively explored for intraoperative osteogenic
applications, given their successful track record for promoting new bone growth. Ideally,
materials should be osteoconductive (i.e., they should present chemical and physical surface
properties that promote osteogenic cell attachment and migration) and osteoinductive (i.e.,
they should stimulate osteogenic differentiation). β-Tricalcium phosphate (β-TCP), another
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material that has been extensively studied as a scaffold for tissue engineering of bone, was
also evaluated as a matrix for intraoperative stem cell therapy settings—namely, for alveolar
bone regeneration for cleft alveolus and also for spine fusion (19– 21). In vitro assays have
shown that MSCs can adhere to the porous structure of β-TCP within 2 h of combination
and can sustain cell proliferation, making them a good candidate for intraoperative
applications (20). The efficacy of SCR was also tested using a mixture of demineralized
bone and cancellous chips clotted with platelet-rich plasma in a canine critical-size
segmental femoral defect model (22). At 16 weeks, 100% response was obtained, which is
equivalent to the results of the standard autograft method to repair critical-size defects. A
preliminary clinical report describes the short-term (2-year) results of the intraoperative
approach to treat three patients with extensive secondary osteonecrosis of the femoral
condyles (23).This treatment, which combined decompression and debridement of the
necrotic lesion and the commercial SCR system, facilitated recovery of knee function. The
SCR system was introduced in 2003 as Cellect® by DePuy Biologics (a Johnson & Johnson
company), in combination with bone graft substitutes, as a minimally invasive therapy for
spinal fusion that removed the need for bone graft harvesting. In general, the SCR system
shows results that are clinically comparable with those of bone autograft, without the
morbidity observed at the graft site. Challenges posed by this technology include a lack of
control over the transplanted cells (this challenge applies to most exogenous cell-based
therapies) and difficulty obtaining the quantities of cells that can be achieved through in
vitro culture expansion (24).

In addition to the Cellect system, several automated blood cell processors are used for
intraoperative concentration of blood or bone marrow to treat, for example, osteonecrosis of
the femoral head (25–28). These studies follow surgical protocols similar to those of the
SCR system, described in detail in the paper by Hernigou et al. (29). Briefly, the bone
marrow is harvested with the patient under general anesthesia, and the aspirated bone
marrow is concentrated and injected into the femoral head after core decompression. The
surgical treatment was considered safe and effective for symptomatic hips with
osteonecrosis but without collapse (the clinical success drops from as high as 90% to lower
than 50% when the procedure is performed after joint collapse). After successful treatment,
the patients experienced reduction in pain and other joint symptoms, delayed progression of
the disease, and necrotic lesion regression.

Importantly, osteoconductive and osteoinductive implants containing therapeutic agents
without an exogenous cell source can successfully promote new bone formation for the
treatment of fractures and for spinal fusion procedures. For example, the OP-1™ product,
recently acquired from Stryker by Olympus Biotech Corporation, is an osteoconductive and
osteoinductive bone graft material comprising recombinant human bone morphogenetic
protein-7 (rhBMP-7) and type I bovine collagen that has been used in approximately 40,000
patients. The product was approved by the US Food and Drug Administration in 2001 for
revision of posterolateral lumbar spine fusion and for the treatment of long bone nonunion
fractures; it is also approved in Australia, Canada, Switzerland, and the European Union.
The product is prepared in the operating room by combining collagen and BMP-7 powders
with sterile saline, and it is believed to activate and recruit stem and progenitor cells upon
implantation. A similar mechanism has been proposed for bone morphogenetic protein-2
(BMP-2), which is supplied via a collagen sponge in the Infuse® bone graft (Medtronic) that
was first approved in 2002 for use in anterior lumbar fusion surgery on skeletally mature
patients. Interestingly, some studies have examined improvement of these strategies through
intraoperative addition of autologous whole bone marrow. For example, through the use of a
canine femoral defect model (30), the delivery of an osteoinductive material (OP-1) with
bone marrow was examined. Although the addition of bone marrow promoted increased
bone formation in the center of the defect, no overall functional differences were observed
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between the OP-1 implant plus bone marrow aspirate group and the OP-1 implant plus
clotted blood control group. Perhaps the results would have been different had selective
populations of cells been used in place of whole bone marrow. Whole bone marrow without
prior concentration may promote hypoxia and nutrient deprivation in the defect because
bone marrow is metabolically demanding owing to its high cell content. Therefore, it may be
of interest to examine supplementing OP-1 or the Infuse bone graft with concentrated
progenitor cells. Furthermore, growth factor therapy such as recombinant BMP-2 is under
great scrutiny, given the recent analysis showing that risks for adverse events, including
risks for ectopic bone formation, osteolysis, pain, new malignancy, implant displacement,
subsidence, infection, urogenital events, and retrograde ejaculation, are 10– 50 times higher
than the original estimates (31). These risks may shift future bone regenerative strategies to
those that do not require the addition of recombinant growth factors.

Osteochondrogenesis
Large osteochondral lesions do not spontaneously repair; thus, interventions to restore
cartilage structure and function are required. Intraoperative approaches were developed for
osteochondral repair to avoid the need for two surgeries (associated with cell expansion
strategies) and to address challenges posed by the expansion of chondrocytes, which have
limited regenerative potential. In one example, bone marrow–derived mononuclear cells that
were collected and separated intraoperatively were mixed with autologous fibrin gel and
delivered by injection to stimulate chondral regeneration within a full-thickness rabbit
articular cartilage defect model (32). Treatment using autologous bone marrow–derived
mononuclear cells promoted superior cartilage repair when compared with treatment using
autologous peripheral blood–derived mononuclear cells mixed with autologous fibrin gel, or
fibrin gel alone. Interestingly, although several studies have shown that fibrin gel has
potential as a scaffold for cartilage, the results obtained with the fibrin gel alone were
inferior to those of the repair obtained with no treatment. It is critical to consider that fibrin
composition can dramatically impact cell invasion by endogenous cells and bone formation.
Recently, Giannini et al. (33) developed a one-step intraoperative arthroscopic repair
technique using bone marrow–derived cells to repair talar osteochondral lesions and
validated the application of this procedure to osteochondral lesions of the knee (34). The
surgical procedure begins with bone marrow aspiration with the patient under general or
spinal anesthesia. After bone marrow collection, the buffy coat is concentrated using
Harvest Technologies’ SmartPReP BMAC™ system. In parallel, surgeons start the
arthroplasty, which includes lesion debridement, composite preparation (mixing the buffy
coat with collagen powder or combining it with a hyaluronic acid membrane) and delivery,
and composite stabilization using autologous platelet-rich fibrin gel. Patients experienced
improvement of joint function with satisfactory graft integration and varying degrees of
tissue remodeling, as indicated by the presence of proteoglycans and type II collagen,
hyaline cartilage markers. Nonetheless, by the end of the follow-up period (24 months
postoperatively), the histologic evaluation did not show complete hyaline cartilage. The
short follow-up period, the small number of patients (48 for the ankle and 20 for the knee),
and the limited number of biopsy specimens limit the conclusions that can be drawn from
these studies. However, these studies represent a step toward osteochondral regeneration
using intraoperative cell approaches.

Another single-step surgical procedure for the treatment of osteochondral lesions, proposed
by Benthien & Behrens (35–37), is termed Autologous Matrix-Induced Chondrogenesis
(AMIC®), reviewed by Steinwachs et al. (38). It combines subchondral microfracture with
the fixation of a type I/III collagen membrane with fibrin glue or sutures. To increase the
number of stem cells in the osteochondral defect, the standard AMIC technique (which
relies on recruitment of MSCs stimulated through microfracture) was combined with the
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intraoperative delivery of concentrated bone marrow (39). The combined surgical procedure
encompasses bone marrow harvesting, bone marrow concentration using Biomet’s
MarrowStim™ concentration kit, lesion debridement, microfracturing, collagen membrane
preparation, placement of the concentrated bone marrow, and stabilization of the membrane
using fibrin glue. Although the addition of bone marrow has not been conclusively
demonstrated to be advantageous, increased numbers of MSCs were observed in the iliac
crest bone marrow compared with numbers in blood induced by the microfracture
procedure. The cartilage repair of osteochondral lesions may be related to the survival of a
small number of progenitor cells that are delivered into the defect, promoting the early-stage
regeneration process. This hypothesis is supported by the evidence of bone marrow–derived
MSC survival, up to 24 weeks after transplantation into an osteochondral defect (40).
Although bone marrow stimulation techniques such as microfracturing may increase the
local level of cytokines that promote cartilage repair and may induce progenitor cells to
migrate into the lesion, the microfracture-derived progenitor cells are too few to induce
hyaline cartilage formation by themselves. Therefore, the delivery of intraoperatively
isolated cells may be important for increasing the number of relevant cells in the defect and
increasing their chance of survival.

Angiogenesis
Peripheral vascular disease (PVD) often results in reduced or blocked blood flow in the
lower extremities, which can lead to critical limb ischemia that is associated with rest pain
and tissue necrosis (ulcerations and gangrene). For some patients, revascularization is
required to restore tissue perfusion. However, direct intervention to restore blood flow (e.g.,
through bypass surgery) is not always an option because the blockages are localized in distal
small arteries. Therefore, treatments that promote angiogenesis have become a therapeutic
focus for these patients. A comprehensive review on therapeutic angiogenesis for PVD using
autologous bone marrow cell transplantation can be found in the paper by Matoba &
Matsubara (41). The therapeutic application of bone marrow mononuclear cells harvested
and sorted intraoperatively for the treatment of critical limb ischemia patients was first
reported in 2002 (42). This pilot study was motivated by evidence that bone marrow
mononuclear cells could support collateral vessel formation in animal models (43, 44).
Patients with bilateral leg ischemia received intramuscular injection of intraoperatively
isolated and sorted bone marrow mononuclear cells (harvested from the iliac crest) in one
leg and peripheral blood mononuclear cells in the other leg, as a control. Ankle-brachial
index (the ratio between the blood pressure at the ankle and the blood pressure in the arm),
rest pain, transcutaneous oxygen pressure, and pain-free walking time were significantly
improved in the legs injected with bone marrow mononuclear cells. Additional studies have
validated these results and have included additional assessment measures including the
perfusion blood flow increase through perfusion scintigraphy, determination of endothelial
dysfunction improvement, evaluation of wound healing, and examination of follow-up
improvement in symptoms and clinical function (45–54). Furthermore, implantation of
intraoperative bone marrow–derived mononuclear cells into ischemic limbs significantly
contributed to reduced numbers of major amputations (42, 45, 47–53). Another report
describes a similar study using granulocyte colony-stimulating factor, administered each of
the five days prior to the operation, to mobilize peripheral blood mononuclear cells (55).
Distal intramuscular injection of bone marrow buffy coat was also proposed as an adjunctive
intraoperative cell treatment to be performed in combination with bypass surgery and/or
interventional treatment (56). Although several cell-based therapies to promote angiogenesis
involve an infusion of unfractionated mononuclear cells that contains stem and progenitor
cells with the capability to differentiate into multiple lineages, endothelial differentiation
appears to be favored (43, 44).
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Although intramuscular injection is the main cell delivery route for PVD therapy, some cell
delivery strategies combine intramuscular injection and intraarterial injection. This
combination allows stem cells to reach targeted vessels and thus increases the concentration
of stem cells in ischemic muscle regions that are still perfused (48, 56).

A fully automated system (the Tissue Genesis Cell Isolation System™) to isolate stem cells
from autologous adipose tissue harvested by liposuction is being explored in an ongoing
phase I trial for treatment of PVD (57). After the tissue is processed in the operating room,
the obtained stem cells are seeded onto the inner surface of standard prosthetic grafts to
promote graft endothelialization and avoid clot formation. The first patients treated with this
method regained sensation in the leg and toes and started to walk without debilitating pain
(58).

Cardiac Applications
It is compelling to consider intraoperative stem cell therapy for the treatment of ischemic
myocardium on the basis of the potential for transplanted cells to inhibit apoptosis and scar
formation, to promote connective tissue remodeling and production of extracellular matrix,
to trigger endogenous stem cell homing, to modulate inflammation, and to promote
angiogenesis with the hope of regenerating healthy myocardial tissue. Intraoperative
administration of bone marrow cells, via intramyocardial or intracoronary injection, has
been applied following coronary artery bypass grafting (CABG), for example, to enhance
angiogenesis and myocardial repair. This technique can be augmented with the application
of autologous fibrin glue immediately after cell injection to avoid loss of cells due to
regurgitation (59). Although the majority of the clinical trials combining CABG and
autologous stem cell transplantation have employed whole bone marrow–derived
mononuclear cells (59–63), other studies used CD133+ cells sorted intraoperatively through
immunomagnetic cell separation systems (64–66). An intraoperative method to isolate bone
marrow–derived CD34+ cells for cardiac therapy was also proposed: It involves rapid
erythrocyte depletion using hydroxyethyl starch and low-speed centrifugation, followed by
immunomagnetic CD34+ cell sorting (67). In general, intraoperative isolation and
application of cells have promoted revascularization, resulting in enhanced myocardial
perfusion, and contractility of infarct areas, leading to improvement in left ventricular
ejection fraction (59, 65). Although injection of bone marrow–derived MSCs into peri-
infarct areas may improve contractility and although injection of cells into the central zone
of the myocardial infarction can promote angiogenesis, myogenic differentiation, and
reverse ischemic remodeling (68), administration of bone marrow–derived cells directly into
nonviable scarred myocardium does not appear to improve contractile function (62, 68).
Therefore, when considering the cell delivery strategy for the regeneration of damaged heart
tissue, it may be important to consider multiple sites of injection, including viable, peri-
infarct areas and the central zone of the myocardial infarction (68).

REGENERATIVE MECHANISMS
Discerning the mechanisms that mediate the therapeutic effects of intraoperative stem cell
therapies is a daunting task, and current data are insufficient to draw substantial conclusions.
This is not surprising, given that the majority of the intraoperative stem cell studies focus on
the assessment of safety and feasibility and thus, for the most part, neglect the investigation
into mechanisms responsible for the observed outcomes. Potential mechanisms include the
following: (a) Stem or progenitor cells within the transplant replenish progenitor cells in the
host; (b) cells in the transplant differentiate and produce de novo tissue; (c) surviving (or
dying) transplanted cells secrete trophic, angiogenic, or immunomodulatory factors that
provide signals to local endogenous cells via paracrine signaling or to distant cells through
endocrine mechanisms (which may result in mobilization and homing of distant host cells).
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It is also possible that transplanted cells may fuse with host cells (in a process known as cell
fusion). The elucidation of mechanisms mediating functional improvements is complicated
by the heterogeneous composition of many of the intraoperatively infused cell populations
(e.g., bone marrow), where certain cell types may serve a dominant role or multiple cell
types may work together synergistically. Specifically, given that many intraoperative cell
therapy approaches employ heterogeneous cell populations that may include stem or
progenitor cells, it is possible that positive outcomes may not be mediated by the stem or
progenitor cells. Also, given that cells are isolated and processed within the operating room,
there is likely considerable diversity in how cells are obtained, processed, and infused
(despite efforts to standardize procedures with well-designed kits and devices), and this
diversity may impact mode of action and outcome. Furthermore, one must not forget that, by
virtue, intraoperative cell therapies involve isolation of an autologous cell source; thus, there
can be significant differences in relative cell numbers and phenotypes, which may be a
function of age, sex, race, body mass index, ancestry/genetics, diet, and environment. The
mechanism likely also depends on the specific application (e.g., osteogenesis versus
angiogenesis versus reduction of scar formation) and delivery method (e.g., local injection,
systemic infusion, or delivery in combination with a biomaterial). Thus, many questions
remain unanswered, and new techniques will likely be required to elucidate in vivo biology
related to how transplanted cells mediate therapeutic responses (69). It is also likely that
strategies to control the fate and function of cells following transplantation [e.g., by
engineering exogenous cells within the operating room (70)] will provide an axis to
maximize the therapeutic effect by harnessing specific mechanisms. These strategies should
help reduce variability of the response.

CELL SOURCES
Adult stem and progenitor cells can be intraoperatively harvested from several tissues
including bone marrow, adipose tissue, and peripheral blood. Bone marrow is the most
common source, most likely because it can be easily accessed in a rapid manner and because
several tools are available to harvest marrow (from bone marrow transplantation). Bone
marrow contains hematopoietic cells and mesenchymal cells, in addition to other cells types
that may play a role in promoting tissue regeneration. However, one of the main limitations
of intraoperative stem cell therapy approaches is the limited quantity of harvested source
material and the low yield of cell isolation protocols, which typically yield stem cells at a
frequency per mononucleated cell of 1 in 10,000 to 1 in 100,000 (71–74). To circumvent
these challenges and to avoid the highly invasive procedure of bone marrow harvesting that
causes pain at the site of aspiration, alternative sources from which to isolate autologous
stem cells should be considered. For example, bone dusts, usually discarded as waste during
spinal fusion, were proven to be a source of stem cells (75). Adipose tissue is a promising
alternative source of cells that have multilineage differentiation potential, and it can be
collected through a less invasive method and in larger quantities than bone marrow, with
minimal morbidity upon harvest (76).

Several studies have established a comparative analysis among stem cells derived from
different sources (76–79). The study developed by Peng et al. (76) included
immunophenotypic analysis of stem cells isolated from rat bone marrow and adipose tissue,
and it revealed a greater percentage of CD44+, CD73+, and CD90+ cells in adipose tissue.
Moreover, greater proliferation capacity in cells isolated from adipose tissue is suggested by
a higher and constant growth rate throughout 10 generations, a lower population-doubling
time, the highest proportion of cell population in S phase, and higher telomerase activity.
These results are supported by other published studies that focus on the assessment of
different adult stem cell sources (77, 79). Adipose tissue could be considered a good
alternative to bone marrow for intraoperative applications on the basis of stem cell
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abundance, frequency, and expansion potential. Although some patients might have limited
adipose tissue for autologous settings, owing to the high frequency of adipose tissue–derived
MSCs (their occurrence is 100 to 300 times higher than in bone marrow, and the number of
stem cells that can be isolated per unit volume of lipoaspirate is approximately 10-fold
greater than that from bone marrow), small adipose tissue reservoirs might be sufficient for
stem cell isolation (77, 80–82). The number of required stem cells also depends on the
clinical applications. For example, freshly isolated adipose tissue–derived stem cells from
the infrapatellar fat pad are suitable for a one-step surgical procedure to regenerate small
focal cartilage defects; however, for larger osteochondral defects, subcutaneous adipose
tissue would be advisable (83). When harvesting adipose tissue for intraoperative stem cell
therapy, one must also consider that the tissue harvesting site and the surgical procedure
have an effect on the yield of stem cells. For instance, adipose tissue harvest from the
abdomen through resection or tumescent liposuction yields more stem cells compared with
ultrasound-assisted liposuction and the adipose tissue harvested from the hip/thigh region
(81, 84). In the review by Hoogendoorn et al. (85) about the status of cell-based treatments
for intervertebral disc regeneration, the authors propose a concept for a one-step procedure
using adipose tissue–derived stem cells for regenerative treatment of mildly degenerated
intervertebral discs and for spinal fusion of severe intervertebral disc degeneration. The
adipose tissue should be harvested by minimally invasive techniques and should be
processed by enzymatic digestion and centrifugal enrichment to obtain stem cells within a
single surgical procedure lasting less than 2 h. For spinal fusions, the authors suggest short-
term ex vivo triggering of osteogenesis by 15 min exposure to BMP-2 (86), mixing stem
cells with a porous calcium phosphate scaffold, and implanting a bioresorbable polymer
cage filled with the scaffold seeded with triggered stem cells. This one-step procedure for
spinal fusion is described in detail elsewhere (87). For the regenerative treatment of mildly
degenerated intervertebral discs, adipose tissue–derived stem cells, after cell isolation, could
be transplanted by injection into the intervertebral disc after appropriate ex vivo cell
triggering and cell carrier seeding. Case reports and phase I to III clinical trials using
autologous adipose tissue–derived stem cells in a variety of fields are reviewed and
discussed by Gimble et al. (88).

POTENTIAL ROLES OF INTRAOPERATIVELY PROCESSED AND
TRANSPLANTED CELL PRODUCTS

Given that many intraoperative cell therapy approaches take advantage of the heterogeneous
cell populations contained in the bone marrow, there remains controversy about the specific
subpopulations responsible for the different regeneration mechanisms and about the role of
transplanted cells versus endogenous cells. The majority of intraoperative cell therapies used
to promote angiogenesis for PVD patients infuse unfractionated mononuclear cells, and
some authors suggest that the synergetic effect of different cell populations on the promotion
of angiogenesis in PVD seems to involve bone marrow–derived CD34+ cells that express
receptors for basic fibroblast growth factor (bFGF), vascular endothelial growth factor
(VEGF) and angiopoietin-2. These authors also suggest that the CD34− fraction is
responsible for secreting the angiogenic factors (bFGF and VEGF) and angiopoietin-2,
which stimulates CD34+ to form collateral vessels and promotes the maturation and
maintenance of the newly formed vessels (42, 45). The buffy coat contains high numbers of
CD34+ and CD133+ cells, a significant subset of which also coexpress vascular endothelial
growth factor receptor 2 (VEGFR-2), and CD34+CD133+VEGFR-2+ cells were defined by
Peichev et al. (89) as functional endothelial progenitor cells. However, Case et al. (90) claim
that the CD34+ fraction of mononuclear cells (derived from granulocyte colony-stimulating
factor–mobilized peripheral blood and umbilical cord blood) that also coexpresses CD133
and VEGFR is positive for CD45 (>99%). The authors also state that this cell fraction
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(CD34+CD45+) is a distinct and primitive hematopoietic subpopulation, as opposed to a
population of endothelial progenitor cells, and therefore cannot form new blood vessels.
However, the CD34+CD45− cell fraction was enriched in endothelial colony–forming cells.
This finding illustrates the importance of defining precise biological potential of different
stem cell subpopulations to design more effective stem cell therapies.

The promotion of angiogenesis by the injection of bone marrow–derived cells into ischemic
myocardial areas seems to play a critical role in the improvement of regional cardiac
performance. The injection of bone marrow–derived mononuclear cells contributes to
improved myocardial perfusion owing to an increase in the myocardial microvessel density.
The myocardial perfusion improvement seems to be positively correlated with the number of
CD34+ cells transplanted (60). The majority of studies fail to show direct evidence of cell
fate after transplantation. For instance, there is no evidence that the therapeutic effects can
be attributed to the differentiation of the transplanted cells into cardiomyocytes. In a study
by Ang et al. (62), bone marrow–derived mononuclear cells were injected into scarred
myocardium to prevent the effects of functional improvement in viable myocardium
following revascularization. Therefore, the functional assessment was focused only on
revascularizing chronically scarred, nonviable myocardium. This way, any difference in
function could not be attributed to differences in perfusion. The injection of bone marrow–
derived cells did not improve the contractile function, suggesting that the bone marrow–
derived cells do not contribute to myocardial regeneration. Nonetheless, these results should
not be extrapolated to other clinical settings, such as acute myocardial infarction or
chronically ischemic but viable myocardium. The absence of myocardial regeneration may
be due to the failure of cell engraftment in chronically scarred and nonviable tissue.

Several osteogenic intraoperative cell therapies also involve the application of
unfractionated bone marrow cells or bone marrow–derived mononuclear cells. By contrast,
SCR is based on the concept that connective tissue progenitors are retained in the graft
composite with significantly greater frequency than other bone marrow–derived cells.
Connective tissue progenitors are defined by colony-forming units that express alkaline
phosphatase (73, 74, 91). In addition to alkaline phosphatase expression, connective tissue
progenitors can be identified through other markers such as STRO-1 (92) and activated
leukocyte–cell adhesion molecule (93). Although connective tissue progenitors are an
obvious choice for osteogenic applications, other selected cell types and cytokines play a
key role in the establishment of optimal conditions for bone regeneration. Therefore,
intraoperative cell therapies for osteochondrogenic applications also include the delivery of
relevant cytokines for tissue regeneration, which can be achieved through autologous
platelet products. The delivery of platelet products, such as platelet-rich plasma or platelet-
rich fibrin gel, contributes to the stimulation of progenitor cells, and these platelet products
act as a chemoattractant owing to the release of growth factors by the α granules, including
PDGF, TGF-β1, TGF-β2, platelet-derived EGF, VEGF, insulin growth factor 1, and platelet
factor 4 (94–97). Furthermore, platelet-rich plasma in combination with thrombin also
increases the handling properties of the final grafts for osteogenic applications owing to its
clotting effect (22).

METHODS USED TO INTRAOPERATIVELY ISOLATE OR CONCENTRATE
CELL PRODUCTS

Current and proposed intraoperative cell therapies include the delivery of mononuclear cells
derived from the bone marrow, mesenchymal and endothelial progenitor cells derived from
the bone marrow or from the adipose tissue, the whole bone marrow cell population, and
platelet-rich plasma. These cell populations/products can be obtained intraoperatively
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through several methods, summarized in Table 2: density gradient, automated cell processor,
immune-based cell sorting, and SCR.

The most traditional method to obtain mononuclear cells from bone marrow is the density
gradient. Complementary strategies, such as red blood cell lysis and dextran sedimentation
(98), are used to optimize cell isolation, but the extremely low yield continues to be a
limitation and hinders the development of intraoperative approaches. Furthermore, during
density gradient media separation processes, cells are exposed to potential toxic agents and
require the use of a centrifuge. Autologous platelet-rich plasma can also be processed from
peripheral blood or from bone marrow using density gradient techniques, representing a safe
and cost-effective method to obtain growth factors (21). The handling properties of platelet-
rich plasma can be improved if it is processed into a platelet gel, through the embedding of
concentrated platelets within a network of polymerized fibrin. Several commercially
available products serve this purpose, such as Platelex® and Vivostat PRF® (99, 100).

Automated cell processors perform washing and tissue digestion, concentration of the buffy
coat with or without a sedimentation agent such as hydroxyethyl starch, volume reduction
by plasma depletion, and platelet-rich plasma processing, and they have been used in
intraoperative settings to process cells from bone marrow, peripheral blood, and adipose
tissue. Automated cell processors provide the benefit of superior operational reliability and
efficiency, reduced contamination risk, and standardization of cell processing protocols.

Immune-based cell sorting, through magnetic activated cell sorting, is used to isolate
specific cell subpopulations on the basis of their surface antigens, such as CD34+ or CD133+

cells for angiogenic applications (64, 66, 67, 101). Immune-based cell sorting is limited to
homogeneous cell subpopulations that have a well-defined panel of markers. However, the
use of highly homogeneous stem cell populations for intraoperative approaches may hinder
an efficient regeneration. The experimental evidence supports the idea of a delicate and
complex balance between different putative mechanisms. Although highly homogenous
stem cell populations allow the design of a more controlled and defined therapeutic
technique, discarding other cellular components may disrupt the equilibrium between
important regeneration processes involving different cell types and related trophic signaling.
The isolation of mesenchymal progenitor cells by immune-based methods is restricted by
the fact that the antigenic profile displayed by these cells in not unique. Thus, mesenchymal
progenitor cells cannot be associated with a particular cell phenotype, and there is no
consensus about what antibodies should be used to isolate them. Strategies focusing on
methods to achieve one-step isolation of relevant cell populations are crucial to the success
of intraoperative stem cell therapies.

In the field of orthopedics, protocols have been constructed on the basis of SCR on
appropriate substrates that promote rapid attachment of connective tissue progenitors.
Substrates such as cancellous bone graft, porous hydroxyapatite, and fibrin microbeads are
used to selectively concentrate and retain mesenchymal progenitor cells from whole bone
marrow (17, 18, 20, 22, 102). However, in some cases, the isolation time frame is not
aligned with the intraoperative requirements, and the materials used to date are not ideal
because they are significantly limited with respect to mechanical properties, availability, and
risk of disease transmission. Therefore, there exists great opportunity to optimize and
expand the utility and scope of these intraoperative SCR approaches.

CHALLENGES AND NEXT STEPS
To leverage the developments achieved in the field of cell-based therapies, a few topics
should be considered carefully, and further improvement and progress with respect to these
issues would greatly enhance the impact of intraoperative cell therapies. The limited number
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of cells available for delivery without previous cell expansion can limit the potential of
intraoperative cell therapies. Therefore, the development of strategies to increase the cell
isolation yield during the intraoperative time frame is highly recommended. A method
termed systematic evolution of ligands by exponential enrichment has shown promising
isolation results when used to target MSCs from whole bone marrow (103). This method
uses aptamers, such as single-stranded DNA or RNA molecules, with high affinity and
specificity for the membrane proteins of the target cells. The aptamers function as molecular
probes for molecular signatures of cells that do not present a panel of highly specific surface
markers (104). Although current reports of intraoperative cell therapy do not explore adipose
tissue as a progenitor cell source, several authors propose methods for intraoperative
generation of autologous cell therapies based on lipoaspirate cells. Cell isolation from
adipose tissue can be optimized by appropriate selection of enzymatic treatment, washing
and centrifugation steps, and the availability of clinical-grade devices for cell isolation from
adipose tissue (for example, Celution® by Cytori Therapeutics and Tissue Genesis Cell
Isolation System™ by Tissue Genesis) (105, 106). However, methods that require extensive
manipulation of cells in the operating room, such as the use of enzymes, may lead to
prolonged regulatory approval processes. Furthermore, efforts are under way to develop
adipose cell constructs using different materials to promote rapid attachment of adipose
stromal vascular fraction cells that are known to include multipotent and progenitor cells.
Biodegradable polymeric scaffolds, macroporous poly(L-lactide-cocaprolactone), and
porous natural type I/III collagen were proposed for a one-step surgical procedure for
cartilage and bone tissue engineering applications. These techniques promoted cell
attachment after 5–10 min, and a great portion of colony-forming unit fibroblasts within the
stromal vascular fraction preferentially adhered to the polymeric scaffolds (107). Stromal
vascular fraction cells can also be embedded in fibrin hydrogels through the method
proposed by Bensaïd et al. (108). The hydrogels allow an instant seeding of the cells and can
be used as a coating for bone-substitute materials in the intraoperative engineering of
osteogenic grafts (109).

Strategies to incorporate chemical and physical cues to direct cell fate in vivo are critical for
the success of intraoperative cell therapies. Additional cues may be crucial for promoting
cell proliferation and survival and thus to helping reach a sufficient number of cells for a
positive outcome. Such a strategy could be designed as a two-step stimulation, first to
promote cell expansion in order to reach an optimal cell concentration and then to direct cell
function toward desired regeneration mechanisms.

The use of unfractionated cell populations in intraoperative cell therapies leads to poorly
defined cell products owing to their heterogeneity and lack of understanding of their in vivo
fate and function. This heterogeneity also hinders the generalization of findings from
different groups because differences in patients, processing conditions, cell source, and other
clinical parameters have a high impact on cell phenotype. A comprehensive characterization
of the different cell populations and their properties represents a necessary condition for
further development of efficient intraoperative cell therapies. Accurate in vivo cell tracking
of endogenous and implanted cells is crucial for defining cell populations and their
therapeutic mechanisms in order to design effective strategies in terms of cell isolation,
choice of adequate cell populations, cell delivery, treatment timing, and control of cell fate
in vivo. Although cell heterogeneity represents a challenge to further elucidating
regenerative mechanisms, it is a key aspect of the cells’ diverse therapeutic effects.

The variability from patient to patient in terms of number of progenitor cells also poses a
challenge for the intraoperative technique itself (15). Currently, the number of progenitor
cells is determined through in vitro assays requiring cell culture, such as colony-forming
unit fibroblast assays; therefore, the number of progenitor cells delivered intraoperatively is
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determined retrospectively. There is a need to evaluate intraoperatively the number of stem
and progenitor cells that were collected and that will be delivered, increasing the complexity
level of this approach. If we consider the patient variability in terms of the number of cells
with different phenotypes, the concept of cell sorting is appealing because it allows the
standardization of the appropriate number of cells, presenting a well-defined phenotype, to
be delivered. However, this standardization requires the elucidation of specific signatures of
relevant cell subpopulations.

Cell delivery strategies have a great impact on the outcome of cell therapies. Delivery
methods should promote cell survival and direct cell function to maximize the positive
outcome. A recent report proposes the development of an intraoperative cell therapy
approach for autologous vascular graft coating, which would promote the recellularization
of decellularized homografts or xenografts to minimize postimplantation complications
(101). The strategy focuses on the delivery of bone marrow–derived CD133+ cells
embedded in autologous fibrin, via spray administration, using the commercially available
system Vivostat®. This concept takes advantage of the promising properties of fibrin as an
extracellular matrix for angiogenesis: Fibrin is able to support the self-organization process
of bone marrow–derived mononuclear cells to produce vascular structures within a vascular
3D fibrin matrices (110), and fibrin tubular structures can withstand circumferential strain
due to collagen deposition of interstitial cells seeded on the constructs, leading to an increase
of the tensile strength (111). Nonetheless, because transplanted fibrin matrix is degraded by
fibrinolytic processes prior to complete cell engraftment, fibrin chemical stabilization or
other alternatives must be developed to improve the stability of the coating during the
engraftment period.

Limitations in the design of many intraoperative clinical studies seriously hinder the
interpretation of the clinical data, compromising the ability to draw valid conclusions.
Frequent study limitations include the small number of patients, lack of controls (due to
practical and ethical issues), patient inclusion criteria (the patients who agree to participate
in studies for novel therapies usually have already undergone several unsuccessful
treatments, so they represent the worst-case scenario when starting the intraoperative cell
therapy), and absence of long-term follow-up. Randomized double-blind controlled trials are
clearly required to validate the most promising intraoperative approaches. Despite these
challenges, there are great opportunities to translate basic research and preliminary clinical
studies into widely available clinical treatments and thus push even further the progress
already made in this field.

SUMMARY
In recent years, intraoperative cell therapy has emerged as an important and exciting
approach that can potentially treat many medical conditions. Intraoperative approaches,
using multiple cell types, have already been shown to be safe and effective for multiple
indications. Furthermore, many approaches are being developed to increase the therapeutic
impact, optimize the desired outcome, and overcome current limitations—namely, low yield
of cell isolation methods and lack of control of cell fate and function after implantation. The
development of these approaches depends on the identification of relevant cell
subpopulations and on the understanding of regenerative mechanisms through different
perspectives ranging from basic biology to general pathology. Cell therapy brings together a
multitude of disciplines: biology, chemistry, biomaterials science, medicine, and
engineering, among others. Therefore, an effort should be made to develop collaborative
studies that take advantage of the promising developments in each field. For example, the
review by Discher et al. (112) highlights the importance of integrative approaches to better
control stem function, such as the use of cytokine combinations, material systems including
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extracellular matrix components, and biomechanical interactions, as well as a systems
biology approach to better predict stem cell behavior in vivo. Although there is significant
opportunity to improve and expand the utility of existing intraoperative stem cell therapies,
elucidating the main regenerative mechanisms that mediate favorable therapeutic response
and conducting more controlled clinical studies should remain a priority.
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Figure 1.
Intraoperative stem cell therapy. (a) The intraoperative cell therapy process typically
includes tissue harvesting and processing to obtain the desired cell product, and an
intraoperative cell delivery strategy that depends on the clinical application. (b) The
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intraoperative cell therapy process starts with autologous tissue harvesting. Tissues,
including peripheral blood, adipose tissue, and bone marrow, can be used as sources of stem
cells (green box). The tissue can then be processed using multiple methods (blue box) to
obtain the desired cell product (orange box). The stem cell therapy can be applied as an
adjunctive treatment in combination with surgery or an interventional treatment (yellow
boxes). Figure was produced using Servier Medical Art (http://www.servier.com/servier-
medical-art).
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Figure 2.
Selective cell retention. After harvesting, (a) the bone marrow is drawn through (b) an
implantable graft matrix. This process facilitates matrix exposure to a high volume of bone
marrow in a short time. The process is repeated until graft saturation is achieved. Several
porous materials can be used as a graft matrix, e.g., demineralized bone matrix, cancellous
bone chips, hydroxyapatite, and β-tricalcium phosphate. A higher fraction of mesenchymal
progenitor cells are retained within the graft, whereas the retention of hematopoietic cells is
significantly lower (c). After enrichment the graft is ready for implantation, although
postprocessing procedures such as addition of whole bone marrow or platelet-rich plasma
can be performed to improve graft handling properties and to improve the therapeutic
potential of the graft. Figure was produced using Servier Medical Art (http://
www.servier.com/servier-medical-art).
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