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Preface

This book covers a wide range of issues related to new developments and innovations in
cell-based therapies discussed in basic and clinical chapters from authors around the world
involved in stem cell studies and research. The book documents the increased amount of
stem cell-related research, basic and clinical applications as well as views for the future. It
thereby complements and extends the basic coverage of stem cells, such as mesenchymal
stem cells, effect of stem cells on aging, cover hematopoietic stem cells, storage and cryopre‐
servation, issues related to clinical applications such as haploidentical transplants and use of
stem cells for the treatment of Huntington’s disease. Clearly, developments in the treatment
of various malignant and nonmalignant diseases and biomedical engineering depend heavi‐
ly on stem cells, and this book is well positioned to provide comprehensive coverage for
some of these developments.

With the increased number of publications related to stem cells in Cell Transplantation, we
consider it important and take this opportunity to share these new developments and inno‐
vations in stem cell research and the cell transplantation field with our worldwide readers.
Therefore, I can say that this book will be the main source for clinical and preclinical publi‐
cations for scientists working toward cell transplantation therapies with the primary goal of
replacing diseased cells with donor cells of various organs and transplanting those cells
close to the injured or diseased target.

Stem cells have a unique ability: they are able to self-renew limitlessly, which allows them to
replenish themselves as well as other cells. Another ability of stem cells is that they are able
to differentiate into any cell type. A stem cell does not differentiate directly into a special‐
ized cell; there are often multiple intermediate stages. A stem cell first differentiates into a
progenitor cell; a progenitor cell is similar to a stem cell, although they are limited in the
number of times they can replicate and they are also restricted in which cells they can fur‐
ther differentiate into. Serving as a sort of repair system for the body, they can theoretically
divide without limit to replenish other cells as long as the person or animal is still alive.
When a stem cell divides, each new cell has the potential to either remain a stem cell or be‐
come another type of cell with a more specialized function, such as a muscle cell, a red
blood cell or a brain cell.

It will be exciting and interesting for our readers to follow the recent developments in the
field of basic and clinical aspects of stem cells and cell transplantation. Although we are
close to finding pathways for stem cell therapies in many medical conditions, scientists need
to be careful about how they use stem cells ethically and should not rush into clinical trials
without carefully investigating the side effects. The focus must be on Good Manufacturing



Practices (GMP) and careful monitoring of the long-term effects of transplanted stem cells in
the host.

During the last decade, the number of published articles or books investigating the role of
stem cells in cell transplantation or regenerative medicine increased remarkably across all
sections of stem cell-related journals. The largest number of stem cell-related articles was
published mainly in the fields of clinical transplantation and neuroscience, followed by the
bone, muscle, cartilage and hepatocytes. Interestingly, in recent years, the number of stem
cell-related articles describing the potential use of stem cell therapy and islet transplantation
in diabetes is also slowly increasing, even though this field of endeavor could have one of
the greatest clinical and societal impacts.

In conclusion, Cell Transplantation is bridging cell transplantation research in a multitude of
disease models as methods and technology continue to be refined. The use of stem cells in
many therapeutic areas will bring hope to many patients awaiting replacement of malfunc‐
tioning organs or repair of damaged tissue. We hope that this book will be an important tool
and reference guide for all scientists worldwide who work in the field of stem cells and cell
transplantation and that it will shed light upon many important debatable issues in this
field.

I would like to thank all the authors who contributed to this book with excellent and up-to-
date chapters relaying the recent developments to our readers in the field of stem cell trans‐
plantation. I would like to give a special thanks to Iva Simcic, Publishing Process Manager,
and all the staff at Intech for their valuable contribution in order to make this book possible.

Taner DEMİRER, MD, FACP
Professor of Medicine, Hematology/Oncology

Dept. of Hematology
Ankara University Medical School

Ankara, TURKEY
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Chapter 1

Hematopoietic Stem Cell Source and Storage

Sinem Civriz Bozdag and Osman İlhan

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60994

Abstract

Hematopoietic stem cell transplantation(HSCT), has been accepted as a feasible
treatment option that prolongs survival in hematological malignancies. Stem cell
choice during hematopoietic stem cell transplantation can differ according to the
experience of physicians, mostly treated hematological diseases in the centers or
ongoing clinical trials. In this chapter we will discuss the advantages and disadvan‐
tages of three stem cell sources peripheral blood, bone marrow and umbilical cord
blood.

Keywords: hematopoietic stem cell

1. Introduction

Hematopoietic stem cell transplantation (HSCT) has been accepted as a feasible treatment
option that prolongs survival in hematological malignancies. Bone marrow (BM) has been
widely used as stem cell source in the early stem cell transplantation series. Tendency towards
peripheral blood (PB) as stem cell source has been started in the beginning of 2000s. Initially,
advantages of peripheral blood stem cell collection have been demonstrated in autologous
stem cell transplantation (autoSCT). The introduction of peripheral blood into allogeneic stem
cell transplantation (alloSCT) has been followed by allogeneic transplantation from unrelated
donors. Due to the less stringent HLA matching requirement, cord blood stands out as an
option for patients who do not have HLA-matched donors.

Stem cell choice can change according to the experience of physicians, mostly treated hema‐
tological diseases in the centers or ongoing clinical trials. In this chapter, we will discuss the

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



advantages and disadvantages of three stem cell sources: peripheral blood, bone marrow, and
umbilical cord blood.

2. Peripheral blood versus bone marrow

Although the early transplantation series mostly used bone marrow as stem cell source, the
administration of granulocyte colony-stimulating factor allowed physicians to collect stem
cells from peripheral blood by apheresis procedure. Studies in autologous stem cell trans‐
plantation (autoSCT) have been reported first. Faucher et al. [1,2] compared peripheral blood
and bone marrow in a series with small patient numbers and reported an improvement in
hematological recovery and a decrease in hospitalization duration. Survival of the patients
was found to be similar between these two stem cell sources [3]. Also, the cost-effectiveness of
the procedure increased peripheral blood stem cell transplantation rates compared with bone
marrow transplantation. In a study, the total cost in peripheral blood stem cell transplantation
was found to be 27.5% less than bone marrow transplantation. Faster hematological recovery,
fewer hospitalization days, and less antibiotic treatment created this difference in total cost [4].

Afterwards, the comparison of peripheral blood with bone marrow in allogeneic stem cell
transplantation (alloSCT) setting was started. Bensinger et al. [5] reported faster hematological
recovery, less transfusion numbers, less severe acute graft versus host disease (a gvhd in favor
of PB), but similar chronic graft versus host disease (cGVHD) rates. Our centers’ experience
also revealed faster engraftment, fewer transfusions with PB [6]. Miflin et al. [7] showed that
increasing the infused CD34+ cell number over 4× 10e6/kg can significantly accelerate the
engraftment kinetics.

In a multicenter randomized trial performed by the European Group for Blood and Marrow
Transplantation (EBMT), transplant-related mortality and leukemia-free survival rates
showed no significant difference between PB and BM [8]. Mielcarek et al. [9] reported a better
10 years disease-free survival in favor of PB but similar overall survival between two stem cell
sources. In a Cochrane database review, trials including related stem cell donors were
analyzed. Both neutrophil and platelet recoveries were faster in PB. Disease-free survival,
nonrelapse mortality was not different between PB and BM. The advantage of relapse in PB
was recorded [10].

Peripheral blood has more CD34+ cells but has also more T cells in comparison with BM. This
reflects to the outcomes as more acute and chronic GVHD rates. In a study, acute grades I–IV
GVHD incidences for infused CD34+ cell doses less than 2× 10e6/kg, between 2× 10e6/kg and
4× 10e6/kg, and more than 4× 10e6/kg were 21%, 35%, and 43%, respectively. In the same study,
increase in CD3+ cell dose was also identified as an independent factor for acute GVHD [11].
The correlation between infused cell dose and chronic GVHD has also been shown. Zaucha et
al. reported CD34+ cell doses over 8× 10e6/kg were found to be associated with increased
clinical extensive chronic GVHD. However, this association could not be shown with stem cell
transplantation from bone marrow [12]. cGVHD after PB transplantation has to be treated for

Progress in Stem Cell Transplantation2



advantages and disadvantages of three stem cell sources: peripheral blood, bone marrow, and
umbilical cord blood.

2. Peripheral blood versus bone marrow

Although the early transplantation series mostly used bone marrow as stem cell source, the
administration of granulocyte colony-stimulating factor allowed physicians to collect stem
cells from peripheral blood by apheresis procedure. Studies in autologous stem cell trans‐
plantation (autoSCT) have been reported first. Faucher et al. [1,2] compared peripheral blood
and bone marrow in a series with small patient numbers and reported an improvement in
hematological recovery and a decrease in hospitalization duration. Survival of the patients
was found to be similar between these two stem cell sources [3]. Also, the cost-effectiveness of
the procedure increased peripheral blood stem cell transplantation rates compared with bone
marrow transplantation. In a study, the total cost in peripheral blood stem cell transplantation
was found to be 27.5% less than bone marrow transplantation. Faster hematological recovery,
fewer hospitalization days, and less antibiotic treatment created this difference in total cost [4].

Afterwards, the comparison of peripheral blood with bone marrow in allogeneic stem cell
transplantation (alloSCT) setting was started. Bensinger et al. [5] reported faster hematological
recovery, less transfusion numbers, less severe acute graft versus host disease (a gvhd in favor
of PB), but similar chronic graft versus host disease (cGVHD) rates. Our centers’ experience
also revealed faster engraftment, fewer transfusions with PB [6]. Miflin et al. [7] showed that
increasing the infused CD34+ cell number over 4× 10e6/kg can significantly accelerate the
engraftment kinetics.

In a multicenter randomized trial performed by the European Group for Blood and Marrow
Transplantation (EBMT), transplant-related mortality and leukemia-free survival rates
showed no significant difference between PB and BM [8]. Mielcarek et al. [9] reported a better
10 years disease-free survival in favor of PB but similar overall survival between two stem cell
sources. In a Cochrane database review, trials including related stem cell donors were
analyzed. Both neutrophil and platelet recoveries were faster in PB. Disease-free survival,
nonrelapse mortality was not different between PB and BM. The advantage of relapse in PB
was recorded [10].

Peripheral blood has more CD34+ cells but has also more T cells in comparison with BM. This
reflects to the outcomes as more acute and chronic GVHD rates. In a study, acute grades I–IV
GVHD incidences for infused CD34+ cell doses less than 2× 10e6/kg, between 2× 10e6/kg and
4× 10e6/kg, and more than 4× 10e6/kg were 21%, 35%, and 43%, respectively. In the same study,
increase in CD3+ cell dose was also identified as an independent factor for acute GVHD [11].
The correlation between infused cell dose and chronic GVHD has also been shown. Zaucha et
al. reported CD34+ cell doses over 8× 10e6/kg were found to be associated with increased
clinical extensive chronic GVHD. However, this association could not be shown with stem cell
transplantation from bone marrow [12]. cGVHD after PB transplantation has to be treated for

Progress in Stem Cell Transplantation2

a longer period with higher immunosuppressive regimens. The presence of cGVHD has been
found to be related with fewer relapses but more treatment-related mortality [13–16].

The comparison of stem cell sources has been performed according to the diagnosis of
hematological malignancies. Pidala et al. [17] performed a Markov model in which PB was
found to be the optimum stem cell source for hematological malignancies, which had an
advantage of 7 months in comparison with BM. BM was chosen to be superior in patients with
1-year relapse rates lower than 0.05. Patients with high-risk hematological malignancies like
acute leukemia in second or later remission, chronic myeloid leukemia (CML) in blastic
transformation, refractory anemia with excess blast in transformation, and heavily pretreated
lymphoma patients were found to benefit from PB transplants in comparison with BM
transplants [16]. A meta-analysis of nine randomized clinical trials showed better disease-free
and overall survival with PB in late stage disease [18]. In a randomized study of patients with
myeloid malignancies, acute myeloid leukemia AML,CML and myelodysplastic syndrome
(MDS), hematological recovery was faster in PB group. Improvement in overall survival with
PB was found to be related with reduction in nonrelapse deaths, with no difference in early,
late relapses, or deaths in relapses [19]. In another study, which has included chronic myeloid
leukemia patients, the incidence of acute and extensive chronic GVHD was similar between
BM and PB patients, and there was no significant difference between survival and nonrelapse
mortality rates. However, in the subgroup analysis of chronic phase patients, PB patients
experienced more chronic GVHD, and BM patients had higher relapse rates [20]. The advant‐
age of BM remains in benign hematological diseases, where chronic GVHD rates affect
transplant outcomes negatively. In a study that included 537 adolescent aplastic anemia
patients who had alloSCT, the survival advantage for BM recipients was reported to be
significant [21]. Bacigalupo et al. [22] showed the advantage of BM also for the patients older
than 50 years. The major causes of death were GVHD, infections, and graft rejection in this
study. GCSF-stimulated and GCSF-unstimulated bone marrow and peripheral blood have
been compared in another study that included aplastic anemia patients. Engraftment rates
were not different in three treatment arms. Grades II–IV acute GVHD and chronic GVHD rates
were higher with PB transplants in comparison with BM. GCSF-manipulated BM was not
superior to BM in terms of mortality rates [23].

Late effects of transplantation were also analyzed in studies. Performance status, return to
work, incidence of bronchiolitis obliterans, and hematopoietic functions were found to be
similar between PB and BM. Also, there was no significant difference in secondary malignan‐
cies between the groups [24].

As HLA-matched siblings can be found in 25% of the patients, either PB or BM of the unrelated
donors has been accepted as sources for stem cell transplantation. Eapen et al [25] reported
significantly higher acute and chronic GVHD risk but similar transplant-related mortality and
survival rates with PB than BM in unrelated allogeneic stem cell transplants. In a phase 3,
multicenter randomized trial from 46 transplant centers in the United States and Canada, only
chronic GVHD rates were significantly higher in PB transplantations. In long-term outcome
analysis, chronic GVHD was graded as extensive in 85% of PB recipients compared with 76%
of BM recipients. Neutrophile and platelet engraftment rates were found to be significantly
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higher in PB transplantations, but no difference was observed in survival outcomes [26]. In a
Cochrane database review, trials including unrelated stem cell donors were also revised. Both
neutrophile and platelet recovery was faster in PB transplantations. Disease-free survival,
nonrelapse mortality of PB, and BM recipients were not different. The relapse advantage of PB
was not proved. Acute grades II–IV incidence did not reveal a statistical significance, whereas
extensive chronic GVHD rates were in favor of BM [10].

The outcomes of unrelated allogeneic stem cell transplantation were also separately assessed
according to the diagnosis of hematological diseases. During an overall survival of 7 years,
nonrelapse mortality and relapse rates were similar in acute myeloid leukemia and myelo‐
dysplastic syndrome patients who have received PB or BM. The only significant difference
was reported in chronic myeloid leukemia patients due to higher nonrelapse mortality rates
in PB transplants [27]. In a Korean study, the difference in GVHD incidence could be over‐
comed by risk adapted GVHD prophylaxis in AML patients [28]. In aplastic anemia patients,
the risk of death was higher with unrelated donors, but peripheral blood as a stem cell source
was a negative predictor for outcomes [29].

The impact of conditioning regimens in unrelated allogeneic stem cell transplantation has also
been assessed in clinical trials. EBMT data showed that when reduced intensity conditioning
(RIC) regimens were used in unrelated transplant settings, acute and chronic GVHD rates were
higher, and relapse rates were lower in PB transplants of AML patients [30].In contradictory
with these results, GVHD, relapse, and survival rates of hematological malignancies who had
unrelated stem cell transplantation were reported to be similar in a recent trial [31].

The issues that have to be paid importance during hematopoietic stem cell transplantation
should be the benefits of either the donor or the patient.

Both the peripheral blood and the bone marrow have advantages and disadvantages for the
donors. Peripheral blood donation is a collection of HSC from peripheral blood after a 5-day
course of granulocyte colony-stimulating factor administration on 1–2 days via 4–5 hours of
apheresis procedure. The monitorization of circulating CD34+ cells on the first day of apheresis
is predictive for stem cell yield [32].

Peripheral blood stem cell collection seems to be an easier collection method, but the central
venous line can be a necessity for some of the donors if the standard peripheral venous line is
not adequate. Again in NMDP experience, femoral and jugular lines were in same frequency,
which was twice as the subclavian line [33]. The collection of peripheral blood stem cells via
apheresis procedure has been proven to be an effective and safe method for donors [34]. Bone
marrow harvesting is the collection of HSC from posterior iliac crest under anesthesia. Hospital
admission can be necessary for postoperative follow-up. In a prospective study, the experience
of donors for bone marrow and peripheral blood collection has been compared. Bone marrow
donors were found to be less confused and more prepared for donation. They also found the
process psychologically beneficial in a short term. However, the long-term health-related
quality was similar between both donors [35]. In a survey of 51,024 AHSCT performed by 338
teams, five donor fatalities were observed. Severe adverse events were reported in 37 donors.
Hematological malignancy rates were not different from the age and sex-adjusted general
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population [36]. Bone pain was the most frequent side effect of donors; in bone marrow donors,
pain at the collection site and in peripheral blood donors pain at various sites of body during
GCSF administration have been reported. Tiredness, light-headedness, nausea, sleeping
problems, and chills were the other frequent side effects. At 12 months postdonation, the most
common side effects were tiredness and muscle aches [35]. A median time to recovery in PB
and BM donors were 1 and 2 weeks, respectively [37]. In a prospective trial from NMDP,
females and heavier donors had more III–IV CALGB adverse events [38].

3. Umbilical cord blood

Umbilical cord remains to be a stem cell source option for patients who do not have a matched
sibling or unrelated donor. The first umbilical cord blood transplantation has been performed
at the end of the 1980s in a child diagnosed with Fanconi anemia [39]. Today, the storage of
more than 600,000 cryopreserved cord bloods serves as an alternative option for both pediatric
and adult patients. In the U.S. registry, almost all of the patients younger than 20 years and
80% of the patients older than 20 years had cord blood mismatched units in one or two HLA
locus [40].

Rapid availability, no requirement for full HLA match, and being an option for ethnic
minorities became the advantages of umbilical cord. Also, no harm for donor can be another
important feature in stem cell source choice. Lack of sufficient cell doses for adult patients,
delayed engraftment, poor immune reconstitution, and high infection rates are the major
disadvantages of cord blood transplantation. Cord blood includes more naive T cells and
Tregs. The first naive T cells proliferate but show a limited repertoire. Then a thymic-depend‐
ent population expands, which can be affected by conditioning regimen, GVHD, or aging [41].

The standard practice for the HLA typing of cord blood units is to analyze A-B antigens and
DRB1 alleles with high resolution. The acceptable HLA match is 4 to 6/6 match for performing
transplantation, but each mismatch results in increased TRM, increased severity of acute
GVHD, and decreased survival [42]. Eapen et al. [43] reported the impact of level matching on
TRM and neutrophile engraftment. Neutrophile recovery was found to be delayed in trans‐
plantations with more than two mismatches, and nonrelapse mortality was reported to be
higher in 1–5 mismatch compared with HLA full-match transplantations. HLA C matching
has also been shown to be beneficial in studies [42,44]. Barker et al. [45] analyzed 1691 MDS
and AML patients who received single cord blood transplantation and found that regardless
of cell dose, HLA A, B, and DR-matched transplantations result in the best outcomes. Total
nucleated cell (TNC) doses greater than 2.5× 10e7/kg in one mismatch recipient and 5× 10e7/kg
in two mismatch recipients have been shown to be sufficient for better survival. In another
study, high-resolution DRB1 match was related with less acute GVHD and better event-free
survival rates. Also, in the same study, infusing higher CD34+ cells, CD34+HLA DR+ CD38+
cells, and CD3+ cells resulted in faster engraftment [46]. The impact of HLA mismatch direction
between donor and recipient has also been assessed by EUROCORD/EBMT analysis. Neither
one to two mismatch in graft versus host direction nor host versus graft direction was found
to be related with increased nonrelapse mortality and survival [47].
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Graft failure risk remains to be a problem in 10%–20% of patients who had cord blood
transplantation [48]. Neutrophile and platelet engraftment is delayed in cord blood transplan‐
tations. Engraftment is shown to correlate with cell dose infused [49]. In an analysis of 1268
patients with acute leukemia, 3 years overall survival was 47% and TRM was 16%. Delay in
engraftment was associated with increased mortality and shorter survival rates [50].

Survival outcomes have been improved over years with better patient, conditioning regimen
selection, and progress in HLA typing [44]. Rubinstein et al. [51] showed that 46% of the
patients experienced transplant-related events by posttransplant day 100. Transplant-related
events and event-free survival were related with diagnosis, number of leukocytes in the
transplant, age, extent of HLA disparity, and transplant center. Cohen et al. [52] reported the
outcome of 500 patients who had single-unit cord blood transplantation from 1995 to 2005 and
found 1 year survival as 37%. Factors affecting early mortality following the myeloablative
single-unit cord blood transplantation were cell dose, advanced disease, older age, cytome‐
galovirus status, female gender, and limited cord blood center experience. A Japanese study
revealed that disease status and cytogenetics had an impact on event-free survival rates in
AML patients [53]. For acute lymphoblastic leukemia patients who had cord blood transplan‐
tation, the factors associated with better leukemia-free survival were age, advanced disease,
and conditioning regimen [54]. Brunstein et al. [55] reported 3 years event-free and overall
survival as 38% and 45%, respectively, by performing transplantation with nonmyeloablative
conditioning. In a comparative study, on the effect of conditioning regimen intensity, trans‐
plant-related mortality was similar with both regimens; lower risk of relapse and longer
leukemia-free survival could be achieved after myeloablative regimens [56]. Fludarabine in
combination with total body irradiation (TBI) concluded with high treatment-related mortality
[57]. In another trial, fludarabine, TBI in combination with busulphan versus cyclophospha‐
mide has been investigated; cyclophosphamide resulted in better transplantation outcome
[58]. Also, the Japanese group used a myeloablative conditioning regimen, which included
TBI, cytarabine, and cyclophosphamide, and reported 51% overall survival for high-risk
hematological malignancies [59].

Graft versus host disease (GVHD) is one of the major early and late morbidity and mortality
causes. It has been proven that donor source has an impact on GVHD rates. Although the HLA
disparities were higher in cord blood transplantations, GVHD was found to be lower than
bone marrow [60–62]. Eurocord and EBMT revealed that HLA mismatch increased the acute
GVHD risk in cord blood transplantation [63]. Patient age [51], CMV status [63], nonmyeloa‐
blative conditioning, and absence of ATG were also factors thought to be related with acute
GVHD. Acute GVHD was reported to be higher in double-unit cord transplants than the single-
unit transplants [60]. In a study with 1072 patients, chronic GVHD in posttransplant 2 years
was 28%. In multivariate analysis, risk factors were identified as myeloablative conditioning
regimen, mycophenolate mofetil in GVHD prophylaxis, increased HLA mismatch, higher
body weight, and previous acute GVHD [64]. Newell et al. [65] found higher chronic GVHD
rates, which were analyzed according to NIH 2005 criteria and had a predominance of acute
GVHD features.

Progress in Stem Cell Transplantation6



Graft failure risk remains to be a problem in 10%–20% of patients who had cord blood
transplantation [48]. Neutrophile and platelet engraftment is delayed in cord blood transplan‐
tations. Engraftment is shown to correlate with cell dose infused [49]. In an analysis of 1268
patients with acute leukemia, 3 years overall survival was 47% and TRM was 16%. Delay in
engraftment was associated with increased mortality and shorter survival rates [50].

Survival outcomes have been improved over years with better patient, conditioning regimen
selection, and progress in HLA typing [44]. Rubinstein et al. [51] showed that 46% of the
patients experienced transplant-related events by posttransplant day 100. Transplant-related
events and event-free survival were related with diagnosis, number of leukocytes in the
transplant, age, extent of HLA disparity, and transplant center. Cohen et al. [52] reported the
outcome of 500 patients who had single-unit cord blood transplantation from 1995 to 2005 and
found 1 year survival as 37%. Factors affecting early mortality following the myeloablative
single-unit cord blood transplantation were cell dose, advanced disease, older age, cytome‐
galovirus status, female gender, and limited cord blood center experience. A Japanese study
revealed that disease status and cytogenetics had an impact on event-free survival rates in
AML patients [53]. For acute lymphoblastic leukemia patients who had cord blood transplan‐
tation, the factors associated with better leukemia-free survival were age, advanced disease,
and conditioning regimen [54]. Brunstein et al. [55] reported 3 years event-free and overall
survival as 38% and 45%, respectively, by performing transplantation with nonmyeloablative
conditioning. In a comparative study, on the effect of conditioning regimen intensity, trans‐
plant-related mortality was similar with both regimens; lower risk of relapse and longer
leukemia-free survival could be achieved after myeloablative regimens [56]. Fludarabine in
combination with total body irradiation (TBI) concluded with high treatment-related mortality
[57]. In another trial, fludarabine, TBI in combination with busulphan versus cyclophospha‐
mide has been investigated; cyclophosphamide resulted in better transplantation outcome
[58]. Also, the Japanese group used a myeloablative conditioning regimen, which included
TBI, cytarabine, and cyclophosphamide, and reported 51% overall survival for high-risk
hematological malignancies [59].

Graft versus host disease (GVHD) is one of the major early and late morbidity and mortality
causes. It has been proven that donor source has an impact on GVHD rates. Although the HLA
disparities were higher in cord blood transplantations, GVHD was found to be lower than
bone marrow [60–62]. Eurocord and EBMT revealed that HLA mismatch increased the acute
GVHD risk in cord blood transplantation [63]. Patient age [51], CMV status [63], nonmyeloa‐
blative conditioning, and absence of ATG were also factors thought to be related with acute
GVHD. Acute GVHD was reported to be higher in double-unit cord transplants than the single-
unit transplants [60]. In a study with 1072 patients, chronic GVHD in posttransplant 2 years
was 28%. In multivariate analysis, risk factors were identified as myeloablative conditioning
regimen, mycophenolate mofetil in GVHD prophylaxis, increased HLA mismatch, higher
body weight, and previous acute GVHD [64]. Newell et al. [65] found higher chronic GVHD
rates, which were analyzed according to NIH 2005 criteria and had a predominance of acute
GVHD features.

Progress in Stem Cell Transplantation6

Comparative trials of umbilical cord blood with different stem cell sources have been reported.
Neutrophile and platelet recovery have been delayed in cord blood transplantations, and
chronic GVHD rates have been observed less. Laughlin et al. [66] included patients who had
received either an HLA-matched marrow transplant- a marrow transplant with a single HLA
mismatch from an unrelated donor or who had received a cord blood transplant with one or
two HLA mismatches in their study. Overall mortality was found to be lower in matched
related BM recipients. The rate of leukemia recurrence was found to be similar, but 3 years
survival for cord blood recipients was 26%, which was lower than matched BM recipients’
survival. In a recent trial, donor types have been investigated in AML patients; survival rates
were similar between matched related, matched unrelated, mismatched unrelated, and cord
blood transplant. Age and type of conditioning regimens were the major determinants of
survival [67].

As a consequence of inadequate engraftment with single-unit cord blood transplantation in
adult hematological malignancy patients, double-unit cord transplantation was introduced in
the beginning of 2000s. Sustained engraftment could be achieved more than 90% of patients
and one of the double-units dominate [68,69]. Barker et al. [70] observed the impact of CD3+
cell dose on engraftment, but not the CD34+ cell dose or HLA match in double cord unit
transplantations.

Avery et al. [68] found an association between higher numbers of CD34+ and TNC cell dose
of the dominant unit and sustained engraftment. In the same trial, unit–unit HLA match and
unit–recipient HLA match were not associated with sustained engraftment. Mixed chimerism
can be displayed in follow-up, especially if the HLA match of the both units is close [71]. The
HOVON group showed that the unit predominance was observed by posttransplant day 11,
and the role of CD4+ lymphocyte-mediated alloreactivity was suggested [72]. In another study,
the cord blood bankreported pre cryopreservation and postthaw viable CD34+ cell doses were
the important parameters for the engraftment [73].

Macmillan et al. [60] reported double cord transplantation as one of the risk factors for acute
GVHD. Ponce et al. [74] demonstrated the acute grades II–IV rates as 53% and predominantly
the gut as affected organ. Chronic GVHD rates have been reported around 30% in double cord
blood transplantation trials [75,76].

Eurocord  and  EBMT  compared  single-unit  transplantation  with  different  myeloablative
conditioning regimens and double-unit transplantation. Conditioning regimens were either
the  widely  accepted  Minnesota  protocol,  which  consisted  of  TBI/cyclophosphamide/
fludarabine or thiotepa/busulphan/fludarabine (TBF). In this study, 2 years LFS was similar
between double-unit cord and single-unit cord if the new TBF protocol was chosen [75,77].
In a prospective multicenter trial, which included 56 acute leukemia and myelodysplasia
patients transplanted with double-unit cord, 3 years disease-free survival was 50% and TRM
was 39% [76].

Comparative studies of different stem cell sources in the era of double-unit cord have been
continued to be reported. In comparison with filgrastim mobilized peripheral blood, delay in
immune reconstitution of T cells in cord blood transplantation resulted in increased infection
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risks. The double-unit cord blood has been compared with unrelated donor grafts; although
3 years survival analysis were similar, double cord blood was associated with less chronic
GVHD but more nonrelapse mortality [78]. Brunstein et al. [79] have found comparable 5-year
leukemia-free survival after HLA-matched related, unrelated, and double-unit cord blood
transplantation.

4. Hematopoietic progenitor cell and umbilical cord blood
cryopreservation

Collected hematopoietic stem cells have been cryopreserved by using a cryoprotectant,
dimethyl sulfoxide (DMSO), and frozen in liquid nitrogen vapor until reinfusion. DMSO
penetrates to cells and binds to water molecules in order to prevent dehydration of the cells
[80]. During the cryopreservation process, DMSO dilution, freezing period, storage in vapor
phase, or liquid nitrogen are the important factors for optimum results. DMSO and cell
suspension should be cooled down to 0°C–4°C, and after the addition of DMSO, the product
should be placed in a controlled freezer subsequently. The optimum concentration of DMSO
has also been analyzed in different studies because it can be toxic for stem cell viability and
also may cause side effects during infusion. Although majority of transplant centers still prefer
to use 10% DMSO, lower percentage of DMSO or washing the product before infusion to
decrease toxicity has also been used [81]. Reducing DMSO concentration into 7.5% has been
revealed as feasible [82]. Up to 10 years cryopreservation with 5% DMSO has also been found
not to have a negative impact on cell viability [83]. DMSO concentration has been calculated
as ml/kg body weight or ml/min, and in EBMT results from 65 centers, it has been revealed
that calculation as milliliters per minute should be the preferred way to reduce side effects [84].
DMSO toxicity can result in nausea, vomiting, fever, or more severe reactions like hepatic
dysfunction, cardiac arrhythmia, and neurotoxicity [85,86].

In the freezing period, cells have been mostly frozen using controlled rate freezers. Too fast
cooling can result in intracellular crystallization, and too slow cooling can induce extracellular
ice formation. Sputtek et al. [87] reported that the cooling rate range can vary from 1 to 5 K/
min. Also, the recovery of white blood cell (WBC) recovery was found to be superior in slow
rate freezing to fast rate freezing [88]. After the introduction of stem cell storage in liquid
nitrogen, risks for microbial contamination of the products concluded with the usage of vapor
phase for storage. However, the comparison of the two phase was found to be similar for either
WBC recovery or WBC viability in comparative studies [88,89].

The major disadvantage of the umbilical cord blood processing is the potential risk for loss of
progenitor cells in the collected product. The techniques that have been used for red cell
separation like simple centrifugation lysis with ammonium chloride, filtration through density
gradients, or collection from bags to vessels were found to have detrimental effects during
cryopreservation [90–93]. Thus, Rubinstein et al. [94] initially proved that forming 20 ml cord
blood units with uniform volume can be achieved by using rouleaux formation induced by
hydroxyethyl starch and centrifugation. Semiautomated top–bottom systems and lately
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automatic devices like AXP-SEPAX have been developed [95]. Automatic systems could
achieve similar cell recovery with less technical influence [96].

After the addition of 10% dimethyl sulfoxide, cord blood samples can be cooled from 4°C to –
80°C mostly by controlled rate freezers [97]. It has been recently shown that cord bloods can
be transferred into liquid nitrogen vapor phase directly or after storage at –80°C for 18 hours
[98]. It has been demonstrated by Broxmeyer et al. that the long-term storage does not have a
negative influence on in vitro function of umbilical cord blood progenitor cells. Also, the
duration of cryopreservation was found to have no impact on clinical outcome like neutrophile
or platelet recovery after cord blood transplantation [99].

5. Conclusion

Hematopoietic stem cell source choice is an important issue to be concerned during stem cell
transplantation. Diagnosis and pretransplantation status of hematological diseases and type
of conditioning regimens are the major factors in making decision for one type of stem cell
source.

Processing before the storage of collected stem cells can show differences according to the
source of stem cells. In particular, cord blood processing needs more attention due to the risk
of hematopoietic stem cell loss.
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Abstract

Cellular therapy with stem and immune cells has demonstrated significant success
both in clinical treatments and the industrial market. Cryopreservation is a necessary
and essential component of cellular therapy. In this chapter, first of all, some basic
theories of cryoinjury and techniques in cryopreservation are reviewed. Then it
focuses on the progress of cryopreservation of stem cells and immune cells, including
new protocols and techniques, alternative cryoprotective agents (CPA), side effects
after transplantation, and advances in reducing adverse reactions. Strategies to
minimize adverse effects include medication before and after transplantation,
optimizing the infusion procedure, reducing the CPA concentration or using
alternative CPAs for cryopreservation, and removing CPA prior to infusion. Tradi‐
tional and newly developed approaches including methods and devices for CPA
removal are discussed. Future work is recommended including further optimization
of cryopreservation protocols especially for lymphocytes; standardization of the
optimized protocols with temperature monitoring and quality control; exploration of
DMSO-free, serum-free, and even xeno-free media for cryopreservation; development
of simple, reliable, and cost-effective devices for cryopreservation; and more
fundamental cryobiological studies to avoid cellular injury.Keywords: cryopreserva‐
tion, stem cell, immune cell, cytotherapy
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1. Introduction

Cell therapy products, including stem cells and the stem cell-derived immune cells, with a
more than $600 million market size, have been approved for use in the USA and EU[1]. With
the anticipated approval of additional products, the cell therapy market is expected to grow
at an annualized rate of greater than 40% through the remainder of the decade, reaching greater
than $5 billion by 2020. Stem cell therapy in the USA cleared a record $250 million in 2013. All
these data prove the significance of cell therapy both in clinical practice and industry.

Importantly, for most types of transplants, cryopreservation is a necessary and essential
component of the clinical protocol. Long-term storage provides a solution to various logistical
aspects such as the obligatory time interval between collection of the cell product, treatment
with high-dose therapy, and subsequent infusion of the product in the case of autologous
transplantation, or in the case of transplantation with mismatch between supply (when the
baby is born) and demand (when the patient is ready to receive the unit). Cryopreservation
also supports better cell therapy product characterization and quality control, improved donor
screening for human leukocyte antigen (HLA) or other markers that can impact successful
outcomes, and optimal transportation from the point of collection to the site of infusion.

Meanwhile, cryopreservation can be a critical issue determining the success or failure of cell
transplantation. Typical cell therapeutic products must be [1] harvested from culture vessels
and concentrated, followed by [2] cryopreservation permitting the cells to be stored or shipped.
Cryopreservation process generally includes the addition of cryoprotective agents (CPA),
cooling of samples with a specific optimal cooling rate, which is cell-type dependent, and then
storage at a low temperature (such as -80°C or -196 to -150°C, temperature of liquid nitrogen
or the vapor phase of liquid nitrogen). [3] Finally, the CPA must be removed post-thaw in
preparation for patient administration. Herein, each step may cause injuries to cells, and
therefore influence the graft function. Optimization of cryopreservation of a cell product
requires understanding the mechanisms of injury caused in cryopreservation (cryoinjury),
knowledge of the cryobiological characteristics of the cells, and the development of techniques
and instruments to perform the optimal protocol.

In this chapter, first of all, some basic theories of cryoinjury and techniques in cryopreservation
are reviewed. Then it focuses on the progress of cryopreservation in cellular therapy of two
kinds of cells: stem cells and stem cell-derived immune cells.

Transplantation of stem cells, especially hematopoietic stem cells (HSC) has been successfully
developed as a part of treatment protocols for a large number of clinical indications. In this
part, we briefly review the progress in stem cell cryopreservation and transplantation, the side
effects after transplantation along with strategies for reducing adverse reactions. Direct
infusion of cryopreserved cell products into patients has been associated with the development
of adverse reactions, ranging from relatively mild symptoms to much more serious, life-
threatening complications. Strategies to minimize the adverse effects are reviewed. In many
cases, the CPA — typically dimethyl sulfoxide (DMSO) — is believed to cause these adverse
reactions and thus many studies recommend depletion of DMSO before cell infusion. Tradi‐
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tional and newly developed approaches including methods and devices for CPA removal are
discussed.

Immune cells function to protect our body from diseases, including detection of a wide variety
of pathogens, distinguishing them from the body’s own healthy cells, killing infected cells, and
others. They exit the bone marrow and may stay in circulation, or recirculate between blood
and tissues, or go to tissues and stay there until they die. Transplantation of immune cells has
been applied for the treatments of many diseases. However, despite many reports of success
in immune cell cryopreservation, some conflicting and negative results are also shown in the
literature. In this chapter, progresses in cryopreservation protocols and techniques for immune
cells are also reviewed.

2. Fundamental cryobiology and cryopreservation processes

Generally, cryopreservation consists of several steps: preprocessing, CPA addition, cooling,
storage, thawing, CPA removal, and postprocessing. Each step can affect the viability of cells
after cryopreservation. Optimizing each step is necessary to maximize the retention of cell
viability and functionalities. Obviously, the better understanding of the cellular injury
mechanisms in cryopreservation can help minimize cellular injury. In this part, some funda‐
mental knowledge in cryobiology is summarized. Table 1 shows the general process, cellular
injury mechanisms, and proposed optimization work for cell cryopreservation [2].

Procedures Injury mechanisms Keys to success

Preprocessing Cell isolation, dilution or concentration, etc.

CPA addition
Osmotic injury, CPA
cytotoxicity

CPA selection (with high cryoprotective function and low
cytotoxicity), CPA concentration, CPA addition (gradual
addition at lower temperature).

Cooling
Mazur’s “Two-Factors”: ice
injury and solution injury

Cooling rate and cooling history profile, reliable and simple
instruments for controlled cooling, monitoring of sample
temperatures during cooling.

Storage
Monitoring of sample temperatures during storage. Storage at
-80°C for weeks to months and storage in liquid nitrogen or
vapor phase of liquid nitrogen for months to years.

Thawing Ice injury (recrystallization) Fast and uniform thawing is recommended.

CPA removal
Osmotic injury, CPA
cytotoxicity

Stepwise removal of CPA is recommended.

Postprocessing
Sometimes, resting the thawed cells is beneficial for the recovery
of cell functions.

Table 1. Cryopreservation procedures, injury mechanisms, and optimization

Progress in Cryopreservation of Stem Cells and Immune Cells for Cytotherapy
http://dx.doi.org/10.5772/60620

25



2.1. Freezing of cells

Optimization of isolated cell cryopreservation requires a quantitative understanding of the
biophysical response of cells during the freezing process [3-6]. As cells are cooled to between
about- 5°C and -15°C, ice forms in the external medium but the cellular contents remain
unfrozen and supercooled, presumably because the plasma membrane blocks the growth of
ice crystals into the cytoplasm. The supercooled water inside the cells has a higher chemical
potential than that of water in the partially frozen extracellular solution, so water flows out of
the cell and freezes externally.

The subsequent physical phenomena in the cells depend on the cooling rate. These cell
responses to freezing were first expressed quantitatively by Mazur [6] and directly linked with
cell cryoinjury by Mazur’s “Two-Factors” hypothesis: (a) at slow cooling rates, cryoinjury
occurs due to a “solution effect”, that is, the intracellular solute/electrolyte concentration
increases as water leaves the cell, to a point where severe cell dehydration occurs, and (b) at
high cooling rates, water is not lost fast enough and cryoinjury occurs due to intracellular ice
formation (IIF), which ruptures the cell membrane. The optimal cooling rate for cell survival
should be slow enough to reduce IIF but fast enough to minimize the solution effects. The
freezing behavior of the cells can be modified by the addition of cryoprotective agents (CPAs),
which affect the rates of water transport, ice nucleation, and ice crystal growth.

More detailed information about theoretical cryobiology can be found in the paper published
in 1970 by Mazur in Science [5]. Important milestones in cryobiology since then include the
development of cryomicroscopy allowing the observation of cell behavior during freezing and
thawing [7, 8], devices to model and measure cell membrane permeabilities [9-13], and
mathematical modeling to describe the probability of IIF as a function of cooling rate, tem‐
perature, and cell type[14, 15]. Karlsson and Toner incorporated the effect of CPA addition on
IIF formation into these models and successfully predicted IIF formation as a function of
cooling rate, temperature, and CPA concentration, leading to optimal cooling protocols
preventing IIF[16].

2.2. Thawing of cells

Cells that have survived cooling to low temperatures still face the challenges of thawing, which
can exert effects on survival comparable to those of cooling [5, 17]. The effects depend on
whether the prior rate of cooling has induced intracellular freezing or cell dehydration. In the
former case, rapid thawing can rescue many cells, possibly because it can prevent the harmful
growth of small intracellular ice crystals into larger crystals by recrystallization. After severe
cell dehydration, no rescue from cell death is possible.

2.3. Addition and removal of CPAs

Cells require equilibration with molar concentrations of CPAs to survive freezing. Previous
research has shown a high concentration of CPA to be beneficial for preventing IIF and severe
cell dehydration, thus leading to increased cell survival [18-24]. However, these CPAs have
dramatic osmotic effects on cells. Cells exposed to molar concentrations of permeating CPAs
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undergo extensive initial dehydration followed by rehydration and potential gross swelling
when the CPAs are removed. Unless precautions are taken, this shrinkage and/or swelling can
be extensive enough to cause cell damage and death. Knowledge of cell membrane permea‐
bility to water and CPAs allows the prediction of the minimal and maximal cell volume
excursions during addition and removal of CPAs, thus providing for a quantitative optimi‐
zation approach (e.g. stepwise increase or decrease of CPA concentration in cell suspensions)
to avoid osmotic damage [19-21].

2.4. Storage

Biological specimens can be stored at low temperatures for extended periods because the
chemical reactions and metabolism will be slowed down or even stopped at those low
temperatures. The “life clock” of these materials (RNA/DNA, cells, tissues, etc.) will be slowed
or halted during cryo-storage, and then resumed after thawing to normal temperatures. The
most widely applied methods for long-term storage are preserving in -80°C freezers or liquid
nitrogen tanks (in liquid or vapor phases of liquid nitrogen). However, in order to totally stop
any reactions, storage temperature should be below the glass transition temperature (Tg) of
the aqueous solution (e.g., Tg = -123 °C for concentrated aqueous DMSO solutions [25]).
Therefore, storage in liquid nitrogen tanks is recommended for preservation for months and
years. Some reports have suggested that storage in the vapor phase rather than the liquid phase
of liquid nitrogen would be better to avoid potential contamination between samples.

Procedures Recommended protocol Comments

CPA selection
⋅ Mostly, 10% DMSO in basal medium
supplemented with proteins, sometimes DMSO
with lower concentrations (5–10%)

⋅ Lower DMSO concentration leads to lower
cytotoxicity.
⋅ DMSO-free, serum-free, and even xeno-free
cryomedia are desired.

CPA addition

⋅ Add CPA stock solution (precooled at 4°C, 2x
concentration) to cell suspension stepwise at
4°C or room temperature (with final volume
ratio 1:1). Cell concentration can be 107–108

cells/mL.
⋅ Equilibration (e.g., for 10min)

⋅ Slow CPA addition can reduce cell volume
excursion and osmotic injury.
⋅ Lower temperature may reduce CPA
cytotoxicity.

Cooling

⋅ Controlled slow cooling to a temperature (e.g.,
-40°C) with 1-2.5°C/min, then cooling down to a
lower temperature (e.g., -80°C) at a little faster
rate (about 3-5°C/min)
⋅ Put into -80°C freezer or liquid nitrogen tank.

⋅ Slow cooling is desired to reduce ice injury to
cells.
⋅ Temperature recording in whole process is
recommended.
⋅ Intervention and compensation for
crystallization heat by transient chilling during
freezing procedure is beneficial for cell viability.

Storage
⋅ Storage in -80°C freezer, vapor phase of liquid
nitrogen, or liquid nitrogen.

⋅ -80°C for storage for weeks to months.
⋅ Liquid nitrogen for storage for months to years.
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Procedures Recommended protocol Comments

⋅ Storage in vapor phase rather than liquid phase
of liquid nitrogen could decrease the
contamination risk.
⋅ Temperature monitoring in whole process is
recommended.

Thawing
⋅ Fast thawing by stirring in 37°C water bath
until thoroughly melted.

⋅ Fast thawing is beneficial to reduce
recrystallization and ice injury.

CPA removal

⋅ Add washing medium slowly to the thawed
cell suspension followed by equilibration and
washing.
⋅ Repeated dilution/washing may be needed.

⋅ Slow CPA removal can reduce cell volume
excursion and osmotic injury.
⋅ DMSO may be associated with adverse reactions
after transplantation without CPA removal;
however, so far, no specific consensus exists
regarding removal of DMSO prior to infusion,
instead leaving the decision to physicians and
clinical institutions.

Table 2. Cryopreservation protocol for HSC

3. Progress in HSC cryopreservation

3.1. HSC cryopreservation protocol

Stem cell transplantation has been performed using hematopoietic stem cells (HSC) from
allogeneic, autologous, and syngeneic donors. In addition to bone marrow, HSC collected from
mobilized peripheral blood or umbilical cord blood are currently in widespread clinical use,
with the potential for transplantation of HSC derived from embryonic stem cell or induced
pluripotent stem cell sources in the not-too-distant future [21,22]. Since the first studies of HSC
freezing by Barnes and Loutit in 1955 [23], many experiments have been performed to optimize
cryopreservation protocols to enhance the overall recovery and functional capacity of HSC
after freezing–thawing and transfusion. Numerous excellent reviews of stem cell cryopreser‐
vation have been published, ranging from basic scientific principles to clinical cell processing
protocols [24-28]. The most widely applied cryopreservation protocols for HSC have the
following general features: after collection, cells are washed and resuspended in a basal saline
solution supplemented with some proteins, which also contains one or more CPA. Dimethyl
sulfoxide (DMSO) is the most commonly used CPA, typically at a final concentration of 5-10%
(v/v). The cell suspension is frozen using a rate-controlled freezer or mechanical passive
cooling methods with an optimal cooling rate of -1 to -2.5°C/min [27,28] to a subzero temper‐
ature such as -40°C [25,27,29,30], then cooled down to a lower temperature (e.g., -80°C) at a
little faster rate (about 3-5°C/min), followed by transferring to a liquid nitrogen tank for long-
term storage at temperatures below -150°C. Just prior to transplantation, the cryopreserved
cell products are thawed quickly in a 37°C water bath and infused immediately into the patient.
Sometimes, DMSO is removed before transplantation.
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Table 2 shows the generally applied protocol for HSC cryopreservation. In order to maximize
the quality of the frozen samples, following the optimal protocol in each step is recommended,
such as gradual addition and removal of CPA, controlled freezing of samples by reliable
cooling rate controlled device, fast thawing, and temperature recording during the whole
process of cooling, storage, and transportation.

3.2. Adverse reactions after HSC transplantation

Infusion of thawed products has been associated with several types of adverse reactions (ARs),
ranging from mild events like nausea/vomiting, hypotension or hypertension, abdominal
cramps, diarrhea, flushing and chills to more severe life-threatening events like cardiac
arrhythmia, encephalopathy, acute renal failure, and respiratory depression. In some cases,
these adverse reactions have been directly attributed to DMSO [26-29], while others have
suggested additional factors such as red cell lysate [30, 31], or infusion of high numbers of
damaged granulocytes that do not survive cryopreservation [32] are the main causal trigger
of these adverse reactions. To minimize such ARs after infusion, many institutions have chosen
to limit the total amount of DMSO that can be infused at any one time, while others have
evaluated washing protocols to first remove the DMSO and other damaged cell products prior
to infusion [33-36]. In addition, patient-specific factors such as age, weight, gender, specific
disease, or the type of prior treatments given and chemotherapeutic agents received can also
contribute to the development of ARs, as can the infusion procedure itself (speed of injection,
pausing for short periods, and the time gap between thawing of frozen cells and infusion).
These topics have been intensively reviewed by Shu et al. [37], including ARs after HSC
transplantation with cryopreserved products, the physiological role of DMSO in these adverse
events, strategies to reduce these ARs, and new options for removal of DMSO before transfu‐
sion.

3.3. Reducing the ARs after infusion of cryopreserved HSC grafts

Many approaches have been applied to reduce the adverse effects after transplantation of
cryopreserved HSC, such as:

1. systematic premedication before infusion [38],

2. hydration and allopurinol administration after infusion [38],

3. slowing the infusion speed and prolonging the infusion time [36, 38],

4. dividing the infusion into multiple aliquots given several hours or days apart [38, 39],

5. further concentrating HSC grafts to reduce the cryopreservation volumes and corre‐
sponding DMSO content [36],

6. reducing DMSO concentration for cryopreservation to lower than 10%, or using alterna‐
tive CPA to mix with or replace DMSO [36, 40-42]; and

7. removing DMSO before infusion [33-36].
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Since the side effects are idiosyncratic and unpredictable so far to our knowledge, all these
approaches are suggested to be combined together to reduce the reaction incidence as low as
possible. Several studies examining the use of lower concentrations of DMSO or alternative
CPAs have been conducted, such as 7.5% DMSO+ 3% hydroxyethyl starch (HES), 5% DMSO
+ 6% HES, 5% DMSO+6% pentastarch [40, 42, 43]. Simply reducing DMSO concentration may
decrease the toxicity and improve the kinetics of engraftment; however, it is also likely to
reduce the recovery rate of HSC after cryopreservation and thawing as well. Therefore, other
cryoprotective agents, such as HES or trehalose, are recommended to combine with any
proposed reduction in DMSO concentration.

3.4. Removal of DMSO

A summary of options of methods and devices used for removal of DMSO from cryopreserved
products is presented in Table 3 [37]. Conventional manual methods of removing DMSO from
cell suspensions based on centrifugation have not changed much since the 1970s. The most
widely used procedure was proposed in 1995 [44]. This process can result in cell clumping and
HSC loss, cell activation, and carries a risk of product contamination. This procedure is also
time-consuming and labor intensive. Several commercially developed devices have been
evaluated for CPA removal, such as the CytoMateTM, Sepax S-100, and Cobe-2991 instruments.
Using user-definable programs DMSO can be efficiently reduced by these automated systems,
resulting in reduced labor and reduced risk of contamination due to the closed fluid path.
However, these devices are expensive, and again can cause cell clumping, osmotic injury, and
loss of cells since they are all still based on centrifugation as their primary mode of operation.

Several new methods/technology for DMSO removal without using centrifugation have
recently been developed. Fleming et al. investigated an elegant microfluidic method for small
samples based on diffusion [45, 46]. However, this method has not yet been scaled up for the
preparation of HSC units for transplantation. Ding et al. proposed a dialysis method for DMSO
removal using hollow fiber modules with semipermeable membranes [47, 48]. Zhou and Shu
et al. have developed a novel dilution-filtration method and system [49, 50], which can be used
to precisely control the removal process to effectively reduce CPA concentration and prevent
cell osmotic injury. Research data suggest this method promises to be a fast, safe, easy-to-
operate, automated, and cost-effective approach with low cell loss and low contamination risk.

Methods or devices Working mechanism Comments

Centrifugation [44] Centrifugation

Most widely applied procedure for CPA removal.
⋅ Pros: conventional devices available widely
⋅ Cons: high time and labor consumption, cell loss, high risk of
contamination

CytoMateTM [51, 52]
Filtration by spinning
membrane

⋅ Pros: automated, effective and allowing a step-by-step user definable
programming, low risk of contamination
⋅ Cons: high cost and cell loss due to clumping
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Methods or devices Working mechanism Comments

Sepax S-100 [53, 54]

Consisting steps of
dilution and
centrifugation using a
rotating syringe

⋅ Pros: fast, automated processing, low risk of contamination
⋅ Cons: high cost and cell loss due to clumping

Cobe 2991 [35, 55] Centrifugation
⋅ Pros: fast, automated processing, low risk of contamination
⋅ Cons: high cost and cell loss due to clumping

Microfluidic method
[45, 46]

Diffusion-based
extraction in
microfluidic channels

⋅ Pros: automated processing, elegant, effective for CPA removal for
samples with small volumes
⋅ Cons: hard to scale up to large volumes

Dialysis through
hollow-fiber dialyzer
[47, 48]

Dialysis across
semipermeable hollow
fiber membranes

⋅ Pros: automated processing, effective CPA removal, low risk of
contamination
⋅ Cons: high cell loss, optimization needed for samples with small
volume

Dilution-filtration
through hollow-fiber
dialyzer [49, 50]

Controlled dilution and
controlled filtration
through semipermeable
hollow fiber membranes

⋅ Pros: fast, automated processing, low risk of contamination, low-
cost, controllable, effective CPA removal
⋅ Cons: optimization needed for samples with small volume

Table 3. Methods and devices for CPA removal

To go along with these approaches, DMSO-washing solutions are needed. Generally, washing
solutions consist of saline or cell culture medium together with nonpermeable macromolecules
(dextran, albumin and/or acid citrate dextrose (ACD)), which are nontoxic, infusible, and
provide a mild hyperosmotic environment to help extract the DMSO from cells. This is also
why slow addition of such solutions (e.g., dripping) is preferable, as it allows the cells to slowly
equilibrate to the changing osmotic environment, and minimizes the rapid uptake of water
that can damage the cell membranes.

In conclusion, many progresses on effective devices and methods for removal of DMSO from
cryopreserved HSC grafts have been achieved in the last decade, but challenges still remain:
further studies are needed to develop the optimal (fast, safe, simple, automated, controllable,
effective, and low-cost) methods and devices for CPA removal with minimum cell loss and
damage.

3.5. Alternative CPAs for stem cell cryopreservation

Although DMSO has been widely accepted and utilized for stem cell cryopreservation, in some
situations it may be desirable to employ other CPAs, in combination with or even replacing
DMSO. The criteria for optimal CPAs include: (1) protecting cells during cryopreservation; (2)
being nontoxic and able to be metabolized or digested by the body with minimal effects, which
eliminates the necessity for CPA removal prior to infusion; and (3) cost and availability. Some
agents, such as ethylene glycol, hydroxycellulose, sucrose, maltose, trehalose, and some
macromolecules (dextran, hydroxyethyl starch, Polyvinylpyrrolidone, etc.) could be poten‐
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tially used as alternative CPAs. In the last two decades, trehalose has drawn a lot of interest
in this field due to its unique properties. It has very high glass transition temperature, and is
extremely effective in forming a fragile glass state to protect cells during freezing/thawing and
drying, maintaining the thermodynamic stability of cell membranes, and inhibiting lipid-
phase transition and separation during freezing and drying [56-58]. However, for HSC, DMSO
is still the most widely used CPA. In the future, searching for alternative CPAs could be another
strategy to reduce the adverse reactions after HSC transplantation with DMSO.

Another possible significant development in alternative CPAs would be the development of
novel, DMSO-free, serum-free, or even xeno-free cryoprotection media for the cryopreserva‐
tion of stem cells. This effort will address the problems of DMSO toxicity and immunological
depression posed by the presence of DMSO, animal serum, and xeno-component to the
recipient after transplantation. Thirumala et al. demonstrated the feasibility of a serum-free
media with reduced DMSO concentration for cryopreservation of adipose-derived adult stem
cells [59]. Schulz et al. showed important advancements toward a xeno-free, chemically
defined cryopreservation medium for peripheral blood mononuclear cells (PBMCs) [60,61].
These studies demonstrate the possibility of finding novel cryopreservation media for stem
cells.

4. Progress in immune cell cryopreservation

4.1. Immune cell cryopreservation protocol

Cryopreservation of immune cells has been continuously studied since the 1960s. Improve‐
ment of the cryopreservation protocol was conducted based on intensive research, including
fundamental cryobiological studies and experimental trials. Successful cryopreservation of
lymphocytes (e.g., PBMC) has been reported and applied in clinical practice; however,
negative or conflicting results also exist in the literature, especially if assessments of lympho‐
cyte functionality rather than cell viability were applied to evaluate the impacts of cryopre‐
servation.

Procedures Recommended protocol Comments

CPA selection
⋅ Basal medium supplemented with proteins
(e.g., RPMI 1640 + fetal calf serum or human
serum or plasma) and DMSO (6-10% v/v)

⋅ Lower DMSO concentration leads to lower
cytotoxicity.
⋅ DMSO-free, serum-free, and even xeno-free
cryomedia are desired.

CPA addition

⋅ Add CPA stock solution (precooled at 4°C, 2x
concentration) to cell suspension stepwise at 4°C
with final volume ratio 1:1 and Cell
concentration 106–107 cells/mL.
⋅ Equilibration (e.g., for 10 min)

⋅ Slow CPA addition can reduce cell volume
excursion and osmotic injury.
⋅ Lower temperature may reduce CPA
cytotoxicity.
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concentration 106–107 cells/mL.
⋅ Equilibration (e.g., for 10 min)

⋅ Slow CPA addition can reduce cell volume
excursion and osmotic injury.
⋅ Lower temperature may reduce CPA
cytotoxicity.
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Procedures Recommended protocol Comments

Cooling

⋅ Cooling to a temperature (e.g., -40°C) with
1°C/min by a cooling rate controlled freezer, then
to a lower temperature (e.g., -80°C) at faster rate.
⋅ Put into -80°C freezer or liquid nitrogen.

⋅ Slow cooling is desired to reduce ice injury to
cells.
⋅ Temperature recording in whole process is
recommended.
⋅ Intervention and compensation for
crystallization heat by transient chilling during
freezing (-6 to -8°C) is beneficial for cell viability.

Storage
⋅ Storage in -80°C freezer, vapor phase of liquid
nitrogen, or liquid nitrogen.

⋅ -80°C for storage for weeks to months.
⋅ Liquid nitrogen for storage for months to
years.
⋅ Storage in vapor phase, instead of in liquid
phase of nitrogen, could decrease the risk of
contamination/infection.
⋅ Temperature monitoring in whole process is
recommended.

Thawing ⋅ Fast thawing by stirring in 37°C water bath.
⋅ Fast thawing is beneficial to reduce
recrystallization and ice injury.

CPA removal

⋅ Add washing medium (e.g., RPMI 1640 + fatal
calf serum) stepwise at 4°C or room temperature
to cell suspension followed by equilibration and
centrifugation.
⋅ Repeated dilution/washing may be needed.

⋅ Slow CPA removal can reduce cell volume
excursion and osmotic injury.

Resting
⋅ Incubation at 37°C with 5% CO2 for a minimum
of 120 min.

⋅ Some results showed resting of cryopreserved
lymphocyte can promote cell viability and
functionality [62, 63].
⋅ Incubation with cytokine cocktail may increase
the retention of T cell function [64].

Table 4. Cryopreservation protocol for immune cells

Similar to the facts described above, each step in cryopreservation can affect the final status of
the immune cells after freezing and thawing. Optimizing each step is necessary to minimize
the potential injuries to the cells and maximize the retention of the cell functionality after
processing. Table 4 shows the currently recommended protocol for immune cell cryopreser‐
vation, which is very close to that for HSC.

4.2. Impacts of cryopreservation on immune cell functions

Viability of immune cells after freezing/thawing varies from 60 to 90%. Some investigators
have reported that lymphocyte functionality can be well-retained after cryopreservation.
Wang et al. found that although freezing damage could result in about 10% loss of human T
lymphocytes isolated from peripheral blood, cytokine producing capability was well-retained,
and no apparent change in cell cycle pattern could be detected in T lymphocytes after cryo-
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storage for 3-50 days compared to fresh samples [62]. Human peripheral lymphocytes
maintained the capacity to respond to antigenic and mitogenic stimulation and to produce
micronuclei in cytokinesis-blocked cells [65-67]. Cryopreservation does not induce alterations
in lymphocyte surface markers and karyotypes [63, 68, 69]. Riccio et al. showed that with 24 h
resting after thawing, the frequency of spontaneous apoptosis in cryopreserved lymphocyte
cells was not significantly modified [70]. Hori et al. suggested that freeze–thawing did not
affect the viability, phenotype, subsequent maturation, or function of dendritic cells at any
stage of maturation [71].

However, alternations of lymphocyte functionality caused by cryopreservation have also been
reported in the literature. Mononuclear cells (MNC) are more sensitive than stem cells. Some
reports showed that cryopreservation can cause detrimental damage to lymphocyte functions
[72-76]. Costantini et al. and Owen et al. found that cryopreservation could induce a consistent
set of changes in PBMC from both healthy and HIV-infected patients, including a profound
decrease of surface marker expression, significant changes of proportions of some cell types,
loss of proliferative responses to some HIV antigens [77, 78]. Results suggested that cryopre‐
servation induced higher levels of apoptosis in PBMC [78-80]. DNA repair capacity (DRC) has
a profound influence on DNA stability and ultimately cancer incidence. Fresh human lym‐
phocytes could repair hydrogen-peroxide-induced DNA strand breakage, while cryopre‐
served lymphocytes did not possess this capability [81]. Similarly, Chang found that the DRC
of the cryopreserved peripheral lymphocytes was on average 14% lower than that of the fresh
samples, possibility due to the destruction of DNA repair enzymes during cryopreservation
[82]. A small delay in the activation of cryopreserved PBMC was also found, which implies
the importance of knowing at which time points the desired cellular analyses should be carried
out [83]. These results imply that special precautions should be taken in the selection of fresh
or frozen lymphocyte samples for analysis and the interpretation of immune studies per‐
formed on cryopreserved lymphocytes with different functionality assays.

It is interesting that different types of immune cells, immune cells from different parts of
human body (peripheral blood, lymphoid, and mucosa), or immune cells from different donors
(healthy and infected patients) may have different performance in cryopreservation. Scheiwe
et al. found that granulocytes were fragile and exquisitely sensitive to freezing/thawing and
osmotic stress. Granulocytes could not survive cryopreservation like lymphocytes, and the
damaged granulocytes might be the reason of aggregation [84]. Thus far, there is still no
clinically available method to preserve granulocytes. Lymphoid dendritic cells were shown
less robust than macrophages to stresses [85]. For comparison between different lymphocyte
donors, more losses of T cell responses in HIV-infected individuals were detected than healthy
individuals. T cells from HIV-infected donors were more fragile and more susceptible to
freezing and thawing [78]. Differences were also found in the cryobiological characteristics of
the immune cells. Hallak et al. demonstrated that cell membrane permeabilities to water
depended on the donors’ health condition and age [86]. This difference in cell membrane
property may explain the different performance of those immune cells in surviving cryopre‐
servation.

Further optimization of cryopreservation protocols for immune cells is still needed to maxi‐
mize the retention of their functionality after freezing/thawing. More intensive studies of the
injury mechanisms to the immune cells are desired, including in cryobiology and physiology.
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Some investigators suggested a few changes to attempt to improve lymphocyte function after
cryopreservation. For example, Jennes et al. found incubation of the thawed T cells with a
cytokine cocktail was helpful [64]. Stroh et al. demonstrated the function of caspase inhibitors
in preventing cryoinjury and improving cell recovery [80].

5. Summary

In summary, cryopreservation of stem cells and immune cells is essential for both clinical
treatments and fundamental researches. Numerous studies have been done to optimize the
cryopreservation protocols. The currently optimal procedure of cryopreservation of stem cells
and immune cells is composed of several critical procedures: slow addition of CPA (5–10%
DMSO in basal medium), slow cooling at 1–2 °C/min to a low temperature with cooling rate
controlled freezer, storage in -80°C freezer or liquid nitrogen tank, fast thawing in 37°C water
bath with agitation, and gradual removal of CPA prior to infusion. In the future, desired work
includes further optimization of the cryopreservation protocols especially for lymphocytes;
standardization of the optimized protocols with temperature monitoring and quality control;
exploration of DMSO-free, serum-free or even xeno-free media for cryopreservation; devel‐
opment of simple, reliable, and cost-effective devices that can be used at field sites for CPA
addition/removal, controlled cooling and transportation (cold chain); and more fundamental
cryobiological studies to avoid injuries to the cells.
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Abstract

Monoclonal antibodies (MoAbs) alone or in the combination of conventional therapies
have been used in the treatment of many benign or malign diseases. In the transplanta‐
tion setting, Moabs have been generally applied as a part of conditioning regimen in the
aims of the prevention of graft versus host disease and/or graft failure or treatment of un‐
derlying hematologic disease. The most frequent used moAbs for this purpose are rituxi‐
mab, alemtuzumab, Gemtuzumab Ozogamicin or radioimmunoconjugates. In this
chapter, we discussed the role of moAbs use in the conditioning regimens of allogeneic or
autologous stem cell transplantation.

Keywords: Monoclonal antibodies, Conditioning Regimen, Stem Cell Transplantation

1. Introduction

Monoclonal antibodies (MoAbs) to treat a variety of benign and malignant diseases are used
alone or in combination with conventional therapies. The use of MoAbs in autologous and
allogeneic hematopoietic stem cell transplant (allo-HSCT) is subject to the following conditions
for:

1. In vivo purging of graft and as a part of the conditioning regimens in the autologous or
allogeneic HSCTs, and/or

2. Prevention or treatment of graft versus host disease (GvHD) developed after allo-HSCT.

The goals of the use of the MoAbs for in vivo purging of graft and/or as a part of conditioning
regimens in autologous or allogeneic HSCTs are to obtain tumor-free stem cells, to reduce the
recurrence, and to provide the resulting increase in the efficacy of transplantation on the

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



underlying disease and the cure rate. Additionally, MoAbs in allo-HSCTs prevent the graft
rejection and/or reduce the frequency and severity of GvHD. More frequent used MoAbs in
the transplantation are: Rituximab, Radioimmunotherapeutics (RITs), Alemtuzumab, and
Gemtuzumab Ozogamisin.

2. Rituximab

Rituximab, the chimeric anti-CD20MoAb is mostly used to treat a broad variety of B-cell non-
Hodgkin’s lymphomas (NHL). Rituximab shows direct activity or complement-mediated
cytotoxicity and antibody-dependent cytotoxicity. There are numerous studies on the use of
conditioning regimens in autologous and allogeneic HSCTs settings.

The first study was reported by Flinn et al. [1] including 25 patients with a variety of NHL (11
follicular lymphoma, 7 mantle cell lymphoma, 5 chronic lymphocytic leukemia or small
lymphocytic leukemia, 1 lymphoblastic lymphoma, and 1 marginal zone lymphoma). In this
study rituximab was used for in vivo purging during the stem cell mobilization with cyclo‐
phosphamide (Cy) and also added in the myeloablative (MA) conditioning regimen including
mostly Cy plus total body irradiation (TBI) and a further dose given after the engraftment. As
a result, rituximab was well tolerated, engraftment was fast, and temporary neutropenia
developed in the mean of 99.5 days in six patients but clinically significant infection was not
reported.

Following study on the addition of rituximab for the conditioning regimen in autologous HSCT
has been published by Flohr et al. [2]. In this phase II study, 27 patients with a variety of B-cell
NHL in both the first day of the stem cell mobilization with chemotherapy and in the condi‐
tioning regimen,-10 and -3 days at the dose of 375 mg/square meter (sqm) rituximab have been
used. The overall response rate has been reported as 96%. In the median follow-up of 16
months, disease free survival (DFS) and overall survival (OS) have been estimated as 77% and
95%, respectively. Another study of Khouri et al. [3] have evaluated the efficacy of rituximab
use in the stem cell mobilization and after the transplantation in a total of 67 patients with
diffuse large B-cell lymphoma (DLBCL) and follicular lymphoma (FL). Rituximab (375 mg/
sqm) was infused 1 day before chemotherapy and again administered 7 days after chemo‐
therapy at 1000 mg/sqm. In addition, rituximab has been given to the patients on the first and
eighth day of 1000 mg/sqm dose following the high-dose BEAM conditioning regimen for
autologous HSCT. The results were retrospectively compared with those of a historical control
group (n=30 patients) receiving the same preparative regimen without rituximab. Although
neutrophil engraftment in the rituximab arm was late in a statistically significant proportion
(median 10 days vs.11 days, p <0.05), similar incidence of infection has been shown in the
patients who received rituximab compared with the control arm. In the median 20 months of
follow-up, they reported that the possibilities of progression-free survival (PFS) and OS
significantly prolonged in rituximab arm (PFS: 43% versus 67%, p = 0.004; OS: 53% versus 80%,
p = 0.002). In a multicenter study from 10 centers associated with the Italian group, the Gruppo
ItalianoTerapie Innovative nei Linfomi, when retrospectively compared the high-dose therapies
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with and without rituximab in the patients with DLBCL and FL undergoing autologous HSCT,
either as salvage or as first-line therapy for high-risk presentation, rituximab was administered
in four doses during the high-dose therapy immediately before peripheral blood collection to
exploit the drug’s in vivo purging effect, and two additional doses were usually used after
autologous-HSCT. They found the similar response rate and early transplant-related mortality
between rituximab (+) and (-), but the 5-year projected PFS and OS were better in those with
rituximab (+) (p<0.0001) [4].

Hick et al. have also evaluated the use of rituximab in 23 patients with relapsed FL during the
mobilization of stem cells for in vivo purging and during the 8th and 24th week after autolo‐
gous HSCT for a four-week maintenance treatment protocol [5]. This study showed that
rituximab provided permanent molecular remission in 77% of the patients associated with
significantly prolonged PFS versus those with continued polymerase chain reaction PCR
positivity.

Many single-arm phase II studies including small number of patients have been reported that
the addition of rituximab especially reduced intensity conditioning (RIC) regimens in alloge‐
neic HSCT settings reduced the incidence of acute or chronic GvHD and non-relapse mortality
(NRM) [7-11]. In these studies, rituximab has led to an increase of serious infections due to
long-term cytopenias and prolonged hypogammaglobulinemia.

Ultimately, there is no consensus regarding the dosage and scheme of rituximab use as a part
of conditioning regimen for autologous and allogeneic HSCT in these studies. In addition, it
is also not sufficient in randomized controlled trials demonstrating the superiority of adding
rituximab. Therefore, prospective multicenter randomized trials aiming to determinate the
exact role of rituximab for in vivo purging and/or as a part of conditioning regimens should
be made in lymphoma patients.

3. Radioimmunotherapeutics

Radioimmunotherapeutics (RITs) uses monoclonal antibodies directed against specific tumor
antigens labeled with a particle emitting radioisotope to deliver radiation directly to the tumor.
This type of treatment gives a high dose of radiation to tumor tissue and protects uninvolved
tissues and organs [12-13]. Labeled antibodies to the antigen over-expression in the target
tissue with radioactive substances specifically bind. For this purpose beta- particles are the
most frequently used: Radioactive particles connected the MoAb slowly give out its radiation
and kill the other nearby cells. This is called as cross fire. They give high tissue distribution
with high nucleotides in the target tissue and homogeneous energy and provide the myeloa‐
blation or affect the large tumor mass. To achieve a favorable biodistribution of a radiolabeled
monoclonal antibody, an ideal antigen would be expressed homogeneously on the tumor cell
surface and would lack expression on normal cells. Lacking such an antigen, methods to target
lineage-specific hematopoietic antigens, such as CD20, CD33, and CD45, have been success‐
fully developed in the autologous and allogeneic-HSCT setting.
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Currently there are two RITs in clinical use for indolent NHL [14]: Yttrium-90 ibritumomab
tiuxetan (90Y-IT) (Zevalin) and iodine-131 tositumomab (131I-T) (Bexxar). There are studies on
the use of high or standard doses as a part of the conditioning regimen for the transplantation.

3.1. High-dose RITs

Studies are generally on the use of single or combined with chemotherapy in the conditioning
regimen for autologous-HSCT. In the first study, Press et al. conducted the phase I study in 43
relapsed B-cell lymphoma patients, and the administration of anti-CD20 and anti-CD37
antibodies labeled 131I-T alone in the conditioning regimen was to evaluate the toxicity and
efficacy (15). The maximum tolerated dose was 27.25 Gy. However, researches have shown
that patients administered more than this dose had cardio-toxic effects. In addition, the
biodistribution of the antibodies in the patients with the large spleen size and a large tumor
mass were emphasized not to be good in the study. The overall response rate of 95% with high-
dose RIT (84% complete response and 11% partial response) and tumor response were
calculated as the median of 11 months. Subsequently, the same researchers have made a phase
II study with anti-CD20 labeled 131I-T in 25 patients with relapse NHL [16]. In this study, they
have reported that PFS was 62% and 93% of OS with the median 2-year follow-up. Similarly,
Liu et al. found a median PFS of 42% and 68% of OS in median 42-month follow-up [17]. This
was followed by similar studies regarding the use of the high-dose RITs. However, due to the
gamma radiation emitted by 131I-T most subsequent studies had been conducted with 90Y-IT,
a pure beta emitter [18-21]. There was no need to prolong strict patient isolation and contact
alert in 90Y-IT in contrast to131I-T. Besides, disease statuses prior to the transplantations in those
studies were also variable. Although the use of high-dose RIT was planned for the patients
unable to tolerate high-dose treatment, the majority of patients in the studies was under 60
years of age and had chemosensitive relapses. Additionally, there are no prospective studies to
prove RITs’ superiority to chemotherapy and/or radiotherapy. Furthermore, this treatment
should be administered in specialized centers.

3.2. Standard-dose RITs

To overcome the problems related to the safe yield of high-dose RITs, the efficacies of standard-
dose RITs combined with chemotherapy in preparative regimens of the transplantation have
been assessed in the following studies. The results in several single-arm studies not including
control group were impressive. In a randomized trial, the Blood and Marrow Transplant
Clinical Trials Clinical Trials Network (BMT-CTN) 0401 in which 131I-T-BEAM or Rituximab-
BEAM were given to the patients with chemosensitive relapse of DLBCL [22], disease control
and survival effects of RIT could not have been shown. A randomized study compared 90Y-IT-
BEAM with BEAM alone in recurrent B cell NHL was closed early by reason of the slow patient
recruitment. As their evaluation with a small number of cases, it was the first randomized
study that proved that higher DFS and OS were in the RIT arm. Nevertheless, the published
studies do not support the routine use of standard-dose RITs in DLBCL.

Some studies in chemorefractory DLBCL patients who underwent autologous-HSCT condi‐
tioned by standard-dose RIT have been reported as two or three year PFS and OS 39%–63%
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and 55%–67%, respectively [23-26]. In the European Mantle Cell Network MCL-3 study 90Y-IT
was given to patients younger than 66 years one week prior to BEAM or BEAC (Carmustine,
Etoposide, Cytarabine and Cyclophosphamide) conditioning regimen [27]. When compared
with the results of the MCL-2 study, they concluded that there was no benefit in the patients
undergoing autologous-HSCTas a first-line intensification treatment.

In allogeneic HSCT, RIT has generally been added to the RIC regimens in the refractory NHL
patients. One of the first studies where Shimoni et al. gave 90Y-IT with fludarabine-based
conditioning regimens to 12 patients with chemorefractory CD20+ NHL demonstrated the safety
of RIT [28]. Subsequently, several studies related to adding RITs to the conditioning regimen
have been published [29,30]. Although allogeneic HSCTs made by adding RITs to RIC regimes
have reliability in these studies, it has not been shown to be superior to the transplantations
with RIC regimens not including RIT yet.

There are some studies related to the adding of RITs to the preparative regimens in acute
leukemia and myelodysplastic syndrome (MDS) as well. Initially, 131I-labeled M195, the mouse
Moabs of lintuzumab (reactive with CD33) was used in 10 patients with relapsed or refractory
acute myeloid leukemia in a phase I study from the Memorial Sloan Kettering Cancer Center
[31]. Subsequently, 131I-labeled anti-CD33 MoAbs were added to standard myeloablative
regimen in 31 patients with refractory or relapsed AML (n=16), accelerated or blastic phase
chronic myeloid leukemia (CML) (n=14) or advanced myelodysplastic syndrome (MDS) (n=1)
underwent allogeneic HSCT from their related donor [32]. The median survival was calculated
as 4.9 months (range 0.3–90+ months). Three patients with relapsed AML remain in complete
remission more than 5 years.

Based on the feasibility of MoAbs, investigators have focused on the CD45, the other antigen.
The CD45 antigen, common leukocyte antigen, is expressed on the surface of virtually all
hematopoietic cells, except mature red cells and platelets. In addition, CD45 expression has
been detected in 85% to 90% of AML and ALL, and the antigen does not internalize after the
antibody binding. In a phase I study conducted by the Fred Hutchinson Cancer Center, RIT
with 131I-anti-CD45 has been implanted one week prior to the conditioning regimen including
Cy-TBI in AML beyond the first complete remission (CR), acute lymphoblastic leukemia, and
MDS-excess blast [33]. The patients of this study have undergone allogeneic HSCT from their
human leukocyte antigen (HLA) -identical relative donors or autologous HSCT. This first
study has shown that the radiation with acceptable toxicity should be given to the bone marrow
and spleen. Subsequently RIT with 131I-anti-CD45 has been added to the conditioning regimen
with busulfan (Bu) plus Cy (BuCy) in the patients with the first CR AML [34]. Three-year non-
relapse mortality and disease-free survival in this study was calculated at 21% and 61%,
respectively. They have reported that the results were comparable by the International Bone
Marrow Transplantation Registry (IBMTR) data using only BuCy in allogeneic HSCT.
Similarly Pagel et al. added the RIT to the RIC regimens in elderly patients with advanced stage
or high risk AML and showed the reliability of RIT in a phase I study [35]. Same researches
used the 131I-anti CD45 targeted radiotherapy in combination with Fludarabine plus 2 Gy TBI
in younger patients (age 16 to 50 years) with advanced AML or high-risk MDS who underwent
allogeneic HSCT [36]. They aimed to define the maximum tolerated dose (MTD) of radiola‐
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beled anti-CD45 antibody in addition to non-myeloablative conditioning regimes and to create
better antitumor control with minimal toxicity in comparison with standard myeloablative
regimens. Their study suggested that a maximum dose of 28 Gy could be delivered to the liver
and the arbitrary limit of 43 Gy to the marrow might be unnecessarily conservative. Conjuga‐
tion of anti-CD45 antibody with alternative radioisotopes including 90Y is currently explored
in clinical trials.

Another attempt in the studies was the use of anti-CD66 moAbs in leukemic patients. But
leukemic blasts do not express CD66. Therefore, the anti-leukemic effect of CD66 RIT depends
on “crossfire” from the beta-particles emitted by 188-Rhenium (Re). 188Re-labeled anti-CD66
moAbs were used as a part of the standard myeloablative conditioning regimen including total
body irradiation (12 Gy) (n = 30) or busulfan (n = 27) and high-dose cyclophosphamide +/-
thiotepa prior to allogeneic or autologous HSCT in 57 patients with high-risk AML or MDS
[37]. In median 26 months follow-ups, disease-free survival were 64% for 44 patients in the
first or second CR or in very good partial remission (less than 15% blasts in the marrow at
transplantation) and only 8% for those with more than 15% blasts in the marrow at transplan‐
tation. Likewise, targeted marrow irradiation with 188Re-anti-CD66 moAbs were used in 20
patients with Philadelphia chromosome-positive acute lymphoblastic leukemia or advanced
CML prior to allogeneic HSCT [38]. With a median follow-up of 54 months (range 23–81)
overall and disease-free survival were 29% (95%-CI 14–58) and 25% (95%-CI 12–53), respec‐
tively. Subsequently, conjugation of anti-CD66 with 188Re or 90Y were added to a reduced
intensity conditioning regimen in 20 patients with a median age of 63 years (range: 55–65 years)
suffering from acute leukemia (n=17) or MDS (n=3) [39]. The probability of survival was
estimated as 70% at 1 year and 52% at 2 years post-transplant. They concluded that 90Y-anti-
CD66 moAbs were more feasible and less nephrotoxic than 188Re.

Briefly, the use of RIT is an attractive approach to increase conditioning prior to HSCT. The
randomized studies in refractory aggressive or indolent NHL show the superiority of adding
RIT. Nevertheless, the addition of standard dose RIT to the conditioning regimen in autologous
transplantation is a valuable research topic. In allogeneic transplantation, until displaying the
superiority of RIT-based conditioning regimen in controlled randomized studies, this ap‐
proach should only be considered within clinical trials.

4. Alemtuzumab (Campath)

Alemtuzumab is a human originated MoAbs to CD52 that normally expresses on B and T
lymphocytes, macrophages, monocytes, natural killer cells, and some dendritic cells. While
alemtuzumab efficiently reduces both T and B cells from the circulating blood, it has minimal
or no effect on hematopoietic progenitor cells [40].

Anti-CD52 is often used in the treatment of chronic lymphocytic leukemia. But adding CD52
to the conditioning regimens in allogeneic HSCTs in many malign hematological diseases has
reduced the frequency and severity of GvHD as well as decreased the risk of graft rejection
[41-43]. Also alemtuzumab in combination with fludarabine and Cy in allogeneic HSCT for
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acquired aplastic anemia was associated with a very low incidence of chronic GvHD and
excellent survival [44-49]. However, the studies have reported that alemtuzumab led to
increase the frequency of opportunistic infection, in particular Cytomegalovirus, Epstein–Barr
virus, and Adenovirus, and the risk for the recurrence of the underlying disease due to the
reduction of graft versus tumor effects.

5. Gemtuzumab Ozogamisin

Gemtuzumab ozogamisin (GO) is a moAbs to CD33 conjugated with human calicheamicins.
It has been withdrawn from the market by the US Food and Drug Administration in 2010
because of the increasing risk of liver sinusoidal obstruction, and a lack of data for the efficacy
and safety. Recently many studies have been published about the use of GO in the treatment
of CD33+ AML patients as a part of induction therapy or consolidation [50-51]. Furthermore,
phase I/II studies have reported that the use of GO as a part of MA or RI conditioning regimens
in allo-HSCT setting could be safe and efficient in poor-risk AML patients [52-54]. In addition,
a pilot study has been recently published about the administration of GO combined with
azacytidine as the maintenance treatment of post-transplant relapses in AML [55].

6. Conclusion

Although many studies have been published for the additions of MoAbs to the conditioning
regimens for HSCTs, there are no sufficient data to determine the optimal dose and adminis‐
tration schedule of the MoAbs until now. However, rituximab recently has been widely used
in many single-arm studies in NHL patients who underwent allogeneic HSCT. Another
controversial issue is about the use of RITs. Randomized data do not support incorporating
RITs into the conditioning regimens for either autologous or allogeneic SCT settings. The high-
dose RITs should be used in refractory or advanced malign hematological disease in special‐
ized centers though lacking randomized data. The standard-dose RIT is also a good research
topic for lymphoid malignancies planning high dose therapy with autologous rescue or
allogeneic SCT.

Moreover, given the reduced risk of graft failure and GvHD with alemtuzumab but increased
risk of disease relapse and the incidence of opportunistic infections, the use of alemtuzumab
in the allogeneic SCT should be considered in patients with matched unrelated or mismatched
related donors. Owing to the shortage of studies on GO, another MoAbs, with the reuse, GO
should be used in clinical trials.

In conclusion, it is anticipated that additional MoAbs to the conditioning regimens will be
routinely used in the next door following by the proven clinical efficacy and safety.
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Abstract

Haploidentical hematopoietic cell transplantation (HaploHCT), with cells from HLA-
half-matched first degree related donors (siblings, children and parents), could revolu‐
tionize hematopoietic transplantation as it expands this form of treatment to
approximately 40% of patients who do not have an HLA-matched donor in USA. This
need is particularly acute in developing countries, which usually do not have an unrelat‐
ed donor registry and/or cost is a major issue in acquiring unrelated donor stem cells. Ac‐
cordingly, the number of haploSCTs done in USA, Europe, China, and developing
countries is on the rise. Advantages to HaploHCT include almost universal (more than
95% of patients will have a half-matched related donor) and immediate availability of do‐
nor progenitor cells, the opportunity to select the best donor among family members to
minimize treatment-related mortality, decrease relapse rate and improve outcomes [2],
and the possibility to collect donor cells for cellular therapy post-transplantation, with the
goal to enhance the anti-tumor effects of the graft. Despite its potential advantages, until
recently, high donor-recipient HLA-histoincompatibility has proven very difficult to
overcome.

Haploidentical transplants initially performed with conventional GVHD prophylaxis in
late 70’s led to a strong bidirectional alloreactivity, manifested by both high incidence of
primary graft failure of approximately 30% as well as the development of a syndrome
suggestive  of  hyperacute  GVHD  (manifested  with  seizures,  renal  failure,  respiratory
failure  in  the  majority  of  patients)  and very poor  outcomes.  To prevent  GVHD after
HaploHCT, ex vivo T-cell depletion (TCD) was used successfully in the 80’s [5]; howev‐
er, this approach resulted in a high incidence of graft rejection in up to 50% of cases [6].
This high incidence of graft failure, thought to be primarily related to the remaining T
cells in the recipients system and lack of donor T cells in the graft to support engraft‐
ment, was improved in the 90’s by intensifying the conditioning regimens, combining ex
vivo and in vivo T-cell depletion, and increasing the donor graft inoculum using “mega-
doses” of CD34+ cells. Primary engraftment was achieved in >90% patients with a low
GVHD rate [8].

In the past decade, significant progress has been made as investigators from around the
world have tried to overcome the fore-mentioned barriers in HaploHCT by using T-cell
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replete grafts with intensified GVHD prophylaxis, or by the use of methods to selectively
deplete T cells from the haploidentical graft [12]. In addition, the development of post-
transplant cellular therapy to prevent or treat disease relapse and infectious complica‐
tions after transplant has found an ideal applicability in related donor transplantation,
including haploidentical transplants.

Keywords: Haploidentical Hematopoietic, Stem Cell Transplantation

1. Introduction

A human leukocyte antigen (HLA)-matched sibling is the preferred donor for allogeneic
hematopoietic stem cell transplantation (AlloSCT); however, the probability of having such a
donor depends on the number of one’s siblings and is approximately 30% in the population.
The probability of finding a matched unrelated donor (MUD), the second preferred donor,
primarily depends on a patient’s race and ethnicity. While a Caucasian’s chance of having a
MUD is 75%, that of an African American is less than 20% [1, 2]. For those without an HLA-
matched donor, alternative hematopoietic progenitor cell sources include mismatched
unrelated donors, haploidentical related donors, and umbilical cord blood.

While a patient’s children and parents share one haplotype with the patient, the chance that
one’s sibling and cousin would share at least one haplotype is 75% and 37.5%, respectively.
Consequently, almost all patients with known parents have at least one haploidentical donor.
The use of haploidentical donors as an alternative to HLA-matched sibling donors (MSD) has
been gaining momentum recently [3], particularly after the advent of posttransplantation
cyclophosphamide [4], which rendered this form of transplantation easier and safer.

The primary challenge in AlloSCT from haploidentical related donors (HaploSCT) is over‐
coming the high HLA histoincompatibility barrier. In fact, first HaploSCT attempts in the late
1970s led to a strong bidirectional alloreactivity, leading to both high incidence of graft failure
and the development of hyperacute graft-versus-host disease (GVHD) [5, 6]. To prevent GVHD
after HaploSCT, ex vivo T-cell depletion (TCD) was used in the 1980s [7]; however, this led to
a high incidence of graft rejection due to the lack of T cells in the graft that would have
eliminated the remaining recipient T cells [8]. Outcomes after HaploSCT were improved in the
1990s by intensifying the conditioning regimen, combining ex vivo and in vivo T-cell depletion,
and increasing the donor graft inoculum using “mega-doses” of CD34+ cells [9]. This led to
intensified work on HaploSCT and, in the 2000s, Johns Hopkins group introduced a forgotten
method, high-dose cyclophosphamide early after graft infusion, bringing HaploSCT to
mainstream use. These strategies have been improved upon and newer ones are being
developed to tackle the high-HLA histoincompatibility barrier, while at the same time
fastening posttransplant immune reconstitution and preserving graft-versus-leukemia (GVL)
effect. These transplant approaches may be grouped into two: those including ex vivo T-cell
depletion or manipulation of the graft and those relying on modification/intensification of
GVHD prophylaxis without graft engineering. The strategies covered in this chapter and their
rationales are summarized in Table 1.
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Approach Mechanism and rationale Potential shortcomings

Complete/partial ex vivo T-cell depletion Most efficacious GVHD preventive
method

↑  graft rejection
↑  NRM and possible ↑  RI due to
delayed immune reconstitution

Treg and Tcon co-infusion Addition of Tcons to promote
immune reconstitution while
preventing GVHD with Tregs

Treg may decrease GVL effect
Treg/Tcon ratio needs to be
optimized

NK-cell co-infusion Addition of NK cells to enhance
GVL effect and decrease TRM

Clinical efficacy not proven

Engineered donor lymphocytes with a safety
suicide switch

To prevent/treat disease relapse
and improve immune
reconstitution post transplant.
Safety switch allowing T-cell
suicide in case of GVHD
precipitation →  higher T-cell doses
are possible

T cells are not targeted →  while
immune reconstitutive effect is
demonstrated, GVL effect is not
yet clear

T cells with chimeric antigen receptors T cells engineered to recognize
specific antigens (CD19) provide
GVL effect without GVHD

Clinical efficacy after HaploSCT
has not been shown yet

Allodepletion using anti-CD25 antibodies ex vivo depletion of alloreactive T
cells by targeting activation marker
CD25 after incubation with APC
recipients

Treg also express CD25
Clinical efficacy not proven
Possible effect on GVL response

Allodepletion with phototoxic dye ex vivo depletion of alloreactive T
cells with TH9402 that accumulates
in activated T cells

Clinical efficacy not proven
Possible effect on GVL response

Selective αβ T-cell depletion Preservation of γδ T cells (unlikely
to induce GVHD while effective
against infections with an innate-
like response) while eliminating αβ
T cells most responsive for aGVHD
Potential to avoid posttransplant
immunosuppression

Clinical efficacy not proven
Promising early data available
Possible effect on GVL response

Selective CD45RA+ T-cell depletion Elimination of CD45RA+ naïve T
cells (capable of precipitating
GVHD) while preserving memory
T cells (active against infections)
Potential to avoid posttransplant
immunosuppression

Clinical efficacy not proven
Possible effect on GVL response
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Approach Mechanism and rationale Potential shortcomings

Alloanergization Alloreactive T cells are anergized
by blocking co-stimulatory
CD80/86 signal

T cells are not depleted
↑  GVHD rate

High-dose posttransplantation
cyclophosphamide
RIC/NMA conditioning

Eliminating the alloactivated T cells
early after transplant without
affecting stem cells.
T-cell preservation allows lower
intensity conditioning extending
transplantation to elderly patients
Low incidence of cGVHD

Low cost
GVHD incidence higher than after
ex vivo T-cell depletion; however
similar to matched transplantation
Higher leukemia relapse incidence
after NMA conditioning

Myeloablative conditioning To decrease relapse incidence in
leukemia patients

↑  in NRM and possibly in GvHD

Peripheral blood as stem cell source To decrease relapse incidence and
possibly improve immune
reconstitution through higher T-
cell content in PB

↑  in acute GvHD potential

Intensified immune suppression To demeliorate immune reaction
both ways
G-CSF priming of BM and PB graft
to induce T-cell
hyporesponsiveness

Higher aGVHD and cGVHD
incidence

Legend: GVHD – graft-versus-host disease, NRM – nonrelapse mortality, RI – relapse incidence, Treg – regulatory T cells,
Tcon – conventional T cells, APCs – antigen-presenting cells, GVL – graft-versus-leukemia effect, RIC – reduced-intensity
conditioning, NMA – nonmyeloablative conditioning, HaploHCT – haploidentical transplantation, PB – peripheral blood,
BM – bone marrow, G-CSF – granulocyte–colony-stimulating factor, NK – natural killer

Table 1. The rationale and potential shortcomings of the current approaches in haploidentical stem cell
transplantation.

2. HaploSCT with ex vivo T-Cell depletion or manipulation

The first successful HaploSCT strategy was grafting a “mega-dose” of progenitor cells through
TCD of the bone marrow (BM) and peripheral blood (PB) products. To further decrease graft
rejection, in vivo TCD with antithymocyte globulin (ATG) and a myeloablative-conditioning
regimen were used [9]. Further technical revisions in the protocol led to primary engraftment
in 95% of patients [10]. Although GVHD rates were low, transplant-related mortality (TRM)
rate approached 40% primarily due to opportunistic viral infections, likely related to the
delayed immune reconstitution. Furthermore, the use of myeloablative conditioning restricted
this type of transplant to younger patients with good performance status. Two general
approaches were used to enhance GVL and immune reconstitution after TCD HaploSCT: (1)
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selective lymphocyte add-back during or after TCD graft infusion and (2) selective depletion
or deactivation of T cells capable of inducing GVHD while preserving the rest.

2.1. Selective lymphocyte add-back during or after TCD graft infusion

2.1.1. Co-infusion of regulatory T cells (Treg) and conventional T cells (Tcon)

Tregs modulate the immune system maintaining tolerance to self-antigens. Studies showed that
Tregs may suppress GVHD [11] and facilitate posttransplant immune reconstitution when
coinfused with Tcons [12]. Whether Tregs affect GVL effect is under investigation [13]. To boost
the GVL effect and immune reconstitution with Tcons while preventing GVHD with Tregs, Di
Ianni et al. infused donor Tregs before the infusion of TCD PB progenitor cells and donor Tcons

[14]. Of 28 patients, 26 achieved engraftment and 2 developed acute GVHD (aGVHD). Despite
the rapid development of a wide T-cell repertoire, 8 patients still died of opportunistic
infections. A recent follow-up study also demonstrated high engraftment, low GVHD, and
high TRM rates [15]. These findings suggest that adoptive immunotherapy with Tregs may
counteract the GVHD potential of conventional T cells in HaploSCT; however, the high
incidence of opportunistic infections and TRM remains a concern.

2.2. Natural Killer (NK) cells

It is thought that NK cells, a vital part of the innate immune system [16], recognize their targets
through both inhibitory and activating receptors. According to the widely used “missing self”
model, an NK cell recognizes a cell as foreign when the particular cell lacks one or more HLA
class I alleles specific to the inhibitory receptors (killer immunoglobulin-like receptors, KIRs)
on the NK cell [17, 18]. NK cells primarily attack hematopoietic cells sparing the solid organs;
therefore, they are almost incapable of causing GVHD [19]. NK-cell infusions after HaploSCT
have been utilized to exploit innate immunity against a variety of tumors [20]– [22]. Yoon et
al. reported no acute side effects in 14 patients who were infused with donor NK cells 6–7
weeks after T-cell replete HaploHCT using a reduced-intensity conditioning [23]. Two patients
who received NK-cell infusions during active leukemia did not have a response and 4 patients
developed cGVHD. More recently, the same group reported no acute toxicity after NK-cell
infusions up to 1 × 108 cells/kg. When compared with historical controls, NK-cell infusions
were associated with lower leukemia relapse rate [24]. Further studies are needed to assess the
utility of NK-cell infusions after HaploSCT, and such a study is currently recruiting patients
at our institution.

2.3. Engineered donor lymphocytes with a safety switch

Donor  lymphocyte  infusions  (DLI)  are  more  practical  after  HaploSCT  than  after  trans‐
plants from unrelated donors due to the availability of the related donors. While DLI may
be used to prevent or treat disease relapse and enhance posttransplant immune reconstitu‐
tion, it may also induce GVHD. T cells engineered to express safety suicide switches in case
of GVHD may be used for a safer DLI. Ciceri et al. engineered donor lymphocytes to express
Herpes simplex virus-thymidine kinase suicide gene (TK cells), which can be triggered by the
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use of ganciclovir [25]. TK cells were engrafted in 22 of 28 patients who underwent Hap‐
loSCT with  TCD–PB grafts  and received TK cells  once  a  month for  4  months.  Immune
responses against cytomegalovirus (CMV) and Epstein–Barr virus improved after TK-cell
infusions. Without any GVHD prophylaxis, 10 patients developed acute GVHD and required
ganciclovir resulting in abrogation of GVHD in all. There were no GVHD-related deaths or
long-term complications [25].

However, ganciclovir, a commonly used drug to treat CMV after transplantation, is not a well-
suited drug to induce suicide of T cells. Baylor group used an alternative approach and
engineered donor lymphocytes to express an inducible caspase-9 transgene (iC9), activated by
a bio-inert molecule, AP1903 [26]. All of 10 pediatric patients (age 3–17) who underwent
HaploSCT with TCD grafts and were infused with iC9-T cells between 30 and 90 days after
transplantation, achieved engraftment of iC9-T cells [27]. In 5 patients who developed GVHD
after iC9-T-cell infusion, iC9-T cells were >90% eliminated within 2 hours of AP1903 admin‐
istration, and GVHD was rapidly reversed. Viral replication or disease was resolved within 4
weeks of iC9-T-cell infusion in all patients who had evidence of viral replication. Although
very promising with a strong rationale, engineering T lymphocytes requires good manufac‐
turing practice (GMP) facilities and patient-specific tailoring and is expensive.

2.4. T cells with Chimeric Antigen Receptors (CAR)

Lymphocytes, irrespective of whether they have been engineered to express suicide genes or
not, have a broad target range that may or may not include the underlying malignancy. To
give them a specific target, T cells are engineered to express CARs (CAR T cells) – fusion
proteins with an extracellular antigen recognition moiety and an intracellular T-cell activation
domain. CAR T cells have significantly higher antitumor efficacy for B-cell hematological
malignancies without the added risk for the development of GVHD. Kochenderfer et al.
reported their findings in 10 patients who received anti-CD19 CAR T cells for B-cell malig‐
nancies relapsed after transplantation from matched related or unrelated donors [28]. All
patients had received standard DLIs prior to CAR T cells with only 2 responses. Two patients
achieved responses lasting >3 and >9 months after CAR T-cell infusions, whereas 6 patients
achieved stable disease lasting between 1 and more than 11 months. None of the patients
developed GVHD after the infusion.

CAR T cells after HaploHCT may also be generated from the same donor and used to prevent/
treat relapses. At our institution, we have so far treated 3 acute lymphoblastic leukemia (ALL)
patients – one with active disease – with HaploSCT followed by CAR T cells. All patients
tolerated the infusions well with no significant GVHD. The two patients who received CAR T
cells as preemptive therapy are alive in remission more than 6 months post transplant, whereas
the other patient died of disease relapse. To our knowledge, these are the first HaploSCT
patients treated with CAR T cells. Although the experience is limited, the prevention of disease
relapse post transplant for high-risk ALL patients appears to be the most important therapeutic
benefit of CAR T cells presently.
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2.5. Selective T-Cell depletion/deactivation of the graft

2.5.1. Allodepletion

Allodepletion methods include, first, generating an alloresponse by co-culture of donor T cells
and recipient cells and, then, depleting the activated donor T cells through surface activation
markers or photoactive dyes, which are preferentially retained in activated T cells [29].

Amrolia et al. used an anti-CD25 immunotoxin to deplete alloreactive lymphocytes ex vivo.
Allodepleted lymphocytes of 104–105 cells/kg were infused on days 30, 60, and 90 of TCD
HaploSCT in 16 patients (median age 9 years) [30]. Only two patients developed grade II–IV
acute GVHD, and a wider T-cell receptor (TCR) repertoire was observed 4 months after the
transplant compared with the retrospective controls. Nevertheless, 9 patients (56%) died due
to relapsed disease (5), infection (3), and interstitial pneumonitis (1).

Depletion based on CD25 expression may not be the optimal approach as Tregs also express
CD25 on their surface. An alternate method to deplete activated T cells using TH9402, a
phototoxic dye that accumulates in activated T cells due to their inability to efflux rhodamide-
like drugs, was also developed [29, 31, 32]. Bastien et al. showed that photodepletion in
transplanted patients with resistant chronic GVHD eradicated proliferating T cells while
sparing Tregs [33]. HaploSCT with photodepleted T cells may be possible and requires further
clinical studies.

Although allodepletion has a strong rationale, clinical studies to date are limited, and its broad
use is severely hampered by the requirement of cell cultures in a GMP facility.

2.5.2. Alloanergization

For activation of T cells, two signals from antigen-presenting cells (APCs) are required:
presentation of the immunogenic peptide on major histocompatibility complex activating the
TCR and a costimulatory or an inhibitory signal through CD80/86 and CTLA-4 on APCs,
respectively, to the CD28 on T cells. Although a costimulatory signal would lead to differen‐
tiation to Tcons, an inhibitory signal from CTLA-4 would induce anergy and the development
of Tregs [34] allowing transplantation of histoincompatible allografts [35].

Guinan et al. showed the feasibility of HaploSCT using a BM graft in which donor T cells were
anergized through incubation with recipient’s mononuclear cells and CTLA-4-Ig [36]. Of 12
patients transplanted, 1 died early post transplant, 11 achieved sustained engraftment, and 3
developed acute GVHD. No deaths due to GVHD occurred in this group. In a follow-up study,
5 of 24 transplanted patients were reported to develop severe aGVHD and 12 patients died
within 200 days of transplantation (5 due to infection) [37]. Similar to allodepletion methods,
use of alloanergization is restricted to those centers with GMP facilities.

2.5.3. CD45RA depletion

Various classification schemes of T cells exist according to their cell surface phenotype and
functional activity [38]– [40]. Majority of T cells that can respond to minor H antigens and cause
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GVHD are thought to be never exposed to their cognate antigen, in other words, naïve (TN),
with a CD45RA+CD62L+ surface phenotype [41]. Several in vitro and mouse studies support
this hypothesis [42]– [46]. However, depletion of CD45RA+ naïve T cells is not straightforward,
as a subset of CD34+ hematopoietic progenitor cells also express CD45RA [47]. To preserve
the progenitor cells, Bleakley et al. devised a two-step procedure in which donor-apheresed
PB is first selected for CD34+ cells, and then CD34-negative fraction was depleted for CD45RA
to preserve all CD34+ cell subsets [48]. Conversely, investigators at St. Jude chose to deplete
CD3+ cells from the first day – preserving all CD34+ cells – and CD45RA+ cells from the second-
day apheresis products [49]. A 4.5-log depletion in TN cells was detected in the final product
to be infused. In 8 pediatric patients who underwent HaploSCT after myeloablative condi‐
tioning, the use of CD3/CD45RA depleted grafts led to engraftment in all and development of
GVHD in none of the patients [49]. On posttransplant day 30, almost all T cells were negative
for CD45RA. After a median follow-up of 171 days, none of the patients died of infectious
complications. Although very promising, these results need to be verified in larger cohorts
and in adults.

2.5.4. Alpha-beta T-cell depletion

γδ T cells, with TCRs made up of one γ (gamma) and one δ (delta) chain, possess properties
of both innate and adaptive immune system with rapid, innate-like responses and rearranged
TCRs yielding adaptability [50]. Remarkably, γδ T cells are thought not to require antigen
processing and HLA presentation of antigens, rendering them unlikely to induce GVHD,
whereas αβ T cells are thought to be the primary cause of GVHD [51]. Accordingly, a faster
recovery of γδ T cells after SCT has been associated with longer disease-free survival [52].
Recently, methods to deplete αβ T cells preserving γδ T cells have been developed [53].

Of the few clinical studies available, Bertaina et al. reported primary engraftment in 44 of 45
children (median age of 10 years) with acute leukemia who underwent HaploSCT with TCR-
αβ and CD19-depleted PB grafts [54]. With the only pharmacologic GVHD prophylaxis of pre-
transplant ATG, none of the patients developed grade III–IV acute GVHD, whereas 13 children
developed grade I–II skin-only GVHD. Two patients died of infectious complications. After a
median follow-up of 11 months, the 2-year leukemia-free survival was 75%. On a follow-up
study of 23 children with nonmalignant disorders, the same strategy led to a TRM of 9.3% and
grade III–IV acute GVHD was not found. As with CD45RA depletion, these results are
promising but need to be verified in larger cohorts and in adults.

3. HaploSCT without graft engineering

A highly effective GVHD prevention is necessary to overcome the intense bidirectional
alloreactivity (in both graft-versus-host and host-versus-graft directions) associated with
HaploSCT. Ex vivo TCD is the most efficacious method to prevent GVHD; however, (1) it
requires myeloablative conditioning to ensure engraftment compensating for the lack of donor
T cells eradicating residual recipient immune cells, (2) it requires a relatively sophisticated cell
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alloreactivity (in both graft-versus-host and host-versus-graft directions) associated with
HaploSCT. Ex vivo TCD is the most efficacious method to prevent GVHD; however, (1) it
requires myeloablative conditioning to ensure engraftment compensating for the lack of donor
T cells eradicating residual recipient immune cells, (2) it requires a relatively sophisticated cell
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processing laboratory, and (3) it is associated with slower recovery of cell-mediated immune
system. To overcome these hurdles, either T-cell depletion methods were modified or aug‐
mented as outlined above or a robust GVHD prophylaxis regime was used in place of ex vivo
TCD. The latter is typically achieved by either posttransplantation cyclophosphamide or
intensification of the traditional GVHD prophylaxis.

3.1. Posttransplantation high-dose cyclophosphamide (Post-Cy)

In 1960s, Barenbaum et al. demonstrated that Post-Cy could prevent skin graft rejection when
administered 2–3 days after allografting in a mouse model [55]. This forgotten method was
revived by the Johns Hopkins group in the late 1990s when they showed that Post-Cy attenu‐
ated lethal and nonlethal GVHD in mice and prolonged their survival [4]. Cyclophosphamide
is thought to prevent GVHD by eliminating rapidly dividing donor T cells induced by the
major HLA mismatch early after the haploidentical graft infusion. Furthermore, quiescent
progenitor cells and memory T cells in the graft are less susceptible to cyclophosphamide due
to their high levels of aldehyde dehydrogenase [4, 56].

Post-Cy has been adapted to HaploSCT using nonmyeloablative conditioning and BM grafts
that have a lower T-cell content than PB grafts [4, 57]. After various single-center reports, the
multicenter BMT CTN 0603 trial demonstrated the feasibility of Post-Cy in HaploSCT with
an acceptable incidence of GVHD (32% acute grade II–IV and 13% chronic GVHD) and very
low TRM [58]. The disappointingly high relapse incidence (45%) was primarily attributed to
the use of nonmyeloablative conditioning for patients with acute leukemias. Conversely, Post-
Cy has yielded particularly impressive results in patients with lymphoma. A retrospective
analysis  of  151 consecutive patients  with poor risk or  advanced lymphoma who under‐
went HaploSCT with Post-Cy revealed a progression-free survival of 40% at 3 years [59],
similar to what has been observed in patients with Hodgkin’s disease after HLA-matched
transplants [60].

3.1.1. Post-Cy after myeloablative conditioning

Relatively high relapse rates with Post-Cy approach in patients with acute leukemia prompted
researchers to intensify the conditioning regimen. Early results from the Johns Hopkins group
with Post-Cy after myeloablative conditioning demonstrated acceptable GVHD and engraft‐
ment rates, albeit in a pediatric and young adult cohort [61]. More recently, Raiola et al.
reported grade II–III acute GVHD incidence of 12% and disease-free-survival of 68% after a
median follow-up of 333 days in a cohort of 50 patients with high-risk hematological malig‐
nancies who underwent HaploSCT with Post-Cy and busulfan or total-body irradiation (TBI)-
based myeloablative conditioning [62]. Our experience with Post-Cy approach using a
myeloablative yet reduced-intensity conditioning with fludarabine, melphalan +/− thiotepa
(subsequently changed to 2 Gy TBI) has been very good, with TRM and progression-free
survival of 21% and 53% after a median follow-up of 14 months in 57 patients with advanced
hematological malignancies [63]. Updated results for our first 100 patients treated showed a
3-year PFS of 56% for patients with acute myeloid leukemia (AML) in CR1/CR2 or chronic-
phase CML (chronic myeloid leukemia), 62% for patients with lymphoid malignancies, and
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44% for patients with advanced acute lymphoblastic leukemia [63], results comparable with
matched transplants.

3.1.2. Post-Cy with peripheral blood grafts

With a higher T-cell content, the use of PB grafts may lead to faster posttransplant immune
recovery and improve graft-versus-leukemia effect with the expense of higher GVHD inci‐
dence. Raj et al. reported that while the incidence of grade II−IV aGVHD appeared to be twice
as much as with a BM graft, the incidence of severe grade III−IV aGVHD was not much higher
than with a BM graft [64]. Nevertheless, it remains to be seen if outcomes with a PB graft are
as good as with a BM graft in this setting. If the higher incidence of aGVHD has a negative
impact on outcomes, an optimized PB graft will likely be needed.

3.2. Intensification of traditional GVHD prophylaxis

The Chinese investigators developed a different approach to control GVHD after HaploSCT.
They used a myeloablative conditioning regimen, an intensified GVHD prophylaxis with ATG,
cyclosporine, methotrexate, mycophenolate mofetil, and a donor graft composed of granulo‐
cyte–colony-stimulating factor (G-CSF)-primed BM and PB progenitor cells (GIAC protocol
after G-CSF, intensified immunologic suppression, anti-thymocyte globulin, and combination
of PB and BM grafts) [65]. Incidences of GVHD in 250 acute leukemia patients were higher
than those seen with Post-Cy (46% grade II−IV aGVHD and 54% cGVHD), whereas almost all
patients had successful engraftment. Di Bartolomeo et al. obtained similar results in Europe
but reported a lower GVHD incidence using different myeloablative regimens and only a BM
graft [66].

4. Haploidentical donor selection

Most patients requiring SCT have more than one haploidentical donor. The presence of
recipient antibodies against donor-specific HLA, KIR mismatch predicting NK-cell alloreac‐
tivity, degree of HLA mismatch between donor and recipient, mismatch for noninherited
maternal versus paternal alleles, donor age, and ABO-match may be important determinants
of donor selection for HaploSCT.

Previous pregnancy or blood product transfusions may induce recipient anti-HLA antibodies
against donor HLA antigens (DSA). The presence of DSAs is associated with increased risk of
graft rejection [67]– [70]. Plasma exchange or rituximab may be used for recipients with DSA.

NK cells primarily attack hematopoietic cells sparing solid organs [19] and express inhibitory
receptors, KIRs, that recognize epitopes shared by HLA class I alleles [16, 71]. In recipients
lacking HLA class I alleles specific to the donor KIRs, donor NK cells may prevent GVHD and
disease relapse by eliminating residual recipient antigen-presenting cells and leukemia cells
[17, 72]. Accordingly, KIR mismatch between recipient and donor has been associated with
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improved HaploSCT outcomes with both TCD and T-cell replete grafts [17, 72]– [74]; however,
this finding has been disputed by other researchers [75, 76].

Although a progressive increase in TRM with increasing genetic disparity has been historically
reported, contemporary transplant strategies may negate this correlation by overcoming larger
histoincompatibility barriers. In fact, Kasamon et al. and Wang et al. reported a similar
incidence of acute GVHD and TRM after HaploSCT from full-haplotype mismatched donors
compared with those from better-matched donors [77, 78].

The immune system is subject to senescence with advancing age. Accordingly, in the largest
HaploSCT cohort published to date, Wang et al. reported a lower incidence of GVHD with
younger donors compared with older ones [78]. Moreover, having a maternal donor was
associated with a higher GVHD incidence and TRM than having a paternal donor. The latter
is in contrast to the findings from a small registry study in which HaploSCT from maternal
donors was found to be associated with lower TRM and longer OS compared with those from
paternal donors [79]. Consequently, van Rood et al. demonstrated no significant differences
in TRM, survival, or acute GVHD rates between HaploSCT from maternal and paternal donors
[80]. The discrepancies between these studies are difficult to explain. However, both Wang et
al. and van Rood et al. also found that HaploSCT from a sibling with a noninherited maternal
antigen (NIMA) mismatch was associated with a lower GVHD incidence than that from a
sibling with a noninherited paternal antigen (NIPA) mismatch supporting the hypothesis that
the immunologic tolerance developed between the mother and the fetus during pregnancy [81,
82] may affect the transplant outcomes if the mismatched haplotype is of maternal origin. It is
possible that although an immunologic tolerance is developed primarily in fetus against
NIMA, immunity to minor histocompatibility antigen-encoded genes on the Y chromosome
remains in the mother [83, 84]. Finally, older multiparous women may be the least preferred
donors for male recipients [85].

Transplants involving a major ABO incompatibility require mononuclear cell separation to
prevent a hemolytic reaction, which reduces the graft cell dose. If maximizing the infused stem
cell dose is indeed important in HaploSCT, then younger, larger donors without a major ABO
incompatibility with the recipient should be preferred.

With conflicting data, it is difficult to identify the optimal haploidentical donor. Until further
evidence is available, we recommend the donor decision be based on age, NIMA mismatch,
KIR mismatch, relation to the patient (mother the last choice), presence and level of anti-HLA
antibodies, and ABO mismatch.

5. Outcome comparison with other transplant types

It was just over a decade ago when results from HaploSCT were significantly worse than those
from matched and one-antigen mismatched unrelated donors [86]. Currently, the outcomes of
HaploSCT are reported to be in par with those of transplants from HLA-matched donors.
Among adults with intermediate- or high-risk acute myeloid leukemia in first complete
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remission, Wang et al. did not find any significant difference in survival, relapse rate, and TRM
between transplants from HLA-identical siblings and haploidentical donors [87]. All trans‐
plants were performed with GIAC protocol except that ATG was not used in those from HLA-
identical siblings. In another retrospective analysis, Raiola et al. reported a lower TRM with
HaploSCT compared with cord blood and unrelated transplants and a longer survival
compared with cord blood transplants [88]. In this cohort, Post-Cy and mostly ablative
conditioning were used for HaploSCT. Kanda et al. reported worse survival and higher
incidence of grade III–IV acute GVHD after HaploSCT compared with transplants from HLA-
identical siblings [89]. However, in this study, HaploSCTs were performed with unmanipu‐
lated PB grafts and a GVHD prophylaxis including only alemtuzumab and mycophenolate
mofetil without Post-Cy. Using the Post-Cy approach, Bashey et al. demonstrated similar
outcomes between HaploSCT, transplants from matched related donors, and matched
unrelated donors, with probabilities of disease-free survival of 60%, 53%, and 52%, respectively
[90]. We have recently compared the outcomes of a uniform cohort of 227 patients with myeloid
malignancies treated with the same conditioning regimen (fludarabine and melphalan) and
found similar results. The 3-year disease-free survival for patients in complete remission after
transplants from matched sibling, matched unrelated, and haploidentical donors were 51%,
45%, and 41%, respectively (p = 0.4) with similar immune reconstitution between the three
groups [91].

6. Conclusion

Outcomes of HaploSCT have improved dramatically over the past several years, and its use
has extended transplantation to virtually all patients in need. Although the optimal strategy
to overcome the HLA–histoincompatibility barrier is debated, Post-Cy for GVHD prevention
requires less resources and is associated with low TRM establishing itself as the new standard
in HaploSCT. Novel methods for performing haploidentical transplants will have to be
eventually compared with this approach. HaploSCT with Post-Cy has the potential to be the
preferred transplant option for patients without HLA-matched donors worldwide, especially
in developing countries where the cost of developing and maintaining unrelated donor
registries or acquiring progenitor cells from the international registries might be prohibitive.
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Abstract

Huntington’s disease (HD) is a rare neurodegenerative disease inherited in an

autosomal dominant pattern. Expanded cytosine-adenine-guanine (CAG) repeats

(polyQ) in the huntingtin gene cause the aggregates of abnormally expanded polyQ-

containing huntingtin protein, and striatal medium spiny neurons are shown to be

the most vulnerable. Affected patients develop cognitive, motor, and psychiatric

symptoms typically in middle age, and several pharmacological drugs are currently

used for symptomatic relief. Since the effect of current therapies is very limited and

there is no way to modify disease progression, there is an unmet need for developing

new therapies for HD. Toxin or genetic rodent models are widely used for drug

development, and large animal models are also available. Previous studies trans‐

planting cells originating from embryonic or fetal striatal tissues, neural stem cells,

mesenchymal stem cells, and induced pluripotent stem cells (iPSCs) in HD animal

models have shown the possibilities of clinical trials. Because clinical trials performed

using human fetal striatal cells have shown variable outcomes, future directions of

cell therapy in HD should consider the reconstitution of a functional dynamic

information-processing circuit without ectopic connections. Another major challenge

is to achieve controlled differentiation of embryonic stem cells or iPSCs into specific

neuronal phenotypes.

Keywords: Huntington’s disease, Animal models, Stem cells, Cell therapy, Trans‐
plantation
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1. Introduction

Huntington’s disease (HD) is an inherited neurodegenerative disease caused by expanded
CAG repeats in the huntingtin gene (Htt) on chromosome 4, which give rise to the formation
of aggregates of mutant huntingtin proteins. Affected patients gradually develop cognitive
decline, motor dysfunction (i.e., chorea or bradykinesia), and psychiatric disturbance that lead
to progressive disability and death within approximately 15–20 years of disease onset. Since
Huntington’s disease is inherited in an autosomal dominant manner (i.e., 50 % of children are
at risk) and the symptom onset occurs typically in middle age (median age, 35–40 years),
affected patients and their family members suffer from significant economical and psycho‐
logical burdens. Unfortunately, current therapies only target symptomatic reliefs and their
effects are very limited, so the need for developing new therapies for HD is in high demand.

It is important to rescue these vulnerable medium spiny neurons (MSNs) by slowing the
inexorable loss of striatal neurons and to delay the loss of striatal volume in affected patients,
in view of HD pathology where striatal MSNs are shown to be most affected. More recently,
stem cell strategy has been proposed to restore GABAergic striatal projection neurons into the
putamen and the caudate, thereby reestablishing the degenerating striatopallidal circuit.
According to previous research, transplanted cells originating from embryonic or fetal striatal
tissues in HD animal models are connected with appropriate targets in the host brain and
function both electrophysiologically and neurochemically to certain extents. Although clinical
trials based on these preclinical studies have been performed using human fetal striatal cells,
they have shown variable outcomes: some describe no benefit while others have indicated
some clinical improvements with reduced motor dysfunction or slowed disease progression.
However, because the use of human fetal tissues raise ethical issues and their genetic dissim‐
ilarity to the recipient is associated with the risk of immune rejection, other suitable non-fetal
cell sources of syngeneic donor tissue would be advantageous. Recently, although induced
pluripotent stem cells (iPSCs) generated from skin fibroblasts of HD patients have been
demonstrated as an alternative autologous cell source, these HD patient-derived iPSCs carry
genetic mutations, meaning that they have to be corrected to normal genes in order to be used
for cell therapy. For clinical applications, it will be essential to use transgene-free reprogram‐
med iPSCs that are derived from patients under good manufacturing protocol (GMP) condi‐
tions. In addition to this iPSC approach, it may be worthwhile to consider using mesenchymal
stem cells (MSCs), which are widely used in clinical trials, for the treatment of HD.

In this review, we describe the characteristics and limitations of current therapeutics and the
need for developing novel ones. Then, animal models commonly used in HD research, various
cell sources for transplantation, and the results and problems of preclinical and clinical studies
so far are also discussed. Finally, we discuss the future directions of HD research and the
clinical applications of stem cells. By doing so, we aim that the readers can acquire a thorough
knowledge of HD and an understanding of the need for and the current view of cell therapy
in HD.
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2. Characteristics of Huntington’s Disease

Huntington’s disease (HD) is a progressively deteriorating neurodegenerative disorder caused
by expanded polyglutamines (polyQs) with more than 35 CAG repeats in the huntingtin gene
(Htt) on chromosome 4. Htt protein is approximately 350 kDa and is composed of ten HEAT
(huntingtin, elongation factor 3, protein phosphatase 2A, and the yeast P13-kinase TOR1)
repeats, which form α-helical structures participating in intracellular transport [1]. Htt protein
is a ubiquitously expressed soluble protein [2]. Cytosolic Htt has been shown to bind micro‐
tubules and vesicles [3], whereas up to 5 % of Htt protein has been shown to locate within the
nucleus [4]. Htt protein is known for its involvement in microtubule-mediated vesicle trans‐
port, endocytosis, secretory process, and regulation of gene transcription/RNA trafficking, in
line with its location within the cell [5].

Interference with transcriptional regulation (e.g. CREB)
Decline of neurotransmitter receptors and brain-derived neurotrophic factor (BDNF) level
Interference with chaperone, proteasome (UPS), and autophagy activities
Disrupted axonal transport and synaptic transmission; cytoplasmic sequestration of transcription factors
Mitochondrial (complex I/II) dysfunction: calcium dysregulation/defective energy metabolism
Excitotoxicity via NMDA glutamate receptors
Activation of microglia and macrophages
Increased Kynurenine 3-monooxygenase (KMO) and 3-hydroxykynureine production: oxidative stress
Apoptosis/Necrosis

Table 1. Pathologic mechanisms of Huntington’s disease

It is still under debate whether the effect of mutant Htt protein is through a “gain-of-toxic
function” or a “loss of function,” and various mechanisms have been suggested to elucidate
the pathologic mechanisms of HD (Table 1). For example, mutant Htt that is translocated into
the nucleus can interfere with gene transcription via either direct binding to DNA or interacting
with several mediators including CBP (cAMP response element binding protein), NCoR
(nuclear receptor corepressor), SP1 transcription factor, basal transcription factors, and REST
(repressor element 1 silencing transcription factor) element [6, 7]. This reduced transcription
can decrease the level of brain-derived neurotrophic factor (BDNF) in the brain of HD patients.
Other loss-of-function mechanisms of Htt for disease pathogenesis have also been proposed
[8, 9]. It is worth noting that Htt is necessary for early embryonic development and Htt-null
mice demonstrate increased apoptosis [10]. A “gain-of-toxic-function” is another important
mechanism of toxicity of mutant Htt. For instance, because a highly expanded Htt gene in HD
leads to an Htt protein containing an abnormally expanded polyQ segment, toxic N-terminal
fragments of abnormal ß-sheets are formed [11]. Other posttranslational factors also promote
toxicity of mutant Htt, such as conformational change, aggregation propensity, cellular
localization, and clearance rate. Mutant Htt binds to mitochondria and alters mitochondrial
metabolism, which may result in energy defects, oxidative stress, and disturbed calcium
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homeostasis [12]. Moreover, protein clearance systems are shown to be impaired in HD
patients and in models [13]. Irrespective of the mode of patho-mechanism, Htt aggregates
within the cytoplasm and the nucleus, and selective neuronal cell loss and atrophy occur
predominantly in the striatum and the neocortex [14]. Altogether, HD develops mainly
through a “gain-of-toxic-function” mechanism from an abnormal conformation of mutant Htt
[15, 16].

HD is an inheritable disease passed down in an autosomal dominant manner. The prevalence
of HD is 4–10 per 100,000 in Western countries and approximately 0.4 per 100,000 in Asian
countries [17]. Disease onset is typically in middle age (median age, 35–40 years), but it can
also occur less commonly in juveniles and in old age depending on the CAG repeat number
and/or modifying genes and environmental factors [18]. The studies on the relationship
between CAG repeat number and disease manifestation demonstrated that there is an inverse
correlation between age at initial symptom onset and the length of the expanded CAG repeat
[19], and the correlation determines the age of onset with approximately 50–60 % variation [20,
21]. During HD, the disruption of the corticostriatal pathway, the main pathway affected,
causes progressive cognitive decline, motor dysfunction, psychiatric disturbance, and ulti‐
mately death within approximately 15–20 years [22]. Although CNS degeneration attributes
to these core symptoms, widespread pathology throughout the body may also contribute to
other general symptoms such as weight loss, skeletal muscle wasting, metabolic and endocrine
dysfunction, and dysfunction of cells of the hematopoietic lineage [13, 23].

Large aggregates of abnormally expanded polyQ-containing Htt protein, which form intra‐
nuclear inclusion bodies, are the pathological signatures of HD. Although the aggregates of
mutant Htt are widespread throughout the brain and body, the striatum-selective damage
encompassing the loss of striatal volume and up to 95 % loss of GABAergic medium spiny
neurons (MSNs) is seen in the corticostriatal pathway [24]. This striatal selectivity might be
explained by a possible involvement of a Ras homolog enriched in striatum (Rhes), a striatal-
specific protein that binds to mutant Htt and increases the cytotoxicity of Htt through SU‐
MOylation in HD pathogenesis [25]. Other than SUMOylation by Rhes, posttranslational
modifications generally on the N-terminal 17 amino acids of Htt, including phosphorylation,
ubiquitination, palmitoylation, and SUMOylation of huntingtin-associated (interacting)
proteins, have important roles in modulating the toxicity of Htt as well as the selective neuronal
loss [26]. Among the posttranslational modifications, phosphorylation has been shown as the
major process for modulating Htt. Phosphorylation at serines 13 and 16 of Htt has been
demonstrated to be protective against motor and psychiatric dysfunction and neuropathology
[27]. Palmitoylation of Htt at cystein 214 has been shown to enhance its membrane association,
whereas an expanded Htt shows less palmitoylation and an associated increase in neuronal
toxicity [28]. Small ubiquitin-like modifiers (SUMO) are proteins that covalently attach to and
detach from the target protein to modify their function, a process described as SUMOylation.
Several SUMO proteins are known to interact with Htt-related proteins (huntingtin-associated
protein 1 (HAP1) and transcription elongation regulator 1) [13], and SUMOylation of these
proteins by SUMO may be related to the pathogenesis of HD. Lastly, a disruption of BDNF
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support or an increased susceptibility to glutamatergic excitotoxicity of the neuronal circuit
between the cerebral cortex and the striatum can lead to HD pathogenesis [29].

In HD pathogenesis, selective striatal neuronal loss comes not only from cell-autonomous
toxicity but also cell-cell interactions. Cell-cell interactions occur between both interneuro‐
nal connections and between glial cells and neurons. In interneuronal connections, mutant
Htt  causes  increased  stimulation  of  extrasynaptic  glutamate  receptors  and  a  decreased
reuptake of glutamate by glia,  leading to enhanced excitotoxicity and metabolic toxicity.
Neuron and glia coculture experiments showed that expressing mutant Htt in glia triggered
neuronal  death  only  in  cells  expressing  mutant  Htt,  providing  evidence  for  the  role  of
mutant  Htt  in  neuronal  excitotoxicity  [30].  Further,  HD patient-derived astrocytes  alone
were  shown  to  replicate  HD  pathology  when  Htt  with  expanded  CAG  repeats  was
expressed [31].  Similarly,  in astrocytes,  transgenic expression of mutant Htt alone led to
HD-like symptoms or worsened disease progression when crossed into existing HD models
or even into normal mice [32]. In HD patients, microglia are activated in prodromal stages,
and then symptoms manifest in HD. The level of microglial activation has been shown to
correlate with disease severity and striatal loss in vivo [33, 34].

3. Current therapeutics in clinical practice and its limitation: Need for
developing novel therapeutics

Several pharmacological drugs are currently used for symptomatic relief of HD symptoms
such as hyperkinetic involuntary movements and mood disorders, and there is no way to
modify disease progression. For hyperkinetic involuntary movements including chorea,
myoclonus, and dystonia, dopamine-depleting agents (tetrabenazine), antipsychotics (halo‐
peridol, pimozide, clozapine, olanzapine, ziprasidone, aripiprazole, risperidone, and quetia‐
pine), benzodiazepines (clonazepam), anticonvulsants (sodium valproate and levetiracetam),
and botulinum toxin can be prescribed. Because tetrabenazine is not only a dopamine-
depleting agent but may also decrease brain serotonin and norepinephrine concentrations, it
potentially causes or aggravates depression [35]. Various neuroleptics (olanzapine, quetiapine,
risperidone, sulpiride, haloperidol, and clozapine) that are also used for psychiatric symptoms
should be administered with caution because they may induce tardive dyskinesia and other
adverse effects. Clozapine is well known for being costly and inducing irreversible agranulo‐
cytosis. For mood disorders, antidepressants (citalopram, fluoxetine, paroxetine, sertraline,
mirtazapine, and venlafaxine) and anxiolytics (benzodiazepines, propranolol, and clonidine)
are used [13]. A range of psychiatric drugs can alleviate some of the more overt disturbances
of mood and hyperactivity in HD; however, these drugs have limited effects and are associated
with side effects [36]. There is limited evidence in the literature for the use of acetylcholines‐
terase inhibitor (rivastigmine and donepezil) for cognitive dysfunction in HD [36, 37].

Behavioral  and social  interventions are often as effective as drug therapy for behavioral
difficulties. For instance, weight loss frequently leads to general weakening [38] and a higher
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body mass index has been associated with a slower rate of disease progression [39], meaning
that  adequate  nutrition  may  be  another  important  aspect  of  therapy.  Other  than  nutri‐
tion,  environmental  enrichment and physical,  speech,  and occupational  therapy are also
usually recommended to delay the onset  of  HD, some of  which have been validated in
mouse models [40, 41].

HD is one of few neurodegenerative diseases for which the diagnosis can be made long
before the onset of clinical symptoms by predictive genetic testing. This offers an opportu‐
nity to  intervene in the earliest  stages  of  neurodegeneration and thereby slow down or
arrest  disease  progression.  Many  drugs  targeting  various  mechanisms  underlying  HD
pathogenesis  have  been  tested.  However,  antiexcitotoxic  drugs,  such  as  riluzole  (an
antiglutamatergic drug) [42],  vitamin E [43],  idebenone and remacemide (an NMDA ion
channel blocker) [44], minocycline (a caspase-3 inhibitor and anti-inflammatory agent) [45],
and creatine (energy metabolites,  CREST-E trial)  [46]  have failed in clinical  trials  so far.
More favorable results from animal studies using memantine (an NMDA receptor antago‐
nist), coenzyme Q10 (a mitochondrial cofactor and an antioxidant), and ethyl eicosapentae‐
noate (an antioxidant) have been highlighted, but none of these compounds was successful.
Currently, reducing the expression of mutant Htt protein with RNA interference or antisense
oligonucleotides is the most promising candidate and other approaches of various mecha‐
nisms are being designed and under investigation [47].

4. Animal models of Huntington’s Disease

4.1. Rodent models in Huntington’s Disease

Rodent models have played an important role in providing experimentally accessible systems
to study various clinicopathological findings and pathogenesis of HD and to test potential
therapeutics of their efficacy [48]. From the late 1970s, several investigations started to generate
animal models of HD. Glutamate-related excitotoxin kainic acid (KA) and quinolinic acid (QA)
were used to induce the degeneration of striatal GABAergic projection neurons while pre‐
serving striatal afferents, thereby producing a model that resembles the neuropathologic
condition in HD [49, 50]. Because of marked epileptogenic side effects in KA model, QA model
is favored and currently used. Another toxic model of HD is made by producing defective
energy metabolism through toxins such as sodium azide, malonate, and 3-nitropropionic acid
(3-NP). For example, 3-NP-induced inhibition of mitochondrial complex II effectively produ‐
ces striatal lesions that were similar to the cell loss in HD [51, 52]. To mimic the chronic
progressive nature of human HD, chronic administration of metabolic toxin has been tried in
experimental primates; however, higher inter-animal variability and nonspecific striatal
damage in primates (NO replacement; just delete please) limit this approach [53]. Altogether,
despite their usefulness as mimics of striatal pathology and behavioral manifestations of HD,
toxin models were limited because it was not possible to study disease progression or to
replicate the widespread neuropathology observed in the human condition [54].
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After the discovery of the HD gene in 1993, genetic models of HD have been generated, and
over 20 different rodent models have been generated to date [55]. Genetic models provide
accurate and experimentally accessible systems in which to study the molecular pathogenesis.
Moreover, they provide an opportunity to test the effect/efficacy of candidate therapeutics and
explore their potential for clinical applications. Because the degree of overexpression of mutant
Htt protein plays a significant role in the phenotype in mice, genetic mouse lines have been
generated with varying degrees of phenotype by incorporating variations of mutant hunting‐
tin gene into the mouse genome. The mouse models fall into three categories (Table 2): (i) mice
that express truncated N-terminal fragment (exon-1 or exons 1 and 2) of the human Htt gene
containing polyglutamine mutations [56-60]; (ii) mice that express the full-length human HD
gene [61-65]; and (iii) mice with pathogenic human CAG repeats inserted into the existing CAG
expansion in murine Htt (knock-in models) [66-70]. Although all of these models develop the
typical findings of human HD, the degree and the progression to which the behavioral features
and pathological findings manifest differ, as well as the developmental speeds. Among them,
the R6/2 mice showed the most prominent motor, behavioral, and cognitive phenotypes as
well as marked weight loss and death by 13~15 weeks of age. In this strain, various mechanisms
of HD pathogenesis are demonstrated, including the intraneuronal nuclear inclusions;
impaired mitochondrial function [71]; abnormalities of glutamatergic, dopaminergic, and
cholinergic receptors in the striatum [72]; and abnormalities in synaptic plasticity in the
hippocampus [73, 74]. The full-length Htt gene (transgene) is incorporated into the mouse
genome via bacterial artificial chromosome (BAC) or yeast artificial chromosome (YAC).
Meanwhile, the phenotypes in the full-length Htt mutation model develop gradually over
several months and may survive as long as the wild-type animal [75]. This model is especially
valuable for studies on the proteolytic mechanism of full-length Htt, its clearance, and the
evaluation of the presymptomatic stages of HD. Among the full-length HD genetic models,
the YAC mouse model with 128 CAG repeats (YAC128) develops motor abnormalities,
composing of an initial hyperactivity and followed by difficulty in motor control from six to
12 months and then hypokinesia [76]. Further, other motor dysfunctions, including circling
behavior, hind limb clasping, and gait abnormalities, may be seen as early as three months [77].
Although the full-length models are genetically more accurate, the fragment Htt models have
been used more frequently for their aggressive phenotype, rapidly progressive disease course,
well-defined behavioral and pathological findings, and early death. Moreover, due to the
prolonged disease progression in the full-length Htt models, it is hardly possible to use
progressive morbidity and survival as endpoints [53].

While toxin models play a role in understanding mechanisms of excitotoxicity and mitochon‐
drial dysfunction in HD, they cannot replicate the progressive neurodegenerative course
characterized by the misfolding of the mutant Htt protein in HD. Alternatively, genetic animal
models provide a good platform to explore the progressive manifestation of neuropathology
and cognitive, behavioral, and motor dysfunction [48]. It also provides the platform to test
potential therapeutics for future translational research. However, standardization of sample
size, inclusion/exclusion criteria of mice, and the onset and duration of treatment, as well as
the outcome measurement of preclinical trials, are critical to compare the effectiveness of
candidate therapeutics [78].
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Model CAG-N Behavioral changes Neuropathology Survival

Transgenic models: Truncated N-terminal fragment

R6/1, Mouse
[56, 57]

116 Decreased anxiety
Significant weight loss
Abnormal motor performance

Reduced brain volume
Loss of striatal neurons
Htt aggregates
Reduced dopamine levels

12+ months

R6/2, Mouse
[58]

144–150 Dystonia with limb clasping
Significant weight loss
Reduced motor performance
Seizures, Diabetes

Gross brain atrophy
Progressive neuronal atrophy with
neuronal loss
Htt aggregates
Astrogliosis
Reduced dopamine levels

12–18 weeks

N171-82Q,
Mouse [59]

82 Weight loss
Abnormal motor performance
Limb clasping
Visuospatial memory loss

Gross brain atrophy
Atrophy and loss of striatal neuron
Htt aggregates

130–180 days

HD51, Rat
[60]

51 Significant weight loss
Deficient motor performance
Reduced anxiety
Cognitive deficits
Head dyskinesias

Enlarged ventricles
Striatal neuronal loss
Htt inclusion

NA

Transgenic mouse models: Full-length human Htt

YAC 128
[62, 76]

128 Hyperactivity (initial);
hypokinesia (later)
Abnormal circling behavior
Hindlimb clasping
Deficient motor performance
Gait abnormalities

Decreased striatal and cortical volume
Reduced striatal neuron area and
number
Progressive Htt aggregates

Slightly
decreased

BACHD
[64, 78]

97 (Mixed
CAA/CAG
repeat)

Significant reduction in motor
function (2 months)
Behavioral worsening (12
months)

Marked gross brain atrophy and brain
weight loss
Significant cortical and striatal volume
loss (12 months)
Degenerating neurons in striatum (12
months)
Htt inclusions in entire cortex; a few
small inclusions in striatum

Normal
lifespan

Hu97/18
[65]

97 Motor learning deficit (2
months)
Deficits in both spatial learning
and object recognition (9
months)
Increased stereotypy or
repetitive movement
Anxious and depressive-like
behaviors

Forebrain atrophy
Striatal volume loss
Cortical shrinkage and white matter
loss (12 months)

NA
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Model CAG-N Behavioral changes Neuropathology Survival

Knock-in mouse models: Full-length Htt

HdhQ111
[66, 68]

111 Gait impairment (13 months) Diffuse Htt activity (6 weeks) with
nuclear inclusions (12 months)
Astrogliosis (24 months)

Normal life
span

CAG140
[69]

140 Body weight loss
Hyperactivity (initial);
hypoactivity (later)
Gait abnormalities (12 months)

Nuclear and neuropil aggregates (8
months)
Diffuse Htt (2 months)
Neuronal loss

Normal life
span

CAG150
[70]

150 Body weight loss (70 weeks)
Motor performance deficits on
rotarod, gait, and beam balance
(70–100 weeks)

Striatal Htt aggregates (28 weeks)
Nuclear inclusions (37 weeks)
Reactive astrogliosis (56 weeks)
Loss of striatal neuron perikarya and
volume (100 weeks in homozygous
mice)

Normal life
span

Htt=huntingtin protein; NA=not available

Table 2. Rodent models of Huntington’s disease

4.2. Large animal models in Huntington’s Disease

Nonhuman primates are genetically more similar and have a more similar physiology to
humans than rodents, making them invaluable for modeling human disorders and for
developing therapeutic strategies. Nevertheless, only a limited number of works has been
reported in HD. The use of nonhuman primates is focused on the study of HD-like behavioral
manifestations, especially for chorea, and the development of potential therapeutics for HD.
In the case of nonhuman primate study, the toxin models using QA or 3-NP were most
commonly used [52, 79]. After the development of transgenic nonhuman primate models of
HD in 2008, the potentials of using large animals in HD research have been spotlighted. There
are three types of large animal models: a rhesus monkey (Macaca mulatta) [80], a miniature
pig model [81], and a sheep model (Ovis aries) [82]. The rhesus macaque and pig models were
generated using fragments of human mutant Htt and the sheep model using the full-length
human coding sequence of Htt. By injecting oocytes with lentiviruses expressing exon1 of Htt
carrying 84 CAG repeats, three transgenic monkeys were made, which survived for more than
two years and showed clinical features of HD, including dystonia and chorea [80]. Transcrip‐
tomic dysregulation was recently reported from peripheral blood samples, which is under
further clinical investigations [83]. The transgenic HD sheep model demonstrated a decreased
expression of DARPP-32 (dopamine- and cAMP-regulated phosphoprotein of 32 kDa) at seven
months of age and a characteristic inclusion pathology in the brain at 18 months [84].On the
contrary, there were no aggregates in the brain even up to 16 months of age and no develop‐
ment of motor abnormalities in transgenic minipigs [85]. Because transgenic large animal
models have many advantages to understand the biology of HD and the development of
potential therapies, practical and ethical issues as well as preclinical works should be also
considered.
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5. Source of cell therapy for striatal transplantation in HD

A characteristic pathological feature in Huntington’s disease is a selective loss of medium spiny
projection neurons (MSN) in the striatum. Thus, cell therapy in HD is aimed at replacing the
MSN and making them functionally active by connecting them to the host neuronal network
[86]. To accomplish this, transplanted cells should survive, differentiate in vivo into the proper
cell type (i.e., MSN), be functionally active, and connect with appropriate target neurons,
thereby reestablishing the degenerating striatopallidal circuit [87, 88]. A number of potential
stem/progenitor cells have been studied that include embryonic stem cells; multipotent
progenitor cells from the embryo or fetus, which are already partially committed to a neural
lineage; cells from the umbilical blood; autologous or allogenic adult stem cells from various
tissues; and finally induced pluripotent stem cells [53]. The majority of cells used so far are
fetal neural stem/progenitor cells, but adult stem cells or iPSCs can be alternative cell sources
to fetal or embryo-derived stem cells. Before starting clinical trials, each cell type should be
shown to have efficacy and long-term safety in properly designed animal models of HD.

5.1. Fetal neural stem cells and fetal neural progenitor cells

Fetal neural stem cells (NSCs) are isolated from the fetal brain at various gestational periods
and from multiple brain regions [89]. After the collection of primitive cells and their short-term
expansion in vitro, these cells are transplanted into the lesioned brain of an adult rodent.
Majority of previous studies have used fetal neural progenitors (FNPs), which are expanded
as neurospheres prior to transplantation (Table 3), and the transplanted FNPs showed
evidence of differentiation into striatal-like cells [90]. Such neural differentiation depends on
the characteristics of fetal neural stem/progenitor cells to respond to signals in the developing
CNS [91]. For example, stem cells derived from the human fetal cortex (12 weeks post-
conception) were pretreated in culture media with ciliary neurotrophic factor (CNTF) and were
transplanted into QA-lesioned rats. Motor recovery and sustained striatal volume were
marked and the transplanted human stem cells differentiated into neurons and astrocytes with
substantial connections to endogenous cells [92]. Systemic injection of human NSC also
improved neuropathologic and behavioral abnormalities [93]. Because HD showed a selective
loss of MSNs in the striatum, induction of a GABAergic phenotype in immortalized striatal
NSCs was tried. These GABAergic phenotype-induced cells maintained neurite processes
connecting to endogenous neurons [94]. Mouse NSCs modified to secrete human nerve growth
factor (NGF) were transplanted into striatal QA-lesioned rats, and it was shown that the size
of lesion, the number of surviving striatal neurons, and the length of neurites were significantly
improved than sham-operated rats [95]. However, despite these successes based on fetal stem/
progenitors, the use of in vitro expanded fetal neural stem cells is limited because they lose
the capacity to differentiate into various neural cell types and tend to go into senescence after
several passages of culture [96]. Moreover, there is an intrinsic ethical issue associated with
the use of aborted fetal tissue. Recently, a cloned human striatal neural stem cell line
(STROC05) was transplanted in the R6/2 mouse model of HD, but the mouse model showed
a disappointing suboptimal clinicopathological improvement [97] (Table 3).
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Animal
model

Cells Histology Functional outcome Ref

Rat, QA
[U]

Human stem cell-
derived from fetal
cortex (pretreated with
CNTF)

Reduced striatal atrophy
Survive and differentiate into
neuron and glia
Connectivity with endogenous
neural cells

Improved motor performance
(cylinder test)

[92]

Rat, QA
[U]

Human NSC-derived
from fetal human
brain (systemic
injection)

Reduced striatal atrophy
NSC migration in and around
the damaged striatum
Migrated NSCs differentiated
into neurons and glias

Reduced ApoM-induced rotation [93]

Mice, QA
[U]
R6/2

Mouse NSC -
neurosphere and
dissociated cell
suspension

Increased survival of graft
when transplant at 2 days after
lesioning

No change on BDNF expression [94]

Rat, QA Noggin-primed
human NPC derived
from human ESC

Extensive migration and large-
scale differentiation
Increased the extent of neuronal
differentiation

NA [102]

R6/2 undifferentiated or
predifferentiated
DARPP-32 cells [B]
derived from human
striatal neural stem cell
line (STROC05)

Poor survival and neuronal
differentiation both in the
undifferentiated and
differentiated conditions
A few cells expressed the
neuronal marker beta-III-
tubulin.

NA [97]

Rat,
Lesions of
the dorsal
striatum
[U]

Homotopic neural
transplants
(GE or cortex from E15
rat embryos of same
strain)

Patches of positive DARPP-32
and tyrosine hydroxylase
Significantly higher extent of
DARPP-32 patches

Alleviated lateralised response
deficits
Prevented development of lateral
disparity
Restored speed of responding
back to pre-lesion levels

[131]

Rat, KA Fetal rat striatal
primordia

Differentiation to spiny neuron Restored synaptic potential [135]

Rat, QA Embryonic striatal
grafts (Lateral GE)

Reversed lesion-induced
increase in the cytochrome
oxidase activity of the Gp

Reduction of ApoM-induced
rotational asymmetry

[136]

Rat, Ch Embryonic striatum Innervated by host-derived
dopamine axons

Restored response of host
neurons

[137]
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Animal
model

Cells Histology Functional outcome Ref

Rat, KA Fetal striatal graft NA Restored striatal GABA overflow [138]

Rat, IA [U] Embryonic striatal
graft

NA Stimulation of GABA release [139]

R6/2 Striatal grafts Survival and differentiation of
grafts

Improved general locomotor
behavior
No significant functional
improvement

[132]

R6/1 Wild-type donor
cortex

NA No improvement [133]

Rat, 3-NP Human NSC
(transplantation before
3-NP administration)

Reduced damage to striatal
neurons
Increased BDNF expression

Improved motor performance [140]

Apo-M=apomorphin; BDNF=brain-derived neurotrophic factor; BM-MSCs=bone-marrow-derived mesenchymal stem
cells; Ch= Cholecystokinin-8-sulphate; CNTF=ciliary neurotrophic factor; DARP-32=dopamine- and cAMP-regulated
phosphoprotein of 32 kDa; ESC=embryonic stem cell; GABA=gamma-aminobutyric acid; GE=ganglionic eminence;
Gp=globus pallidus; IA=ibotenic acid; KA=kainic acid; 3NP=3-nitropropionic acid; MSN=medium spiny neuron; NA=not
available; NPC=neural precursor cell; NSC=neural stem cell; QA=Quinolinic acid; [B]=bilateral; [U]=unilateral

Table 3. Neural stem cell/progenitor cell-based treatment of HD in preclinical rodent models

5.2. Embryonic stem cell-derived neural progenitor cells

Embryonic stem cells (ESCs) are isolated and expanded from the inner cell mass of the
blastocyst-stage embryo. Because ESCs are very primitive and pluripotent, they can be
expanded in vitro indefinitely while retaining relatively stable cell characteristics [98]. Even
after expansion, they also retain substantial neurogenic potential [99]. Their ability to expand
and sustain neurogenic potential provides many advantages to be used in cell therapy;
however, there have been difficulties in inducing differentiation of ES cells into striatal cells,
which is especially important in HD. A report showed that mouse ES cells treated with retinoic
acid could differentiate into neuronal cells that could integrate and survive in the QA-lesioned
rat model of HD [100]. Another concern with the use of these cells is its potential for tumori‐
genicity, because even tiny numbers of undifferentiated cells at the time of transplantation
may develop into tumors later on. To overcome these limitations of ES cells, research has
shifted to using neural stem/precursor cells (NPCs). NPCs are a heterogeneous population of
mitotically active, self-renewing, and multipotent cells, which can be isolated from the embryo
[101]. Likewise, to use human neural precursors (hNP) derived from embryonic stem cells
(hESCs) in HD cell therapy, hNP is required to differentiate into neuronal cells, especially MSN,
in vivo. In vitro noggin priming can be an effective tool of hNP transplantation in HD
treatment. Noggin-primed hNP showed survival, extensive migration, and differentiation into
predominantly neuronal cells after transplantation in the QA-lesioned stratum of rats [102].
Recently, a protocol has been developed to obtain a high percentage of functional GABAergic
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model

Cells Histology Functional outcome Ref
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5.2. Embryonic stem cell-derived neural progenitor cells

Embryonic stem cells (ESCs) are isolated and expanded from the inner cell mass of the
blastocyst-stage embryo. Because ESCs are very primitive and pluripotent, they can be
expanded in vitro indefinitely while retaining relatively stable cell characteristics [98]. Even
after expansion, they also retain substantial neurogenic potential [99]. Their ability to expand
and sustain neurogenic potential provides many advantages to be used in cell therapy;
however, there have been difficulties in inducing differentiation of ES cells into striatal cells,
which is especially important in HD. A report showed that mouse ES cells treated with retinoic
acid could differentiate into neuronal cells that could integrate and survive in the QA-lesioned
rat model of HD [100]. Another concern with the use of these cells is its potential for tumori‐
genicity, because even tiny numbers of undifferentiated cells at the time of transplantation
may develop into tumors later on. To overcome these limitations of ES cells, research has
shifted to using neural stem/precursor cells (NPCs). NPCs are a heterogeneous population of
mitotically active, self-renewing, and multipotent cells, which can be isolated from the embryo
[101]. Likewise, to use human neural precursors (hNP) derived from embryonic stem cells
(hESCs) in HD cell therapy, hNP is required to differentiate into neuronal cells, especially MSN,
in vivo. In vitro noggin priming can be an effective tool of hNP transplantation in HD
treatment. Noggin-primed hNP showed survival, extensive migration, and differentiation into
predominantly neuronal cells after transplantation in the QA-lesioned stratum of rats [102].
Recently, a protocol has been developed to obtain a high percentage of functional GABAergic
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neurons from mouse embryonic stem cells (mESCs) [103]. By combining an in vitro culture
and an in vivo differentiation protocol, striatal progenitors derived from hESCs were shown
to mature into DARPP-32-positive neurons in QA-lesioned rats [104]. Using neural precursor
cells with elimination of undifferentiated cells, ESC-based regenerative approaches may be
successful in treating HD patients. In addition to cell replacement potential, there is evidence
that transplantation of NPCs may modulate inflammatory reactions through a “bystander”
mechanism [105].

5.3. Non-neural stem cells

To avoid ethical problems, non-neural stem cells, such as adult stem cells or umbilical cord-
derived cells, have been used as alternative cell sources for HD treatment. Because adult stem
cells are relatively easy to harvest and autologous grafting is possible, there have been many
studies using mesenchymal stem cells (MSCs) of the bone marrow [106-108] or adipose tissue
[109, 110] in HD mouse models (Table 4). Although there is still debate about the possibility
of cell fusion events rather than true transdifferentiation, these non-neural stem cells are
known to have the capacity to differentiate into neurons after injection into the adult rodent
host [111]. Intrastriatal MSC transplants reduced motor and pathological deficits in a 3-NP-
lesioned rat and QA-lesioned mouse/rat HD models [106, 109, 112-115]. Genetically engineered
stem cells that produce trophic factors could also be a cell source for cell therapy [116-118].
When genetically engineered bone marrow-derived MSCs overexpressing neurotrophic
factors (NTFs), called NTF(+) cells, were transplanted into rat brains after QA injection, NTF(+)
cells survived, maintained their NTF-secreting phenotype, and exhibited improved behavior
and reduced striatal atrophy associated with QA lesions [119]. MSCs engineered to produce
BDNF also improved behavioral performance and reduced striatal atrophy when transplanted
in YAC128 mouse model of HD [120]. In addition, MSC-based studies take advantages of the
property of MSCs to modulate the brain environment toward neuroprotection [116]. Injection
of cell-free extracts of adipose-derived stem cells also demonstrates behavioral and patholog‐
ical improvements of R6/2 models in terms of HD pathology [121].

Animal
model

Cells Histology Lesion volume Functional outcome Ref

Rat, QA Rat BM-MSCs Reduced striatal
atrophy

Improved striatal
volume

NA [106]

Rat, QA Human adipose
MSCs

Reduced striatal
atrophy and apoptosis

Decreased lesion
volume

Reduced Apo-M induced
rotations

[109]

Mouse, QA Human BM
-MSCs

Increased cell
proliferation in
striatum
Reduced apoptosis

Decreased lesion
volume

Improved rotarod
performance
Extended survival

[113]

R6/2 mouse Human BM
-MSCs

Improved cell
differentiation

NA Improved survival [113]
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Animal
model

Cells Histology Lesion volume Functional outcome Ref

Rat, QA Human BM
-MSCs

Reduced striatal
atrophy
Increased level of
NTFs

Decreased lesion
volume

Reduced motor dysfunction [114]

R6/2 mouse Human adipose
MSCs

Reduced Htt
aggregates
Attenuated loss of
striatal neurons

Improved striatal
volume

Improved rotarod
Reduced clasping
Improved survival

[109]

Rat, 3NP Rat BM-MSCs Increased striatal
labeling in BDNF,
collagen type-I and
fibronectin

Prevented 3NP-
mediated ventricle
enlargement

Improved rotarod
Improved paw placement

[112]

Rat, QA Rat BM-MSCs Improved MSC
migration to lesion

Decreased lesion
volume

Regenerated striatal
network
Reduced Apo-M induced
rotations

[107]

Rat, QA Human BM-MSCs
engineered to
secret NTF

Survived after 6
weeks
Sustained NTF
secretion

Decreased lesion
volume

Reduced Apo-M induced
rotations

[119]

YAC 128
mouse

Human adipose
MSCs

Reduced striatal
atrophy

Improved striatal
volume

Improved rotarod
performance/ motor
function

[110]

Rat, QA Rat BM-MSCs NA NA Reduced Apo-M induced
rotations
Improved beam walk and
hang wire time

[108]

YAC 128
mouse

BM-MSCs
engineered to
produce BDNF

Reduced striatal
atrophy

Improved striatal
volume

Improved rotarod
performance
Reduced hindlimb clasping

[120]

Mouse, QA hESC-derived
GABA neurons
and their
progenitors

Repopulated
GABAergic cells,
connecting with
endogenous cells

NA Improved rotarod,
openfield, and tradscan
performance

[142]

Apo-M=apomorphin; BDNF=brain-derived neurotrophic factor; BM-MSCs=bone-marrow-derived mesenchymal stem
cells; hES=human embryonic stem cells; NA=not available; NTF=neurotrophic factor; QA=quinolinic acid; 3NP=3-
nitropropionic acid

Table 4. Mesenchymal stem cell-based treatment of HD in preclinical rodent models
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Animal
model

Cells Histology Lesion volume Functional outcome Ref
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volume
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Reduced Apo-M induced
rotations
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engineered to
secret NTF

Survived after 6
weeks
Sustained NTF
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volume

Reduced Apo-M induced
rotations

[119]

YAC 128
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Human adipose
MSCs

Reduced striatal
atrophy

Improved striatal
volume

Improved rotarod
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function

[110]

Rat, QA Rat BM-MSCs NA NA Reduced Apo-M induced
rotations
Improved beam walk and
hang wire time

[108]

YAC 128
mouse

BM-MSCs
engineered to
produce BDNF

Reduced striatal
atrophy

Improved striatal
volume

Improved rotarod
performance
Reduced hindlimb clasping

[120]

Mouse, QA hESC-derived
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and their
progenitors
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openfield, and tradscan
performance

[142]

Apo-M=apomorphin; BDNF=brain-derived neurotrophic factor; BM-MSCs=bone-marrow-derived mesenchymal stem
cells; hES=human embryonic stem cells; NA=not available; NTF=neurotrophic factor; QA=quinolinic acid; 3NP=3-
nitropropionic acid

Table 4. Mesenchymal stem cell-based treatment of HD in preclinical rodent models
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5.4. Induced Pluripotent Stem Cells (iPSCs)

Induced pluripotent stem cells (iPSCs) generated from somatic cells of patients can be used to
model different human diseases, thereby enabling disease investigation and drug develop‐
ment [122]. Since the generation of iPSCs does not involve the destruction of human embryos,
they can avoid the ethical issues related to the use of human ESCs [123]. In direct opposition
to embryonic/fetal tissue-derived cells, patient-derived iPSCs can avoid immune rejection as
well as ethical problems, and they can also serve as sources of transplantable cells in novel cell
therapies [124]. Recently, non-integrating episomal vectors were introduced into the cell by
electroporation, making transgene-free and virus-free iPSCs in a feeder-free environment
[125]. There are controversial results regarding formation of mutant Htt proteins in HD patient-
derived iPSCs (HD-iPSCs) [126, 127]. At least, HD-iPSCs can be differentiated into GABAergic
striatal neurons and make significant behavioral recovery without aggregation formation at
12 weeks after transplantation [127]. Nevertheless, as HD is a genetic disorder, correction of
HD mutations in HD-iPSCs is suggested to be an essential step before grafting to HD patients
[122]. With the advent of new gene editing technologies using zinc-finger nuclease (ZFN),
transcription activator-like effector nuclease (TALEN), and clustered regularly interspaced
short palindromic repeats (CRISPR)/Cas9, iPSCs that are derived from patients with gene
mutations may still be a plausible cell source for transplantation [128, 129]. A nucleofection-
based protocol adapted to single-cell dissociated feeder-free culture was established, and a
reversal of HD phenotype and striatal differentiation of gene-corrected HD-iPSCs in vitro and
in vivo are demonstrated [130]. If transgene-free reprogrammed iPSCs derived from patients
could be made under good manufacturing practice (GMP), they may provide a suitable source
for autologous transplantation in the future.

6. Results and problems of pre-clinical and clinical studies

6.1. Pre-clinical cell transplantation in Huntington’s Disease models

In view of HD pathology, it is important to rescue the vulnerable MSNs by slowing the
inexorable loss of striatal neurons. To rescue the damaged striatum, embryonic striatal tissues
were transplanted, and their survival, expression of a wide range of striatal markers, and the
recovery of motor and cognitive functions were demonstrated by many tasks of evaluation
both in HD toxin and genetic models (Tables 3–4) [131-133]. Although the extent of functional
improvement was relatively modest in transgenic animal models, it was shown that the
transplanted cells can connect with appropriate targets in the host brain [134] and function
both electrophysiologically [135, 136] and neurochemically [137, 138], indicating that striatal
grafts can yield a functional repair of striatal cell loss in HD [139]. The timing of cell trans‐
plantation should be also considered, as the pretreatment with human NSCs was shown to
rescue the motor impairment and neuronal damage caused by systemic 3-NP administration
[140]. When NSCs are transplanted after excitotoxin injection, the extent of neuronal recovery
could be different according to the time interval between excitotoxin injection and NSC
transplantation [94]. Another consideration on the cell transplantation is that transplanted cells
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should exhibit an MSN morphology, express MSN markers such as DARPP-32, and function
in vivo to recover the lost functions [141]. Recently, hESC-derived DARPP32-expressing
forebrain GABA neurons and their progenitors were implanted into QA-lesioned mice and
they were connected with endogenous dopaminergic and glutamatergic neurons [142]. In the
past two decades, clinical trials have been performed using human fetal striatal cells, and some
reports have indicated clinical improvement with reduced motor dysfunction or slowed
disease progression in some patients (Table 5). However, because human fetal tissue trans‐
plants inevitably raise ethical issues and risk of immune rejection, induced pluripotent stem
cells (iPSCs) generated from skin fibroblasts of HD patients [122], can serve as an autologous
cell source. HD-iPSCs could be differentiated into neural precursor cells and implantation of
those cells in the striatum of QA-lesioned rats; behaviors improved significantly; and Htt
aggregation was not formed at 12 weeks after transplantation [127]. In addition, various adult
stem cells also demonstrated behavioral and pathological improvement after transplantations
into toxin or transgenic rodent models (Table 4).

Donor
tissue

N Implant site Safety Efficacy Ref

VM or
WGE

4 NA [B] No pathological or
immunological response

Not possible to determine [143]

E12-13
WGE

2 CN cavity No surgical incidents or
subsequent SEs

Slow progression [144]

E8-9
LLGE

7 pcPu [B] 1 death from cardiac arrest,
3 subdural hematomas

Modest (NS) changes in motor tests at 12
months
Transplanted cells can survive and
integrate anatomically over 10 years

[146]

E9-12
WGE

4 CN + pcPu [B] Safe; no serious SE Stabilization or improvement in some
neurological indices
Prolonged graft survival with development
of striatal-like structure

[148]

E7.5-9
WGE

5 2 CN + 3 Pu
[B]

Safe procedure Motor and electrophysiol improvements
continue over 6 years

[145, 155]

E8-10
LGE

14 1 CN + 4 Pu
[B]

Safe; no serious SEs Benefit motor, limited neuropsychogic
tests

[149, 150]

E8-12
WGE

4 2 CN + 4 Pu
[U]

Only SEs related to
immunosuppression

Safety only, efficacy not reported [153]

Porcine
LGE

12 2 CN + 4 Pu
[U]

Safe; no serious SEs No change on TFC over 12 months [161]

CN = caudate nucleus; E = weeks of embryonic age; LLGE = lateral aspect of the lateral ganglionic eminence; NA=not
available; NS=not significant; pcPU = postcommissural putamen; Pu = putamen; SEs = side effects; TFC=total functional
capacity; WGE = whole ganglionic eminence; VM = ventral mesencephalon; [B] = bilateral implants; [U] = unilateral
implants.

Table 5. Clinical trials in HD patients
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6.2. Clinical trials of cell transplantation in Huntington’s Disease

On the basis of the encouraging results from animal studies, clinical trials using fetal neural
stem cells have been performed since 1990 (Table 5). In the early studies performed in Cuba,
Czechoslovakia,  and Mexico,  implantation protocols  and procedures were shown not  to
cause major complications or overt  side effects [143,  144].  Afterward, extensive series of
implants proved safety of the procedure in moderate stage of patients with functional and/
or  radiological  improvement  [145-148].  The  first  extensive  series  of  fetal  striatal  tissue
implantation was performed in Los Angeles, USA. The procedure was safe [149], and the
results  indicated motor and cognitive improvements in small  numbers of  patients [150].
Graft  survival  was  identified  by  magnetic  resonance  spectroscopy  [151].  Another  study
group in Tampa, Florida, USA, reported no overall improvement in motor function despite
absence of immune rejection [146].  However, when patients with the procedure-depend‐
ent  side  effect  (i.e.,  SDH)  were  excluded  from  the  result  analysis,  motor  scores  were
significantly  improved  after  transplantation,  and  the  postmortem  brain  analysis  in  one
patient  indicated  healthy  surviving  grafts  18  months  after  transplantation  and  good
differentiation into mature striatal-like tissue containing all striatal cell phenotypes [152].
Although three of the patients developed subdural hematoma after the surgery, this side
effect  could be avoided by careful  selection of  patients,  i.e.,  patients  without  significant
brain  atrophy,  for  operation.  Additional  safety  evaluation  trial  involving  the  United
Kingdom arm of the European network for striatal transplantation (“NEST-UK”) resulted
in  no  serious  side  effect  related  to  the  operation  [153].  This  group  also  suggested  a
comprehensive, logical yet pragmatic screening program for future neural transplantation
[154].  Meanwhile,  the efficacy of  fetal  striatal  cell  transplantation was shown in another
study group,  in  which four  patients  with HD have the stabilization or  improvement  of
motor indices after  fetal  neuroblast  implantation,  and the graft  has survived and devel‐
oped striatal-like structures in the host brain [148].

Another large-scale study has been going on in a multicenter trial in France (NCT00190450).

This study group is the first to undertake their trial in accordance with the standardized core
assessment protocol for intracerebral transplantation in Huntington’s disease (CAPIT-HD),
and detailed reports of transplantation in the first five patients have been published [145, 147,
155, 156]. In these series, three of the five patients showed motor and cognitive improvements
two years after intracerebral fetal neural grafts, which were correlated with recovery of brain
metabolic activity in grafted striatal areas and connected regions of the cerebral cortex,
measured by fluorodeoxyglucose-positron emission tomography. Restoration of the lost
sensory-evoked potentials is also noted. Furthermore, six years after transplantation, clinical
improvements became plateaued and then fade off variably within 4–6 years while maintain‐
ing stable cognitive function. Cerebral metabolism has also deteriorated progressively, sparing
the benefits in the frontal cortex and at the precise location of the grafts. This feature suggested
that fetal neural transplantation provides a period of several years of improvement and
stability, but not a permanent cure, and strategies of neuroprotection should be developed
further [145]. Although it is still controversial, a recent study raised a possibility that the
transplanted fetal striatal tissue can undergo disease-like neuronal degeneration after a decade
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of implantation [157]. Suboptimal long-term graft survival might be caused by the allograft
immunoreactivity, microglial responses, and cell-to-cell neurotoxicity [158]. Recently, donor-
specific anti-HLA antibodies were detected in six out of 16 patients with HD who received
human fetal striatal transplants [159]. These results underline the importance of careful
approach for developing cell-based therapy in HD.

Apart from using human fetal striatal tissue, there was a clinical trial using porcine-derived
striatal xenografts. In this case, the transplanted patients were treated with cyclosporin or a
monoclonal antibody directed against surface major histocompatibility complex I molecules
[160]. However, the surviving grafts were not detectable on MRI, and the treatment gave rise
to no functional benefit for the patients [161]. In the case of xenografts, fully effective immu‐
nosuppression strategies should be resolved.

In order to use neural stem cells for clinical trials, several aborted human fetal tissues are
required. Whether derived from elective or spontaneous abortion, there are sensitive ethical
and social issues associated with using human fetal tissues for transplantation. There are also
difficulties with accurate staging and collection (subject to appropriate ethical approval) and
storage of fetal tissues [162-164]. Therefore, in most cases, they would never meet the levels of
standardization and quality control required.

The delivery of trophic factors by genetically modified cells into striatum of patient has become
another therapeutic approach in HD. A variety of growth factors, including the neurotrophins,
fibroblast growth factor (FGF), ciliary neurotrophic factor (CNTF), glia-derived neurotrophic
factor (GDNF), and brain-derived neurotrophic factor (BDNF), have been found to promote
survival of striatal neurons in culture [117, 118, 165]. Direct injection of various trophic factors
incorporated into viral vectors has problems of standardization, regulation, and longevity of
treatment. Instead, implantation of engineered cells to express the desired transgene has been
suggested [166]. Intracerebral administration of a device formed by a semipermeable mem‐
brane encapsulating a BHK cell line engineered to synthesize CNTF has been tried. No sign of
CNTF-induced toxicity was observed, while improvements in electrophysiological results
were observed. However, depression was observed in three out of six HD patients, and
heterogeneous cell survival in the device hindered further clinical trials [166, 167]. Recently,
mesenchymal stem cell engineered to secrete BDNF has been suggested, due to its clinically
applicable characteristics [116].

7. Future directions of Huntington’s Disease research and clinical
applications

Therapeutic approaches using NSCs and other stem cell products for CNS diseases fall into
two broad categories: (i) regenerative/cell replacement to promote host tissue repair mecha‐
nisms and/or to replace missing or damaged cells and (ii) therapeutic delivery of macromole‐
cules (enzymes, cytokines, neurotrophins, drugs, etc.) for neuroprotection and/or stimulation
of repair. However, because HD is a progressive neurodegenerative disease and stem cells
might replace and protect only striatal neurons with limited capacity, stem cell therapy as
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of implantation [157]. Suboptimal long-term graft survival might be caused by the allograft
immunoreactivity, microglial responses, and cell-to-cell neurotoxicity [158]. Recently, donor-
specific anti-HLA antibodies were detected in six out of 16 patients with HD who received
human fetal striatal transplants [159]. These results underline the importance of careful
approach for developing cell-based therapy in HD.

Apart from using human fetal striatal tissue, there was a clinical trial using porcine-derived
striatal xenografts. In this case, the transplanted patients were treated with cyclosporin or a
monoclonal antibody directed against surface major histocompatibility complex I molecules
[160]. However, the surviving grafts were not detectable on MRI, and the treatment gave rise
to no functional benefit for the patients [161]. In the case of xenografts, fully effective immu‐
nosuppression strategies should be resolved.

In order to use neural stem cells for clinical trials, several aborted human fetal tissues are
required. Whether derived from elective or spontaneous abortion, there are sensitive ethical
and social issues associated with using human fetal tissues for transplantation. There are also
difficulties with accurate staging and collection (subject to appropriate ethical approval) and
storage of fetal tissues [162-164]. Therefore, in most cases, they would never meet the levels of
standardization and quality control required.

The delivery of trophic factors by genetically modified cells into striatum of patient has become
another therapeutic approach in HD. A variety of growth factors, including the neurotrophins,
fibroblast growth factor (FGF), ciliary neurotrophic factor (CNTF), glia-derived neurotrophic
factor (GDNF), and brain-derived neurotrophic factor (BDNF), have been found to promote
survival of striatal neurons in culture [117, 118, 165]. Direct injection of various trophic factors
incorporated into viral vectors has problems of standardization, regulation, and longevity of
treatment. Instead, implantation of engineered cells to express the desired transgene has been
suggested [166]. Intracerebral administration of a device formed by a semipermeable mem‐
brane encapsulating a BHK cell line engineered to synthesize CNTF has been tried. No sign of
CNTF-induced toxicity was observed, while improvements in electrophysiological results
were observed. However, depression was observed in three out of six HD patients, and
heterogeneous cell survival in the device hindered further clinical trials [166, 167]. Recently,
mesenchymal stem cell engineered to secrete BDNF has been suggested, due to its clinically
applicable characteristics [116].

7. Future directions of Huntington’s Disease research and clinical
applications

Therapeutic approaches using NSCs and other stem cell products for CNS diseases fall into
two broad categories: (i) regenerative/cell replacement to promote host tissue repair mecha‐
nisms and/or to replace missing or damaged cells and (ii) therapeutic delivery of macromole‐
cules (enzymes, cytokines, neurotrophins, drugs, etc.) for neuroprotection and/or stimulation
of repair. However, because HD is a progressive neurodegenerative disease and stem cells
might replace and protect only striatal neurons with limited capacity, stem cell therapy as
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means to stop disease progression might be insufficient [168]. As such, future directions of cell
therapy in HD should move beyond the replacement of lost neurons. To date, clinical trials
have been undertaken with fetal donor tissue in the striatum in HD. For therapeutic efficacy,
reconstitution of a functional dynamic information-processing circuit without ectopic connec‐
tions using transplanted stem cells is necessary. Another major challenge is to achieve
controlled differentiation of embryonic stem cells or induced pluripotent stem cells into
specific neuronal phenotypes, such as medium spiny neurons in the absence of aberrant
growth or tumor formation. Furthermore, novel approaches to provide therapeutic molecules
for neuroprotection should also be tried and verified.
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Abstract

Aging is defined broadly as the normal progressive process, consequently leading to
growing vulnerability to disease and death. A major challenge lies in dissecting the
underlying mechanisms of aging with conventional experiments due to the complex‐
ity of and multicontributions to the aging process, reflecting a need for investigation
into it in various aspects. For this reason, the age process has currently been subjected
to OMICS technologies including genomics, transcriptomics, proteomics, and
metabolomics, allowing the exploration of age-related changes in a multifactorial
manner. In addition, since age-dependent decline in stem cell function is almost
identical to the biological age, stem cells have used to understand “aging” and to
investigate key reverse factors for “antiaging”. This suggests that a range of new
approaches are needed to reveal the unknown biological basis for aging at a variety
of different molecular levels using stem cells as a tool of normal aging process and
can further apply fundamental aspects in biological aging and longevity.

Keywords: Aging, OMICS, Stem Cells, Transcriptoms, Longevity

1. Introduction

Aging is defined broadly as the normal progressive process, consequently leading to growing
vulnerability to disease and death. The fact that the aging process is inevitable yet controllable
has made it attractive for the research focusing on age-associated molecular changes. A major
challenge lies in dissecting the underlying mechanisms of aging with conventional experi‐
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ments due to the complexity of and multicontributions to the aging process, reflecting a need
for investigation into it in various aspects. For this reason, the age process has currently been
subjected to OMICS technologies including genomics, transcriptomics, proteomics, and
metabolomics, allowing the exploration of age-related changes in a multifactorial manner. This
suggests that a range of new approaches are needed to reveal the unknown biological basis
for aging at a variety of different molecular levels and can deepen our understanding of
fundamental aspects in biological aging and longevity.

The aging process is characterized by gradual, cumulative damages to structure and function
of stem cells which exist during the life of organisms. We will discuss here the integrative
studies of the stem cell aging and a therapeutic effect of adult stem cells including the umbilical
cord blood and the underlying mechanisms of the complex process at diverse molecular levels,
with the final goal of practically applying stem cell treatment to the aged for maintaining health
over time. In addition, an integrated method, OMICS technology that would help us under‐
stand a complex biology of aging will be discussed. Aging can be conceived of as a process
that a pool of endogenous stem cells loses progressively its ability to replenish the damaged
cells over age. In almost all living organisms, the time-dependent decline in regenerative
potential of stem cells is responsible for an increased susceptibility to aging and several age-
related diseases. The reduced regenerative capacity of endogenous stem cells has been
explained partly by DNA damage, changes in stem cell niches, and activation of tumor
suppressor gene. It is unclear; however, to what extent the factors contribute to human ageing,
especially stem cell aging, and determine even life span. Its complexity demands new ap‐
proaches for clarifying the multifactorial processes.

2. OMICS technologies and stem cell aging

Recently, to gain a deep insight into the biology of aging, new high-throughput technologies,
also known as “OMICS”, are being utilized in a variety of ways to investigate the molecular
changes observed during ageing ; OMICS refers to studies with suffix “-omics” designed to
collectively characterize and quantify pools of molecules at different levels, including genom‐
ics, transcriptomics, proteomics, and metabolomics. A series of experiments using the OMICS
have been attempted to establish any link between molecular changes and aging. However,
the studies so far on aging heavily rely on blood samples which consist of different cell types
and usually focus on one technology of OMICS, thereby placing obstacles in the way of
interpretation on the phenomenon or bringing misinterpretation of the complex aging process.
Another challenge in the study is tissue-specific changes in gene expression with increasing
age, adding more complexity to understanding the process. Accordingly, an alternative
approach can be to focus on stem cell aging among diverse hallmarks of the process using
OMICS technology. Stem cells serve as endogenous replacements for cells lost to homeostasis
and injury through adult life. The regenerative capacity deteriorates in numerous tissues with
advancing age, frequently failing to meet the demands of the developing tissues and then
leading to multiple ageing-related phenotypes or diseases. As a result, accumulation of
damage in the function could be reflected in diverse macromolecules from DNA to metabolite,
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considered as closest to phenotypes, during aging. The damaged macromolecules in turn
disrupt the pathways contributing to stem cell dysfunction during the aging process, resulting
in a vicious cycle. In addition, decreased pools of tissue stem cells are likely to be associated
with function declines in hematopoiesis, neurogenesis, and myogenesis during aging,
suggesting that a key to reverse or delay the aging process resides in deepening our under‐
standing of the adult stem cells. As with other factors for aging, the mechanisms that induce
the time-dependent stem cell decline still remain elusive and thereby need to be evaluated in
an integrative manner for which OMICS technologies may be appropriate. Understanding the
molecular processes involved in stem cell dysfunction may shed light on the causes of aging,
eventually employing therapeutic strategies that reverse the decline process. Maintenance of
stem cell pools or stem cell rejuvenation holds great therapeutic promise for age-related
impairments. For example, heterochronic parabiosis, such as the shared circulatory or
physiological system between the young and aged, has been reported to be effective in
reversing age-related phenotypes by improving stem cell function. One representative study
on the parabiosis showed that the supply of young blood to aged mice ameliorates cognitive
impairments by enhancing synaptic plasticity in the brain. Another experiment demonstrated
that when exposed to the niche of young mice’s muscles, aged mice regenerate impaired
satellite cells to restore muscle regenerative potential. Emerging evidence also indicates that
reduced regenerative capacity is reversible and that the aging process can be postponed by
improving stem cell function to replenish the damaged tissues. This raises the possibility that
treatment of stem cells from diverse origins may reengineer the aging-related defects by
replacing aberrant stem cells in the aged tissue. With widening applications, metabolomics
today is surfacing as a new approach to decipher the regulation of metabolism involved in
aging. Metabolites are end products of complex biological events and can be considered as
ultimate responses to internal states or external forces, probably providing unrepresented
insights into how stem cell declines influence human aging. Oxidative metabolism and the
maintenance of mitochondria have been shown to be associated with stem cell aging. Consis‐
tently, metabolic states in stem cells play a crucial role in determining whether the cells are
bound for proliferation or differentiation; both cell states are mainly associated with mecha‐
nisms controlling the balance between glycolysis and oxidative phosphorylation. In addition,
clinical studies on aging with metabolic profiles showed the age-specific metabolites having
strong correlations, some of which are associated with fatty acid oxidation, underscoring the
role of metabolomics in the interpretation of the aging process.

2.1. Transcriptome analysis of neural stem cells during dopamine differentiation

Accordingly, first of all, our study investigated gene expression changes of neural stem cells
during differentiation into dopaminergic cells and with increasing passages in a proliferation
state, both of which can be seen as aging: differentiation as a part of “chronological aging” and
increasing passage as “replicative aging”. Neural stem cells showed cell stage-specific patterns
of gene expression during differentiation and specific genes participated in neurogenesis by
forming a molecular co-expression network. When sustaining a proliferation state, the stem
cells induced the expression of genes whose products are involved in phosphorylation, cell
proliferation, kinase cascade, response to stress, and signal transduction. As entering into a
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differentiation stage, the up-regulated genes are mostly related to mitotic cell cycle, mitosis
and cell division. At a late differentiation stage, genes for synaptic transmission and regulation
of synaptic plasticity were expressed at higher levels. The results clearly showed that as cells
age from proliferation to differentiation, different biological processes are involved in stem
cell aging, probably generating metabolites unique to cell states.

2.2. Transcriptome analysis of hypoxic effects on placenta-derived cells with increasing
passages

Also, we determined the effects of hypoxia or normoxia on the placenta-derived cells with
increasing passage based on the transcriptome data. In gene ontology analysis, most genes
significantly upregulated under hypoxia were associated with cell proliferation, macromole‐
cule synthesis, metabolic pathway, signaling pathways, and cellular homeostasis, as confirmed
by the in vitro result that the hypoxic culture condition enhanced the proliferation capacity.
Downregulated genes were enriched for cell death/apoptosis and protein aggregation,
supporting the notion that protein homeostasis and balance between proliferation and
quiescence are crucial to stem cell aging. These results suggest that under hypoxia the stem
cells experience enhanced proliferation and survival, inhibiting cell death and pro-aging
pathways. At a late stage, genes that are differentially expressed under hypoxia are enriched
for nucleosome assembly and chromatin organization, suggesting the involvement in epige‐
netic regulation. Lastly, we carried out metabolite profiles in aged mice transplanted with
placenta-derived cells. Most of increased metabolites by cell treatment were related to lipid
metabolites, which is likely to be associated with unique patterns of gene expression after cell
transplantation, encouraging further studies of integrating OMICS data. These findings add
weight to the notion that the study of stem cell aging with OMICS is an efficient means for
elucidating the biological basis of the aging process. In line with these findings, an effect of
human umbilical cord blood infusion, youngest blood we can obtained, on old mice (more
than 23 months old) has been investigated in our laboratories, and a human clinical trial using
human umbilical cord blood infusion into old subjects is underway. In addition, human
placenta-derived MSCs (hpMSCs) have been used as a candidate for antiaging treatment. Our
animal studies exhibited better cognitive functions measured 12 weeks after hpMSCs injection.
For further translational studies, analyses using OMICS technology is ongoing.

3. Conclusions

Complex physiological changes and individual differences in aging have always challenged
the efforts of scientists to understand the normal process, which demands new strategies
capable of studying molecular changes in an integrative manner rather than traditional
experimental approaches. Through OMICS technologies, it is possible to measure dynamic
molecular changes simultaneously at diverse levels with the generation of high-throughput
data in different types, consequently facilitating the identification of aging/antiaging biomark‐
ers and thereby preventing age-related diseases. The studies of OMICS have provided novel
insights into what molecular pathways determine the progressive and complicated process,
although much needs to be clarified. In particular, metabolite profile can propose unprece‐
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dented notions of ageing when combined with genomics, transcriptomics, and proteomics.
Taken together, the integration and context-dependent interpretation of multidimensional
OMICS data is helpful in understanding the complex process of aging.
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Abstract

Mesenchymal stromal/stem cells (MSCs) are adult, self-renewable, multipotent cells that
can be isolated in various tissues, most commonly bone marrow (BM) and adipose tissue.
Because of their capacity for self-renewal and differentiation into tissues of mesodermal
origin and due to their immunomodulatory ability, MSCs are used in many preclinical
and clinical studies as possible new therapeutic agents for the treatment of a very broad
range of conditions, including heart, hepatic, and neurodegenerative diseases.

Whatever the tissue of origin or the clinical application, the MSCs must be expanded
in vitro to obtain sufficient cell numbers, also when multiple doses are needed.

The MSC manufacturing process for clinical use should comply with the principles of
Good Manufacturing Practice (GMP). This ensures that cell preparations are produced
and controlled, from the collection and manipulation of raw materials, through the
processing of intermediate products, to the quality controls, storage, labelling and
packaging, and release.

The application of GMP to manufacture medicinal products such as MSCs must
ensure that clinical trials are unaffected by inadequate safety, quality, or efficacy
arising from unsatisfactory manipulation of the cells.

Keywords: Mesenchymal stem cells, good manufacturing practice, stem cell therapy

1. Introduction

Cell-based therapy has led to the development of new biological medicines to repair, replace,
or recover the biological function of damaged tissues and organs [1]. Among cell types used
for this purpose, human MSCs are considered as advanced therapy medical products (ATMPs)
and should be handled with appropriate controls to ensure their safety, quality, and efficacy

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



as a final drug [2-3]. Mesenchymal stromal or stem cells have become of great interest in these
years in the field of regenerative medicine. They were initially referred to as multilineage
progenitor cells isolated and culture-expanded from adult human BM that, once in culture,
display a heterogeneous morphology and are capable of several subpopulations. They can be
expanded ex vivo and readily differentiate into mesodermal cell derivatives [4-5]. Horwitz and
the International Society for Cellular Therapy (ISCT) better defined them as “mesenchymal
stromal cells” (MSCs) [6].

The translation of research-based protocols into large-scale production of clinical-grade MSCs
requires careful analysis to identify and control all critical aspects: source of MSCs and raw
materials, culture media, supplements and disposable devices, and quality control tests [7].
The quality and safety of the cell preparations should be ensured by the implementation of a
quality system that guarantees the certification and traceability of every batch of material and
supply utilized for the procedures, correct utilization and cleaning of instruments, and the
locations necessary for stem cell manipulation. Facilities, isolation methods, seeding density,
growth factors, and chemicals can all influence the expansion potential and functional
properties of MSCs and should be considered throughout the production process. The
organization structure, qualification of staff with high levels of expertise, and the appropriate
equipment must be implemented in dedicated cleanrooms, currently named “Cell Factories,”
in compliance with current good manufacturing practice (GMP) standards. The application of
GMPs for aseptic production ensures the safety of the final cell therapy product. In 2008, the
International Society for Stem Cell Research released a set of recommended guidelines for the
development of stem cell–based treatments [8]. These recommendations are focused on the
risks involved with stem cell-based therapies, the voluntary informed consent, the patient
monitoring and adverse event reporting, and the equality of benefits of stem cell treatments.

2. Body

MSCs are adult, self-renewable, multipotent cells that can be isolated in various tissues, most
commonly BM and adipose tissue, but also in fetal tissues. Because of their capacity for self-
renewal and differentiation into tissues of mesodermal origin and due to their immunomo‐
dulatory ability, MSCs are used in many preclinical and clinical studies as possible new
therapeutic agents for the autoimmune or degenerative diseases treatment [9].

The MSC manufacturing process for clinical use should comply with the principles of GMP.
This ensures that cell preparations are produced and controlled, from the collection and
manipulation of raw materials, through the processing of intermediate products, to the quality
controls, storage, labelling and packaging, and release, according to the expected require‐
ments. During the whole production process, critical steps should be known and described. A
thorough risk analysis during all phases of production and control ensures a final product
with the expected quality, both for patients and for the regulatory authorities responsible for
the controls.
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2.1. MSC source

BM is still the most common source of MSCs. However, during the last two decades alternative
and more accessible tissue sources of MSCs have been identified.

MSCs have been isolated from fat, deciduous teeth, placenta, and umbilical cord blood,
showing comparable features to BM-derived cells [10]. In particular, fresh umbilical cord blood
is the third common source for isolating MSCs for clinical use, but the success rate in isolating
and further expanding MSCs depends on the volume of blood collected, the cell content, and
the time between collection and processing [12]. Related cell sources, including neonatal tissues
as amniotic fluid [11], placenta, and Wharton’s jelly (WJ), are interesting for their ability to
maintain their self-renewal capacity in vitro for a long period, showing a higher pluripotency
capacity as compared to BM-MSCs [13-15].

Adipose-derived stem cells (ASCs), if compared to BM MSCs, appear to have higher frequen‐
cies [16], higher proliferative capacity [16], and to be more stable in culture with a lower
senescence ratio [18]. The methods to isolate MSCs from lipoaspirates are standardized, even
with automated device to separate the tissue fraction of fat from the contaminating fluids [19].
ASCs have been tested in preclinical studies for the treatment of a variety of clinical conditions,
including Crohn’s disease, muscular dystrophy, myocardial infarction, spinal cord injury,
diabetes mellitustype1, breast reconstruction, and facial lipoatrophy [20].

2.2. MSC isolation and expansion

Several different methods for isolating MSCs have been described. After harvesting and, if
necessary as in case of fat, dissociation of tissue, MSCs could be seeded in flask with or without
gradient separation (Ficoll or Percoll), or after immunomagnetic enrichment [21]. The paper
of Mareschi showed that direct selection of MSCs from BM cells by adhesion to culture plastic
is a more advantageous method compared to MSCs obtained by gradient separation [22],
resulting also in a significantly higher level of HLA-DR [23]. Cell-plating density is a crucial
issue for MSC expansion. The use of very low density ensures a high proliferative potential
[24]. However, plating densities of 10 and 100 cells/cm2 did not produce any expansion [22].
Limiting the number of cell population doubling (CPD) to less than 20 avoids the progressive
senescence of expanded MSCs [23].

The use of reagents and supplements clinical grade and suitable for clinical application must
be considered for the in vitro expansion. Only few clinical grade reagents are commercially
available. Animal serum–free media, human serum, and other supplements of human origin
have been investigated. Human platelet lysate (HPL) has been demonstrated to be safe and
efficient as MSC culture supplement for robust MSC expansion and is now considered a good
fetal bovine serum (FBS) substitute [25-26]. In particular, Pathogen Inactivated HPL represents
a good GMP-compliant alternative to FBS [27].

2.3. MSCs as ATP

The European Regulation 1394/2007 introduced a new classification for cell therapy products
as medicinal products: the tissue-engineered products [28]. The Regulation defines Advanced
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Therapy Medicinal Products (ATMPs) as the gene therapy medicinal products, the somatic
cell therapy medicinal products, and the tissue-engineered products. These products have
specific pharmacologic, metabolic, and immunologic activities and the potential for treating a
variety of disorders. For these reasons, cellular products for ATMPs, prepared on a routine
basis, must meet the same stringent conditions required for drugs preparation and commer‐
cialization. In particular, they must be manipulated according to the GMP [29], and they
require preclinical testing in Good Laboratory Practice (GLP) [30-31] and clinical trials
conducted in Good Clinical Practice (GCP) before being commercialized [32].

MSCs represent a promising strategy for the development of new therapeutic strategies due
to the numerous applications proposed for their use [33]. Thanks to their intrinsic properties,
MSCs represent an attractive candidate for clinical applications [34-36]. As ATMPs, MSCs also
must satisfy all the above-mentioned requirements. The expansion protocol of MSCs for
clinical use should comply with the principles of GMP and take in account all critical steps of
the process. The quality and safety of the expanded MSCs must be maintained throughout
their production and quality control cycle, ensuring their safe use in the patient.The main
critical steps are the collection and manipulation of raw materials; the processing of inter‐
mediate products; the quality control tests; storage, labelling, and packaging; and release. The
validation of the process and a thorough risk analysis during all phases of production ensures
a final product with the expected quality, both for patients and for the regulatory authorities
responsible for controls [37].

2.4. GMP production of MSCs

MSCs represent a small fraction (0.001-0.01%) of the BM cell population; therefore, to obtain a
sufficient number of cells, they must be extensively ex vivo expanded.

One of the most significant properties that make MSCs a special device for cell-based thera‐
peutic approaches is their capability to expand in culture for several passages, without
compromising their pluripotent potential. MSCs can easily be expanded in culture thanks to
their capacity to adhere and proliferate maintaining their immunophenotypic characteristics
and functions as multipotent cells.

Several papers discussed in the last years the standardization of MSC culture conditions for
clinical use. As reported in the review by Ikebe, a total of 47 reports, describing MSC-isolation
methods, were found in literature published from January 2007 to 2013 [38].

The recent paper of Wuchter summarizes a consensus meeting between researchers, clinicians,
and regulatory experts on standard quality requirements for MSC production [39]. The
manufacture of sterile products, such as the ATMPs, is subject to special requirements in order
to minimize the risks of microbiological contamination. Maintaining the cells in culture for
several passages means subjecting them to the risk of contamination. The production process
of MSCs must be performed through a GMP protocol based on standard operating procedures
(SOPs) and documented according to GMP [40-41].

As mentioned in Annex 1 of GMP [42], the manufacture of sterile products should be carried
out in clean areas, laboratory named cleanrooms or cell factories, in which the concentration
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of airborne particulates is maintained and controlled. The key elements for designing a
cleanroom according to GMP requirements are the presence of HEPA filters, a room air change
rate of >20 per hour, the temperature and humidity control, and the air pressure differential.
The appropriate cleanliness standard can be maintained also through an appropriate man‐
agement of personnel, equipment, and materials. Premises and equipment should be designed
in order to minimize the accumulation of particles or microorganisms and to permit the
appropriate cleaning.

For the manufacture of sterile medicinal products, four grades can be distinguished:

• Grade C and D: clean areas for carrying out manufacturing steps not so critical.

• Grade B, for aseptic manipulation, is the background environment for grade A.

• Grade A, the local zone for high-risk operations, where the product is manipulated in an
open system. This condition is normally the laminar airflow biosafety cabinet.

Annex 1 also gives the recommended limits for microbiological monitoring of clean areas
during aseptic operations.

The concept of quality assurance and quality management are related to GMP requirements.

As reported in the Chapter 1 of GMP guidelines [43], the quality management covers all
matters, which individually or collectively influence the quality of a product.

A GMP-compliant quality system for the manufacture of medicinal products should ensure
that cell preparations are controlled, from the collection and manipulation of raw materials,
through the processing of intermediate products, to the quality controls, storage, labelling and
packaging, and release. During the whole production process, critical steps should be known
and described.

An appropriate quality system should cover all the following aspects:

• Roles and responsibilities. All the staff must be qualified and adequate. A qualified person
must certify the release of the medicinal products. Competencies, training and retraining
must be scheduled.

• Premises and equipments.

• Documentation.

• Raw materials, reagents, and suppliers.

• Quality control on intermediate products, in-process controls, and validations.

• Activities in outsourcing.

• Deviations, corrective/preventive actions, and change control.

• Storage, distribution, and labelling.

• Self-inspection and/or quality audits.
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Good documentation constitutes an essential part of the quality assurance system. Documents
may exist as paper-based or electronic format. The main documents, as required by GMP are
as follows:

• Site Master File, describing the Facility and the GMP activities.

• SOPs, detailed description of various processes.

• Working instructions, giving instructions on technical methods or activities.

• Records, registration, and reports, providing evidence of actions and steps.

• Certificate of analysis, providing a summary of quality control tests with the evaluation of
compliance of the product batch.

Approved procedures and instructions must be written in a clear and unambiguous form, and
the records must demonstrate that all the steps required by the defined procedures and
instructions were carried out by qualified operators.

2.5. Quality control

Quality Control is that part of GMP which is concerned with sampling, specifications, and
testing [44], also including outsourcing activities. The quality control process should be
validated to confirm that the analytical procedure employed for a specific test is suitable for
its intended use.

The recent paper of Torre and colleagues provides the minimal quality requirements for
the MSC production and its delivery for clinical use, to guarantee the safety of the final
cell therapy product. For this purpose, the document evaluates the most important steps
of  GMP-compliant  MSC production:  the  isolation and expansion process;  the  validation
phase of the process, including all quality controls for the characterization, functionality,
potency, and safety of MSCs; and the quality control at the batch release to guarantee the
safety of patient infusion [37].

An interesting approach to the GMP is validation. The production process should follow a
validation protocol, also considering instruments, supplies and reagents, and defining roles
and responsibilities of each step [45]. A validation protocol on a minimum of three expansion
procedures should be implemented to standardize the best culture condition and to demon‐
strate the safety and feasibility of the production protocol. It is a requirement of GMP that
manufacturers identify what validation work is needed to prove control of the critical aspects
of their particular operations. Significant changes to the facilities, the equipment, and the
processes, which may affect the quality of the product, should be validated. A risk assessment
approach should be used to determine the scope and extent of validation.

According to International Conference on HarmonizationQ2 (ICH Q2) Guidelines [45] and the
European (EU) Pharmacopoeia [47], the quality control (QC) process should be validated to
confirm that the analytical procedure employed for a specific test is suitable for its intended
use.
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Quality control analytical methods could be validated demonstrating the accuracy, the
specificity, the limit of detection, and the precision [45, 48-49].

In the validation phase of the process, additional assays to test immunomodulation, senes‐
cence, and genomic stability, clonogenicity should be carried out. Although tumour formation
during the validation process has not been reported in ongoing clinical trials using MSCs [50],
tumorigenesis and karyotype [23, 51] should be also tested during validation.

2.6. Clinical trials

Today, numerous MSC preparations from academic institutions and private companies are
being investigated. The review paper of Wang summarized the currently completed clinical
trials, registered with clinicaltrials.gov, using MSC to treat various diseases. The first clinical
trial using culture-expanded MSCs was carried out in 1995 and 15 patients became the
recipients of the autologous cells [52]. Since then, a great number of clinical trials have been
conducted to test the feasibility and efficacy of MSC therapy.

Today more than 450 clinical trials testing MSC are currently published on the international
registry www.clinicaltrials.gov, both recruiting or completed. Most trials are Phase I (safety
studies) or Phase I/II studies. Only a small number of these trials are in Phase III.

Expanded MSCs have been used to treat several diseases, from bone/cartilage disorder,
cardiovascular diseases, autoimmune diseases, and neurodegenerative disorders [12].

The experience of our group has been focalized to research a new possible strategy for
amyotrophic lateral sclerosis (ALS) aimed at cell replacement and neuroprotection.

The long term study of showed the safety of MSC transplantation in the central nervous system
during a follow-up of nearly 9 years, and is in support of applying MSC-based cellular clinical
trials to neurodegenerative disorders [53-55].

The application of GMP to the manufacturing of investigational medicinal products for clinical
trials must ensure that trial subjects are not placed at risk, and that the results of clinical trials
are unaffected by inadequate safety, quality, or efficacy arising from unsatisfactory manipu‐
lation of the cells. Annex 13 of GMP guidelines is the reference guide for this step [56].

3. Conclusion

Stem cell therapy has evolved over the past years, thanks to the great efforts of researchers to
define and implement new methods for MSC expansion, according to ATMP requirements.

The standardization of protocols and procedures, both for production and quality control,
within the collaboration of different groups, will lead to the definition of standardized
protocols to be considered during the process of expansion and release of MSC as ATMPs for
the application of clinical trials with MSCs.
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Abstract

Skeletal muscle injuries are quite frequent in traumatic scenarios, such as war injuries
or road- or work-related accidents. The skeletal muscle has good regenerative ability,
but the extent or recurrence of muscle injury might impair complete structural and
functional recovery. Severe tissue loss overwhelms skeletal muscle´s intrinsic
regenerative capabilities and culminates in the development of noncontractile fibrous
tissue scar. Conservative RICE -based and surgical treatments show limited efficacy
in terms of improving these severe cases outcomes, pressing the need for new
approaches on skeletal muscle’s therapy. Since the first suggestions of the potential
of mesenchymal stem cells for regenerative medicine and tissue engineering, many
applications have been explored for a variety of tissues and diseases, including the
skeletal muscle, which is the focus of this literature review.

Current research has focused on the influence of nonmuscular MSCs on promoting
tissue healing and limiting fibrotic scar formation, as well as on the modulation of the
inflammatory response to injury. The most popular source of MSCs is, without a
doubt, the bone marrow. However, MSC populations are present in virtually all body
tissues, and alternative sources have been proposed, such as the adipose tissue,
synovial membrane, dental pulp, and even umbilical cord tissue.

MSCs from various sources have been demonstrated as capable of in vitro differen‐
tiation into myogenic lineages, through adequate stimuli, displaying phenotypical
markers of native skeletal muscle cells. In addition, in vivo applications suggest they
are capable of integrating host muscular tissues, even when delivered systemically.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



MSCs are capable of secreting a wide range of active molecules to their surrounding
media, including growth factors, chemokines, and cytokines. Most of these growth
factors have been associated to the skeletal muscle’s regenerative process, and their
efficiency has been demonstrated to increase when applied in spatial and temporal
coordination. Hence, the combination of molecules secreted by MSCs gained interest
as modulator of inflammatory, fibrotic, and regenerating events. This has been
proposed as possibly the primary mode of action of undifferentiated MSCs into a
lesion site, providing controlled release of such components. Concurrently to the
implantation of undifferentiated cells, it has also been hypothesized that the applica‐
tion of secretion products alone (termed as Conditioned Medium) display similar if
not improved effects on skeletal tissue regeneration, as it does in other damaged
tissues.

Keywords: Skeletal muscle, skeletal muscle regeneration, cellular therapies, mesen‐
chymal stem cells, biomaterials, secretome

1. Introduction

Skeletal muscle accounts for nearly half of the human body mass [1], and inherited and
acquired pathologies are often observed in clinical practice.

Given their impact on quality and life expectancy of patients, severe forms of degenerative
muscular diseases, such as Duchenne muscular dystrophy (DMD), have been one of the hot
topics of skeletal muscle regeneration research, and encouraging results have been obtained
through the application of mesenchymal stem cells (MSCs), giving hope for the development
of new therapies that can effectively improve the quality of life of affected patients [2–7].

Acquired muscle affections are seemingly more common in active humans, greatly associated
to sports practice, but also quite frequent in other traumatic sceneries, such as road or work-
related accidents or war injuries [8–11]. Muscle damage can result from ischemia and dener‐
vation, to contusion, sprain damage, laceration, avulsion, and other severe tissue losses.

Skeletal muscle has a good regenerative ability, but the extent or recurrence of these insults
might impair complete myofibers regeneration, limiting structural and functional recovery of
the affected muscle groups. Severe tissue loss usually supplants skeletal muscle’s intrinsic
regenerative capabilities [8] and culminates in the development of noncontractile fibrous tissue
scar [12]. Other well-known factor to impact the intrinsic capacity of skeletal muscle to respond
to injury events is the age of the patient [13], affecting both intrinsic cellular mechanisms and
their involving niche, hindering their effectiveness upon activation [14]. The regeneration
potential of skeletal muscle depends on a multitude of cell types that, upon exposure to specific
cues, cooperate to regenerate the damaged tissue, generating a coordinated tissue response
[15]. Under particular conditions, such as chronic diseases and aging, the ability of these cells
to support the regenerative response declines, leading to maladaptive responses, e.g., the
formation of fibrotic scars and fatty infiltration [15].
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Current recommendations for skeletal muscle lesions management rely on empirical applica‐
tion of conservative RICE-based (rest, ice/cold, compression and elevation) and surgical
treatments [10, 16] but show limited efficacy in terms of improving severe cases outcomes,
pressing the need for new approaches on skeletal muscle´s therapy.

Presently, biomedical research is working in various fronts toward complete restoration of
structure and function of damaged muscles, converging efforts in the areas of biomaterial
development, cell systems applications, and bioactive molecules aiming at filling the defect
and recovering the esthetics of the body part, as well as its function.

One of the strategies being intensely explored involves the application of muscle resident and
nonmuscular stem cells in search for faster and more effective recovery from severe injuries,
restoring both tissue structure and function [17, 18].

2. Skeletal muscle structure and intrinsic healing mechanisms

The basis of skeletal muscle structure and regeneration have been extensively revised in
literature, and only a brief description and emphasis to strategic “key points” will be given
herein [9, 16].

Skeletal muscle is composed of a mixture of muscle-specific cells, nerves, blood vessels, and
connective tissue support matrix. Skeletal muscle tissue-specific cells are multinucleated
structures holding complex and highly organized contraction machinery enclosed within the
plasma membrane (sarcolemma), and a single cell is termed as myofiber. According to their
contractile properties, myofibers can be classified into three types. Type 1 myofibers are slow
contracting and fatigue resistant, type 2A myofibers are fast contracting and have intermediate
resistance to fatigue, and type 2B myofibers are fast contracting and have poor fatigue
resistance. The function and training of a specific muscle or muscle group determine their
composition in terms of fiber type content.

The extracellular matrix (ECM) supporting the myofibers (basal lamina or basement mem‐
brane) is composed of a vast set of proteins, such collagen, fibronectin, laminin, and other
glycoproteins [9]. Myofibers are bound together by connective tissue sheaths (the endomysi‐
um, perimysium, and epimysium) associating them at three upscaling levels from involving
a single myofiber to the whole muscle belly [16].

The healing process following skeletal muscle injury is classically divided into three inter-
related and time-dependent phases, conveying the destruction, repair, and remodeling of the
affected tissue. The first phase (destruction phase) is defined by the rupture and necrosis and
degeneration of the myofibers (mainly mediated by alterations of the sarcolemma and loss of
calcium homeostasis) and associated neurovascular structures and ECM, by the formation of
a hematoma (between the damaged/ruptured and retracted muscle cells) and the initiation of
the inflammatory cells response [9, 16]. Other authors distinguish a primary hemostatic stage,
preceding the inflammatory reaction [19]. The inflammatory phase becomes evident within 24
hours after injury and comes up until approximately 3 days after the event. It is defined by a
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sequential influx of neutrophils and macrophages to the site, engaging in the phagocytosis of
the debris on site and the release of a cascade of mediatory cytokines [9, 20].

The following phase (repair phase) includes the phagocytosis of the debris resulting from the
damaged/necrotized tissue, the kickoff of the regeneration of the myofibers, and the produc‐
tion of a connective-tissue scar by migrating fibroblasts and neurovascular regrowth [16].

At this stage, satellite cells (SCs) assume a preponderant role. These cells, firstly identified in
the early 1960s [21], constitute a population of myogenically committed but undifferentiated
cells, residing between the basal lamina and the muscle fiber, assuming functions of mainte‐
nance of tissue homeostasis and regeneration. Muscle-specific paired box 7 (Pax7) is a hallmark
of postnatal myogeneis capacity and commonly characterize SCs populations [15]. Upon
injury, SCs are activated and undergo one of two faiths: differentiation into myogenic cells or
“stem-like” division, maintaining the pool of available cells for intervention in future events
of injury. These two courses of the SCs population relate to their Myf5 transcription factor
expression: the dominant population Pax7+/Myf5+ undergoes myogenic differentiation while
the minor Pax7+/Myf5– population remains undifferentiated replenishing the SCs niche [22].
Other populations with stem cells’ characteristics have been identified within the muscle
tissue, such as mesangioblasts and PICs (PW1+/Pax7– interstitial cells). Further details on
intrinsic regenerative populations associated to skeletal muscle and SCs origins and dynamics
can be found elsewhere [23–27].

In the final remodeling phase, the regenerated tissue matures and the formed fibrous connec‐
tive tissue reorganizes and contracts [16]. This stage is highly significant for the outcome of
the whole process and fine regulation of the late fibrotic events turns essential [28–30].
Especially after severe tissue loss, the fibrin matrix derived from the clotting process and
inflammatory response requires remodeling into collagen type 1 network, produced by
fibroblastic cells [31]. The development of definitive fibrosis at a lesion site begins at approx‐
imately 2 weeks after injury and progresses over time. Exacerbated fibrosis prejudices the
repair and remodeling phases hindering muscle regeneration and full functional recovery [32].

Although fibrosis is mostly referred to as a negative aspect of the healing process, evidence
suggests that a certain level of fibrosis acts as support matrix to new tissue ingrowth, promot‐
ing proper realignment of the myofibers and the myofibrils, and maintaining a degree of
mechanical properties on the regenerating tissue [32]. Also, reports of “functional fibrosis”
support its importance to the process, by contributing to a certain stance to the force distribu‐
tion along the muscle or muscle group, preventing continued overload of the remaining
skeletal muscle tissue, and contributing to functional recovery unrelated to effective skeletal
muscle tissue regeneration [33].

3. MSCs’ sources for skeletal muscle regeneration

In the ever-growing field of regenerative medicine and tissue engineering, stem cells are posing
as one of the main characters in the most recent therapeutic strategies [17, 18].

Progress in Stem Cell Transplantation134



sequential influx of neutrophils and macrophages to the site, engaging in the phagocytosis of
the debris on site and the release of a cascade of mediatory cytokines [9, 20].

The following phase (repair phase) includes the phagocytosis of the debris resulting from the
damaged/necrotized tissue, the kickoff of the regeneration of the myofibers, and the produc‐
tion of a connective-tissue scar by migrating fibroblasts and neurovascular regrowth [16].

At this stage, satellite cells (SCs) assume a preponderant role. These cells, firstly identified in
the early 1960s [21], constitute a population of myogenically committed but undifferentiated
cells, residing between the basal lamina and the muscle fiber, assuming functions of mainte‐
nance of tissue homeostasis and regeneration. Muscle-specific paired box 7 (Pax7) is a hallmark
of postnatal myogeneis capacity and commonly characterize SCs populations [15]. Upon
injury, SCs are activated and undergo one of two faiths: differentiation into myogenic cells or
“stem-like” division, maintaining the pool of available cells for intervention in future events
of injury. These two courses of the SCs population relate to their Myf5 transcription factor
expression: the dominant population Pax7+/Myf5+ undergoes myogenic differentiation while
the minor Pax7+/Myf5– population remains undifferentiated replenishing the SCs niche [22].
Other populations with stem cells’ characteristics have been identified within the muscle
tissue, such as mesangioblasts and PICs (PW1+/Pax7– interstitial cells). Further details on
intrinsic regenerative populations associated to skeletal muscle and SCs origins and dynamics
can be found elsewhere [23–27].

In the final remodeling phase, the regenerated tissue matures and the formed fibrous connec‐
tive tissue reorganizes and contracts [16]. This stage is highly significant for the outcome of
the whole process and fine regulation of the late fibrotic events turns essential [28–30].
Especially after severe tissue loss, the fibrin matrix derived from the clotting process and
inflammatory response requires remodeling into collagen type 1 network, produced by
fibroblastic cells [31]. The development of definitive fibrosis at a lesion site begins at approx‐
imately 2 weeks after injury and progresses over time. Exacerbated fibrosis prejudices the
repair and remodeling phases hindering muscle regeneration and full functional recovery [32].

Although fibrosis is mostly referred to as a negative aspect of the healing process, evidence
suggests that a certain level of fibrosis acts as support matrix to new tissue ingrowth, promot‐
ing proper realignment of the myofibers and the myofibrils, and maintaining a degree of
mechanical properties on the regenerating tissue [32]. Also, reports of “functional fibrosis”
support its importance to the process, by contributing to a certain stance to the force distribu‐
tion along the muscle or muscle group, preventing continued overload of the remaining
skeletal muscle tissue, and contributing to functional recovery unrelated to effective skeletal
muscle tissue regeneration [33].

3. MSCs’ sources for skeletal muscle regeneration

In the ever-growing field of regenerative medicine and tissue engineering, stem cells are posing
as one of the main characters in the most recent therapeutic strategies [17, 18].

Progress in Stem Cell Transplantation134

Given the presence of resident stem and SCs within the skeletal muscle tissue, native tissue
skeletal muscle-derived MSCs (MDSCs) would appear as the favorite source for regeneration
therapies [34]. In response to muscle damage, the SCs population is activated by the released
biomolecules and begins to proliferate and originates large numbers of muscle progenitor cells
(MPCs), which will in turn contribute to skeletal muscle structure reconstruction. At the same
time, not all SCs derive into MPCs but rather self-renew, contributing to the replenishment of
the quiescent cells within the muscle tissue [35, 36].

Many authors have explored skeletal muscle tissue-specific cells for repair and regenerative
purposes, as summarized by Koning et al. [37]. Despite of their demonstrated benefits in
several settings [38], the practical use of postnatal skeletal muscle progenitors or SCs is limited
due to decreased cell availability (requiring the harvest of large volumes of healthy tissue for
adequate numbers) [31, 39]. The expansion of MDSCs is possible, but as it has long been known,
it leads to dedifferentiation of early committed myogenic cells [40] and loss of potential. As
little as 1 day in culture following isolation and sorting hinders its engraftment potential and
contribution to regeneration events, hence turning it difficult to attain relevant cell numbers
for implantation [34]. Confirming this loss of potential, the implantation of freshly isolated SCs
in numbers as low as 250 cells outperforms the use of as many as 1.5 × 105 MPCs of first passage
derived from SCs expansion [35]. This initial boost provided by seldom expanded MPCs,
however, does not seem to sustain for long term effects [41].

Consequently, current research has focused on the influence of nonmuscular MSCs on
promoting tissue healing and limiting fibrotic scar formation, as well as on the modulation of
the inflammatory response to injury.

From the first suggestion of MSCs’ potential for regenerative medicine and tissue engineering,
many applications have been explored for a variety of tissues and diseases [42], including the
skeletal muscle, which is the focus of this literature review. Our research group has dedicated
to the development of MSC-based cellular therapies for application on several body tissues,
from peripheral nerve to blood vessels and skin wounds [43–53], including for skeletal muscle
volumetric loss lesions [54].

Since their first descriptions as a specific cell population in the late 1960s [55–57], knowledge
on MSCs’ features and potential has grown exponentially [58], as have the effective medical
applications in which these are beneficial. The MSC population from the bone marrow (BM-
MSCs) was the first to be characterized [55], and at the time, stem cells were thought to be
exclusive to organs with fair regenerative capacity, such as the blood, intestine, bone, and skin.
Nowadays, we are aware that they are present in virtually all the body tissues, in variable
numbers, mostly remaining in a quiescent state until activated by significant events, ensuring
a certain degree of defense against damage and disease [56, 59, 60].

The most significant features of MSCs are their clonogenic and proliferative capacities, while
remaining genetically stable and in undifferentiated state, and their differentiation abilities
[58], into various mesodermal, ectodermal, and endodermal cell types [61].

Through the years, significant progress has been made toward MSC characterization, and in
an effort to standardize and unite the scientific community, the Mesenchymal and Tissue Stem
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Cell Committee of the International Society for Cellular Therapy (ISCT) gathered a series of
recommendations regarding the acceptable criteria for the definition of “mesenchymal stem
cell” populations. Specifically, MSCs are determined to be characterized by (i) plastic adherent
ability; (ii) absence of definitive hematopoietic lineage markers, such as CD45, CD34, CD14,
CD11b, CD79-α, CD19, and class II major histocompatibility complex (MHC) molecules,
specially human leukocyte antigen (HLA)-DR, and expression of nonspecific markers CD105,
CD90, and CD73; and (iii) ability to differentiate into mesodermal lineage cells, osteocytes,
chondrocytes, and adipocytes [62].

Another appealing point on MSC research is their immune features. Unlike terminally
differentiated cells, MSCs are somehow immunologically privileged, avoiding the use of
additional immunosuppressive supplements during the treatments, which are mostly
(although not exclusively) deleterious for intrinsic regeneration mechanisms [42, 63]. One of
the main mediators of immune responses is the HLA-II, of which MSCs present only neglect‐
able levels, deeming them immunologically privileged [64]. This is a key point, considering
the difficulty of finding matching donors among the human population and the challenges of
harvesting sufficient numbers of cells from one patient upon necessity [65]. Hence, the lack of
HLA-II opens the possibility of using directly obtained or banked cells from consenting healthy
donors from the same species, designated as allografts [66]. Given their peculiar immune
features, the xenogenic implantation of human-derived cells in appropriate nonimmunosup‐
pressed animal models is feasible [52, 54, 67] and provides valuable information on their
behavior and effect on experimental stages that more closely mimic clinical practice reality [63].

In addition, immunomodulatory actions have also been attributed to MSCs, by controlling and
modifying host  immune response,  either  locally  (by  blunting  the  tissue  response  at  the
implantation site [54]) or systemically (ameliorating signals of severe immunological disturban‐
ces, such as chronic inflammatory, autoimmune diseases or graft-versus-host-disease) [63, 68].

The bone marrow is without a doubt the most widely explored source for MSCs for therapeu‐
tic purposes. The bone marrow is harvested from the patient or consenting donor, and the
adherent MSCs are isolated and expanded until desired numbers are attained for the intend‐
ed application. The harvesting procedure is however highly invasive and potentially painful,
motivating the search for more easily accessible sources. Furthermore, the “quality” of the isolate
cells strongly depends on the age, gender, and health status of the patient or donor [65]. Adipose
tissue and synovial membrane are also valid sources, and harvesting tissue for cell isolation is
mostly associated to primary interventions for esthetical and/or medical reasons. [2, 39]. Other
sources of MSCs are gaining ground for the minimally invasive nature of their harvest, as well
as for the lesser ethical concerns surrounding their tissues of origin, namely, the stromal tissue
of the umbilical cord [66] and the dental pulp [69] (Figure 1). The collection of the tissue sources
for these implicates lesser ethical and technical issues since they were mostly discarded as
medical waste following birth or dental procedures [66, 67, 69, 70]. Another alternative method
could be the collection of MSCs from postmortem tissues. MSCs have been successfully isolated
from the bone marrow, skeletal muscle, neural tissue, and dental pulp of deceased donors [71,
72]. These options, however, comply with similar if not aggravated ethical, legal, and even social
and religious concerns to conventional MSC sources [71].
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Figure 1. Morphological similarities between (A) DPSCs and (B) UC-MSCs (magnification: ×100).

Focusing on the skeletal muscle repair and regeneration, and apart from muscle-derived cells,
the most popular source of MSCs is still the bone marrow. However, MSC populations are
present in virtually all body tissues, and alternative sources have been proposed, such as
adipose tissue, synovial membrane [2, 73, 74], dental pulp [4, 69, 75], and even umbilical cord
tissue [76, 77]. Cells from these sources display comparable phenotypical features regarding
their “stemness” potential (they are plastic adherent, positive for markers of the mesenchymal
and negative for the hematopoietic lineage markers). As previously referred, they are similarly
amenable of differentiation into mesodermal and endodermal cell lineages, including adipo‐
cytes, chondrocytes, osteoblasts, endothelial cells, and hepatocytes [61]. Nonetheless, MSCs
from distinct sources are not completely identical, whether regarding phenotypical markers
expression, proliferation rates, or even multilineage differentiation aptitudes [74].

3.1. Evidence of the in vitro myogenic differentiation potential of MSCs

MSCs from various nonmuscular sources have been demonstrated as capable of in vitro
differentiation into myogenic lineages, through adequate stimuli, displaying phenotypical
markers of native skeletal muscle cells [61]. However, nonmuscular MSCs depict hardly any
spontaneous tendency toward myodifferentiation (0.001%) [6], unlike the “MSC-like” popu‐
lations residing in the muscle tissue that show a degree of lineage commitment to myogenic
formation, undergoing spontaneous differentiation in standard culture [31]. Not all MSC
sources seem to show the same tendency or predisposition toward this differentiation pathway
upon stimuli. As an example, the myogenic potential of MSCs from the synovial membrane
(SM-MSCs) seems more limited than for chondrogenesis, osteogenesis, or adipogenesis since
only limited number of individually expanded clones presented myotube formation capacity,
suggesting subpopulations with specific tendencies for lineage commitment [73]. MSCs
isolated from the umbilical cord stromal tissue display limited intrinsic tendency toward
myogenic lineage differentiation, expressing diminished levels of pluripotency and specific
myogenic markers involved in such process (such as Oct-4, Nanog, Pax-7, MyoD and myoge‐
nin, and M-cadherin), and they do not seem to spontaneously differentiate toward this lineage
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[76]. Conversely, when cocultured with differentiating myoblasts, differentiation can be
observed [76].

Cells undergoing myodifferentiation paths sequentially express characteristic transcription
factors belonging to the myogenic regulatory factors (MRFs) family, such as MyoD and myosin
(early a terminal differentiation markers) that are expressed with a well-defined time course
depending on how far long the process has progressed [39, 78], replicating the embryogenesis
of skeletal muscle tissue [15].

MSCs from the bone marrow, adipose tissue (AT-MSCs), synovial membrane, and dental pulp
(DPSCs) are also capable of fusing to myoblasts in coculture systems. Although multinucleated
hybrid myotubes generally appear only at low frequencies in the total population [6, 38, 74,
75] t results in the detection of muscle-specific gene expression in stromal cells, which is turned
on through myogenic fusion [79].

In alternative to direct contact coculture, trans-well settings can also efficiently induce
differentiation into skeletal muscle of AT-MSC subpopulations, via a fusion-independent
mechanism, leading to the expression of aforementioned differentiating myotubes markers.
This suggests that the differentiating myoblast can promote MSC myogenesis through secreted
biomolecules that can effectively cross the trans-well filter and exert action on the MSC
receptors. Nonetheless, the differentiation efficiency did not match the direct contact settings,
deeming cell-to-cell direct interaction a key factor and suggesting that these two mechanisms
act in complementary ways [6].

Further away from the coculture system, the supplementation of MSCs with conditioned
medium (CM) from both mature muscle cells and primary precursors induced differentiation
toward myogenic phenotypes [80]. CM from injured skeletal muscle also influences MSC
proliferation, in a dose-dependent manner, and promotes myogenic lineage differentiation
into the characteristic morphologies and transcription factors sequential expression. The
medium from undamaged muscle did not elicit such responses, demonstrating that the injury
event triggers the secretion of essential signaling biomolecules that modulate intervenient
cells’ fate in situ and are capable of modulating exogenous cells, such as BM-MSCs [78].

In 5-azacytidine (5-Aza)-induced differentiation, enriched umbilical cord stroma (UC-) MSCs,
adherent fraction of umbilical cord blood (UCB-MSCs), periodontal ligament-derived MSCs
(PDL-MSCs),  SM-MSCs,  AT-MSCs,  BM-MSCs,  and skeletal  muscle-derived  MSCs  (SkM-
MSCs) also begin displaying suggestive myoblast-like shape and fusing into multinucleated
immature myofibers, expressing early muscular markers, such as Myf5 and then MyoD [2, 39,
67, 70, 77, 81]. The spontaneous twitching of multinucleated fused differentiating myotubes has
also been described after 9–10 days culture [78]. Although classical myodifferentiation protocols
rely on the pathway triggering by 5-Aza-induced DNA methylation, this is known to cause
epigenetic changes, possibly precluding further advancements into clinical applications. In an
alternative approach, differentiation can be successfully induced using a more “physiologi‐
cal” induction medium, composed of defined growth factors, such as bFGF, VEGF, and IGF-1,
and it can successfully induce BM-MSCs into multinucleated myotube-like structures, with
striated cytoplasm and replicating specific expression patterns of the myogenic pathway,
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similarly to other induction techniques [61]. Similar behavior is also observed in MSCs cultured
in promyogenic medium containing dexamethasone and hydrocortisone [82].

3.2. Evidence on the application of MSCs for in vivo skeletal muscle regeneration

Further, in vivo applications suggest that, to variable extent, MSCs are capable of integrating
host muscular tissues, being identifiable at the lesion site shortly after implantation (Figure 2)
[54, 67, 75–77, 83–85]. The long time observation of administered MSCs in host muscle has also
been reported, even when delivered systemically [2, 4]. Intra-arterial delivery appears more
adequate for systemic MSC delivery, in detriment of intravenous routes. Keeping in mind the
circulatory anatomy, this was an expected observation since venous routes implicate increased
systemic dilution effects, as well as significant entrapment of cells within the pulmonary
capillary bed [86].

Figure 2. Human-derived UC-MSCs engrafted within injured skeletal muscle tissue 4 days after implantation. Immu‐
nohistochemistry staining for human nuclei (hNu) antigen (blue stained cells). Magnification: (A) ×100, (B) ×400.

It is set that the engraftment potential of MSCs into a damaged tissue is not absolute. The
numbers or percent of cells identified at different time points following injection invariably
decreases [76, 85, 87, 88], down to nearly as little as 10% of the initially delivered numbers in
a couple of months [88].

MSCs positively influence recovery of chemically induced muscle damage [76, 77], nonvolu‐
metric laceration [89] as well as in crush injuries [90, 91]. Although on occasions the delivered
cells could not be identified on site as differentiated entities or fused to host cells or, when so,
only to low degrees, the observed benefits further suggest that their contribution to the
regeneration of skeletal muscle might rely on mechanisms other than fusion to myofibers after
differentiation [89, 90].

UC-MSCs also engraft in the resident skeletal muscle tissue and are identifiable up to 14 days
after administration and in some extent differentiate into cells expressing sarcomeric tropo‐
myosine antigens [67]. When administered in undifferentiated state MSCs seem to replicate
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embryonic myogenesis events, as they do following in vitro induction [67], triggering gene
expression characteristic of myogenic differentiation pathways [2].

SM-MSCs are detectable integrated within host tissue for up to 6 months after either local or
systemic delivery, demonstrating their preferential homing ability to the injured tissues since
greater numbers were harbored by the injured muscle, although they could seldom be
identified in other body systems [2]. At longer terms after BM-MSC [88] or UC-MSC [76]
administration, about 5% of myofibers were of hybrid nature and could be identified along
the whole muscle length [88]. The hybrids’ formations seem to be a progressive process since
hybrid myofibers represent a much smaller fraction (under 1%) in the regenerating muscle at
shorter time points [74]. The administration of these cells granted increased muscle mass and
mature fiber formation when compared to untreated muscles [76]. AT-MSCs also contribute
to enhanced regeneration, reducing fibrosis and improving histological and functional features
after only 4 weeks. However MSCs alone did improve the process, their association to a
biomaterial vehicle and bioactive cues further enhanced those results, as detailed later in this
section [83].

In the last decade, the question whether the seldom identified donor-derived cells resulted
from trans-differentiation events of MSCs into muscle cells or from fusion to host cells raised
significant controversy [79]. Today, based on the acquired evidence, the scientific community
tends toward the fusion theory. As mentioned earlier, MSCs have been demonstrated to
successfully fuse to host cells and contribute with genetic information, leading to the expres‐
sion of human-derived genes and gene products [2, 79, 88]. Fusion efficiency seems to differ
among MSCs sources, and AT-MSCs appear more prone to in vivo formation of hybrid
myotubes, surpassing BM-MSCs and SM-MSCs [74].

Delivered cells also seem to interact with the resident tissue’s satellite pool. Skeletal muscle
SCs delivered to a regenerating muscle effectively contribute to the replenishment of the
resident satellite pool, migrating to locations far from the lesion site within the muscle. These
freshly isolated native skeletal muscle stem cells contribute in high extents to the total Pax7+

population (about 38%), unlike expanded MPCs, that only account for about as little as 12%
[35], but can still be identified within the muscle tissue and in association to connective
structures [31]. Nonmuscular sources seem to behave closer to MPCs in terms of niche
replenishment. Based on the location of the remaining delivered cells not associated to hybrid
fibers, some authors suggest that these residual donor-derived cells might have also contrib‐
uted to the resident SCs pool, and that they can effectively contribute to skeletal muscle
regeneration in the events of a new injury [2, 35, 76, 88]. Alike exogenous SCs and MPCs
integrated into the resident quiescent pool, other sources of engrafted cells are amenable of
activation upon reinjury of the muscle [2, 35] and can be reisolated [35] and also originate
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models [88]. Although some disease models, especially of degenerative nature, seem to display
sex-related differences, physical models of skeletal muscle lesions appear to respond similarly,
at least in terms of functional recuperation. As for fibrosis development, male specimens might
display a decreased tendency for the event [90]. The gender, age, and health status of the MSC
donor is also a factor known to influence cell quantity, quality and general performance [65].

In line with the low engraftment potential and low contribution to de novo myotube formation
and the solid observations that nevertheless MSCs tend to consistently lead to structural and
functional improvement in skeletal muscle repair and regeneration models, the paradigm on
the mode of action of MSCs started to shift. Evidence supports that their primary mechanism
of action may rely on their secretory abilities rather than on their differentiation capacities, as
discussed in detail further ahead [89, 90].

3.3. MSC-biomaterial systems for in vivo skeletal muscle regeneration

Most of the above-mentioned diseases and disease models involve severe affection of skeletal
muscle tissue function (laceration or chemically induced damage) but, generally, the structural
integrity of the tissue is maintained, preserving the blood and neural supply to the muscles as
well as the resident SCs population [67, 88]. Although skeletal muscle detains a fair capacity
for regeneration, severe injuries involving the loss of extensive volumes of muscle, termed as
volumetric muscle loss (VML), mostly overwhelm this intrinsic response [12]. To date, these
situations pose a relevant therapeutic challenge.

The gold standard for the surgical management is the creation of muscle flaps filling the
defective area. However, these autoflaps depend on the maintenance of an adequate blood
supply and involve the damage of a neighboring muscle. Therefore, the donor site morbidity
and limited success of such approaches push toward the development of new treatment
options [92].

The advent of tissue engineering and regenerative medicine research, focusing on both
biomaterials, cells, and bioactive molecules, has boosted the search for new possibilities for
the development of effective clinical treatment of affected patients [11, 92–94].

These cases are mainly related to traumatic or surgical events and result in complete tear of
the myofibers or even significant loss of skeletal muscle tissue portions, VML, in large and
relevant active muscle groups. Here, no support structures remain on the lesion site, nor do
blood vessels, neural structures, or cell populations with capacity to repair and restore the lost
tissue. The loss of 10% to 20% of the mass of a weight-bearing muscle represents a critical loss
that will not fully regenerate even after long periods [8] (Figure 3).

The healing of these severe injuries can be improved by the sole administration loose of cells
[34], but for the most cases, complete repair of such defects remains dependent on the ability
of bridging the gap between the transected muscle segments. For VMLs, this point presents
an impending challenge.

The research field of biocompatible biomaterials has opened a possible strategy to address
previously irreparable lesions. These materials aim at providing a physical support to the
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regenerating myofibers on both ends, promoting their development and proper orientation, a
key point for structural as well as functional recovery [8]. These biomaterial scaffolds are also
valuable in recreating an advantageous mechanical and chemical microenvironment for the
proliferation and differentiation of resident or delivered progenitors [8]. In addition, these
matrices may act as (as in the case of ECM) [93] or be modified/loaded with bioactive signaling
molecules participating in the repair process [83].

Here, decellularized ECMs appear as the most widely explored scaffold material for skeletal
muscle tissue engineering, with commercially available products ready for clinical use and
amenable of application in skeletal muscle repair and regeneration [33].

Decellularized skeletal muscle ECM has been demonstrated to adequately fill a critical muscle
defect, and to benefit structural recovery. Although structural improvement was determined,
functional outcomes did not significantly differ between the bridged and the unbridged control
defects [8]. Other study reported functional indexes recovery comparing to the unimplanted
group, but still insufficient to match undamaged muscles’ response [94]. Scaling up to a larger
preclinical canine model, these implants were capable of promoting endogenous progenitors
migration into the regenerating area [95].

On a clinical setting application, commercially available ECM products have been successfully
applied to restore chronic volumetric muscle injuries [11, 94, 96], reporting esthetic and, to
some degree, functional improvements.

Besides large voids in the muscle tissue, biomaterials can also be applied in smaller defects. A
gelatin-based hydrogel could enhance regeneration after laceration injury. This in situ forming
gel was loaded with a prosurvival growth factor (bFGF), sustaining controlled release for up
to 3 weeks. In vivo, the loaded hydrogel significantly improved contractile force of healing
muscles, reduced local fibrosis, and increased multinucleated regenerating myofibers and
neurovascular structures on site [83].

Stem cell implantation is a possible strategy to enhance the recovery rates whether they are
delivered alone or in association to biomaterial scaffolds. Their inclusion has been demon‐
strated beneficial in skeletal muscle injury.

Figure 3. VML lesion model development: myectomy lesions in the tibialis anterior muscle of the rat’s hindlimb. Dif‐
ferent volumes (20–60 µl) in the defects produced by biopsy punch blades of different sizes (3–5 mm) [51].
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As a first approach, SCs and other muscle-derived progenitors were investigated toward the
optimization of the healing process of biomaterial treated defects [41, 97].

The performance of fibrin-based [31] and hyaluronan-based hydrogels [35] was significantly
improved by the association of cellular systems. MPCs were able to reduce inflammatory
infiltration and scar formation and regeneration events were improved, with reinnervation
and revascularization of the area as well as increasing the regenerating myofibers content. The
inclusion of freshly isolated SCs instead of expanded MPCs presented even better results with
functional parameters closely meeting up to controls after 6 months of recovery [35].

Given the pros and cons earlier discussed regarding native tissue-derived cells and the effects
of undifferentiated nonmuscular MSCs on other lesion models, some focus was given to their
potential role in cellular-biomaterial systems.

The benefits of BM-MSCs in a severe VML models through the inclusion of the cell system into
a decellularized ECM frame boosted both structural and functional recovery, with increased
muscle tissue, blood vessels and nervous supply ingrowth into the defect area and improved
muscle functional performance, when compared to the cell-free systems [8, 98].

The potential of AT-MSCs was also tested on a previously described gelatin-based hydrogel
vehicle. Although the bFGF-loaded hydrogel alone performed satisfactorily, the addition of
hAT-MSCs granted further improvements. The most striking result was the reduction of
fibrosis to only roughly 20% and the recovery of functional parameters reaching 89% of
uninjured muscles. Indicators of regenerative events (immature myofibers, reinnervation, and
neovascularization) were also significantly improved [83]. When associated to MatrigelTM,
early improvements were observed. However, such differences were no longer evident in a 4-
week time point [87].

Besides the obvious impact on the overall regenerative milieu, the exogenous MSCs are also
strong modulators of tissue reaction to biomaterials implanted within the muscle tissue.

Using a volumetric loss rat model [51], UC-MSCs demonstrated their potential in modulating
early inflammatory responses to a gelatin/thrombin-based matrix [52]. It was further con‐
firmed in response to other biomaterial systems in terms of both the inflammatory response
and the collagen type I deposition. The results from the sole application of a good vehicle
(fibrin-based) were further improved, and the reaction to vehicles deemed less adequate
(gelatin/thrombin-matrix and hyaluronan/alginate-based) was attenuated by the presence of
UC-MSCs [54].

As described in an earlier section, one of the challenges faced on the use of cell systems is the
success in engrafting the lesion site. The preconditioning of BM-MSCs to the myogenic lineage
seems to improve integration in host muscles [61], but the pretreatment of UC-MSCs with
SDF-1 does not seem to affect engraftment efficiency, despite the fact that SDF-1 is a known
promoter of migration of transplanted and host cells to active lesion sites [76]. By contrast, the
combination of bFGF, VEGF, and IGF-1 positively impacted engraftment, with increased
donor cells’ numbers identified forming mature hybrid myotubes [61].

The delivery of the intended MSCs within a scaffold/vehicle also contributes to prolonged
maintenance on site, increasing engrafted cells number comparing to loosely delivered cells
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[83]. Hence, the mode of delivery of cells or other regenerative cues is of vital importance [54].
Loosely delivered cells tend to show poor survival and engraftment and inadequate interaction
with the host tissue. These drawbacks seem to be counteracted by their association to delivery
vehicles [35] that also seem to positively influence cell survival and myodifferentiation, as well
as neovascularization of the lesion sites when implanted [83].

In summary, both biomaterials and cells alone can aid the healing process, but their association
seems to boost their individual actions. Cells help in functionalizing biomaterials while
biomaterial provided beneficial microenvironments for the survival and action of the encap‐
sulated MSCs.

From the currently available data, biomaterials alone are capable of providing fair benefits to
volumetric lesions, but longer periods of recovery might be required (over 6 months). The
coordination of those with cellular systems is likely to speed up the process, providing
evidence of functional recovery earlier after the treatments [97].

The type and the magnitude of the contribution of the seeded population to the regenerative
process also seem to relate to their differentiation state. Cells closer to undifferentiated state
seem to elicit boosted initial responses, accelerating the onset of the process [87, 97]. By contrast,
specialized cells tend to provide a more gradual but sustained response. The combination of
the two populations may provide the key for additive effects and magnified recoveries [41].

One of the most striking observations is that the application of lineage committed or undif‐
ferentiated cells correlates to increased vascularization (and also innervation) at interface and
core areas of implanted materials, which is known to be a vital factor for cell survival and
function and tissue regrowth into volumetric matrices [98], since three-dimensional scaffolds
easily exceed the diffusion capacity for nutrient and other essential components toward the
inner parts of the constructs [99]. Seeding with potentially vasculogenic cells and/or prevas‐
cularization of constructs via in vitro culture seem viable options for improved results upon
implantation into critical defects [100, 101]. The association of seeding strategies to surgical
vascularization (i.e., connection to hosts vessels) is also described as boosting regeneration and
recovery from large defects [102].

The timing of administration might also impact on MSCs engraftment and function. Most
authors describe the existence of delivered cells for weeks following implantation [67, 76, 77,
83], when delivered up to 24 hours after injury. This topic remains highly debatable. The
delivery of MSCs into a crush injury model either immediately or 1 week after the event did
not lead to significant differences in functional recovery, indicating the possibility of a fairly
large time window for the application of these therapies [84]. However, others report that the
delivery of MSCs 1 week after injury (in attempt to escape initial inflammatory reaction) seems
to impair their engraftment since no trace was detected after only 2 weeks. Most surprisingly,
the cells were delivered on a hydrogel vehicle [87] what had been described to positively
influence the permanency of delivered cells at the lesion site [83]. It might suggest that the
early inflammatory microenvironment modulates MSCs function and maintenance on site or
that their modulatory effects on the inflammatory milieu affect their engraftment.

Another critical factor under investigation is the most adequate number of MSCs to be
delivered to the defect site, associated or not to a biomaterial vehicle. Winkler and colleagues
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demonstrated a dose-dependent response to BM-MSCs administration in functional recovery
from 0.1 to 10 million cells administered to a crush injury site [103]. Irrespectively, the number
of cells administered regardless of the disease model or cell source or vehicle depicts no
consensus among research groups, ranging from few thousands to several millions [52, 54, 67,
76, 77, 88, 98, 103].

Cell Source Lesion Model Delivery Mode/ Vehicle Reference

hBM-MSCs CTX TA mice local injection [88, 74, 79, 61]

rBM-MSCs VML GTN rat ECM [98]

rBM-MSCs CR SL rat local injection [103, 90, 91, 84, 85]

rBM-MSCs CR SL rat systemic delivery [86]

hUC-MSCs VML TA rat thrombin-based matrix [51, 52, 54]

hUC-MSCs VML TA rat fibrin-based matrix [54]

hUC-MSCs VML TA rat
hyaluronan/ alginate-based

hydrogel
[54]

hUC-MSCs (enriched) BVC TA rat local injection [67]

hUC-MSCs CTX GTN mice local injection [76]

hAT-MSCs (+ bFGF) LAC GTN mice hyaluronic acid- based hydrogel [83]

rAT-MSCs LAC SL rat Matrigel TM [87]

hAT-MSCs CTX TA mice local injection [74]

hUCB-MSCs CTX GTN mice local injection [77]

hSM-MSCs CTX TA mice
local injection

[2]
systemic delivery

hSM-MSCs CTX TA mice local injection [74]

hDPSCs CTX TA mice local injection [75]

Table 1. Examples of non-muscular MSCs sources for in vivo skeletal muscle repair and regeneration; r: rat or mice
derived cells; h: human derived cells; CTX: Cardiotoxin chemical model; VML: Volumetric Muscle Loss model; CR:
Crush Injury model; BVC: Bupivacaine chemical model; LAC: Laceration injury model; TA: Tibialis anterior muscle;
GTN, Gastrocnemius muscle; SL: Soleus muscle; ECM: Extracellular Matrix.

Since the core topic of this section is in vivo skeletal regeneration of acquired lesions models,
an important remark must be made. Although the general intrinsic regenerative response of
the skeletal muscle tissue to an injury event (approached in detail earlier in this chapter) follows
a mostly constant sequence of events, the source and the magnitude of the induced injury lead
to distinct native healing efficiencies and consequently distinct responses to implemented
therapies [27, 104]. It results into an additional challenge when trying to understand the true
magnitude of effects, especially in attempts of comparative analysis on the available literature.

Besides the selected defect model, the animal species/strain also assumes relevance. Different
animal strains within the same species depict distinct tissue and systemic response profiles to
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a similar injury [105]. Also, the use of immunocompromised [31] or non-immunocompromised
[54] animals may also contribute to the inflammatory responses obtained when biomaterials
and xenogenic cell sources are applied.

Other consideration possibly precluding the translation of developed therapies to the clinical
practice is the character of the lesion site. In research scenarios, therapies are applied to recently
injured sites. However, on a clinical setting, the most expectable situation is a chronic irrep‐
arable wound that underwent multiple surgical repair attempts though the course of several
months or years [11, 94, 96]. Hence, as pointed out by Vigodarzere and Mantero [92], the
homeostasis of such extensively injured and remodeled sites is significantly distinct from
freshly induced insults; thus, the predictive value of the currently used animal models turns
questionable.

4. Secretory potential of MSCs and impact on skeletal muscle regeneration

As evidenced by several  authors,  the beneficial  action of  MSCs on regenerating skeletal
muscle might not solely depend on their differentiation capabilities, especially in nondege‐
nerative lesion models, where their engraftment capacities seem fairly limited [76, 84, 88–
90, 103]. Other proposed action mechanisms involve the secretion power of those cells [42,
76]  since  relevant  growth  factors  and  cytokines  have  been  identified  in  various  MSCs’
sources secretome profiles [106, 107].

4.1. The role of growth factors and cytokines in skeletal muscle regeneration

The basis for this approach rests on the evidence that specific growth factors influence skeletal
muscle regenerative response [108, 109]. In injured tissues, these factors are secreted into the
surrounding microenvironment, exerting effect on, as an example, quiescent progenitor cells
or delivered MSCs [78]. Thus, upon injury, the skeletal muscle itself releases a cascade of
modulatory and signaling biomolecules, aiming at the recruitment and activation of essential
characters to the regenerative process and triggering cell-type-specific programs [15]. These
secretory capacities can inclusively modulate in vitro cell cultures and induce undifferentiated
MSCs toward myoregeneration. In contrast, undamaged muscle seems to remain in a quiescent
state, devoid of active stimulatory or differentiating factors [78].

Relevant growth factors are secreted by the remaining tissue but also by the invading immune
cells participating in the intrinsic inflammatory response. Some of these molecules act as
chemoattractant to additional inflammatory infiltration to the lesion site, such as MCP-1, IL-17,
TNF-α, and TGF-β, among many others (a comprehensive table on the normalized nomen‐
clature for some growth factors and cytokines is available as supplementary material on [107])
[110]. Macrophages are a grand character of skeletal muscle inflammatory response and
accompany the full process of recovery [111], modulating their phenotype and secretory
abilities and interaction with neighboring cells. They are chemoattracted to the site by
molecules deriving from damaged muscle cells and other populations, such as neutrophils.
They primarily secrete TNF-α and INF-γ then shift to increased levels of IL-4 and IL-10,
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promoting initial SCs division in undifferentiated state and, later on, their differentiation
toward myogenesis [110]. IL-4 is also actively secreted by eosinophils active in the early stages
of response to muscle insult. At this time point, this cytokine is essential to the activation and
action of resident cell populations fibro/adipogenic precursors, promoting their proliferation
while inhibiting differentiation into adipogenic lineages, contributing to the formation of
essential support structures to aid myotube regeneration and to further secretion of bioactive
factors [112].

Parallel to the types of growth factors and cytokines involved, it is essential to bear in mind
that release/delivery dynamics is also of vital importance [27]. The intrinsic regenerative
mechanisms following skeletal muscle damage does rely on the sequential and coordinated
interaction of molecules [113], and the key to the development of improved strategies might
come from contemplating and replicating these facts. Therefore, besides the growth factors
content in a lesion site, the strict patterns of interaction between those play a crucial role in the
outcome of the regenerative process. For example, HGF and bFGF activity after crush injury
increases during the early regeneration period (first week), while TGF-β3 only significantly
increased later in the process (after 12 days postcrush) [114].

HGF is a potent mitogen for quiescent SCs, inducing their activation and increasing the
numbers of proliferating MPCs while preventing their differentiation [115, 116]. The effects of
HGF in SCs quiescence appears to be the work of a concentration-dependent negative-
feedback mechanism, promoting activation and proliferation at low concentrations, while
rebooting SCs to quiescence and promoting muscle-specific proteins expression in increasing
concentrations [117]. It is present in the undamaged muscle and is released upon injury [118],
mainly of physical/mechanical nature [117], and it is also released from other organs, such as
the liver and spleen, acting on skeletal muscle tissue in an endocrine way [119]. Its effects are
observed in a restricted time window, peaking for the first days following injury and then
decreasing. Given its inhibitory effect in myodifferentiation, its role in later stages of the
regenerative process turns deleterious [116], if low expression is maintained [117].

Basic-FGF and IGF-I have also been reported to positively influence muscular cell populations
in both in vitro and in vivo settings. In myoblast cultures, bFGF, IGF-I, and NGF effectively
promoted myoblast proliferation and fusion into multinucleated myofibers, while other
factors such as PDGF-AA, EGF, TGF-α, and TGF-βs seemed detrimental in that specific setting
[120]. In vivo application into a laceration injury confirmed the beneficial effects of bFGF and
IGF-I [120]. Basic-FGF sustained release at a lesion site (i.e., via hydrogel delivery) also elicits
increased revascularization and reinnervation of the regenerated tissue, reducing the devel‐
opment of fibrosis [83]. IGFs are associated to both muscle cell proliferation and differentiation
and play a key role in muscle regeneration and hypertrophy, with different isoforms affecting
different stages of the process. IGF-IEc/MGF is expressed early in events, associated to SCs
and proliferating myoblasts, while IGF-Ia and IGF-II expression occurs later in myogenic
differentiation and muscle fiber formation [121]. IGF-I also modulates the local inflammatory
response by down-regulating inflammatory cytokines on site, and thus limiting fibrosis
development [122]. The combination of anti-fibrotic agents to IGF-I administration exerts
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additive effects on muscle regeneration [32]. Sustained IGF-I delivery enhances ischemic
muscle fiber regeneration, and beneficial effects are potentiated by combination with other
growth factors, such as VEGF, resulting in synchronized angiogenesis, reinnervation, and
myogenesis [123].

Other members of the FGF family interfere with skeletal muscle regeneration. FGF-6 is deemed
muscle specific and is up-regulated during regenerative events, and its absence has been
reported to relate to regenerative defects [124]. High concentrations of FGF-6 stimulate the
proliferation of the myogenic stem cells, while while lower concentrations regulate muscle
differentiation. It is also a determining factor for skeletal muscles’ fiber type content [125, 126].

Vascular endothelial growth factor (VEGF) is also an important factor in muscle regenera‐
tion.  In damaged tissue,  VEGF and its  receptors are detected in SC and in regenerating
muscle fibers,  as well  as in cultured SC and myoblasts.  VEGF acts by stimulating myo‐
blast migration and survival, preventing apoptosis, and promoting myogenic cell growth.
Furthermore, VEGF may have a relevant role in the homing of circulating progenitor cells
to specific  muscle location and/or in regulating the SC pool [127].  The local  administra‐
tion  of  VEGF  has  also  been  associated  with  reduced  scaring  and  improved  muscle
regeneration  and  strength  recovery  after  acute  trauma  [128].  Sustained  VEGF  delivery
promotes neo-angiogenesis and tissue perfusion recovery, as well as conferring protection
from hypoxia and tissue necrosis in ischemic limbs [123], but it may derive into aberrant
ECM deposition and undesired fibrosis [129].

Granulocyte colony-stimulating factor (G-CSF) also exerts beneficial effects in skeletal muscle
healing, promoting both structural and functional recovery in damaged muscles [130, 131],
and is a crucial factor for skeletal muscle development [130]. It promotes myoblasts prolifer‐
ation in vitro, in a dose-dependent manner, and although it is a recruiting factor for hemato‐
poietic stem cells from the bone marrow, it does not influence the recruitment of BM-MSCs
for skeletal muscle regeneration purposes [130].

As mentioned before, not all bioactive molecules and interactions have solely positive effects.
Increased TGF-β1 levels are observed at injury sites [132]. This particular growth factor is
stimulatory to collagen and ECM deposition that can be detrimental to the skeletal muscle
regeneration process, contributing to exacerbated fibrosis and loss of contractile properties
[32]. When TGF-β1 activity is inhibited by the action of decorin, regeneration indexes signifi‐
cantly improve and fibrosis development decreases by 50% in laceration injuries [133],
conveying toward in vitro observations [132]. TGF-β1 acts on myoblasts, leading to the
overexpression of fibrosis-related proteins and the down-regulation of myogenic proteins
(desmin, MyoD, and myogenin). Furthermore, TGF-β1 released by injured muscle stimulates
autocrine expression on surrounding myoblasts and inflammatory cells, amplifying its local
fibrogenic effects [132].

These and other growth factors and cytokines are well known to guide and modulate tissue
response to damage, and their coordinated actions are essential for the timely activation of
myogenic cells, revascularization, and reinnervation of the lesion site and ECM deposition and
remodeling.
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4.2. MSCs secretome and effects on in vivo skeletal muscle regeneration

Most of MSCs secretome components are described to exert regulatory functions in both
autocrine and paracrine ways [134], and interact both directly and indirectly with other cells,
by triggering direct intracellular signaling pathways or by activating molecules production
and release by other targeted cell types [42]. These bioactive molecules are deemed to benefit
repair and regeneration processes mostly by inhibiting apoptosis and limiting the extent/
propagation of injury, by diminishing fibrotic tissue development, by stimulating angiogenesis
and revascularization of the regenerating tissue, and by activating/boosting intrinsic tissue-
specific stem cell pools [63].

As disclosed in a previous section, the observations of positive effects upon MSCs application
regardless of their presence as differentiated entities on site strongly support the assumption
that their actions may alternatively depend on their capacity to produce and secrete com‐
pounds when in undifferentiated state [41, 89, 90]. This theory is also supported by the fact
that exogenous MSCs mostly position themselves in close vicinity to regenerating myofibers,
in native SCs/PICs-like locations, providing controlled release of such components [76]. Caplan
and Dennis quite accurately described MSCs as “multi-drug delivery vehicles that are injury-
site sensitive and/or responsive” [42], also referring to MSCs “homing” capacity (i.e., their
ability to respond to signaling chemokines and preferentially migrate and attach close to lesion
sites). Hence, the combination of molecules secreted by MSCs gain interest as modulators of
inflammatory, fibrotic, and regenerating events [54].

Since the 1990s, considerable efforts have been made toward the comprehension of the
secretion potential of MSCs derived from various tissues and exhaustive studies have focused
on the detailed composition of their secretome [107, 135–137] and their actions and functions
on the modulation of inflammatory and regenerative events, as thoroughly revised in [42, 63,
134, 138–142].

Briefly, and according to their prospective effects on regenerative processes in general, these
factors and chemokines can classically be classified as anti-apoptotic, immunomodulatory,
anti-scaring, supportive, angiogenic, and chemoattractant [138]. Factors including HGF, IGFs,
FGFs, CSFs, PDGFs, and TGFs as well as cytokines such as IL-6, IL-8, and IL-10 have been
identified in different magnitudes in MSCs culture supernatants [106, 107, 142]. Other
performers in the skeletal muscle regenerative process seem to be absent, such as IL-4 [107].

The array of secreted molecules is related to the microenvironment accommodating the active
MSCs, displaying consistent patterns of secretions in response to their local microenvironment,
as well as to their functional status [42]. This responsiveness of MSCs to a variety of microen‐
vironmental cues can be availed as to enhance their therapeutic potential from the amount of
secreted factors [134] up to incrementing the engraftment success when implanted at a lesion
site [61]. Inflammatory cues alter the expression patterns of MSCs, resulting in increased
secretion of selected growth factors and other cytokines [135, 142]. MSCs can be exposed to
controlled stimuli before application, such as hypoxia and mechanical stimulation, leading
increased expression of growth factors such as bFGF, IGF-I, HGF and, with particular empha‐
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sis, VEGF [137]. These observations are of particular interest since severely damaged muscles
present hypoxic milieus due to the impairment or loss of blood supply.

Nevertheless, most of the knowledge available on the MSC secretome derives from in vitro
settings, and despite studies focusing on the effects of biomolecules on its profile, it hardly
replicates the exact inflammatory scenario within a lesion.

Concurrently to the implantation of undifferentiated MSCs, it has also been hypothesized that
the application of secretion products alone (termed as conditioned medium [CM]) display
similar if not improved effects on skeletal tissue regeneration (Figure 4) [54], as it does in other
damaged or degenerated tissues, such as the central nervous system [141, 143, 144].

Figure 4. Schematic on the application of MSCs or their CM on hydrogel vehicles for the regeneration of critical muscle
defects in a rat model (A) as described in [54]; VML lesion filled with loaded vehicle.

When comparing the skeletal muscle inflammatory response to implanted biomaterials of a
severe tissue loss model, the association of either undifferentiated Wharton’s jelly MSCs or
CM obtained from their in vitro culture seems to consistently blunt the inflammatory response
at early to medium stage of events (day 15 postlesion) [54]. Besides the reduced afflux of
inflammatory cells to the implant sites on these early stages, we have also observed that the
presence of MSCs resulted in accelerated progression to chronic inflammatory stages, that
would resolve faster than unloaded subcutaneous implants (unpublished data). Therefore,
although MSCs secrete a wide range of chemoattractive chemokines, their coordinate effects
result in effective immunomodulation and in the control and containment of the local inflam‐
matory response. Similarly, the addition of CM from UC-MSCs significantly improved the
local response to different biomaterials as well as promoted improved muscle regeneration,
revascularization, and reinnervation at the site of severe VML [54]. These results are supported
by the detection of fair levels of immunomodulatory cytokines, such as IL-10 and MCP-1, as
well as proregenerative growth factors, such as bFGF and VEGF [107]. Recently, we have
observed similar behavior regarding the applications of DPSCs’ CM in the same VML model.
It similarly reduced the early to medium stages of inflammatory response to implanted
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biomaterial, but slight differences were observed. These differences might be attributed to
slight differences in the secretome profile of UC-MSCs and DPSCs, and research is ongoing
on this topic (unpublished data).

5. Conclusions and final remarks

The following are brief conclusions on the topics discussed along this chapter:

The skeletal muscle is frequently exposed to severe trauma that overwhelms its intrinsic
healing mechanisms. To date, conservative and surgical treatment options often fail to restore
the structure and function of the affected muscle.

The expansion of the regenerative medicine research field enlightened scientific community
on some possible strategies to improve those clinical outcomes. MSCs appear as a promising
source for the development of cellular therapies for skeletal muscle and other body systems.
Significant achievements have been made toward their isolation from viable tissue sources,
with sources like the umbilical cord or adipose tissue gaining ground over the classical bone
marrow.

The recognition of nonmuscular MSCs potential for skeletal muscle regeneration lays on the
observations that they can (i) assume skeletal muscle cells phenotypes (differentiate) and (ii)
fuse to native muscle cells, that (iii) they can integrate living host tissues as differentiated and
undifferentiated entities, and finally (iv) that they secrete a wide range of bioactive molecules
with impact on the skeletal muscle regeneration milieu.

There is still great ground to cover in search for definitive therapies, but great promise holds
on the development and refinement of tissue engineering strategies, combining the use of
structural and active biomaterials, nonmuscular MSCs, and their secretion products in order
to aid and guide the body’s efforts to heal severe volumetric muscle lesion, aiming at the full
recovery of the muscles’ structure and function that greatly affect patients quality of live and
well-being.
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Chapter 9

Mesenchymal Stem Cells — Their Antimicrobial Effects
and Their Promising Future Role as Novel Therapies of
Infectious Complications in High Risk Patients

K.A. Al-Anazi and A.M. Al-Jasser

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60640

Abstract

Mesenchymal stem cells (MSCs) are heterogeneous progenitor cells that have the
capacity of self-renewal and multi-lineage differentiation. These adult stem cells can
be derived from several sources including bone marrow (BM), peripheral blood, cord
blood, placenta, amniotic fluid, skin and adipose tissue. They have certain distin‐
guishing features and their immunomodulatory and immunosuppressive properties
enable them to have several therapeutic and clinical applications. Recently, MSCs
have gained enormous potential as they can potentially cure various intractable and
chronic diseases and as they have shown effectiveness in the treatment of various
infections in animal models and in early clinical trials. MSCs are essential constituents
of the framework that supports organ integrity and tissue barriers. Suppression of
both T and B cells allows them to be major players in the innate response to bacterial
infection and in controlling inflammatory response. Human BM-MSCs possess direct
antibacterial activity against Gram-negative bacilli and they have been shown to
improve survival and reduce mortality in animal models having septic complications.
BM-MSCs are effective in treating sepsis and acute respiratory distress syndrome in
high-risk patients such as those with malignant hematological disorders, recipients of
solid organ and hematopoietic stem cell transplantation (HSCT) and patients
receiving advanced level of care in intensive care units. Additionally, human BM-
MSCs can act as drug delivery vehicles by enhancing the effectiveness of conventional
antimicrobials and thus they may prevent the evolution of drug-resistant microbes.
MSCs contain a subset of interleukin-17+ that is capable of inhibiting the growth of

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Candida albicans (C. albicans). Also, CD 271+ BM-MSCs may provide a long-term
protective intracellular niche in the host where Mycobacterium tuberculosis (M.TB)
organisms remain viable but in a dormant state. Two recent clinical trials in humans
that included 57 patients have shown that autologous transplantation of MSCs can
successfully treat multidrug resistant (MDR) strains of M.TB. Animal studies have
demonstrated that MSCs enhance host defenses against malaria. MSC therapy
improves liver function and promotes hepatocellular regeneration in patients with
hepatic fibrosis caused by schistosomiasis. Transplantation of MSCs has been shown
to reverse right ventricular dilatation, cardiomyopathy and advanced cardiac
involvement caused by Trypanosoma cruzi infection.

Autologous MSC transfusion in patients having liver cirrhosis secondary to hepatitis
B or C infection improves liver function tests. Transfusion of MSCs can confer
resistance to human immunodeficiency virus (HIV)and may restore immune reconsti‐
tution in infected individuals. Also, MSCs obtained from Wharton's jelly of the
umbilical cord may become a novel therapy to reverse immune deficiency in
individuals infected with HIV1, particularly immune non-responders. Additionally,
recent studies have demonstrated that hematopoietic stem cell-based gene therapy
may ultimately offer a curative therapeutic option for HIV disease. MSCs improve
murine models of acute myocarditis induced by infection with Coxsackie B3 virus.

There is low risk of transmission of human herpes viruses by transplantation of MSCs
from healthy seropositive donors. Cytomegalovirus (CMV) infection impairs the
immunosuppressive and antimicrobial effector functions of human MSCs, thus overt
CMV infection in recipients of HSCT may undermine the clinical efficacy of MSCs in
treating graft versus host disease (GVHD). The therapeutic applications of BM-MSCs
in recipients of HSCT include: prevention and treatment of GVHD, induction of faster
engraftment, immune reconstitution, healing of inflammation as well as prevention
and treatment of various infectious complications.

Thus, taking into consideration the remarkable success in the utilization of MSCs in
the treatment of various infections in animal models and in human clinical trials, it is
reasonable to predict that MSCS may become very promising novel therapeutic
modalities as they have the potential to control or even cure various infectious
complications in high-risk patients. However, the field is still in its infancy and plenty
of research and clinical trials are required to refine their therapeutic indications.
Banking of MSCs is vital to make them available for use. Finally; strict guidelines,
standardization techniques and quality control measures are urgently required for
collection, cryopreservation and clinical utilization of MSCs.

Keywords: Mesenchymal stem cells, Bone marrow, Wharton's jelly, Sepsis, Multi‐
drug resistance
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1. Introduction

Mesenchymal stem cells (MSCs) - also called fibroblastoid cells, giant fat cells with blanket
cells, spindle-shaped flattened cells or very small round cells - have an inherent ability of self-
renewal, proliferation and differentiation toward mature tissues depending on the surround‐
ing microenvironment [1, 2]. Such characteristic, intrinsic to stem cells, makes MSC very
attractive for utilization in cell therapy and regenerative medicine [2]. The discovery of MSCs
can be dated to the 1960s and can be credited to the work of AJ Friedenstein during which he
observed that bone marrow (BM) is the source of MSCs in postnatal life [1].

MSCs  comprise  only  a  tiny  fraction  of  BM  and  other  tissues.  BM-derived  MSCs  [BM-
MSCs] constitute 0.0001% to 0.01% of all nucleated BM cells [2].  Adipose tissues contain
100, 000 MSCs in each gram of fat. Adipose tissue-derived MSCs (AT-MSCs) represent an
attractive  cell  source  for  stem cell  therapy.  Transplantation  of  up to  2x108  cells  /  kg  of
autologous human adipose tissue-derived MSCs may be safe when given by slow intrave‐
nous infusion [2]. The sources of MSCs, their distinguishing features and their therapeu‐
tic indications are included in Table 1 [1-4].

Sources of MSCs Distinguishing features of MSCs Therapeutic indications of MSCs

1- Bone marrow
2- Peripheral blood
3- Blood of umbilical cord
4- Placenta
4- Amniotic fluid
5- Synovial fluid
6- Dental tissues e.g. pulp
7- Palatal tonsil
8- Fallopian tubes
9- Fat: adipose tissue
10- Parathyroid glands

(A) They must be plastic adherent
(B) They must be capable of
differentiating into:
osteoblasts, adipocytes
and chondrocytes
(C) Findings on flowcytometry:
[1] positive surface molecules:
- CD 105
- CD 73
- CD 90
[2] negative surface molecules:
- CD 45
- CD 34
- CD 14
- CD 11
- CD 19
- CD 79
- HLA - DR

1- In stem cell transplantation:
- Prevention and treatment of graft versus
host disease
- Enhancement of engraftment
2- In cardiology; treatment of:
- Coronary artery disease
- Myocardial infarction
- Dilated cardiomyopathy
3- Critical limb ischemia
4- Repair of skeletal tissues
5- Non-healing chronic wounds
6- Chronic spinal cord injuries
7- Liver injury
8- Regenerative medicine
9- Osteogenesis imperfecta
10- Amyotrophic lateral sclerosis
11- Acute respiratory distress syndrome
12- Severe autoimmune disorders: systemic
lupus erythromatosis, rheumatoid arthritis,
multiple sclerosis and systemic sclerosis

MSCs: mesenchymal stem cells

Table 1. Sources, basic features and therapeutic indications of MSCs
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Study and
year of
publication

Type of MSCs, route of
administration of MSCs
and sepsis model

Results and proposed
mechanism(s) of action

Hau SR et al
2013

- MSCs harvested from
compact bone of mice
- Intravenous injection of
MSCs into tail veins
of mice
- CLP, in vivo method
- Polymicrobial sepsis

- Increased survival of mice
- Decreased organ injury
- Increased neutrophil phagocytosis
- Decreased circulating bacteria

Mei SHJ et al
2010

- Bone Marrow-MSCs
- Intravenous administration
- CLP
- In vivo method

- Significant reduction in mortality in septic mice
receiving appropriate anti-microbial therapy.
- Significant increase in bacterial clearance partly
due to increased phagocytic activity of host
immune cells

Luo CT et al
2014

- Bone marrow-MSCs
- Intravenous administration
- CLP
- Polymicrobial sepsis

- Decreased circulating bacteria
- Alleviation of sepsis - related acute kidney injury
- Improved survival of mice.
- Inhibition of IL-17 secretion
- After MSC therapy, the following interleukins and
inflammatory mediators were reduced in kidney tissues: Il-6,
IL-7, TNF-α, INF-γ, CXCL1, CXCL2, CXCL5, CCL2 and CCL3

Gupta N et al
2012

- Bone marrow - MSCs
- Intratracheal injection
- Unstimulated mouse MSCs
- E. Coli pneumonia
- In vitro study

- Increased survival of mice
- Inhibition of bacterial growth
- Increased lipocalin-2 in bronchoalvealar lavage fluid.
- Increased phagocytic activity

Nemeth K et al
2009

- Bone marrow - MSCs
- Activated MSCs
- CLP
- In vivo study

- Reduced mortality of mice
- Improved organ function
- The beneficial effects of MSCs were eliminated by:
macrophage depletion or pre-treat-IL-10 receptors.
- MSCs reprogram macrophages by releasing postaglandin E2.

Gonzalez-
Rey et al
2008

- Human and murine
adipose tissue-MSCs
- Intraperitoneal injection
- CLP and endotoxin injection
- Colitis and sepsis model, in vivo
study

- Systemic infusion of adipose tissue-derived MSCs resulted in:
increased survival of mice in addition to significant
amelioration of severity
of colitis and sepsis.

Chang C-L
Et al
2012

- Apoptotic adipose tissue- MSCs
- Rat model
- Penile venous transfusion

- Protection of major organs from damage
- Improved prognosis and reduced mortality of animals treated
with MSCs.
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amelioration of severity
of colitis and sepsis.

Chang C-L
Et al
2012

- Apoptotic adipose tissue- MSCs
- Rat model
- Penile venous transfusion

- Protection of major organs from damage
- Improved prognosis and reduced mortality of animals treated
with MSCs.
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Study and
year of
publication

Type of MSCs, route of
administration of MSCs
and sepsis model

Results and proposed
mechanism(s) of action

- CLP
- Peritoneal sepsis, acute kidney
injury

- Increased circulating levels of TNF-γ
- Reduction in the numbers of: helper and cytotoxic T-cells, T-
regulatory cells in peripheral blood and spleens of animals.

Yang R et al
2013

- IL-17 producing MSCs - Inhibition of growth of Candiada albicans
- Mechanism of action: stimulation of IL-17 production.

Sung P-H
et al
2013

- Rat model
- Adipose tissue - MSCs
- CLP
- Sepsis syndrome, kidney and
lung injury

- Adipose tissue MSC therapy was superior to healthy adipose-
derived MSC therapy in preventing major organ damage in rats
treated with CLP-induced sepsis syndrome.

MSCs: mesenchymal stem cells; IL: interleukin

TNF: tumor necrosis factor; CLP: cecal ligation puncture

INF: interferon

Table 2. Studies using murine MSCs in infection or sepsis models

Study and year
of publication

Type of MSCs, route of
administration and sepsis model

Results and possible mechanism(s) of action

Meisel
R et al
2011

- Human MSCs
- Interferon –γ stimulated MSCs
- In vitro study

- Inhibition of gram-positive bacteria
- Inhibition of intracellular CMV and HSV-1 replication
- Increased indoleamine -2,3- dioxygenase

Krasnodembskaya
A et al
2010

- Human BM-MSCs murine model
- Intravenous admin istration of
MSCs
- Intratracheal E.coli, Pseudomonas
aeruginosa and Staphylococcus
aureus pneumonia

- Increased antimicrobial activity and decreased bacterial
growth in bronchoalveolar lavage.
- Decrease in lung bacterial load.
- Inhibition of bacterial growth in vitro
- IV MSCs + neutralizing antibodies to IL-37: reduced
bacterial clearance.

Krasnodembskaya
A et al
2012

- Human BM - MSCs
- Intravenous administration
- Murine Gram-negative
peritoneal sepsis

- Increased survival due to increased clearance of bacteria
from circulation.
-Increased phagocytic activity of mononuclear cells in
spleens of mice.
- Marked reduction in circulating bacteria in the blood of
treated mice.
- Increased number of platelets inhibitor -1 (PAI-1)
- No change in cytokine levels in plasma and peritoneal fluid.

Kim ES et al - Human umbilical cord blood -
MSCs

- Increased survival of treated mice
- Reduced bacterial burden in pneumonia model.
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Study and year
of publication

Type of MSCs, route of
administration and sepsis model

Results and possible mechanism(s) of action

2011 - Intrathecal administration
- E. coli induced acute lung injury
- In vivo study in mice

- Acute lung injury induced by E.coli was attenuated by:
down-modulation of inflammatory process and enhancement
of bacterial clearance
- Anti-inflammatory mechanisms involved.

Casatella MA et al
2011

- Human MSCs
- In vitro study

- Enhancement of neutrophil function
- Proposed mechanisms: IL- 6, INF- β and GM-CSF

Maqbool M et al
2011

- Human MSCs
- In vitro study

- Inhibition of neutrophil apoptosis
- Unknown mechanism of action
- No elucidation of molecular mechanisms that govern
protection of neutrophils from serum-induced apoptosis

Rafaghello L et al
2008

- Human BM-MSCs and
neutrophils
- In vitro, MSC - conditioned
media
- Delivery method: co-culture
- Effect of BM-MSCs on neutrophil
survival and effector function.

- Inhibition of apoptosis of resting and IL-8 activated
neutrophils with both MSCs and MSC-conditioned media
- Recombinant IL-6 was found to protect neutrophils from
apoptosis
- Effect was mediated by IL-6

Lee JW et al
2013

- Human BM derived MSCs
- Ex-vivo perfused human lung
injured and intrabronchial
E. coli delivery
- Bacterial induction of acute
lung injury
* IV or intrabronchial injection
of MSCs

- Increased macrophage phagocytosis
- Reduced alveolar bacterial burden
- Intrabronchial KGF-7 caused: increased alveolar
macrophage phagocytosis and decreased bacterial load.
- KGF duplicated most of the antimicrobial effects of MSCs.
- In vitro: KGF-7 positive monocytes increased bacterial
killing and monocyte survival and FGF-7 blocking antibodies
nullified antimicrobial effects ex vivo and in vitro.

MSCs: mesenchymal stem cells; IV: intravenous

IL: interleukin; KGF: keratinocyte growth factor

IFN: interferon; GM-CSF: granulocyte monocyte-colony stimulating factor

Table 3. Studies using human MSCs in infection or sepsis models

Based on current clinical trials and irrespective of the treated disease condition or the mode of
administration, MSC therapy appears relatively safe [3, 5]. Therapeutic applications of MSCs
raise a series of concerns about the safety of culture-expanded MSCs for human use [4].
However, further large scale clinical trials with rigorous reporting of adverse events are
required to further define the safety profile of MSCs [5]. Complications of MSC therapies
include: (1) febrile reactions during or shortly after transfusion, (2) tumor modulation and
malignant transformation, (3) increased risk of cancer, particularly hematologic malignancy,
(4) genetic manipulation, induction of genetic instability and evolution of chromosomal
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abnormalities, (5) increased incidence of infectious complications, particularly in recipients of
hematopoietic stem cell transplantation (HSCT) having graft versus host disease (GVHD)
treated with MSCs, and (6) persistence of human Parvovirus B19 in multipotent MSCs, express‐
ing the erythrocyte P antigen, that are used to improve the outcome of HSCT and in regener‐
ative medicine [1, 6-9]. Therefore, strict control and safety measures are needed in the
production of MSCs for cell-based therapies in order to minimize or abolish the risk of
malignant transformation [1]. It is also essential to establish standardized manufacture
guidelines for the isolation, expansion, preservation and delivery of MSCs for safety evaluation
and clinical applications [4].

2. MSCs and sepsis

Sepsis is the leading cause of death in the intensive care units and it ranks among the top 10
causes of death in the general population worldwide. Despite the advances in medical care,
mortality rates from sepsis remain as high as 30%-50% in severe cases [10]. Sepsis is a systemic
inflammatory response that is typically triggered by bacterial or other microbial infection and
it involves a complex interaction between the microbial pathogen and the host immune system
[11, 12]. The inflammatory response, designed to control infection, affects end-organ perfusion
and exacerbates tissue injury leading to multi-organ failure [11]. In the early phase of sepsis,
endogenous proinflammatory cytokines and coagulation pathways become hyperactive and
their adverse effects cause multi-organ failure, collapse of the circulatory system and ulti‐
mately death of the affected individual [12].

Sepsis is associated with a surge of systemic signaling molecules including cytokines and
growth factors that may become uncontrollable [11]. Stem cells have profound effects on the
inflammatory response and coagulation cascade that are activated during sepsis [13]. Stem
cells have been shown to modulate more than 3000 genes in experimental sepsis models. They
enhance the clearance of pathogens and repair of injured tissues in sepsis. In addition, stem
cells have been found to have an impact on cell leak that is encountered during sepsis [13].

2.1. MSCs in sepsis and experimental sepsis models

Mesenchymal stroma is an essential component of tissue barriers and it participates in
protecting the body from infections. A breach in the integrity of tissue barriers such as trauma
can lead to translocation of bacteria and colonization of vital organs, thus ultimately leading
to multiple organ failure and sepsis [14]. Tissue injury compromises barrier function and
increases the risk of infection and sepsis. Tissue injury can induce recruitment of MSCs from
BM and promote their proliferation so as to reconstitute the integrity of injured tissues and
mediate natural debridement [14]. MSCs can modulate systemic response to bacterial infection
and support tissue repair in addition to healing after being recruited at the sites of tissue injury
[14]. Sepsis is a devastating condition characterized by systemic activation of inflammatory
and coagulation pathways in response to microbial invasion of sterile body organs or tissues
[15]. Severe sepsis, sepsis with at least one dysfunctional organ, is a leading cause of death in
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intensive care units (ICUs) as it is associated with mortality rates ranging between 30% and
50% [15].

The development of experimental sepsis models to elucidate the pathophysiology and
progression of clinical sepsis spans over the last 8 decades. The following transitions in animal
models took place since the 1930s: endotoxemia, bacteremia, ischemia and bowel perforation
and finally cecal ligation puncture (CLP) and the colon ascends stent peritonitis (CASP) models
[15]. Genetic differences in mice and possibly humans are associated with differences in the
inflammatory process initiated in response to sepsis and that ultimately affect the outcome of
sepsis. Hence, transgenic animal models have been extensively utilized in sepsis research [15].
Upon stimulation by endotoxins or proinflammatory mediators, activated neutrophils release
a chromatin material composed of DNA and antimicrobial granular proteins in the form of
neutrophil extra-cellular traps (NETs). The formation of NETs, NETOSIS, is an emerging field
in sepsis research [15]. However, the presence of NETOSIS is distinct from that of necrosis and
apoptosis. NETOSIS can be experimentally induced by endotoxins such as lipopolysaccharides
(LPS), Gram-negative as well as Gram-positive bacteria, fungi and proinflammatory cytokines
such as activated platelets and interleukin-8 (IL-8). NET formation has been found to cause
host tissue and cellular damage [15]. LPS-induced endotoxemia in mice as well as plasma
obtained from humans with severe sepsis were able to trigger NETOSIS. In vitro, NET
formation resulted in endothelial cell damage while in vivo it caused hepatotoxicity in LPS-
challenged mice [15]. In septic hosts, NETs can exacerbate sepsis by releasing high concentra‐
tions of potent proteases, forming a chromatin meshwork and trapping host cells (erythrocytes,
leukocytes and platelets) that can potentiate inflammation, coagulation and ischemia in
involved tissues [15].

Microparticles are a heterogenous population of small membrane-coated vesicles that are
released by several cell lines upon activation or apoptosis [16]. Exosomes are a specialized
category of microparticles with specific functions in immune response and protein sorting.
Exosomes are released mainly from antigen presenting cells, although they have been
identified after activation of platelets and mast cells and in body fluids such as urine or
bronchoalveolar lavage [16]. Although the role of exosomes in sepsis remains deeply unex‐
plored, accumulating data suggest that microparticles and exosomes play a role in the three
pathways clearly involved in the pathogenesis of sepsis: inflammation, thrombosis and
vascular dysfunction [16].

Human MSCs possess antimicrobial and immunosuppressive effects that are partly mediated
by the tryptophan catalyzing enzyme indoleamine-2, 3-dioxygenase (IDO) [17]. Upon stimu‐
lation by inflammatory cytokines, MSCs exhibit broad spectrum antimicrobial effector
functions directed against various clinically relevant pathogens and these effects are depend‐
ent on IDO and/or the antimicrobial peptide LL-37 [17]. MSCs have antiapoptotic, antifibrotic
and angiogenic properties. Interferon γ (IFN-γ) primes MSC-mediated immunoregulatory
effects and induces nitrous oxide (NO) production in MSCs. NO exerts antiapoptotic effects
on cardiomyocytes and has antiviral properties [18].

The role of microparticles and exosomes in mediating vascular dysfunction suggests that they
may represent novel pathways in paracrine transcellular signaling in vascular microenviron‐
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ment [16]. Further studies may aid in the clarification of their exact effects in sepsis and the
development of additional interventional strategies for the prevention and treatment of sepsis
[16]. Examples of experimental sepsis and infection models that utilized human as well as
murine MSCs are shown in Tables 2 and 3 [19-35].

MSCs function at several levels of the inflammatory response, particularly in the early phase
of sepsis, to regulate a wide panel of inflammatory cytokines and inhibit leukocyte infiltration
into several target organs [12]. In an endotoxemic rat model, human AT-MSCs had the
following beneficial effects: (1) modulation of host responses, (2) reduction of inflammatory
cytokine levels in serum and lung, (3) reduction of alveolar inflammatory cell infiltration in
the lung, (4) reduction of liver injury, and (5) improvement of tissue hypoperfusion [12]. As
systemic administration of human-AT-MSCs at the onset of endotoxemia ameliorated the
serological and histological signs of endotoxemia, they may become attractive candidates for
cell therapy in the treatment of endotoxemia and septic shock [12].

Increasing evidence suggests that BM-MSCs secrete molecules that inhibit the effector function
of immune cells [11]. AT-MSCs are a recently discovered cell population with much in common
to their BM-derived counterparts. Both BM-MSCs and AT-MSCs have been shown to be
effective in certain pre-clinical studies as they effectively inhibit the activation of T-cells [11].

Cellular immunotherapy for septic shock (CISS) trial is the first trial of stem cell therapy
in humans [13]. It has 2 phases and the objectives of this Canadian trial are as follows: (1)
in phase I, to establish safety and patient tolerability of stem cells and to find the optimal
dose of stem cells to be administered, and (2) in phase II,  to look at loose surrogates of
efficacy for patients with septic shock [13]. The study has two arms: (1) an observational
arm, where patients do not receive stem cells, and (2) an interventional arm, where patients
receive stem cells with three different dose schedules [13]. The study is expected to address
many aspects of stem cell  therapy in patients having septic shock such as safety, tolera‐
ble dose and feasibility of use [13, 36].

In animal models of Staphylococcal  toxic shock syndrome, MSCs have been shown to: (1)
enhance  bacterial  clearance,  and (2)  suppress  proinflammatory cytokine  production,  but
they failed to prolong survival in experimental models [37, 38]. MSC therapy has also been
shown to: (1) enhance antibiotic therapy in chronic Staphylococcal infections, and (2) enhance
the effectiveness of conventional antibiotics in the treatment of antibiotic-resistant microbi‐
al infections [39, 40]. In patients with sepsis, the clinical application of MSC-based thera‐
py is feasible, well tolerated and may be beneficial [36]. Studies have also shown that MSCs
not only modulate the systemic inflammation, but also improve cardiac function in patients
having endotoxemia [41].  Additionally,  BM-MSCs can uptake and release antimicrobials,
for example ciprofloxacin, into infected deep environment such as chronic osteomyelitis or
deep seated abscesses [42]. Also, MSCs can act as drug delivery system for antibiotics or
vehicles  for  targeted  therapies  in  order  to  enhance  effects  of  antimicrobials  and  other
targeted therapies [42, 43].
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2.2. Conclusions that can be drawn from experimental models

MSCs may be a potential new therapeutic modality in the prevention and reduction of sepsis-
associated lung injury [21]. Decreased systemic and pulmonary cytokine levels may prevent
acute lung injury and organ dysfunction. Genetic effects downregulate inflammation-related
genes such as IL-10 and IL-6 and upregulate genes involved in the promotion of phagocytosis
and bacterial killing [20]. The bacterial clearance effect could be party due to the upregulation
of lipocalin -2 production by MSCs. However, lipocalin-2 antibodies have been found to block
antimicrobial effects of MSCs [22].

In peritoneal sepsis models using murine MSCs; the following mechanisms were involved:
down regulation of Th1 inflammatory responses, reduced inflammatory cytokines and
chemokines as well as increased IL-10 level and induction of IL-10 T-regulatory cells [24].
Apoptotic AT-MSCs represent an endogenous therapeutic strategy that may be enhanced for
maximum clinical benefits [25]. Treatment with apoptotic AT-MSCs caused attenuation of
sepsis syndrome induced lung and kidney parenchymal injury through suppression of
inflammation, apoptosis and oxidative stress and enhancement of anti-oxidation and anti-
apoptosis in rodent models [27].

Human BM-MSCs possess direct antimicrobial activity that is mediated by secretion of human
cathelicidin hCAP-18/IL-37 [29]. Human MSCs participate in the innate response against
Gram-negative bacteria through the secretion of the antimicrobial peptide IL-37 [29]. MSCs
inhibit apoptosis of both resting and activated neutrophils and they increase the viability of
resting and activated neutrophils in various culture serum concentrations [33]. MSCs can
restore alveolar fluid clearance, reduce inflammation and exert antimicrobial activity party
through keratinocyte growth factor (KGF) secretion [35]. Lastly, cultured or banked human
BM-MSCs may be effective in treating sepsis in high-risk patients [23].

3. MSCs and viral infections

Fetal membrane derived MSCs [FM-MSCs] are susceptible to herpes simplex virus-1 (HSV-1),
HSV-2, varicella zoster virus and human cytomegalovirus (CMV) in vitro, while Epstein-Barr
virus (EBV), human herpes virus-7 (HHV-7) and HHV-8 are capable of entering into FM-MSCs,
but only limited gene expression occurs, thus resulting in non-productive infection. Therefore,
FM-MSCs should be screened for the presence of herpes viruses before xenotransplantation
[44]. Transcription factor nuclear factor (NF-kB) may affect the efficacy of CMV infection of
MSCs. NF-kB inhibitors exacerbate the infection by the activation of human CMV in MSCs thus
close attention should be given to human CMV infection once an NF-kB inhibitor is prescribed
in clinical settings [45].

Human CMV is a leading cause of life-threatening complications in immunocompromised
individuals, such as those with acquired immune deficiency virus (AIDS) and recipients of solid
organ transplant (SOT) as well as HSCT [46]. Human CMV infects a wide range of cell types
including fibroblasts, monocytes, granulocytes and BM cells such as myeloid progenitor cells
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and MSCs. Following primary infection, human CMV establishes a lifelong latency in the host
[46]. CD34+ progenitor cells have been recognized as the most likely reservoir for latent CMV
infection in the BM, while CD34+ cells from the blood of healthy human CMV carriers have
been demonstrated to contain the latent human CMV. The interaction between human CMV
and BM-MSCs is complex and it is possible that BM-MSCs infected with human CMV may
play a role in the development of human CMV-associated pathology [46]. Frequent virus
reactivation in BM cells and subsequent productive human CMV infection of MSCs may be
the underlying cause of various pathological processes [46]. CMV-infected MSCs lose their
cytokine-induced immunosuppressive capacity and become no longer able to restrict micro‐
bial growth [17]. IDO expression is substantially impaired following CMV infection of MSCs
and the interaction between CMV infection of MSCs and IDO expression critically depends
upon (1) having an intact virus, (2) the number of infected MSCs, and (3) the viral load [17]. It
is recommended that patients scheduled for MSC therapy should undergo thorough evalua‐
tion for an active CMV infection and receive CMV-directed therapy prior to the administration
of MSCs as overt CMV infection in recipients of MSCs may undermine the clinical efficacy of
MSC therapy [17].

MSCs could express receptors that permit their infection by human immunodeficiency virus
(HIV)-1 [47]. Highly active antiretroviral therapy (HAART) significantly decreases mortali‐
ty and morbidity in patients with HIV-1 infection, but immune non-responders (INRs) with
full  viral  suppression  still  fail  to  reverse  the  immune  deficiency  state  [48].  In  a  pilot
prospective controlled clinical  trial  that  had enrolled 13 patients with HIV-1 infection,  it
was  found  that  umbilical  cord  or  more  precisely  Wharton’s  jelly  derived-MSC transfu‐
sions were not only well tolerated, but also found to efficiently improve immune reconsti‐
tution in INR patients, suggesting that MSC therapy may be used as a novel therapeutic
approach to reverse immune deficiency in INR-HIV-1  infected individuals  [48].  Another
study suggested that HIV-1 infected individuals could be cured if the HAART therapy is
administered before the virus is able to establish its reservoir in the body [49]. Human T-
lymphotropic  virus  (HTLV)-1  could  infect  and  replicate  in  human  BM-MSCs  possibly  by
involvement or infiltration of CD4+ T-lymphocytes [50].

Although pre-clinical studies have shown that MSC therapy can induce anti-inflammatory
effects and enhance repair of the injured lung and despite the clinical and pathological
similarities between acute lung injury and severe influenza infection, it was found that MSC
therapy may not be effective for the prevention and/or treatment of acute severe influenza [51].
It is well established that MSCs can be infected by adenoviruses and that these viruses are widely
used as gene transfer vectors [52]. Recent studies revealed that the cationic polymer polybrene
can potentiate Adenovirus-mediated transgene delivery into MSCs and should be routinely
used as a safe, effective and inexpensive augmenting agent for Adenovirus-mediated gene
transfer in MSCs [52].

Coxsackie virusB3 (CVB3) causes myocarditis not only by immune mediated mechanisms but
also by inducing direct cardiomyocyte injury [18]. MSCs improve murine acute CVB3-induced
myocarditis via antiapoptotic and immunomodulatory mechanisms that occur in a NO-
dependent manner and require priming with IFN-γ [18]. MSCs have the potential to treat acute
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CVB3-induced myocarditis since MSCs (1) cannot be infected with CVB3, (2) have antiapoptotic
and antiviral effects, and (3) improve cardiac function in experimental models of acute CVB3-
induced myocarditis [18].

Several lines of evidence indicate that human BM-MSCs can maintain hepatitis B virus (HBV)
infection in vitro and support the replication of HBV-DNA. Human BM-MSCs may be a useful
tool for investigating the HBV life-cycle and the mechanism of initial virus-cell infection [53].

4. MSCs and Mycobacterium tuberculosis

Persisters are a small fraction of quiescent bacterial cells that survive lethal antibiotics or
stresses but are capable of reactivation under certain circumstances. Despite the discovery of
persisters more than 70 years ago, the mechanisms of persistence are still poorly understood
[54]. A number of pathways and genetic abnormalities have recently been identified and they
may explain the mechanisms of persistence. These pathways include: DNA repair or protec‐
tion, toxin-antitoxin modules, phosphate metabolism, antioxidative defense, efflux and
macromolecule degradation [54]. However, more sensitive techniques are required to have a
better understanding of the mechanisms of persistence. Once the underlying mechanisms are
elucidated, cellular therapies, vaccination and targeted treatments are likely to make signifi‐
cant improvements in the management of persistent infections [54].

Bacterial persistence is the hallmark of tuberculosis (TB). The remarkable success of Mycobac‐
terium TB (M.TB) as a human pathogen is attributed to its ability to program itself into entering
prolonged periods of dormancy thus resulting in a latent TB infection [55]. Thus, M.TB can
successfully evade the host immune system to establish a persistent infection [56, 57]. M.TB
suppresses T-lymphocyte responses by recruiting MSCs into the site of infection and these
cells can inhibit T-lymphocyte responses further by producing NO [56, 57]. Recruitment of
MSCs into the tuberculous granuloma plays a vital role in the pathogenesis of M.TB infection
as these MSCs infiltrate into the sites of infection and position themselves between the
harbored pathogen and the effector T-cells [56, 57]. Targeting MSCs or NO is a feasible strategy
to design future therapeutic and preventive interventions against M.TB infections [56, 57].
Macrophage apoptosis is a rather essential process in the development and maintenance of
immunity as its augments the adaptive immune response through dendritic cell activation and
subsequent antigen presentation and also reduces bacterial viability [58]. CD4+T-cells play a
crucial role in host defense against M.TB infections [59]. Animal studies have shown that
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vulnerable to TB reactivation and reinfection [59]. The finding that anti-TB treatment may be
associated with further immune impairment should be taken into consideration in designing
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months of anti-TB chemotherapy [57, 60, 61]. Thus, CD271+BM-MSCs are capable of providing
an antimicrobial protective intracellular niche in the host in which dormant M.TB can reside
for long periods of time [57, 60, 61].

4.1. The role of autologous MSC transplantation in the treatment of TB

Recently, autologous transplantation of MSCs has successfully been utilized in the treatment
of infections caused by multi-drug resistant TB (MDR-TB) and even extensively drug resistant
TB (XDR-TB) [57, 62, 63]. In one study, 27 patients in whom previous anti-TB drug therapy
had been unsuccessful were included and they received autologous MSC transplantation [62].
Positive clinical responses were obtained in all patients, bacterial discharge from lung was
abolished in 20 patients and resolution of tissue damage and lung cavitation were achieved in
11 patients 4 months after MSC infusion [62]. Also, persistent remission of the tuberculous
process was obtained in 56% of patients who had follow-up for 2 years post MSC transplan‐
tation [62]. In a second phase 1 clinical trial, 30 patients with MDR and XDR-TB received
autologous MSC transplantation after 4 weeks of starting anti-TB therapy [63]. Six months
post-autologous MSC transplantation (1) no major adverse events were encountered and (2)
70% of patients showed radiological improvement, while 16.7% of patients showed stable
radiological appearances [63]. Eighteen months post-MSC transplantation, 53% of the patients
were cured while 10% of transplanted patients had evidence of treatment failure [63]. There‐
fore, combining standard anti-TB chemotherapy with autologous MSCT may become a
promising maneuver to enhance the efficacy of treatment in patients with drug-resistant
pulmonary TB [57, 62, 63].

5. MSCs and parasites

Plasmodium berghei infection in mice leads to massive recruitment of MSCs in secondary
lymphoid organs [64, 65]. Also, infusion of MSCs into naive mice can confer host resistance
against malaria by (1) augmentation of IL-12 production, (2) suppression of IL-10 production,
(3) inhibition of hemozoin, and (4) dramatic reduction in regulatory T-cells in spleens of
animals [64, 65]. Leishmania parasites can survive in different tissues and organs for decades
even after treatment [66]. Several studies have shown that intracellular parasites can persist
and remain viable in fibroblasts in latent, inactive or dormant forms [66, 67]. Also, Leishma‐
nia parasites could remain viable in inactive forms in AT-MSCs in vitro [66]. Therefore,
screening for leishmaniasis is essential in recipients of HSCT living in areas that are endemic
for leishmaniasis [66].

MSCs ameliorate liver injury and reduce fibrosis in mouse models of Schistosoma japonicum (S.
japonicum). When combined with praziquantel, the preceding effects are enhanced [68, 69].
Infusion of MSCs in mice infected with S. mansoni caused (1) reduction of hepatic fibrosis, (2)
amelioration of liver injury by induction of liver regeneration, thus ultimately leading to (3)
improvement in liver function tests [70]. IFN-γ activated murine MSCs (1) could not inhibit
the growth of a highly virulent strain of Toxoplasma gondii (BK), (2) strongly inhibited the
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growth of a type II strain of Toxoplasma gondii (ME4a), and (3) inhibited the growth of Neospora
caninum [71].

5.1. MSCs in Chagas disease

Chagas disease is caused by infection with Trypanosoma cruzi (T. cruzi) [72, 73]. Up to 30% of
infected individuals develop cardiac symptoms related to a chronic chagasic dilated form of
cardiomyopathy (CMP) [72]. Cardiac manifestations of Chagas disease include congestive
cardiac failure, arrhythmias, heart block, thromboembolism, stroke and sudden death [73].
Available therapies include treatment of heart failure and arrhythmias, antiparasitic therapy,
resynchronization treatment, heart transplantation and stem cell therapies [73].

The use of cell therapies to improve cardiac function has been attempted experimentally for
more than two decades [72]. The use of BM-derived cells to treat cardiac diseases gained
impulse based on the observation that stromal BM cells could be induced to differentiate into
cardiomyocytes in vitro and when transplanted into cryoinjured rat hearts improved myo‐
cardial function and promoted angiogenesis [72, 74, 75]. Another significant development was
that hematopoietic stem cells (HSCs) obtained from transgenic mice expressing enhanced
green fluorescent protein, when transplanted into infarcted hearts of syngenic mice, differen‐
tiated into cardiac muscle and vascular cells [72, 76]. Since then, many laboratories reported
that HSCs and stromal cells derived from BM improved myocardial function in animal models
of both cryoinjured and ischemic heart lesions [72]. In one study, cardiac MSCs were isolated
from hearts of green fluorescent protein transgenic mice then injected into left ventricular (LV)
walls of mice chronically infected with T. cruzi [77]. Results of the study showed (1) cardiac
MSCs demonstrated adipogenic, osteogenic and differentiation potentials, (2) histological
analysis showed that mice treated with cardiac MSCs had a significant reduction in inflam‐
matory cells but no reduction in fibrotic areas, and (3) molecular studies showed that cell
therapy significantly decreased TNF-α expression and increased transforming growth factor-
beta in heart samples [77]. The results clearly demonstrated that cardiac MSCs exert a protec‐
tive effect in cardiac chagasic CMP primarily by immunomodulation [77]. In another model
of chagasic CMP, direct LV injection of co-cultured skeletal myoblasts and stromal BM-derived
cells improved heart function in chronically infected chagasic rats as measured by echocar‐
diography [72, 78]. Injection of the co-cultured cells increased ejection fraction and decreased
diastolic and end-systolic volumes [72, 78]. Intraperitoneal administration of MSCs into a
mouse model of chronic chagasic CMP reduced inflammation and fibrosis in hearts of mice
but had no effect on cardiac function as shown by another study involving an experimental
animal model [79].

After the encouraging results in animal models, a clinical trial examining the feasibility and
safety of intracoronary injection of autologous BM cell transplantation in patients with
congestive cardiac failure due to chronic chagasic CMP was performed [72, 80]. Results of the
trial showed that the procedure was safe and effective as cell therapy induced small but rather
significant improvements in both ejection fraction and quality of life in patients included in
the study [72, 80]. In an experimental cardiac ischemia model, the administration of granulo‐
cyte-colony stimulating factor (G-CSF) had beneficial effects on cardiac structure and function
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[81]. Repeated administration of G-CSF in another experimental model of chronic chagasic
CMP, which closely resembled human disease, induced beneficial effects on (1) cardiac
structure as inflammation and fibrosis were reduced, and (2) cardiac function [81].

Based on the promising results of the previous safety trial, a larger multicenter, randomized,
double-blinded and placebo-controlled trial was designed to test the efficacy of intra-coronary
injection of BM-derived mononuclear cells (MNCs) in patients with chronic chagasic CMP [72,
82]. Although no serious adverse events were observed, this efficacy trial showed no additional
benefit of intracoronary injection of BM- MNCs in chagasic patients with low ejection fraction,
that is, intracoronary injection of BM-MNCs neither improved LV function nor improved
quality of life in patient with chronic chagasic CMP [72, 82]. After the initial homing experi‐
ments, it was demonstrated that BM MNCs from non-chagasic syngeneic donors significantly
reduced cardiac inflammation and fibrosis in mice with chronic T. cruzi infection. This
improvement was maintained for up to 6 months after cell therapy [72, 83]. Using magnetic
resonance imaging (MRI), it was demonstrated that BM-MNCs prevented and reversed the
right ventricular dilatation induced by T. cruzi infection. Thus, histological improvement
achieved by BM-MNC transplantation was paralleled by a functional correlate [72, 84].

One of the most striking observations after cell therapy in mice, chronically infected with T.
cruzi, was related to the pattern of gene expression examined by microarray [72, 85]. While
chagasic mice had 1702 out of 9390 (18%) cardiac genes with expression altered by infection
after BM-MNC therapy, 96% of these genes were restored to normal levels although additional
109 genes had their expression altered by therapy [72, 85]. Transplantation of BM-MNCs in
experimental mice showed immunomodulatory effects in chronic chagasic CMP and caused
reversion of gene expression alterations in hearts of mice infected with T. cruzi [85]. In a chicken
model of Chagas disease, the genetic alterations resulting from kDNA integration in the host
genome caused an autoimmune-mediated destruction of heart tissues even in the absence of
T. cruzi parasites [86]. In animal models of Chagas disease, microarrays were used to analyze
global gene expression [87]. Eight distinct categories of mRNAs were found to be differentially
regulated during infection and the dysregulation of several key genes was identified. These
findings provide insights into the pathogenesis of chagasic CMP and provide new targets for
intervention [87].

It is expected that within a few years, scientists will be able to find the (1) best animal model,
(2) appropriate stem cell dose, (3) appropriate stem cell type, (4) injection route, and (5) disease
status that will result in benefits for chronic chagasic CMP patients [72]. Despite the success
of stem cell therapy in animals, preclinical models of Chagas disease have not translated into
successful human studies [88]. Addressing the challenges associated with future research and
providing solutions to have acceptable levels of safety and strict quality controls would enable
successful clinical applications of stem cell therapies in chagasic CMP [88].

Ultimately, transplantation of BM-derived cells may prove to be an important therapeutic
modality in the treatment of end-stage chagasic heart disease [89]. Identifying which cell
type(s) is responsible for the effects observed in both animal studies and preliminary human
experiments will be an important step in further improving this treatment [89]. Since the
percentage of stem cells (either hematopoeitic or mesenchymal) is minimal in the mononuclear
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fraction, use of purified stem cell population has the potential to significantly increase the
therapeutic benefit of cell therapy in chagasic CMP [89].

6. MSCS and fungal infections

Despite the availability of new antifungal agents, mortality and morbidity related to invasive
fungal infections is still high, particularly in patients with hematological malignancies and in
recipients of SOT and HSCT [90, 91]. The recent advances in the immunopathogenesis of
invasive aspergillosis have provided critical information to augment host immunity against
fungal pathogens [90, 91]. Potential approaches for enhancement of the host immune system
to combat invasive fungal infections include (1) administration of effector and regulatory cells
such as granulocytes, antigen-specific T-cells, natural killer cells and dendritic cells, and (2)
administration of cytokines, interferons and growth factors such as INF-γ, G-CSF and
granulocyte monocyte-colony stimulating factor (GM-CSF) [90, 91]. Although promising
results have been obtained from animal studies, limited data are available to draw conclusions
on risks and benefits in clinical settings [90, 91]. So, appropriately designed, multicenter and
international clinical trials are needed in order to improve the outcome of invasive fungal
infections in immunocompromised individuals [90, 91]. MSC therapy in HSCT recipients has
been found to facilitate faster control of invasive fungal infections [92].

Studies have shown that human cathelicidin LL-37 and its fragments LL13-37 and LL 17-37
exhibit similar potencies in inhibiting the growth of Candida albicans (C. albicans) [93]. However,
death of (C. albicans) cells may not solely be due to increased permeability caused by LL13-37,
but can also be due to certain intracellular targets [93]. In patients with severe refractory
neutrophilic bronchial asthma, administration of MSCs appears to play a significant role in
decreasing inflammation and ameliorating disease manifestations by mediating Aspergillus-
induced inflammation through inhibition of the Th17 signaling pathway [94].

7. MSCs and wound healing

Chronic non-healing wounds are a serious medical problem [95]. Biofilms, which are bacterial
communities attached to a surface and become protected by a polysaccharide coating, are
believed to contribute significantly to the persistence of chronic wounds by altering the host
immune response. Current treatment options are ineffective and do not significantly target
biofilms [95]. It has been shown that the paracrine factors secreted by reprogrammed MSCs
accelerate wound healing and reduce bacterial growth in biofilm-infected wounds in mice [95].
Therefore, clinical studies are needed to test the efficacy of these paracrine factors in the
eradication of biofilms in patients with non-healing wounds [95].

In an in vitro study, MSCs have recently been shown to exert measurable antimicrobial
activities in a synovial fluid setting, suggesting that they may have future application as
adjunct therapy for peri-prosthetic joint infections [96]. Also, AT-MSCs have been shown to
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enhance closure of enterocutaneous fistula and aided in the recovery and healing of wounds
in a rat model [97].

8. MSCs and lung injury

Melatonin, the chief secretary product of the pineal gland, is an indirect antioxidant that acts
to stabilize cell membranes thereby making them less susceptible to oxidative insults and
ultimately suppressing inflammatory reactions [98]. Combined melatonin and apoptotic AT-
MSCs treatment has been found to be superior to either regimen alone in ameliorating lung
injury in the setting of CLP-induced sepsis in a rodent model [98]. Also, adult tissue-derived
MSCs have been shown to have antimicrobial effects that inhibit bacterial growth in lung
tissues [96].

BM-derived MSCs have unlimited potential clinical applications in acute lung injury, due to
various pulmonary disorders and they exert their effects by various mechanisms [99]. Vibrio
vulnificus sepsis can induce acute lung damage and pulmonary edema. BM-derived MSCs can
downregulate inflammatory cytokines and reduce lung injury caused by Vibrio vulnificus sepsis
in mice [100]. BM-MNCs were able to diminish pulmonary inflammation, lung elastance, lung
modeling and fibrosis resulting in lower mortality in acute respiratory distress syndrome
(ARDS) experimental models [101]. However, the benefits of BM-MNCs depend on several
factors including the type of initial insult as they were shown to exert different effects on
endothelial cell activation and adhesion molecules. Therefore, further studies are needed to
clarify their mechanisms and to examine this novel therapy in clinical trials [101].

Multipotent MSCs have shown remarkable therapeutic effects in preclinical models of both
ARDS and sepsis [102]. Initial research focused on the ability of MSCs to engraft at sites of
tissue injury [102]. Recent literature shows increasing evidence suggesting that MSCs exert
their therapeutic effects through mechanisms that are unrelated to long-term incorporation
into tissues of the host [102]. One of the most compelling pathways is their capacity to interact
with injured tissue through the release of soluble bioactive factors [102].

9. MSCs and neutrophils

MSCs participate in the regulation of inflammation and innate immunity by responding to
pathogen-derived signals and by regulating the function of innate immune cells [103]. MSCs
derived from the BM and peripheral tissues share common basic cell-biological functions [103].
MSCs contribute to the resolution of infection and inflammation by promoting the antimicro‐
bial activity of polymorphonuclear leukocytes, a property that is exhibited by MSCs derived
from either BM or peripheral glandular tissues [103]. MSCs rescue neutrophils from nutrient-
or serum-deprived cell death. Whether this effect is exerted through a specific signaling
pathway or confining neutrophils in a resting state by MSCs requires further evaluation [33].
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Both multipotent adult progenitor cells (MAPCs) and MSCs are adult stem cells that can be
derived from BM and are currently utilized in tissue engineering due to their immunomodu‐
latory and trophic effects [104]. The use of stem-cell-based immunotherapy is very promising
as in vitro studies have shown comparable suppressive effects of both human MSCs and
human MAPCs [104]. However, the broader expansion capacities of human MAPCs make
them more attractive than human MSCs for clinical use [104]. Neutrophils release many lysis-
inducing factors and cause local tissue damage. Conversely, neutrophils themselves could
become a target in controlling sepsis [105].

10. Antimicrobial effects of MSCs

Multipotent, BM-MSCs (MP-BM-MSCs) are culture-expanded, nonhematopoietic stromal cells
with immunomodulatory properties that are currently being investigated as novel cellular
therapies in the prevention and treatment of clinical diseases that are associated with immune
dysfunction [106]. Preclinical studies suggest that MP-BM-MSCs may protect against infec‐
tious challenge through direct or indirect pathways [106]. Direct effects exerted by MP-BM-
MSCs on the pathogen are manifested by reduction of pathogen burden by inhibition of growth
through soluble factors and enhancement of antimicrobial function of immune cells [106].
Indirect effects exerted by MP-BM-MSCs on the host include: (1) attenuation of proinflamma‐
tory cytokine and chemokine induction, (2) reduction of proinflammatory cells immigration
into the sites of tissue injury or infection, and (3) reduction of immunoregulatory soluble and
cellular factors that preserve organ function. These preclinical studies provide insights into
the future therapeutic applications of MP-BM-MSCs [106].

Through toll-like receptor (TLR) signaling and immune crosstalk between MSCs and immune
effector cells, MSCs become capable of maintaining a critical balance between (1) promotion
of pathogen clearance during the initial phase of inflammatory response, and (2) suppression
of inflammation to preserve host integrity and to facilitate tissue repair [106]. The presumed
or suggested roles of MP-BM-MSCs during infection can be divided into five phases as shown
in Table 4 [106].

Human BM-MSCs have direct antimicrobial activity, against Gram-positive as well as Gram-
negative bacteria, which is mediated in part through the secretion of human cathelicidin hCAP-
LL-37 [107]. Also, evidences suggest that MSCs position themselves between the acid fast
bacilli harbored in the BM and the host protective T-cells. Hence MSCs can be a potential target
for the treatment of latent TB [108]. Targeting MSCs is not expected to lead to the evolution of
new resistance in the pathogen as MSCs do not need to be directly targeted and as the host
immune response needs to be manipulated [108]. Upon stimulation of inflammatory cytokines,
human MSCs exhibit broad-spectrum antimicrobial effector function directed against a range
of clinically relevant bacteria, protozoal parasites and viruses [28]. Human MSCs act as
immunosuppressants that concurrently exhibit potent antimicrobial effector function thus
encouraging further evaluation in clinical trials [28]. Human multipotent MSCs exhibit broad-
spectrum antimicrobial activity mediated by IDO [28].
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Phase Main effect / mechanism Details and explanations

1 Detection of pathogens and
damage signals

- Engagement of TLR-mediated signaling pathways
- Recruitment of MSCs at the sites of infection

2 Activation of host immune
response

- Maintenance of quiescent HSC pool
- BM emigration of activated HSCs
- Mobilization and emigration of immune effector cells from BM.
- Thymic development to augment response of immune effector cells

3 Elimination of pathogens - Production of microbiocidal soluble factors
- Containment of infectious pathogen within micro-environment
(pathogen phagocytosis)

4 Induction of proinflammatory
gradients

- Antioxident soluble factor (HO-1)
- Antiinflammatory soluble factors such as: IDO, PGFZ, IL-10, TGF-B,
TGF-6,
HLA-G5 and Galectin-1

5 Modulation of proinflammatory
host immune response

- Activation of function, differentiation and migration of immune effector
cells.
- Augmentation of wound healing
- Enhancement of revascularization
- Inhibition of tissue toxicity
- Modulation of inflammation and organ dysfunction.

TLR: toll-like receptor; HSC: hematopoietic stem cell; IL: interleukin; IDO: indoleamine-2, 4-dioxygenase

Table 4. Accepted roles MSCs during infection

Human gut microbial communities reside in an open ecosystem subject to disruptions ranging
from dietary change to toxin exposure and pathogen invasion [109]. Host inflammatory
mechanisms to remove harmful organisms and restrict bacteria to gut lumen commonly target
conserved molecular patterns found on pathogens and commensals alike, yet healthy gut
microbial communities can remain stable for years in humans [109]. A delicate balance between
microbial resilience and host tolerance thus allows for commensal persistence throughout a
diverse range of perturbations while preventing commensal overgrowth or depletion, either
of which could have deleterious effects on the host [109]. Thus, antimicrobial peptide resistance
mediates the resilience of prominent gut commensals during inflammation [109]. Stem cell
differentiation can be regulated by TLR activation. Activation of TLRs on MSCs increases
osteogenesis and decreases adipogenesis [110]. Upon exposure to microbial legends, stem cells
change their differentiation to help the initial immune response [110]. Microbial ligands can
influence stem cell fate via pattern recognition receptors. Microbial ligands such as LPS and
lipoproteins can alter: proliferation, differentiation, migration and the function of stem cells.
In mice stem cell proliferation is stimulated by TLR activation, while in humans most TLR
activity does not seem to affect stem cell proliferation [110]. TLR activation alters stem cell
differentiation, cytokine production of stem cells and immunosuppressive functions of MSCs
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[110]. However, cytokine production can also be influenced by microenvironment, co-
stimulatory molecules as well as downstream signaling pathways [110]. The immunosup‐
pressive function of MSCs can be stimulated or inhibited by TLR activation depending on the
type of signaling pathways that are activated [110]. With the identification of innate immune
receptors on stem cells and the finding that microbial ligands can influence stem cell fate, a
new era of stem cell research has begun [110].

11. MSCs and HSCT

Recent studies revealed that, during pathogen exposure, hematopoiesis may yield progeny in
magnitudes that are different from those produced under routine or stable hemostatic
circumstances [111]. HSCs not only sustain blood cell formation following bleeding, BM
damage or chemotherapeutic ablation, but also respond directly to microbial products as well
as inflammatory cytokines thus permitting real-time alterations in the direction of hemato‐
poiesis in response to exposure to a certain burden of pathogenic organisms [111].

Various evidences from experimental models and clinical studies suggest the implication of
bacterial and fungal infections in the pathogenesis of acute GVHD [112]. Appropriate treat‐
ment or prophylaxis of bacterial infections during the early post-HSCT period might be
beneficial in reducing not only infection-related but also GVHD-related mortality [112]. To
eliminate the systemic proinflammatory cytokine surge induced by bacterial infection, the
following are needed: (1) specific antimicrobial strategies, (2) therapies targeting the pathways
of innate immunity, and (3) nutritional interventions that might help in reducing the risk of
acute GVHD. These issues should be evaluated prospectively in clinical trials[112]. In a
retrospective cohort study that evaluated the risk factors for pneumonia-related death
following HSCT and that included 691 patients, meta-analysis showed that the following were
the risk factors that contributed to death: (1) acute GVHD grades II - IV, (2) CMV infection,
and (3) receiving MSCs. Additionally, bacteremia and mold infections contributed to pneu‐
monia-related deaths [113].

MSC therapy in HSCT recipients has been found to have the following advantages: (1)
prevention and treatment of GVHD, (2) immune reconstitution, (3) induction of faster
engraftment, (4) healing of infections and inflammatory disorders, and (5) reduction in the
incidence of various infectious complications [92, 103, 104, 114, 115]. Studies have shown that
administration of human BM-derived MSCs given during allogeneic bone marrow transplan‐
tation or human umbilical cord blood-derived MSCs in the post-transplant period, in patients
with bone marrow failure, is safe and advantageous [92, 114]. In recipients of unrelated
allogeneic HSCT following non-myeloablative conditioning therapy, co-infusion of MSCs did
not show any pulmonary deterioration for up to 1 year post–transplant [115]. Additionally, in
recipients of haploidentical HSCT, infusion of umbilical cord–derived MSCs did not increase
the incidence of pulmonary infections [116].
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12. Nanotechnology in stem cell research and therapy

Stem cell tracking using modern imaging modalities offers new insights into understanding
the biology and achieving the full therapeutic potentials of stem cell therapies [117]. Currently
used standard methods for tracking stem cells in vivo include: (1) MRI, (2) bioluminescence
imaging, (3) positron emission tomography, (4) fluorescence imaging, (5) single-photon
emission tomography, (6) X-ray computed microtomography, (7) Raman or surface enhanced
Raman spectroscopy-based imaging, and (8) photoacoustic imaging [117-119]. The selection
of the imaging modality and stem cell tracer or label should take into consideration: the clinical
condition of the patient, the primary disease and the comorbid medical conditions [120].

Nanotechnology offers valuable information on migration, homing, survival, differentiation,
function and the engraftment of transplanted stem cells [117, 121, 122]. The delivery of
nanomaterials enables a personalized approach and individualized tailoring of nanotechnol‐
ogy and materials used to the specific needs of each patient [120]. To be of most use, tracking
methods should ideally be non-invasive, high resolution and allow tracking in three dimen‐
sions [121]. To identify transplanted stem cells from the host tissue, optically active probes are
usually used to label stem cells before their administration [117]. Nanofibers have recently
gained substantial interest for their potential application in tissue engineering [123]. Nanofib‐
ers accommodate: (1) the survival and proliferation of human MSCs, and (2) the continuous
differentiation of human MSCs into obsteoblasts and chondrocytes [123].

13. Homing and migration of MSCs

An important property of MSCs is their capacity for migration and homing in or around the
zones damaged by trauma, inflammation, ischemia or tumor infiltration [124]. Intravenous
administration of MSCs causes their migration, in substantial numbers, into areas of tissue
damage [124]. Therefore, it is essential to understand the mechanisms involved in the homing
and migration of MSCs. In addition, MSCs derived from various sources express different
patterns of chemokines and their receptors [124]. Hence, the possibility to modulate the
migration ability of MSCs opens a new era for the development of directed migration of greater
numbers of MSCs injected intravenously into the sites of injury [124].

14. Banking of MSCs

MSCs hold great potential for developing effective cellular therapies and current trends
indicate that their clinical applications will continue to rise markedly [125]. There has been
considerable success in manufacturing and cryopreserving MSCs at laboratory level, but these
successes have not translated into technologies developed at industrial scale [125]. The
development of cost-effective and advanced technologies for the production and cryopreser‐
vation of MSCs is a crucial step in the process of successful clinical cell therapy [125]. Also, it
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is essential to have simple and appropriate but validated protocols for cell and tissue proc‐
essing under good manufacturing conditions in order to develop a cost-effective banking of
MSCs such as those obtained from umbilical cord blood [126].

15. Conclusions and future directions

MSCs are heterogeneous progenitor cells that have the capacity of self-renewal and multi-
lineage differentiation. Their distinguished immunomodulation and immunosuppressive
properties allowed MSCs to have several therapeutic applications. MSCs are essential constit‐
uents of the framework that supports organ integrity and tissue barriers. Suppression of both
T and B cells enables them to be major players in controlling inflammatory response and in
the innate response to bacterial infection. Human BM-MSCs possess direct antibacterial
activity against Gram-negative bacilli and they have been shown to improve survival and
reduce mortality in animal models having septic complications. Also, human BM-MSCs can
act as drug delivery vehicles, enhance the effectiveness of conventional antimicrobials and
may prevent the evolution of drug–resistant microbes. MSCs contain a subset of IL-17+ that is
capable of inhibiting the growth of C. albicans. CD 271+ BM-MSCs may provide a long-term
protective intracellular niche in the host where M.TB organisms remain viable but in a dormant
state. Two recent clinical trials in humans have shown that autologous transplantation of MSCs
can successfully treat MDR strains of M.TB. Animal studies have demonstrated that MSCs
enhance host defenses against malaria. MSC therapy improves liver function and promotes
hepatocellular regeneration in patients with hepatic fibrosis caused by schistosomiasis.
Transplantation of MSCs has been shown to reverse right ventricular dilatation, cardiomyop‐
athy and advanced heart involvement in T. cruzi infection. Transfusion of MSCs can confer
resistance to HIV and may restore immune reconstitution in infected individuals. Autologous
MSC transfusion in patients having liver cirrhosis secondary to hepatitis B or C infection
improves liver function tests. MSCs improve murine models of acute myocarditis caused by
CVB3 infection. However, MSCs are not effective in the prevention or treatment of severe
Influenza virus infections. There is low risk of transmission of human herpes viruses by
transplantation of MSCs from healthy seropositive donors. CMV infection impairs the
immunosuppressive and antimicrobial effector functions of human MSCs, thus overt CMV
infection in recipients of HSCT may undermine the clinical efficacy of MSCs in treating GVHD.
MSC therapy in patients with severe GVHD is associated with increased mortality related to
Adenovirus infections. Therapeutic applications of BM-MSCs in recipients of HSCT include
prevention and treatment of GVHD, induction of faster engraftment, immune reconstitution,
healing of inflammation as well as treatment and prevention of various infectious complica‐
tions. Also, cultured or banked human BM-MSCs may be effective in treating sepsis in high-
risk patients.

Taking into consideration the remarkable success in the utilization of MSCs in the treatment
of various infections in animal models and the few published clinical trials in humans with
MDR infections, such as those caused by M.TB, and with the advancements in technology and
medical care, it is reasonable to predict a similar success in the use of MSC therapy in humans
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in the near future. However, complications of this form of cellular therapy should never be
underestimated. Also, it is essential to have banking facilities for these stem cells in addition
to guidelines and protocols for their use in high risk individuals, particularly those with HIV,
MDR-TB, hematological malignancy, recipients of SOT and HSCT as well as patients receiving
advanced level of care in ICUs.
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