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  Abstract   Research on mesenchymal stromal cells (MSCs) has moved at a rapid pace 
that has been driven by unexpected discoveries about the biology of the cells and their 
bene fi cial effects in multiple models for human diseases. There are currently at least 
three paradigms as to how the MSCs can repair tissues: (I) by engrafting and serving as 
a niche for stem/progenitor cells; (II) by engrafting and differentiating to repair dam-
aged tissues; and (III) by temporarily engrafting in injured tissues, engaging in exten-
sive “cross-talk” triggered by signals from the injured tissues, and producing factors 
that both limit injury to the tissues by multiple effects such as modulating excessive 
in fl ammatory and immune responses and enhance repair by providing a niche that stim-
ulates the propagation and differentiation of tissue-endogenous stem/progenitor cells. 
In the background of research to support each of the paradigms is a series of controver-
sies that have not been resolved in spite of the efforts of the thousands of dedicated 
scientists who have made major contributions to the  fi eld. We will review here just a 
few of these controversies with conclusions that re fl ect some of our own biases.  

      Introduction: The Three Paradigms of MSCs 

 The cells that are the topic of this chapter have generated a tangled history of chang-
ing hypotheses and paradigms. The cells were  fi rst identi fi ed over 50 years ago in 
the early experiments on bone marrow: They were spindle-shaped cells that adhered 

    Chapter 2   
 MSCs: Changing Hypotheses, Paradigms, 
and Controversies on Mechanisms of Action 
in Repairing Tissues       

         Darwin   J.   Prockop        and    Roxanne   L.   Reger        

    D.  J.   Prockop ,  M.D., Ph.D.   (*)   
     Department of Molecular and Cellular Medicine, Institute for Regenerative Medicine, 
Texas A&M Health Science Center College of Medicine at Scott&White , 
  Temple ,  TX   76502 ,  USA    
e-mail:  Prockop@medicine.tamhsc.edu       

   R.  L.    Reger ,  M.S.    
  Institute for Regenerative Medicine, Texas A&M Health Science Center 
College of Medicine at Scott&White ,   Temple ,  TX ,    USA   
e-mail:  reger@medicine.tamhsc.edu     

 Where there is good science, there is always trouble. (Anonymous) 



18 D.J. Prockop and R.L. Reger

to tissue culture surfaces and were clearly not destined to be hematopoietic. From 
the outset, the cells were investigated on the basis of two hypotheses or paradigms, 
in the sense of scienti fi c paradigms as originally de fi ned by the philosopher Thomas 
Kuhn  [  1  ] . 

 Some observers were impressed with the similarity of the cells to cells that 
formed the stroma of the marrow. This impression prompted the important use of 
the cells as feeder layers for the culture of hematopoietic cells  [  2,   3  ] . In effect, these 
observers developed the paradigm that the cells provided a niche for hematopoietic 
stem cells (Paradigm I in Fig.  2.1 ). Other observers discovered that the cells were 
readily differentiated into osteoblast-like mineralizing cells, into chondrocytes, and 
into adipocytes both in culture and in capsules implanted in vivo  [  5,   6  ] . They there-
fore pursued the paradigm that cells were similar to embryonic stem cells and might 
be used therapeutically to replace many injured tissues by engrafting and differentiating 
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  Fig. 2.1    Schematic summarizing three evolving paradigms for the repair of tissues by MSCs. The 
morphology of a small number of adherent cells from bone marrow suggested the paradigm that the 
cells served as a niche for hematopoietic cells (Paradigm I). The ready differentiation of the cells in 
culture suggested that the cells could repair tissues by engrafting and differentiating (Paradigm II). 
Clinical trials using the cells to improve bone marrow transplants unexpectedly demonstrated that 
they improved graft-versus-host diseases in a few patients and thereby drew attention to their immu-
nomodulatory properties. Functional improvement without signi fi cant engraftment in animal models 
and a few patients suggested that MSCs enhanced repair by transiently forming microenvironments 
or “quasi-niches” (Paradigm III) (Reproduced with permission from Prockop et al.  [  4  ] )       
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(Paradigm II in Fig.  2.1 ). Research based on both paradigms advanced in an irregular, 
stop-and-go manner as the experimental methods improved. The research also took 
an irregular course because the cells were at an intersection of the rapidly develop-
ing  fi elds of stem cells and of tissue regeneration and repair. As the concepts in 
these  fi elds evolved, there were major changes in the underlying hypotheses for 
research on MSCs.  

   Paradigm I: MSCs as Niche for Hematopoietic Stem Cells 

 The paradigm that the con fl uent cultures of MSCs could serve as effective feeder 
layers or niches for the culture of hematopoietic stem cells has proven to be a major 
breakthrough in the study of bone marrow and the  fi eld of bone marrow transplanta-
tion  [  2,   3  ] . Direct demonstration of a niche function of MSCs was provided by the 
observation that islands of hematopoiesis were formed within human MSC-seeded 
ceramic cubes that were implanted under the skin of immunode fi cient mice  [  7  ] . 
Also, the niche function of MSCs was indirectly supported by clinical trials in which 
the cells were shown to hasten the recovery of the hematopoietic system after bone 
marrow transplants  [  8  ] . The paradigm was further supported by recent studies in 
mice that identi fi ed MSCs as nestin +  cells that were part of the neuroendocrine sys-
tem for mobilization of hematopoietic system  [  9  ] . Some of the most direct support 
for a niche function came from the observation that human MSCs implanted into the 
hippocampus of mice stimulated the proliferation on endogenous neural stem cells 
and also their migration and differentiation  [  10  ] . The niche function of MSCs may 
well explain many of the therapeutic bene fi ts that have been reported in multiple 
animal models for human diseases and a few of the patients in whom therapeutic 
bene fi ts have been observed in the over 140 of clinical trials with MSCs and related 
cells that have been registered (  clinicaltrials.gov    ).  

   Paradigm II: MSCs Repair by Engrafting and Differentiating 

 The paradigm that MSCs might repair multiple tissues by engrafting and differenti-
ating resonated widely among physicians and scientists interested in new therapies 
for human diseases  [  11,   12  ] . The paradigm reawakened an idea attributed to the 
classical pathologist Cohnheim who as early as 1867  [  13  ]  made observations sug-
gesting that some of the cells involved in tissue repair came from the general circu-
lation and, in the light of further information, from the bone marrow. The paradigm 
was supported by observations that systemically infused MSCs appeared to be 
recovered in multiple tissues  [  14  ]  and that the cells, under some circumstances, dif-
ferentiated to cells originating from all three germ layers  [  15–  19  ] . Many of the early 
experiments were handicapped by inadequate techniques for isolating and charac-
terizing the cells and the lack of markers for the cells that were not readily lost during 

http://clinicaltrials.gov
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differentiation or transferred to other cells. Also, all the potential assay artifacts had 
not yet been recognized such as artifacts from overlapping cells in microscopic sec-
tions labeled with antibodies. As these problems were resolved, reports from mul-
tiple laboratories established that MSCs could engraft and differentiate in multiple 
tissues but the process was robust only in limited circumstances such as in rapidly 
developing tissues of embryonic mice  [  16  ]  or chick embryos  [  20  ] , and with local 
injection into damaged tissue such as fractured bones  [  21  ]  or injured cartilage  [  22, 
  23  ] . At the same time, there were convincing reports that MSCs or some related 
cells from bone marrow engrafted in severely injured tissues in patients such as 
those undergoing organ rejection following transplants of lung  [  24  ] . Also, MSCs or 
some related cells from bone marrow can generate some of the cells found in epi-
thelial cancers  [  25  ] . Therefore, the paradigm appears to have limited applicability, 
but it is not fully excluded as a therapeutic strategy.  

   Paradigm III: Repair by Transient Cross-Talk and Niche 
Functions 

 As MSCs were explored in many laboratories around the world, several unexpected 
observations emerged: (a) They frequently repaired tissues even though they were 
detected in the tissues only transiently, and (b) the cells engaged in extensive com-
munication or “cross-talk” with other cells and tissues  [  26  ]  that dramatically altered 
the genes they expressed, including those for secreted factors  [  27,   28  ] . The observa-
tions have provided the new paradigm that is a partial synthesis of the  fi rst two para-
digms: The cells temporarily engraft in injured tissues, they engage in extensive 
“cross-talk” triggered by signals from the injured tissues, and, as a result, they are 
activated to express genes that (a) limit injury to the tissues by modulating excessive 
in fl ammatory and immune responses and (b) enhance repair by providing a niche 
that stimulates the propagation and differentiation of tissue-endogenous stem/pro-
genitor cells. 

 The three paradigms are summarized in Fig.  2.1 .  
 In the background of research to support each of these paradigms is a series of 

controversies that have not been resolved in spite of the efforts of the thousands of 
dedicated scientists who have made major contributions to the  fi eld. We will review 
some of these controversies and provide conclusions that re fl ect some of our own 
biases.  

   Controversy I: What Are the Criteria for Identifying MSCs? 

 The commonly employed criteria for de fi ning MSCs are that the cells are (a) highly 
clonogenic; (b) readily differentiate in culture to osteoblasts, adipocytes, and chon-
drocytes; and (c) lack epitopes for hematopoietic cells and express several epitopes 
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that are shared with other non-hematopoietic cells such as CD73, CD90, and CD105 
 [  29  ] . Unfortunately, each of the criteria is dif fi cult to apply quantitatively. In addi-
tion, many reports have not employed them with rigor. 

 The criterion of clonogenicity lacks rigor as commonly applied. As originally 
emphasized by Friedenstein  [  6,   30  ] , the clonogenicity of MSCs is striking. In the 
case of human MSCs, if the nucleated cells from bone marrow are  fi rst plated at 
high density, incubated for 7–9 days, and the adherent cells then replated at low 
density, 10% or more of the cells will give rise to single-cell-derived colonies 
(de fi ned as colony-forming units or CFUs) in about 2 weeks. With some prepara-
tions, from 80 to 90% of the cells are CFUs  [  31,   32  ] . However, the CFUs decrease 
dramatically if the same preparations are plated at a high density or are allowed to 
expand to con fl uence  [  32  ] . Moreover, there are large differences in the clonoge-
nicity seen with cultures prepared from bone marrow aspirates from different nor-
mal donors and even between aspirates drawn from the right and left iliac crests 
of the same normal donor in the same session  [  33  ] . The criterion is further con-
fused by observations with MSCs from rodent bone marrow. Cultures of mouse 
MSCs are particularly confounding. Nucleated cells from mouse bone marrow that 
adhere to tissue culture plastic are heavily contaminated by hematopoietic cells. 
The hematopoietic cells can be removed by immunoselection  [  34  ]  or by repeated 
passage as adherent cells  [  35  ] . However, mouse MSCs are similar to mouse 
 fi broblasts  [  36  ]  in that they initially grow slowly until a few cells emerge from a 
“crisis” in the cultures, become transformed, and then are potentially tumorigenic 
 [  37  ] . Moreover, there are differences among MSCs from different strains of mice 
and some difference in the media required for optimal yields  [  35  ] . With rat bone 
marrow, plating of nucleated cells from bone marrow of some but not all strains 
gives rise to MSCs that are relatively free of hematopoietic cells  [  38  ] . The MSCs 
from young rats of strains that provide good yields of MSCs grow rapidly when 
 fi rst plated and are highly clonogenic. However, CFU assays on rat MSCs need to 
be a carried out carefully by plating single cells in separate wells in microtiter 
plates because of the tendency of the cells from one colony to detach and generate 
new colonies  [  38  ] . 

 The criterion of differentiation has also been applied loosely. In the case of 
MSCs from human bone marrow, preparations isolated with the same protocol 
vary in the extent of differentiation into osteoblast-like mineralizing cells, adipo-
cytes, and chondrocytes  [  33,   39  ] . In fact, one surprising observation is that if cells 
from single-cell-derived colonies are replated at clonal densities, they give rise to 
new single-cell-derived colonies that vary in their potential to differentiate into 
mineralizing cells and adipocytes (Fig.  2.2 ). The colonies also vary in size and 
morphology (Fig.  2.3 ).   

 Usually, differentiation is assayed by incubating cultures in a medium conducive 
to mineralization and stained with Alizarin red S or incubating in medium conducive 
to adipogenesis and stained with Oil red O. The extent of differentiation is then evalu-
ated qualitatively by microscopy, and the evaluation of the same samples by different 
observers can vary. Far more reliable data for mineralization and adipogenesis can be 
obtained with extraction of the dyes for quantitative colorimetric assays  [  41  ] . 
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Unfortunately, quantitative assays have rarely been employed. Alternatively,  quantitative 
RT-PCR assays for gene expression are very helpful. Chondrogenic differentiation 
requires culturing the cells as a micropellet and incubating for 2–3 weeks in a serum-
free chondrogenic medium. The pellets are then  fi xed, sectioned, and stained with 
either toluidine blue to detect the proteoglycans or Safranin O to detect glycosamino-
glycans. Again, the evaluation is qualitative and varies with different preparations and 
with expansion of the same preparations. Also, the recombinant cytokines used with 
the serum-free medium (TGF- b 3 and BMP-2) are expensive, and the assay is not fre-
quently repeated. The quantitative RT-PCR assays for cartilage-speci fi c mRNAs are 
very helpful. 

 The criterion of epitopes is also problematic. There is consensus that human 
MSCs from bone marrow should be negative for epitopes found on hematopoietic 
cells. The expression of epitopes found on non-hematopoietic cells is more useful, 
but again, some of these can be variable among different preparations, different 
laboratories, different species, and different passage numbers of the same prepara-
tions  [  42  ] . 

 How will this controversy be resolved? One approach is for reviewers to encour-
age authors to apply the existing criteria more rigorously. Another is to make avail-
able reference banks of MSCs that investigators can use as standards for comparison. 
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  Fig. 2.2    Variation within and between human donors in osteoblast and adipocyte differentiation 
capacity of MSC colonies from CFU assays at passage 2.  R and L  indicate samples from right and 
left iliac crests of same donor taken at the same time. One to eight large colonies from the same 
plate were assayed (Reproduced with permission and modi fi ed from Digirolamo et al.  [  39  ] )       

 



Type I

Type II

5064
100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

IN OUT

P3

IN OUT

P3

IN OUT

P4
IN OUT

P3

IN OUT

P4

IN OUT

P4

IN OUT

P5

IN OUT

P5

IN OUT

P6

IN OUT

P6

IN OUT

P7

240 7012

Type I
Type II

Type I
Type II

Type I
Type II

C
F

U
-F

 p
er

ce
nt

ag
e

C
F

U
-F

 p
er

ce
nt

ag
e

C
F

U
-F

 p
er

ce
nt

ag
e

1 mm

a

b

c d

  Fig. 2.3    Changes in clonogenicity, colony size, and morphology within and among donors upon sub-
cloning. Passage 1 MSCs were plated at 2 cells/cm 2  and grown for 10–12 days. Cells (passage 2) were 
then isolated from either the inner dense region (IN) or outer region (OUT) of the colonies and replated 
and cultured as above. This passaging continued until the cells no longer generated colonies with dis-
tinct IN and OUT regions. Representative colonies of donor 240 (P3) stained with crystal violet, mea-
sured, and classi fi ed as either type I or type II. ( a ) Type I colonies were at least 4 mm in size with a dense 
IN (upper panel). Type II colonies were either less than 4 mm with a dense IN or larger in size but loose 
(lower panel). Distribution of type I and type II colonies derived from cells isolated from the IN and 
OUT regions during subcloning for donor ( b ) 5,064; ( c ) 240; and ( d ) 7,012. The fraction of type II colo-
nies increased with passage number for all 3 donors. However, the passage number at which type II 
colonies predominated varied among the donors. Error bars: standard deviations;  n  = 3. Scale bar: 1 mm. 
 Abbreviations :  CFU-F  colony-forming units  fi broblast,  IN  inner region of colony,  OUT  outer region of 
colony,  P  passage (Reproduced with permission and modi fi ed from Ylostalo et al.  [  40  ] )       
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In support of this suggestion, we obtained an NIH grant to prepare and distribute 
standardized preparations of MSCs to other investigators (  http://medicine.tamhsc.
edu/irm/msc-distribution.html    ). We have provided the cells to over 350 laboratories. 
A more permanent solution will probably be to develop rapid and more reproduc-
ible in vivo assays for either the differentiation of MSCs or therapeutic bene fi ts in 
one or more disease models.  

   Controversy II: Can MSCs Differentiate 
into Non-mesenchymal Cells 

 Early observations with MSCs generated this controversy because they suggested 
that MSCs were capable of differentiation into neural cells and  fi broblasts 
(see Fig.  2.4  and Pereira et al.  [  43  ] , Azizi et al.  [  44  ] , Kopen et al.  [  16  ] ).  

 The observations generated controversy in part because the accepted dogma at 
the time was that cells could not differentiate across germ lines. Also, the accepted 
dogma at the time was that stem cells differentiated in a de fi ned sequence of pro-
genitor cells referred to as hierarchical differentiation  [  45  ] . The controversy became 
heated at several different levels, particularly at the political level when it was sug-
gested that research on human embryonic stem cells was unnecessary because of the 
differentiation potential of “adult stem cells” such as MSCs. The controversy also 
became heated because the early experiments on differentiation of MSCs were lim-
ited by available techniques and the generation of artifacts that had not been previ-
ously recognized: Cell labeling reagents such as dyes, and even genetic markers, 
were unexpectedly transferred across membranes from one cell to another; many 
antibodies were used without fully de fi ned speci fi cities; overlapping cells in immu-
nocytochemistry of tissues at a time when 3D resolution of microscopic imaging 
was not available; and artifacts introduced by rare cell fusion events. The contro-
versy has become less heated as the assays, and, therefore, the data generated have 
improved. For example, in our own laboratory, we were able to use time-lapse 
microscopy and a series of RNA and protein assays to demonstrate that MSCs 
cocultured with heat-shocked primary epithelial cells differentiated into epithelial 
cells both with and without cell fusion, at least under those experimental conditions 
(Fig.  2.5 )  [  18  ] .  

 Also, the controversy has become less heated with parallel developments that 
challenged several dogmas in the  fi eld. One of these developments was the discov-
ery of induced pluripotent stem cells that demonstrated the ease with which the 
genome of cells can be reprogrammed by the introduction of four genes expressed 
in embryonic cells  [  46  ] . The generation of the induced pluripotent cells emphasized 
the plasticity of the genome, a conclusion demonstrated earlier by experiments in 
which nuclei of somatic cells were transferred to enucleated embryonic cells  [  47  ] . 
Another development was the recognition that the concept of “hierarchical differen-
tiation” of hematopoietic stem cells had overlooked the important contribution 
of “niches” in directing differentiation of stem cells  [  45  ] . The critical importance of 

http://medicine.tamhsc.edu/irm/msc-distribution.html
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niches in the hematopoietic system was a rediscovery of the role of niches in sim-
pler systems such as    ovogenesis in drosophila  [  48  ] . Still another development was 
the extensive observations on epithelial-mesenchymal transition in cancer and other 
conditions. Among the most remarkable recent publications is the report by Olsen 
and colleagues  [  49  ]  that two lines of cultured human endothelial cells can be 

  Fig. 2.4    Immunohistochemical    localization of BrdUrd-labeled mouse MSCs in transplanted into 
mouse forebrain. Hematoxylin/eosin ( a )- or anti-BrdUrd ( b )-stained serial sections of striatum and 
lateral ventricle, ipsilateral to the injection site at bregma. ( c ) High-power magni fi cation of BrdUrd-
labeled cells in the external capsule. Photomicrograph is from same section as ( b ) but shows a 
more lateral  fi eld. ( d ) MSC-derived astrocyte in the molecular layer of the hippocampus double 
labeled with anti-BrdUrd and anti-GFAP ( black ).  Arrows , BrdUrd-labeled nuclei;  arrow-heads , 
nuclei negative for BrdUrd labeling ( a  and  b  – ×40;  c  – ×400;  d  – ×1,000) St: Striatum; CC: corpus 
callosum; EC: external capsule (Reproduced with permission from Kopen et al.  [  16  ] )       
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ef fi ciently transformed in culture to cells with characteristics similar to MSCs by 
the simple addition of BMP4 or TGF b 2 to the medium. 

 It is probably too early to conclude that there is a consensus on the differentiation 
potential of MSCs. However, there are currently 543 entries in PubMed under 
 “mesenchymal stem cells neural differentiation.” A quick scan of the entries indi-
cates that a few challenge the possibility of neural differentiation but several offer 
extensive data on the functional characteristic of the differentiated cells (see Zeng 
et al.  [  50  ] , Delcroix et al.  [  51  ] , Zhang et al.  [  52  ] ). These publications continue to 
appear at a time when both the investigators and reviewers have had an adequate 
opportunity to recognize the artifacts and criticisms encountered previously. 
Therefore, they deserve serious attention. 

 Where does this leave the  fi eld? Certainly, there is a consensus that the experi-
mental conditions for differentiation of MSCs are not highly reproducible. Also, the 
molecular events that drive differentiation such as Wnt and Notch signaling have 
been touched on by some recent reports  [  53,   54  ]  but not explored in detail. At the 
end of the day, it seems clear that carefully prepared MSCs have a potential to 

  Fig. 2.5    Phase-contrast and  fl uorescence microscopy of small airway epithelial cells (SAECs), 
bronchial epithelial cells (BEC), and lentiviral GFP +  hMSCs in culture and coculture. Epithelial 
cells were heat shocked (47 °C, 30 min), and 1–2 h later, GFP +  hMSCs were added to the cultures. 
( a ) Monolayer of SAECs in SAEC serum-free medium. ( b ) GFP +  hMSCs in 20% FBS MSC 
medium (FITC overlay on phase). ( c ,  d ) GFP +  hMSCs cultured in serum-free SAEC medium. ( e , 
 f ) Coculture with heat-shocked BEC at 2 week. The differentiated GFP +  cell has an epithelial mor-
phology and has repaired the monolayer formed by the epithelium. The cell is binucleated ( yellow 
arrow ), as is a GFP-negative BEC above it ( arrowhead ). ( g – l ) Time-lapse images of cocultures of 
GFP +  hMSCs and heat-shocked SAECs after incubation for 12–120 h. ( g ,  h ) GFP +  cell between 
SAECs undergoing morphological changes ( arrow ). ( i ,  j ) Differentiated GFP +  cell has an epithelial 
morphology, has repaired the monolayer formed by the SAECs, and has a single nucleus ( arrow ). 
Adjacent SAEC is binucleated ( arrowhead ). ( k ,  l ) Differentiated GFP +  cell has three nuclei ( yellow 
arrow ). ( e ,  f ,  k , and  l ) The outermost cytoplasmic edges of the GFP +  cells are arti fi cially enhanced 
(Magni fi cation: ( a – d ) ×10; ( e ,  f ) ×40; ( g – j ) ×20; ( k ,  l ) ×40) (Reproduced with permission and 
modi fi ed from Spees  [  18  ] )       
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 differentiate that lies somewhere between mature somatic cells such as skin 
 fi broblasts and ESCs and induced pluripotent cells. The differences from ESCs and 
iPS cells are probably quantitative ones that hinge on the rigor of the experimental 
conditions that are required to reprogram the genome.  

   Controversy III: Are MSCs Pericytes? 

 Several groups have claimed that a rare population of perivascular CD45 − /CD146 +  
pericytes are the progenitors of MSCs capable of generating the hematopoietic 
microenvironment  [  7,   55,   56  ] . The results demonstrated striking similarities between 
pericytes and bone marrow-derived MSCs. There are, however, some differences 
that have not been explained to date. One difference is that most pericytes expand 
slowly in culture. Another is that most pericytes are contractile cells. Still another is 
that pericytes from different vessels show considerable heterogeneity. In addition, 
more recently, Mendez-Ferrer and colleagues identi fi ed a rare subset of perivascular 
nestin-positive cells that had essentially all the properties of MSCs, that spatially 
associated with the hematopoietic stem cells (HSCs), and that were an essential 
component of the HSC niche  [  9  ] . Although not directly compared, the nestin-posi-
tive MSCs did not appear to be pericytes. 

 How do we resolve these apparently contradictory observations? Clearly, the 
observations themselves were carefully made and cannot be challenged. The resolu-
tion is perhaps to accept that pericytes and MSCs could be members of a large fam-
ily of cells with many properties in common. Most importantly, they have a 
remarkable plasticity that approaches transmogri fi cation: changing from one phe-
notype to another when presented with different niches or microenvironments 
in vivo and in vitro. We have learned to accept the multiple phenotypes of T lym-
phocytes and the M1/M2 phenotypes of macrophages. The concept seems more 
dif fi cult to accept for MSCs.  

   Controversy IV: Can MSCs Rescue Injured Cells 
by Transfer of Mitochondria? 

 Several years ago, we made the unexpected observation that MSCs can rescue cells 
with nonfunctional mitochondria by the transfer of mitochondria  [  57  ] . The observa-
tion had broad implications for the therapeutic potentials of MSCs because failure 
of mitochondria is a common event in many diseases, particularly with ischemia 
and reperfusion of tissues. The mitochondria are damaged by the ischemia and then 
fail to provide adequate electrons to reduce oxygen when the tissue is reperfused. 
The result is an increase in reactive oxygen species (ROS) that rapidly damage cells. 
Paradoxically, low levels of ROS trigger in fl ammation and high levels cause apoptosis. 
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The transfer of mitochondria we observed therefore could provide a rationale for the 
use of MSCs as therapy for stroke, myocardial infarction, and other diseases. All the 
observations we made, however, were in tissue culture, and we were unable to 
devise an adequate experiment to prove transfer in vivo. This problem has recently 
been addressed with an ingenious series of observations on relatively benign genital 
tumors of dogs that were transmitted as allografts over many generations during 
coition  [  58  ] . Sequencing of two informative regions in mitochondria in 37 samples 
of the tumors in dogs from four continents indicated extensive capture of host mito-
chondrial DNA in most of the samples. The results do not conclusively establish 
that functional mitochondria were transferred, but they do establish the transfer of 
mitochondrial DNA. 

 A recent study by Islam et al.  [  59  ]  is the  fi rst demonstration of in vivo mitochon-
drial transfer from MSCs to LPS-injured mouse lung alveolar epithelial cells lead-
ing to promotion of tissue repair and increased survival of the mice. Intravital 
 fl uorescence microscopy of ex vivo perfused LPS-damaged lungs was employed to 
directly observe the interaction of MSCs expressing a  fl uorescent tag with the lung 
epithelial cells. The MSCs were administered intratracheally into the lungs and 
imaged up to 24 h. The MSCs attached to the alveolar cells, and the MSC mitochon-
dria were observed to be transferred in microvesicles and nanotubes to the damaged 
cells and accompanied by an increase in ATP in the alveolar cells. What are the 
consequences of transfer of mitochondria by MSCs? One is that some of the 
bene fi cial effects of MSCs observed in animal models of human diseases may be 
explainable by transfer of mitochondria. Another possibility is that if the mitochon-
dria or mitochondrial DNA are transferred in vesicles, the vesicles may also contain 
microRNAs or even mRNAs that could explain the differentiation of MSCs observed 
in some cocultures with other cells  [  18  ] .  

   Controversy V: Do Intravenously Infused MSCs Escape 
Entrapment in the Lung? 

 Early observations with MSCs demonstrated marked improvements in injuries to 
organ such as the heart, brain, and kidney after intravenous administration of the 
cells. MSCs were detected in the tissues with assays for markers such as cell-
labeling dyes, and marker genes such as GFP. However, subsequent observations 
demonstrated that many of the experiments were subject to previously unsuspected 
artifacts. Also, some of the experiments, particularly those with mouse MSCs, 
were probably confounded by the presence of hematopoietic cells and the tendency 
of the cells to spontaneously transform. In addition, most of the data were based on 
manual counting of labeled cells in sections without resort to the quantitative 
deconvolution and 3D microscopic algorithms now available. To address these 
problems, we elected to resort to an unconventional approach: infusion of well-char-
acterized human MSCs into either wild-type or immunode fi cient mice  [  10,   27,   28  ] . 
The strategy made it possible to use endogenous markers in the MSCs that could be 



292 MSCs: Changing Hypotheses, Paradigms, and Controversies…

assayed quantitatively for human DNA by real-time PCR assays and for genes 
expressed by the human cells by RT-PCR assays. The assays themselves required 
careful attention because of two variables: the ef fi ciency of extraction of DNA and 
RNA from different tissues and the ef fi ciency of polymerization of nucleic acid by 
PCR because of variations in the contaminants in extracts of DNAs and RNAs 
from different tissues. To overcome these problems, Lee et al.  [  28  ]  developed sep-
arate standard curves for each tissue by adding varying numbers of human MSCs 
to naïve tissues before extraction of the nucleic acids. They also normalized the 
value of each assay to the total DNA or RNA in the sample by quantitative PCRs 
with species-speci fi c primers for both mouse and human GAPDH. The results 
con fi rmed previous reports based on qualitative imaging techniques that most 
intravenously infused MSCs are immediately trapped in the lung, probably during 
the  fi rst pass  [  28,   60,   61  ] . The results obtained with the assays indicated that after 
IV infusion of human MSCs, 99% (±1.07 SD) of the cells were cleared from the 
circulation within 5 min and that most of the cells were trapped in the lung. The 
cells disappeared from the lungs with a half-life of about 24 h but did not appear in 
any signi fi cant numbers in other tissues that were assayed: A total of 0.04% of the 
infused Alu sequences (equivalent to about 4,000 cells) were recovered in six tis-
sues after 48 h and 0.01% after 96 h. 

 The conclusions from these experiments and the prior observations  [  28,   60,   61  ]  
have not been universally accepted in subsequent publications. One criticism was 
that the human MSCs employed are larger and perhaps more adherent than mouse 
MSCs and therefore more likely to be trapped in the lungs. However, one of the 
earlier experiments that provided qualitative data on extensive trapping in lungs 
used rat MSCs  [  60  ] , and one used mouse MSCs  [  61  ] . Another criticism was that the 
immune system of the immunode fi cient mice (NOD/ scid ) used in the experiments 
 [  28  ]  may have destroyed the human MSCs in the lung before they had a chance to 
recirculate to other tissues. As discussed below, the use of human MSCs raises con-
cerns but offers distinct advantages, and the concerns can probably be addressed by 
validating the observations with additional carefully controlled experiments. 

 At the same time, it seems apparent that the data obtained with quantitative PCR 
and RT-PCR established that about 90% of human MSCs infused intravenously into 
mice are trapped in the lungs and very few reach more distal organs, even after 
selective injury to the organs. Mice appear to have unusually small capillaries, and 
human MSCs are larger than those from mice. Therefore, larger numbers may 
escape entrapment in the lung if autologous MSCs are infused in other animals. 
Also, the number of human MSCs trapped in the lung decreased by 25% when 
human MSCs were cultured as hanging drops to form spheroids and then are dis-
sociated before being infused intravenously into mice apparently because the MSCs 
become compacted in spheroids and are about one-quarter the volume of MSCs 
cultured as monolayers  [  62  ] . However, we will not know the extent to which intra-
venously infused MSCs escape entrapment in the lungs in species other than mice 
until more quantitative experiments are performed. 

 At the same time, the impression that most MSCs administered IV are trapped in 
the lung has prompted great interest in soluble factors released by MSCs that might 
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explain their bene fi cial effects. For example, in different models of in fl ammation, 
the bene fi cial effects of MSCs were traced to the cells being activated to express the 
anti-in fl ammatory protein TSG-6 (Fig.  2.6 )  [  28  ] , prostaglandin E2  [  63  ] , the inter-
leukin 1 receptor antagonist  [  64  ] , or soluble TNF receptor 1  [  65  ] . Still, other factors 
produced by MSCs including nitric oxide, indoleamine 2,3-dioxygenase, and CCL2 
were reported to explain the immunomodulatory effects of MSCs (below).   

   Controversy VI: Is It Valid to Experiment with Human 
MSCs in Rodent Models? 

 The use of xenogeneic cells in animals has long been an anathema in biology. 
However, the dif fi culties inherent in isolating and expanding mouse MSCs tempted 
us and others to test human cells in rodents. We were encouraged by the evidence 
that MSCs are at least partially immune privileged and the apparently successful use 
of unmatched MSCs from universal donors in patients  [  66  ] . Further, we were 
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  Fig. 2.6    Effects of human MSCs and recombinant TSG-6 in NOD/scid mice with myocardial 
infarcts (MI). ( a ) Schematic illustrating the progressive damage to the myocardium following MI. 
The ischemia triggers invasion by in fl ammatory cells. The in fl ammatory cells and the matrix met-
alloproteinases they release accentuate damage to the myocardium. TSG-6 synthesized by MSCs 
or recombinant TSG-6 limits the injury and thereby enhances repair (Reproduced with permission 
and modi fi ed from Prockop et al.  [  4  ] ). ( b ) Protective/reparative properties of MSCs and TSG-6 in 
MI. Three weeks after permanent ligation of the anterior descending coronary artery in mice, each 
heart was cut from the apex through the base into sequential 5-um sections and stained with 
Masson trichrome. Every 20th section is shown. Cells (2 × 10 6 ) were delivered intravenously (IV) 
1 h after MI.  Symbols : MI only; MI + hMSCs, hMSCs; MI + scr siRNA, hMSCs transduced with 
scrambled siRNA; MI + TSG-6 siRNA, hMSCs transduced with TSG-6 siRNA; MI + rhTSG-6, 30 
ug recombinant TSG-6 protein infused IV 1 h and again 24 h after MI (Reproduced with permis-
sion and modi fi ed from Lee et al.  [  28  ] )       
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encouraged by our observations that human MSCs disappeared with about the same 
half-life whether injected into the hippocampi of wild-type or immunode fi cient mice 
 [  27  ] . A number of reports have now established therapeutic bene fi ts from systemic 
administration of human MSCs in immunode fi cient mice with streptozotocin-induced 
diabetes and with myocardial infarction. Therapeutic bene fi ts were also observed with 
administration of human MSCs to wild-type rodents that were models for transient 
global ischemia  [  27  ] , retinal degeneration  [  67  ] , peritonitis  [  68  ] , and meniscal injury 
(Masafumi    Horie, Hosoon Choi, Ryang-Hwa Lee, R.L.R., Joni Ylostalo, Takeshi 
Muneta, Ichiro Sekiya, and D.J.P., Osteoarthritis and Cartilage, in press). We also note 
that a number of other investigators have recently used human MSCs from bone mar-
row in rodent models  [  69–  72  ] . The use of human MSCs in animal models offers the 
tremendous advantage of using species-speci fi c markers to follow the cells, including 
the ability to examine the cross-talk between the human MSCs and endogenous cells 
and the dramatic changes which result in both cell populations. 

 Nonetheless, many investigators are still concerned about crossing species barri-
ers in such experiments. The best resolution of this controversy is to de fi ne clearly 
the goals of such experiments. The human MSCs are used in rodents or other species 
to  fi rst establish a therapeutic bene fi t and then de fi ne the mechanisms by which the 
human cells exert their effects. The strategy provides a powerful tool for following 
the cross-talk between the MSCs and injured tissues. Autologous or syngeneic MSCs 
might be more effective in many of the experiments, but the tools for analyzing their 
effects are much more limited. The happiest resolution of the controversy is probably 
the one that occurred in observing the effects of human MSCs in a mouse model for 
myocardial infarction: The bene fi cial effects were traced to TSG-6, and then the 
recombinant protein was shown to reproduce most of the bene fi cial effects of the 
human MSCs (Fig.  2.5 )  [  28  ] . Also, most of the bene fi cial effects of administration of 
MSCs were lost when the TSG-6 gene was knocked down with an siRNA.  

   Controversy VII: Can “Universal Donors” 
of MSCs Be Used in Patients? 

 The initial efforts to develop clinical therapies generated a dilemma: Would autolo-
gous MSCs be required? The question had immediate  fi nancial consequences. The 
autologous MSCs were about twice as expensive (well over $10,000/preparation by 
our estimates). Quality control was dif fi cult because if freshly prepared MSCs were 
used, the tests for ef fi cacy of the cells and microbial agents possibly acquired during 
preparation of the cells could not be completed before the cells were administered. 
If the samples were frozen before use, the extensive tests required for each autolo-
gous preparation were expensive. Also, fresh autologous MSCs were impractical 
for therapy of acute diseases such as myocardial infarction and stroke. So the most 
common “business model” for the several biotech companies was to prepare large 
lots of extensively expanded MSCs from a single donor. We and others persisted 
with the development of protocols to use autologous MSCs in patients. We pursued 
this course because we were concerned about (a) administering cells that might 



32 D.J. Prockop and R.L. Reger

elicit immune reactions, and (b) the extensive expansion or highly con fl uent 
cultures necessary to produce a large bank of MSCs would eliminate the early pro-
genitor cells that were enriched in early passage low-density cultures. We developed 
a protocol to prepare autologous MSCs for therapy of patients with spinal cord 
injuries on the basis of data from experiments in rats indicating that there was a 
window for therapy of about 1 week following an acute injury to the spine  [  73,   74  ] . 
Sekiya and colleagues in Tokyo  [  75  ]  developed a similar protocol preparing autolo-
gous MSCs generated from a biopsy of synovial tissue to treat acute injuries to knee 
cartilage. They launched a phase I/II clinical trial now nearing completion. 

 In the interim, newly launched biotech companies and academic centers have 
carried out extensive clinical trials with large banks of MSCs from universal donors. 
In some of the trials, patients have received repeated infusions of large numbers of 
MSCs from large banks. To date, no major adverse reactions have been reported. 
Therefore, the use of universal donors for clinical applications is now supported by 
a considerable body of data, and our commitment to autologous MSCs is a minority 
position. However, we are convinced that autologous MSCs may be superior for 
some applications such as the repair of knee cartilage by local application of the 
cells as is being done by Koga et al.  [  75  ] .  

   Controversy VIII: How Do MSCs Modulate Immune 
Responses? 

 Important immunomodulatory effects of MSCs were  fi rst discovered in clinical tri-
als to improve bone marrow transplants with MSCs: In a proportion of patients, the 
MSCs improved the manifestations of graft-versus-host disease (GVHD)  [  66  ] . The 
observations were supported by reports that MSCs inhibited the mixed lymphocyte 
reaction. These observations in turn prompted experiments that demonstrated IV 
infusions of MSCs reduced neurological de fi cits in the experimental autoimmune 
encephalitis (EAE) model for multiple sclerosis  [  76  ] . Extensive efforts have been 
made to explain the immunomodulatory effects of MSCs, but the  fi eld remains con-
troversial, and several different scenarios have been advanced by leaders in the  fi eld 
(Fig.  2.7 ) (For more complete reviews, see Uccelli et al.  [  79  ] , Bernardo et al.  [  80  ] ).  

 Shi and associates  [  81  ]  observed that murine MSCs were activated by IFN g  together 
with any one of three other proin fl ammatory cytokines (TNF a , IL-1 a , or IL-1 b ) to 
become immunomodulatory. The activated MSCs expressed several cytokines and 
inducible nitric oxide synthase (iNOS). The chemokines attracted T cells to the MSCs, 
and the NO suppressed the T cells. The same authors  [  81  ]  subsequently found that 
human and monkey MSCs did not synthesize NO, but the MSCs suppressed T 
cells by secreting indoleamine 2,3-dioxygenase (IDO) that depleted tryptophan in 
the medium or generated toxic concentrations of kynurenine and other suppres-
sive metabolites  [  81  ] . 

 Galipeau and associates  [  77  ]  found that the MSCs inhibited activation of the T 
cells by secreting both CCL2 (monocyte chemotactic protein-1 or MCP-1) and MMP-9 
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in the murine EAE model for multiple sclerosis. MMP-9 then cleaved the CCL2 
into an immune-suppressive derivative. In support of their proposal, they found that 
conditioned medium from MSCs inhibited activation of CD4 +  T cells from mice in 
which EAE was induced but not T cells from CCL2 −/−  EAE mice. François et al. 
also observed that MSCs can produce opposite effects: They can stimulate immune 
and in fl ammatory responses. They observed that MSCs cross-presented exogenous 
antigen and induced an effective CD8 +  T cell immune response  [  77  ] . 

 Mahon and associates  [  78  ]  observed that MSCs enhanced the generation of T 
regulatory cells. They reported that allogeneic MSC induced expression in CD4 +  T 
cells of two markers of T regulatory cells: Forkhead box P3 (FoxP3) and CD25. 
They proposed a sequential process in which a  fi rst step required direct contact 
between MSCs and CD4 +  T cells followed by secretion of TGF- b 1 and prostaglan-
din E2 by the MSCs to drive differentiation of T cells to T regulatory cells. 

 Uccelli et al.  [  79  ]  suggested more pleiotropic effects of MSCs. They suggested that 
MSCs (a) decreased proliferation, cytotoxicity, and cytokine  production by NK cells; 

  Fig. 2.7    Four putative scenarios by which MSCs modulate immune reactions. ( a ) Stimulation of 
MSCs by interferon ( IFN g  ) and other proin fl ammatory cytokines causes MSCs to produce either 
nitrous oxide ( NO ) or indoleamine 2,3-dioxygenase ( IDO ) and thus suppress T cells. ( b ) MSCs 
inhibit activation of CD4 +  T cells by secretion of CCL2 that is cleaved into an antagonistic frag-
ment by matrix metalloproteinase-9 ( MMP-9 ), also secreted by MSCs  [  77  ] . ( c ) MSCs enhance T 
regulatory ( Treg ) cells. Direct contact with CD4 +  T cells induces MSCs to secrete transforming 
growth factor (TGF)- b 1 and prostaglandin E2 which in turn induce expression of the Treg markers 
FoxP3 and CD25 by the CD4 +  T cells  [  78  ] . ( d ) MSCs act on natural killer ( NK ) cells, dendritic 
cells ( D ), T cells, T helper cells, and B cells to modulate immune responses  [  79  ]        
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(b) impaired maturation and antigen presentation by dendritic cells; (c) decreased 
proliferation of T cells and impaired T helper cells; and (d) decreased proliferation 
and antibody production by B cells. 

 Which of these proposals best accounts for the immunomodulatory effects of 
MSCs? There is no consensus at the moment and a number of questions remain 
unanswered. How many of the observations are confounded by the differences 
between the murine and human immune systems? How many of the differences 
result from the dif fi culty of obtaining well-characterized and genetically stable 
mouse MSCs? How many of these carefully executed and interpreted experiments 
re fl ect immune mechanisms that are dramatic in culture but may of secondary 
importance in vivo? Or are MSCs in fact pleiotropic and does their response depend 
on the microenvironment of in vivo injury which cannot at this time be completely 
mimicked in culture? We all await de fi nitive answers to these and many related 
questions.  

   Controversy IX: Do Human MSCs Cause Tumors? 

 The efforts to use human MSCs in clinical trials hit a major roadblock with the 
appearance of three reports that human MSCs escaped from senescence and gener-
ated malignant cells as the MSCs were expanded in culture  [  82–  84  ] . The reports 
were surprising since MSCs were regularly observed to become senescent after 35 or 
so population doublings in culture, and emergence from senescence was not observed 
in numerous laboratories that had studied the cells for over a decade (see Bernardo 
et al.  [  85  ] , Pittenger et al.  [  86  ] , Digirolamo et al.  [  39  ] ). In fact, data from two labora-
tories indicated that human MSCs emerged from senescence at a frequency of much 
less than 10 −9   [  87,   88  ] . The discrepancies were resolved by subsequent reports by two 
of three laboratories  [  89,   90  ]  that the transformation of human MSCs they initially 
observed was explained by contamination of their cultures by a small number of 
malignant cells. Therefore, scientists working with MSCs had rediscovered the dan-
ger of cross-contamination of cell cultures by malignant cells, a danger recognized 
many decades ago but one that still plagues cancer research  [  91  ] . 

 It is clear that the danger of generating tumors in patients with any cell therapy 
must be weighed carefully. DNA replication is not a perfect process, and every cell 
division poses some risk of activating an oncogene or inactivating a suppressor 
gene. What years of experience have taught us is that cells vary widely in the stabil-
ity of their genomes as they are expanded. Mouse  fi broblasts and mouse MSCs are 
at one end of the spectrum in that they regularly pass through crisis and escape 
senescence in culture after a few passages  [  36  ] . As emphasized by a recent 
report  [  92  ] , immortal cells such as embryonic stem cells and induced pluripotent 
cells consistently demonstrate genomic instability and develop numerous muta-
tions as they are expanded. Also they are consistently tumorigenic when admin-
istered to mice. Human MSCs occupy the other end of the spectrum in terms of the 
 probability of becoming tumorigenic with expansion. They have been consistently 
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observed to pass into senescence as they are expanded in culture. The test of  senescence 
in cultures remains the best indication that a culture does not contain any cells that 
have undergone genomic changes that make them immortal in culture and therefore 
prone to be tumorigenic and carcinogenic in vivo. In contrast, the test of tumorigenic-
ity in mice, labeled the “most ridiculous assay on the planet,”  [  93  ]  is of limited value 
because many human cancers will not form tumors in mice. Also, the steadily improv-
ing technologies of genomic sequencing and analysis are likely to remain of limited 
value. There is no strategy that even in theory can detect the presence of few carcino-
genic cells in large preparations unless every cell in the preparation is sampled. 
However, the danger of tumor formation in cell therapies with MSCs must be consid-
ered simply as a low probability, not an absolute guarantee, and the low probability 
must be weighed carefully in the risk/bene fi t evaluation for treating any patient.  

   Conclusions 

  Controversy I :  What are the criteria   for identifying MSCs ? The existing criteria of 
clonogenicity and differentiation potential in culture should be applied more rigor-
ously than they have in many publications in the past. Comparisons with standard-
ized preparations prepared by other laboratories are probably useful. It seems 
unlikely that a single epitope marker for MSCs will be found given the extensive 
efforts that have already been made to de fi ne such a marker and the remarkable abil-
ity of the cells to change in culture and in different microenvironments in vivo. 
However, we are all awaiting an assay that will accurately de fi ne the therapeutic 
potentials of the cells in vivo and that will re fl ect the remarkable ability of the cells 
to respond to different microenvironments. 

  Controversy II :  Can MSCs differentiate into   non-mesenchymal cells ? This contro-
versy has largely been put to bed with the recent observations that reemphasize 
 previous observations that demonstrated the plasticity of the mammalian genome. 
The differences from ESCs and iPS cells are probably quantitative ones that hinge on 
the rigor of the experimental conditions that are required to reprogram the genome. 

  Controversy III :  Are MSCs pericytes ? MSCs may not cleanly  fi t the classical criteria of 
pericytes that are de fi ned primarily as contractile cells whose properties differ in differ-
ent vascular settings. However, MSCs have striking similarities to cells closely associ-
ated with blood vessels and therefore probably belong in the same family of cells. 

  Controversy IV :  Can MSCs rescue injured   cells by transfer of   mitochondria ? Recent 
observations on transfer of mitochondria from MSCs to damaged alveolar epithelial 
cells strongly support the earlier suggestion that MSCs can transfer mitochondria 
to rescue ischemic cells. Also, recent observations indicate they can transfer 
 microRNAs that change the properties of target cells. 

  Controversy V :  Do intravenously infused MSCs   escape entrapment in the   lung ? Our 
own assays by quantitative PCR and RT-PCR established that about 90% of human 
MSCs infused intravenously into mice are trapped in the lung and very few reach 
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more distal organs, even after selective injury to the organs. Entrapment of autologous 
MSCs is probably somewhat less in other animals with larger capillaries, but we will 
not know the extent to which intravenously infused MSCs escape entrapment in the 
lung until more quantitative experiments are performed in species other than mice. 

  Controversy VI :  Is it valid to   experiment with human MSCs   in rodent models ? 
Administration of human MSCs to mouse models for a number of diseases has pro-
duced therapeutic bene fi ts that are similar to those obtained by administration of 
isogeneic MSCs apparently because the cells are at least partially immune privi-
leged. However, both isogeneic and xenogeneic MSCs are degraded, and only a few 
recovered from most tissues after a week or so. The use of human MSCs provides a 
wealth of speci fi c assays to follow cross-talk between the MSCs and the host cells, 
but it is obviously important to extensively verify the observations. 

  Controversy VII :  Can  “ universal donors ”  of MSCs be used   in patients ? No adverse 
reactions attributable to MSCs have been reported in clinical trials in which cells 
with large preparations from universal donors were infused into large numbers of 
patients. Some of the patients received repeated infusions of the cells. However, the 
results have not excluded the possibility that autologous MSCs may be more 
ef fi cacious and safer under some circumstances such as local injections of the cells 
to repair tissues by engraftment and differentiation. 

  Controversy VIII :  How do MSCs modulate   immune responses ? This controversy 
cannot be resolved without further evidence, primarily from experiments in vivo, 
for the four explanations currently proposed (Fig.  2.7 ) and others that are likely to 
be generated in the near future. 

  Controversy IX :  Do human MSCs cause   tumors ? The probability of human MSCs 
causing tumors is not zero, but it is extremely low. However, there is convincing 
evidence that MSCs can enhance tumor growth under some circumstances.      
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