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Abstract

From the outset, it was apparent that developing new therapies with mesenchymal stem/stromal 

cells (MSCs) was not a simple or easy task. Among the earliest experiments was administration of 

MSCs from normal mice to transgenic mice that developed brittle bones because they expressed a 

mutated gene for type 1 collagen isolated from a patient with osteogenesis imperfecta. The results 

prompted a clinical trial of MSCs in patients with severe osteogenesis imperfecta. Subsequent 

work by large numbers of scientists and clinicians has established that, with minor exceptions, 

MSCs do not engraft or differentiate to a large extent in vivo. Instead the cells produce beneficial 

effects in a large number of animal models and some clinical trials by secreting paracrine factors 

and extracellular vesicles in a “hit and run” scenario. The field faces a number of challenges, but 

the results indicate that we are on the way to effective therapies for millions of patients who suffer 

from devastating diseases. This report was presented by the Author on receipt of the Career 

Achievement Award in Cell Therapy from the International Society for Cellular Therapy. 

Singapore, May 25, 2016.
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I was doing research for many years before I realized a simple truth: no matter how hard I 

tried, there were only a small group of scientists in the world who understood whether what 

I had done was a small step or a big step in advancing the field. Therefore, this award from 

my peers in the field of cell therapy has special meaning to me.

By way of background, I might mention that I came into the field of cell therapy by an 

unusual path. I had gone to medical school and had one year of hospital training. I then went 

to the US National Institutes of Health under a program that surprisingly allowed me to do 

research instead of serving in the military. While at NIH, I was able to complete a Ph. D. 

degree for research on collagen biosynthesis. What followed was 30 happy years doing 

research on much the same topic. They were happy years because with experimental tools 
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that seem childishly simple today, we and others in the field were able to unravel the 

complex pathway by which cells assembled the precursor molecule procollagen and then 

processed it by seven different enzymes to collagen fibers [1]. While defining the pathway, 

we searched for drugs that might inhibit the excess deposition of collagen in scars. One 

series of the drugs, unexpectedly, inhibited degradation of hypoxia induced factor (HIF) and 

are currently being developed for the therapy of anemias [2]. They were also happy years 

because I was privileged to work with a group of exciting graduate students and postdoctoral 

fellows, many of whom went on to outstanding scientific careers and thereby became the 

most important products of my laboratory. Then some unexpected developments. My 

laboratory isolated the first genes for human collagens [1]. They had fascinating structures 

but after “cloning and moaning” for several years, we began to wonder what else we could 

do with them. Fortuitously, we and our competitors at the time discovered that the collagen 

genes harbored mutations that caused a large family of genetic diseases of bone and 

cartilage. And after we had identified well over fifty of such mutations, we were faced with 

the next question: what could we do for children such as those who had collagen mutations 

causing severely brittle bones, the genetic disease of osteogenesis imperfect (OI)? Or what 

we could do for their parents who were devastated by experiences such as breaking an arm 

or leg when lifting their child from a crib as carefully as they could. One of the few answers 

seemed to be therapy with cells that could differentiate into bone, cells like mesenchymal 

stem/stromal cells (MSCs).

I mention all this to illustrate that I came into the field of cell therapy with some strengths as 

a scientist but also some glaring weaknesses. Therefore I needed to learn, and to keep 

learning, from members of this Society and others who knew and still know far more than I 

about hematology, organ transplants, cell biology, immunology and many other topics.

When we and others began working with potential therapies with MSCs, we knew the 

journey would not be a short or easy one. Also, we knew that hard facts would be much 

more difficult to extract than in research on the biosynthesis of collagen or mutations in 

collagen genes. However, we were reassured by the history of most new therapies in 

medicine. As is well recognized, the process was rarely a linear one (Fig. 1). The basic 

research that first suggested the idea was rarely as convincing as one would like. The initial 

trials in animal models left much to be desired. With MSCs, the experiments were 

particularly challenging since they were designed to reduce injury and improve repair of 

tissues, but rodents that provided the most accessible models healed injured tissues much 

more readily than patients. In the end, data from carefully designed clinical trials were 

essential to return to and improve the basic research and the animal models so as to provide 

new therapies that were both effective and safe for patients. The history of such non-linear 

developments of medical therapies is a long one. It includes an example very familiar to 

members of this Society: the fifty-year long dialogue between basic science and clinical 

trials [3] that now provides successful therapies with hematopoietic stem cells for thousands 

of patients each year. But in testing the therapeutic potentials of MSCs, we were targeting 

not one organ or tissue but many. Therefore we were entering a vast new field of cell therapy 

whose limits were still unknown.
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At the time we entered the field in the mid-1990s, there was already a rich literature on 

MSCs. Beginning on the late 1960’s and early 1970’s, Fiedenstein and others called 

attention to the cells from bone marrow that adhered to hydrophilic tissue culture surfaces 

and were spindle-shaped like the cells that provided the stromal support for hematopoietic 

cells in marrow [4–6]. Over the next 20 or so years, Friedenstein and a large number of other 

investigators demonstrated that the cells had several attractive features, including rapid 

expansion in culture, an ability to generate single-cell derived colonies, and ready 

differentiation to mineralized cells, chondrocytes, and adipocytes both in culture and in 

capsules in vivo. Most importantly, research on MSCs also demonstrated that the cells 

served as excellent feeder layers for cultures of hematopoietic cells [7]. This literature was 

the basis of an experiment we carried out with a line of transgenic mice [8] we had prepared 

in the course of our research on OI. The mice over-expressed an internally deleted gene for 

type 1 collagen that we had isolated from fibroblasts of a patient who died from a lethal 

form of OI. As expected, the mice developed brittle bones and multiple fractures. The 

experiment consisted of infusion of MSCs from normal mice of the same strain into the 

transgenic mice. The results were not dramatic, but the recipient mice demonstrated 

significant improvements in mechanical tests for bone strength, increases in bone collagen 

and increases in bone calcium. Also, crude assays we developed before more refined 

technologies were available suggested that the donor MSCs had engrafted into multiple 

tissues.

The results we obtained with MSCs in the transgenic mice persuaded Malcolm Brenner to 

ask Ed Horwitz to join his research group and carry out a trial of MSCs in patients with 

severe OI [9]. The trial was complex in that the patients first underwent marrow ablation and 

a bone marrow transplant from a matched sibling or matched potential donor so that they 

acquired the immune system of the donor. Four or so years later they received MSCs from 

the same donors. Four of 5 children in the initial cohort began to grow whereas they had 

stopped growing before the treatment. Also, they were able to sit up and stand with support 

for the first time. Most importantly, there were no adverse effects, a result consistent with an 

earlier trial in which autologous MSCs were infused into cancer patients in remission [10]. 

However, the beneficial effects in the children persisted for only a few months.

The trial in the patients with OI was based on the hypothesis that the donor’s normal MSCs 

might engraft into sites of recent fractures, differentiate into osteoblasts, and produce an 

adequate amount of normal type 1 collagen to improve the strength of the patient’s bones. 

The results in the transgenic mice, the patients with OI, and other observations that we and 

others were making [11–17] returned attention to an even bolder earlier hypothesis [6]: 

perhaps MSCs could engraft into any injured tissue of the body and differentiate to replace 

damaged cells.

At the time, there was still considerable uncertainty about the interplay between stem cells 

and their early progeny, a category that seemed to define MSCs. For example, spleen cells 

that were devoid of stem cells were known to rescue marrow ablated mice, but a hypothesis 

to explain the observation [18] was not recognized in the hematological literature until many 

years later when the role of the stem cell niche was more fully defined [19, 20]. Experiments 

with MSCs continued to show beneficial effects in animal models for a variety of diseases, 
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including parkinsonism, multiple sclerosis, spinal cord injury, and skin transplants (see 16, 

21 for reviews). It seemed logical to assume therefore that the MSCs had in fact engrafted 

and differentiated into multiple tissues. At the time, however, there were few techniques 

available for definitively assaying engraftment of MSCs, particularly if they acquired new 

phenotypes after engraftment. As the technologies for assaying engraftment of MSCs 

improved, the answer became clear: the assumption was wrong [16, 21]. Except for a few 

unusual situations, systemically administered MSCs did not engraft in significant numbers. 

They did not survive for long periods of time in vivo, and they showed limited tendencies to 

differentiate in vivo. But the cells had startling effects. Literally hundreds of reports 

continued to demonstrate that MSCs produced dramatic therapeutic benefits in multiple 

animal models for human diseases and in a few patients [16, 21] even though they 

disappeared with half-lives as short as 24 hours [22]. Hence the current hypothesis that has 

been thoroughly established: MSCs act by secreting paracrine factors in a “hit-and-run” 

scenario. The hypothesis has been broaden to include secretion not only of cytokines and 

other soluble factors but also extracellular vesicles that can contain cargos that include 

peptides, proteins, metabolites, microRNAs, and even mitochondria [23–27]. But in spite of 

the best efforts of thousands of scientists, we are still at a loss to explain most of the 

therapeutic benefits of MSCs. In effect, we have to work backward from the positive results 

obtained in vivo to defining their mechanisms of action at the cellular and molecular level. 

In the meantime, clinicians treating desperately ill patients for whom they have no other 

therapy are using the impressive results in animal models to test MSCs in clinical trials, 

some of which show promising results but others have encountered considerable variability 

[28–31].

What is needed for the field to move forward?

One of the critical steps in developing a therapy is to define as rigorously as possible the 

reagent or reagents that are used. Here MSCs fall outside the boundaries of all the criteria 

that have been used previously in medicine. The heart of the problem is the chimeric nature 

of the cells: they change dramatically in culture depending on a large number of conditions 

that include plating density, culture medium, population doublings, and exposure to oxygen 

[16, 32–37]. They also vary with or without expansion in culture by tissue source, the donor 

of the tissue, and even samples taken from the same donor and the same tissue at the same 

session. We have advocated use of early passage and low density cultures because these are 

enriched for small, rapidly self-renewing MSCs that are highly plastic in differentiation and 

highly clonogenic [36, 37]. However, therapeutic effects have been observed with high 

density cultures of MSCs that require less medium, fewer manipulations, and therefore are 

less costly. Apparently for these reasons, high density cultures have been used in most 

clinical trials. Recently, there has been a renewed interest in the properties of low density 

cultures of MSCs [38–40] and a current large NIH-sponsored clinical trial in patients with 

ARDS is employing MSCs expanded at low densities [41]. The issue of how best to isolate 

and expand MSCs in culture is still unresolved. The best one can say is that beneficial 

effects have been observed with MSCs that have been prepared with different protocols and 

that have measureable differences in morphology, transcriptomes and other properties. In 
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spite of these differences, they serve in many situations as “guardians” [42] excessive 

responses of the inflammatory and immune systems that underlie many disease processes.

At the same time, in order to develop therapies that a standard part of medical care, there 

clearly is a need to define more completely the characteristics of the MSCs used in 

experiments and in clinical trials. The criteria to define MSCs originally proposed by a 

committee of this Society is a first step [43], but has well-recognized limitations. The 

epitopes to define MSCs, although still among the best available, are not specific. In 

addition, the assays for differentiation of the cells are difficult to standardize among different 

laboratories.

One suggestion for a better definition of MSCs has been to create repositories of 

standardized MSCs that can be shared with scientists and clinicians, and that can be used to 

calibrate in vitro assays for MSC preparations [44]. As one response to this suggestion, we 

have prepared iPSC-derived MSCs [45] and then developed a strategy of using feeder stocks 

of the cells that might serve this purpose [ Prockop et al., in prep.]. The feeder stocks (Fig. 

2) have the advantage that they can be used to prepare Master Banks that are 

indistinguishable by standard in vitro assays for MSCs (not shown) and by deep RNA 

sequencing. Therefore, whenever the need arises, they can be used to generate 1013 Working 

Bank cells per million feeder stock cells. Accordingly, adequate numbers of standardized 

cells can be prepared for distribution to other laboratories as calibration standards. The use 

of iPSC-derived MSCs has an advantage over bone marrow-derived MSCs in that the cells 

propagate through more population doublings before reaching growth arrest in senescence 

[45]. They have the advantage over immortalized MSCs in that they are less subject to 

genetic drift.

A major step forward with research on MSCs will be to provide biomarkers that can predict 

the in vivo efficacy of the cells. As one approach to this problem, Ryang Hwa Lee and others 

in our Institute for Regenerative Medicine have focused on the expression in MSCs of 

TSG-6, a natural modulator of inflammation [46]. They first demonstrated large differences 

in the mRNA levels for TSG-6 in different preparations of bone-marrow derived MSCs. 

They then demonstrated that preparations that expressed high levels were very effective in 

reducing sterile inflammation of the cornea whereas preparations that expressed low levels 

were ineffective. There was a strong correlation between the levels of TSG-6 mRNA assayed 

in the cultured MSCs and their effectiveness in suppressing induced inflammation of the 

cornea in vivo as assayed by the myeloperoxidase content of cornea, a surrogate marker for 

activated neutrophils (Fig. 3). They obtained similar results in two other models for sterile 

inflammation in mice: zymogen-induced peritonitis and bleomycin-induced lung injury. 

Therefore assays of MSCs by RT-PCR for expression of TSG-6 provided a biomarker for 

their effectiveness in suppressing inflammation in vivo. It will obviously be very helpful to 

identify other biomarkers for other therapeutic effects of MSCs such as immune suppression 

and anti-cancer activity.

To further define MSCs and obtain useful biomarkers, we may look forward to the 

application of some of the dramatic new technologies of RNA sequencing, proteomics, and 

metabolics that provide unprecedented amounts of information about cells at a modest cost. 
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These new technologies are moving us beyond defining cells by the presence or absence of a 

handful of transcripts or protein epitopes. Instead they are beginning to define different 

networks of genes driven by transcription factors that respond to different signals, to the 

same signal as a function of dose and time, or to combinations of different signals. In the 

case of macrophages where the technologies have been recently applied, the cells are being 

defined not by the M1 and M2 phenotypes of classically and alternatively activated cells, but 

as a “color wheel” of phenotypes [47], some of which are readily interchangeable depending 

on the environment of the cell [48, 49]. There is an attempt to use the “big data” now 

available on cells to define the factors that control expression of networks of genes in 

response to specific signals but the research is still in the early stages [49]. Accordingly, as 

with most emerging areas of research, the benefits are not yet certain, but acquiring the vast 

amounts of data that can now be accessible about MSCs may well provide the important 

tools for selecting preparations of MSCs most likely to be beneficial for patients. Also, the 

activity of MSCs may have to be related to specific phenotypes of macrophages from 

patients, since recent reports suggest that a major target of MSCs are macrophages [26, 50]. 

One way forward would be to follow the example being followed by research on 

macrophages [48]: establish one or more websites that collect and make available complete 

data on the transcriptomes and other features of the MSCs being used for experimentation 

and clinical trials.

Another need in the field has received less attention than I think it should: the need for 

animal models of human diseases in which quantitative assays can be made of the efficacy of 

MSCs. The emphasis here should be on assays that are quantitative instead of simply 

qualitative. Without quantitative assays, we cannot define the classical parameters for any 

therapy such as effective dose and therapeutic index. As indicated (Fig. 3), the 

myeloperoxidase assay was the key to model for inflammation of the cornea. Without the 

myeloperoxidase assay, we could not have made quantitative comparisons of a series of 

MSC preparations that differed in their levels of expression TSG-6. More recently [51], we 

assayed the anti-inflammatory activity of exosomes secreted by MSCs in a second model: 

injecting them intravenously into mice together with low doses of the bacterial extract LPS. 

RT-PCR assays of pro-inflammatory cytokines expressed in spleen 3 hours later provided a 

quantitative assay for the efficacy of the exosomes. The effective exosomes were 

subsequently shown to suppress neuroinflammation 12 hours after traumatic brain injury in 

mice and rescue behavioral deficits that were present over a month later (Fig. 3). Neither of 

the assays (Figs. 3 and 51) is ideal. The assay on inflammation of the cornea requires some 

surgical skill. Both assays required a 15 or more mice and have a limited linear range. But 

both assays provide quantitative data which, like the first assays for insulin based on 

induction of hypoglycemic seizures in rabbits [52], are a very useful first step. Also, the 

results suggest levels of mRNAs for TSG-6 in MSCs may in themselves be useful (Fig. 3). 

The field would certainly benefit from improvements in these assays and similar assays in 

animal models that provided quantitative assays of other therapeutic effects of MSCs.

Finally it is obvious that progress in the field would be greatly accelerated if systems were 

established to correlate benefits from MSCs therapies in patients with the defined 

characteristics of the MSCs in culture and their efficacy in disease models. The barriers here 

are large. Trials with MSCs are being conducted in many diseases in which controls are 
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difficult to employ, placebo effects are large, underlying pathologies are heterogeneous, and 

the costs of the trials are very large. Again, a first step might be to establish one or more 

websites that collect and make available complete data on the transciptomes and other 

features of the MSCs that are administered to patients. Similar websites for the clinical data 

would be equally important. All in all, a major undertaking. But we may be encouraged by 

fact that similar problems were encountered in the early efforts of bone marrow transplants. 

They were overcome by the combined efforts of members of this Society and hematologists 

around the world.

In the end, our attempts at cell therapies with MSCs have taken us into uncharted fields of 

cell biology and medicine. To some extent, they have added to the progress with all cell 

therapies. Two aspects of what we have found are most striking. One is that few if any well-

documented adverse events have been encountered in the thousands of patients who have 

been treated with MSCs. The few exceptions have come with cells of unusual or totally 

undocumented histories. The absence or low incidence of adverse events is particularly 

striking since we learned, after many of the trials were initiated, that most intravenously 

administered MSCs are trapped in the lung as micro-emboli [22]. The other striking aspect is 

that, even though we are still struggling with the explanations, MSCs have produced 

dramatic effects in a large series of animal models and in some patients with devastating 

diseases. So we know we are on the track of some amazing treatments, and perhaps cures, 

for diseases that plague millions of patients.
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Fig. 1. 
Schematic to illustrate that development of a new therapy is frequently non-linear. The basic 

research that generates the idea is rarely entirely convincing. The tests of the therapy in 

animal models leave much to be desired, particularly since rodents repair tissues better than 

patients. Then carefully designed clinical trials are required to return to and improve the 

research so as to produce an effective and safe therapy.
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Fig. 2. 
Schematic illustrating how induced pluripotent stem cells (iPSC) were used to produce 

MSCs [45] and the MSCs used to produce feeder stocks that can be expanded as needed into 

Master Banks and Working Banks. As indicated, iPSC must be expanded as clusters of the 

cells but the banks of iPSC clusters (p29 to p41) do not efficiently survive freezing and 

thawing, and show phenotypic variability. One of the frozen clusters (p31) was expanded 

with an efficient protocol [45] to provide cells that met the classical criteria for MSCs (p31 

+ 12 passages = Passage 0 iPSC-MSCs or P0 MSCs). The P0 MSCs were then expanded to 

provide feeder stocks for a P4 Master Bank and a P6 Working Bank. Deep RNA sequencing 

of two P4 Master Banks prepared independently by two operators did not show any 

significant differences in their transcriptomes. Under the conditions employed, 1 million P0 

MSCs can provide over 1011 P4 Master Bank cells and 1013 P6 Working Bank cells.
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Fig. 3. 
Correlation between in vitro assay for expression of mRNA for TSG-6 in different 

preparations of human bone marrow-derived MSCs and in vivo anti-inflammatory activity of 

the same MSCs. Top frames: Photos of pupils of mice in which sterile inflammation was 

induced by brief exposure to ethanol followed by scrapping off of the epithelium. Human 

marrow-derived MSCs (1 million) were infused intravenously shortly thereafter and 

photographs of pupils taken 7 days later. Pupils of mice that received MSCs expressing high 

levels of TSG-6 (# 6015, 6091 and 235) are transparent: pupils are round and red retina is 

visible through them. Pupils of mice that received MSCs expressing low levels of TSG-6 

(#7043, 7052 and 7074) are opaque. Bottom graph: Correlation between in vitro assays for 

TSG-6 mRNA in different preparations of bone marrow-derived MSCs and in vivo 
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suppression of inflammation in the cornea model as assayed by myeloperoxidase levels. 

Modified from Lee et al. [46].
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Fig. 4. 
Exosomes from MSCs reduce neuroinflammation and improve long-term behavioral deficit 

after traumatic brain injury (TBI) in mice. Left Panel: Dose-dependent decreases in IL-1β 
after intravenous administration of PBS or exosomes [EVs (pooled CM-Q)] after TBI. 

Amounts of EVs varied from 3.5 to 30μg protein or 1.8 to 15.3 × 109 EVs. PBS or EVs were 

administered 1 hour after TBI and assays were by ELISA for IL-1β on homogenates of 

ipsilateral brain isolated 12 hours after TBI. Right Panel: Improved pattern separation 

function after TBI and intravenous exosomes (EVs). Pattern separation test was performed 

35 days after TBI and administration of EVs. Treated mice performed better than TBI 

control mice. Reproduced from Kim et al. [51].
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