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Abstract

Fibrosis and scarring are the end stage of many disease processes. In effect, the collagen fibers that 

initially provide a necessary strength during the repair of injured tissues are frequently synthesized 

in excessive amounts and become irreversible fibrotic deposits that limit regeneration of the 

endogenous cells of a tissue. This review will focus on the potential of mesenchymal stem/stromal 

cells for treatment of fibrotic diseases, with emphasis on the role of TSG-6 as a mediator of anti-

inflammatory effects.
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Development of Novel Therapies for Tissue Fibrosis

Collagen biosynthesis – a historical perspective

Early in its development, my laboratory took an interest in fibrosis. At the time, I was 

privileged to work with Joel Rosenblum and a cadre of other outstanding scientists, 

including two who are contributors to this mini-review, Jouni Uitto and Sergio Jimenez. Our 

efforts produced 12 publications with Joel, 20 with Jouni, and 10 with Sergio, most in the 

most prestigious scientific journals (for examples, see refs 1, 2 and 3 [1-3]). With 

technologies that now seem pre-historic, we were able to discover the complex and 

fascinating steps involved in the biosynthesis of collagen [4]. Our discoveries began with the 

demonstration that hydroxyproline is a unique among amino acids since it is synthesized 

post-translationally by the hydroxylation of prolyl residues in peptide precursors. We also 

demonstrated the remarkable importance of this post-translational step in that the 

hydroxylation of about 100 prolyl residues in each of the three chains of the protein is 

essential for its correct folding, and that the triple-helical conformation, a characteristic of 

collagen, is required for its normal secretion. In the process, we provided some of the first 
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evidence that collagen was synthesized as a precursor protein called procollagen with 

additional amino acid sequences on both the NH2- and COOH-ends of the three chains of 

the protein. In addition, we made the unexpected observation that several analogues of 

proline were readily incorporated into procollagen in place of proline and that the unusual 

conformation of the proline analogues prevented the correct folding of the protein. The 

unfolded procollagen was poorly secreted and most of it underwent intracellular 

degradation, probably by a process now known as autophagy. The observations with proline 

analogues suggested that they might be useful as drugs for inhibiting or modulating fibrosis 

and scarring, however, for a variety of reasons, their therapeutic prospects were not 

developed further. In subsequent work with Joel, Jouni, Sergio and many others, we isolated 

and defined the structure of genes for human collagens and used the information to identify 

mutations in the genes that caused skeletal disorders [5]. Most of the disorders were 

relatively rare genetic diseases of children such as osteogenesis imperfect (brittle bone 

disease of children) and dwarfism. However, in a few instances we found mutations of 

collagen genes in families that had been diagnosed with osteoporosis and osteoarthritis [3,5].

New perspectives on prolyl hydroxylation

Potential new therapies are now being developed largely on the basis of our work in defining 

the structure and properties of prolyl hydroxylase, the unusual enzyme responsible for 

synthesizing the hydroxyproline in collagen. An inhibitor of the enzyme is now in Phase 3 

clinical trials for therapy of anemias. The inhibitor is effective because of the serendipitous 

observation [6] that although the major forms of prolyl hydroxylase are involved in collagen 

biosynthesis, a minor form of the enzyme is required for hydroxylation of a single prolyl 

residue in hypoxia induced factor (HIF). Hydroxylation of the residue is essential to initiate 

degradation of HIF by proteasomes. The inhibitor increases the levels of HIF and thereby 

increases responses to ischemia, including increases in the hormone erythropoietin that 

stimulates erythropoiesis. Erythropoietin is widely used in the treatment of anemias but 

therapy with the inhibitor of prolyl hydroxylase may have an advantage since it can be 

administered by mouth instead of by injection.

Mesenchymal Stem/Stromal Cells (MSCs)

As reflected in the accompanying articles in this Mini-Review Cluster, Joel, Jouni and 

Sergio have continued the important research on fibrosis. For better or worse, the interest in 

my own laboratory has turned to trying to develop new therapies first for osteogenesis 

imperfecta and then for a broad range of more common diseases. Our primary focus has 

been on the potential of the special class of cells from bone marrow referred to as 

mesenchymal stem/stromal cells or MSCs [7].

Characteristics of MSCs

MSCs were initially discovered by Friedenstein and others in the 1950s as the small fraction 

of cells from bone marrow that are readily isolated as spindle-shaped cells that adhere to 

tissue culture surfaces and rapidly expand in culture. The cells were of special interest 

because Friedenstein and others demonstrated that they readily differentiated in culture and 

in implants in vivo into mineralizing cells, adipocytes, and chondrocytes. Some of the 
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research on MSCs was sparked by their apparent role in forming the stroma of bone marrow 

and their ability to serve as feeder layers for cultures of hematopoietic cells. Beginning 

about 25 years ago, interest developed in their potential therapeutic benefits [7,8]. On the 

basis of promising results obtained in a murine model for the disease in my own laboratory 

[9], the first clinical trial with MSCs was carried out in patients with severe osteogenesis 

imperfecta [10]. Four of five patients had a favorable response with improvements in growth 

rate and mobility in that several could sit up and walk with support for the first time. While 

the improvements persisted for only a few months, most importantly, however, there were no 

adverse effects in these patients. The results in part prompted a subsequent trial in a patient 

with life-threatening graft-versus-host-disease [11]. The results of these two initial trials 

opened a floodgate of interest in MSCs [12-14]. Surprisingly, these studies have led us back 

to re-examining the basic processes by which the body responds to injury, including the 

inflammatory and immune responses that produce either normal repair or fibrosis.

Therapeutic potential of MSCs

Exploring the therapeutic potentials of MSCs has proceeded on two levels. One level has 

been to test the cells in animal models for human diseases. Here there have been over 10,000 

citations on publications in which MSCs were administered in models for diseases of 

essentially every organ (see Fig. 1). In essentially all the reports, improvements were 

observed. The only striking exception is some cancer models in which MSCs accelerated 

growth of the primary tumor or enhanced metastases. A few reports indicated that the MSCs 

became tumorigenic but on closer examination these appeared to reflect contamination of 

MSC cultures by neoplastic cells or to reflect the spontaneous transformation of murine cells 

in culture [15]. The majority of the experiments have been performed with MSCs derived 

from bone marrow, but use of the same or similar cells from other tissues, including fat, 

synovial membranes, and umbilical cord, have generated similar data. The embryonic origin 

and the normal function of endogenous MSCs is still being investigated, but they appear to 

be reticular cells associated with most small blood vessels that serve as niche for 

hematopoietic cells in bone marrow [16] and that proliferate locally after tissue injury [17].

The second level for exploring the therapeutic potentials of MSCs has been to test them 

directly in patients. Several hundred clinical trials with MSCs or similar cells have been 

registered (www.clinicaltrials.gov), and large numbers of patients, perhaps thousands, have 

been entered in these trials. Most reports indicate promising results but, as discussed below, 

the data have several limitations.

Molecular mechanisms of MSCs

At the same time as the clinical trials were progressing, we and others were trying to explain 

the molecular mechanism by which MSCs produced their therapeutic effects. This led to a 

re-examination of the basic processes by which tissues respond to injury, e.g., the 

inflammatory and immune responses, the regeneration of injured cells, and, apparently as a 

default mechanism, fibrosis. An initial hypothesis was that MSCs engrafted at sites of injury 

and differentiation to replace injured cells [7]. This hypothesis was supported by some early 

observations involving extreme tissue injury or injecting cells into rapidly growing embryos. 

Subsequently, however, it was found that MSCs produce beneficial effects in many animal 
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models even though the cells engraft poorly and are degraded rapidly [12,13]. Among the 

most perplexing observations was that intravenous (IV) infusions of MSCs in mice improved 

induced injuries to distal organs like the heart, brain or kidney even though most of the cells 

were trapped in the lung. The conclusion from multiple experiments was that MSCs 

produced long-term effects in vivo by responding to signals from injured tissues in multiple 

ways. Among the primary effects was modulating the inflammatory and immune responses 

to tissue injury that are frequently excessive and contribute to the pathologic changes that 

follow. In effect MSCs served as “guardians” of these systems ([17]; Figure 2). However, in 

some circumstances the cells enhanced proliferation and differentiation of tissue endogenous 

stem cells [18]. In other circumstances, they enhanced regeneration of injured cells by 

transfer of vesicles containing proteins, microRNAs, mRNAs and even mitochondria 

[19-22].

The role of TSG-6 as a mediator of anti-inflammatory effects—The interest in my 

own laboratory returned to fibrosis and its triggering by inflammation largely as a result of 

experiments with a brilliant young associate, Ryang Hwa Lee. Previous reports by others 

demonstrated that IV infusions of human MSCs greatly reduced the size of the myocardial 

infarcts in animal models of myocardial infarction [23]. We confirmed the observations but 

the results were perplexing because it seemed apparent that most of the MSCs were trapped 

in the lung after IV infusion [24]. We developed quantitative PCR and RT-PCR assays to 

track human MSCs in mice and demonstrated that over 80% of the cells were trapped in the 

lung of mice after IV infusion; only 0.1 % reached the heart and they were there for no more 

than a day [25]. The explanation for the therapeutic effect came from microarray and RT-

PCR assays for human genes 10 hours after the human MSCs were infused. The results 

demonstrated an over 50-fold increase in the level of mRNA for TSG-6 (TNF-α stimulated 

gene/protein 6), a protein previously shown to be a natural modulator of inflammatory 

responses [26,27]. The role of TSG-6 was confirmed by the observations that MSCs with a 

knock down of TSG-6 expression were ineffective in the model and the observation that 

infusion of recombinant TSG-6 reproduced most of the beneficial effects of MSCs [25]. The 

results linked the beneficial effects directly to inflammation in that previous reports had 

demonstrated that myocardial infarction can be regarded as a form of sterile inflammation 

that releases a cascade of proteases and the proteases enhance the damage to the heart. 

MSCs and TSG-6 limited this sequence of events. In effect, by limiting the inflammatory 

response to sterile inflammation they decreased the fibrosis. We subsequently observed 

similar effects with MSCs and recombinant TSG-6 in two other models: induced 

inflammation of the cornea [28] and peritonitis induced with the yeast extract zymosan [29]. 

Also, in a murine model for bleomycin-induced lung injury, we found that suppressing the 

early inflammatory phase improved arterial oxygen saturation and survival, apparently by 

decreasing fibrosis of the lung [30]. In addition, both MSCs and TSG-6 decreased rejection 

of allogeneic grafts of the cornea in mice, in part by decreasing the early inflammatory 

response to the transplantations [31].

MSCs as a regulator of inflammation

Interpretation of our results was greatly facilitated by the progress that was being made at 

about the same time on the molecular and cellular events involved in inflammatory 
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responses [32,33]. As with most biological processes, inflammation and the subsequent 

fibrosis are controlled by both positive and negative regulators. The positive regulators 

include a host of factors released by injured cells or invading micro-organisms referred to as 

damage associate molecular pattern molecules (DAMPs) or pathology associated molecular 

pattern molecules (PAMPs). The DAMPs include many nuclear and cytoplasmic 

components of cells. The PAMPs are small molecular motifs found in microbes and include 

LPS, flagellin and nucleic acids. The DAMPs and PAMPs become what Medzhitov [32] has 

referred to as “inducers” that act on “sensor” cells that consist of the macrophages, 

monocytes and dendritic cells that are endogenous residents in all tissues. The sensor cells 

respond by synthesizing and secreting pro-inflammatory signals that are amplified by 

adjacent cells to generate a pro-inflammatory storm that ushers in the cardinal signs of 

inflammation: infusions of fluid, neutrophils, and macrophages that generate redness, 

swelling, pain, and heat.

What keeps the inflammatory cycle from spinning out of control? The question is not yet 

fully answered, but a large series of negative regulators have been identified. These include 

specialized lipid mediators (lipoxins, resolvins, protectins, and maresins), proteins (annexin 

A1, galectins), peptides, gaseous mediators (hydrogen sulfide), a purine (adenine), and 

neuromodulators [33]. These negative regulators can limit neutrophil infiltration, clearance 

of neutrophils by macrophages, and change the phenotype of macrophages and probably 

other cells from pro-inflammatory (M1) to anti-inflammatory (M2). To this list of negative 

regulators the data say we must add MSCs. In some circumstances, MSCs may be major 

negative regulators. A striking feature of both MSCs and TSG-6 is that they act very early in 

the inflammatory response to injury [28]. TSG-6, either directly or through a complex with 

hyaluronan, binds to the CD44 receptor on resident macrophages [29]. The binding 

dissociates co-receptors (MyD 88 and TIRAP) from TLR-2 and decreases NF-ḳB signaling 

in the resident macrophages and other sensor cells. The result is that the cytokine storm of 

inflammation is aborted.

Progress and challenges in clinical trials

But let me return to the question of clinical trials with MSCs. Definitive data have been 

difficult to generate in clinical trials for several reasons. One is that most of the trials have 

involved small numbers of patients with diseases in which therapeutic effects are difficult to 

evaluate without large scale, well-controlled and expensive trials. Another problem is that 

there have not been any adequate biomarkers to define the cells. As a result, there are 

marked variations in the quality of the tissue-derived samples of MSCs from different 

donors. Also, the conditions for expanding the cells in culture markedly affect their 

properties. For example, the characteristics of the MSCs differ if the cells are incubated at 

low or high density, an observation we originally made [34,35] and has now been 

extensively confirmed [36-41].Therefore some patients may have received very efficacious 

MSCs and others not. And most surprising of all, as summarized briefly above, it has proven 

difficult to define all the multiple molecular mechanisms by which the cells produce their 

therapeutic benefits.
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The limited size of the clinical trials is currently being addressed by several new efforts. One 

is that the National Heart Lung and Blood Institute has sponsored a multi-center trial to treat 

patients with severe Acute Respiratory Distress Syndrome (ARDS) with bone marrow MSCs 

prepared with a standardized protocol developed in our laboratory [42]. Another is that 

several large multi-center trials in a variety of diseases are either planned or underway in the 

European Union and elsewhere [43].

Identification of biomarkers for the cells has proven difficult. Our laboratory recently 

reported that an assay of MSCs for expression of TSG-6 can serve as a biomarker to predict 

the efficacy of different preparations of human MSCs in suppressing induced inflammation 

in mice [44]. A critical feature of the data was that the efficacy in vivo of the MSCs was 

assayed in mice with induced inflammation of the cornea under conditions that provided 

quantitative measures and dose response data [28]. We encountered an unpleasant surprise 

when we used the assay to test bone marrow-derived MSCs. Our laboratory has been 

preparing such cells with a carefully standardized protocol and distributing them to over 250 

laboratories for the past 14 years under the auspices of an NIH grant. We were surprised that 

only one-third of 15 different preparations of our standardized MSCs expressed high levels 

of TSG-6. The same one-third of preparations were optimally effective in a mouse model for 

induced inflammation of the cornea. One-third of the preparations expressed very low levels 

of TSG-6 and were largely ineffective in the same models. The results were therefore 

consistent with the possibility that some of the variations seen in the responses of patients to 

therapy with MSCs might be explained by differences in the efficacy of different 

preparations of the cells. They also suggested that pre-testing the MSCs for expression of a 

natural anti-inflammatory gene (TSG-6) might provide a method for selecting the most 

efficacious cells if the MSCs were being used to suppress or modulate inflammatory 

responses in patients. It is unlikely however that expression of TSG-6 accounts for all the 

beneficial effects observed with administration of MSCs in disease models or in patients. 

Therefore it will be important to search for additional biomarkers that are predictive of 

efficacy. The major barrier appears to be adequate animal models in which the efficacy of 

MSCs can be assayed quantitatively and dose response data generated. Such models remain 

a challenge because the major effects of MSCs are to either limit tissue injury or enhance its 

repair, but mice and rats may have more efficient means of dealing with these issues than 

humans.

Conclusions

It is clear that we still have far to go in understanding the processes by which the body 

responds to tissue injury, processes such as inflammation and fibrosis. Research on MSCs 

has opened one window on these processes, and may provide a basis for therapeutic 

interventions in diseases in need of tissue repair and regeneration.
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Highlights

• Tissue fibrosis, an end stage of a number of complex processes, is characterized 

by excessive accumulation of collagen.

• Mesenchymal stem/stromal cells (MSCs), a subpopulation of bone marrow 

derived cells, have the capacity to modulate inflammatory and immune 

responses to the injury.

• TSG-6 is a critical molecule mediating the anti-inflammatory effects of MSCs.

• Ongoing clinical trials have suggested that MSC administration may provide a 

therapeutic intervention in diseases in need of tissue repair and regeneration.
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Figure 1. 
Citations in PubMed as of April, 2015 to publications in which MSCs were administered to 

animal models for the diseases indicated.
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Figure 2. 
Summary of some of the anti-inflammatory effects of MSCs. (1) Damage-associated 

molecular patterns (DAMPs) and interleukin (IL)-1α released by sterile injury or pathogen-

associated molecular patterns (PAMPs) released by infectious injury to tissues activate 

resident macrophages through receptors involving pattern recognition receptors (PRRs). (2) 

The activated macrophages produce proinflammatory cytokines such as IL-1α, IL-1β, or 

tumor necrosis factor-α (TNF-α) to initiate the inflammatory cascade. (3) Simultaneously, 

the proinflammatory cytokines and probably other signals from injured cells activate MSCs 

to secrete anti-inflammatory factors, including TNF-α stimulated gene/protein 6 (TSG-6), 

PGE, and IL-1ra, that either modulate the activation of the resident macrophages or decrease 

the downstream effects of the proinflammatory cytokines. (4) The net effect is to decrease 

the amplification of the proinflammatory signals by parenchymal cells though the secretion 

of IL-6, CXCL1, and related factors and as a result to decrease the recruitment of 

neutrophils. (Reproduced from Prockop and Oh [17], with permission).
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