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19Bone physiology and stem cells were tightly intertwinedwith one another, both conceptually and experimental-
20ly, long before the current explosion of interest in stem cells and so-called regenerativemedicine. Bone is home to
21the two best known and best characterized systems of postnatal stem cells, and it is the only organ inwhich two
22stemcells and their dependent lineages coordinate the overall adaptive responses of twomajor physiological sys-
23tems. All along, the nature and the evolutionary significance of the interplay of bone and hematopoiesis have
24remained a major scientific challenge, but also allowed for some of the most spectacular developments in cell
25biology-based medicine, such as hematopoietic stem cell transplantation. This question recurs in novel forms
26at multiple turning points over time: today, it finds in the biology of the “niche” its popular phrasing. Entirely
27new avenues of investigation emerge as a new view of bone in physiology and medicine is progressively
28established. Looking at bone and stem cells in a historical perspective provides a unique case study to highlight
29the general evolution of science in biomedicine since the end of World War II to the present day. A paradigm
30shift in science and in its relation to society and policies occurred in the second half of the XXth century, with
31major implications thereof for health, industry, drug development, market and society. Current interest in

32 stem cells in bone as in other fields is intertwined with that shift. New opportunities and Q4also new challenges
33 arise. This article is part of a Special Issue entitled “Stem cells and bone”.
34 © 2014 Published by Elsevier Inc.
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55Q5 Bone morphogenetic proteins, hematopoietic “niche,” and “mesen-
56 chymal” stem cells represent three totemic achievements in bone biol-
57 ogy during the last century, three of the most research-intensive areas
58 of the last three decades, and three of the most “translation”-intensive

59research areas of the present day. The three fields emerged from an un-
60usual concentration in space and time of a handful of seminal experi-
61mental observations. In just a few years, we learned that heterotopic
62transplantation of transitional epithelium into skeletal muscle induces
63heterotopic bone formation [1]; that heterotopic transplants of bone
64marrow also do so [2,3], but that the two phenomena are radically
65distinct from one another: the former is dependent on the release of a
66soluble factor, while the latter is not. Identification of BMPs [4–6,7]
67and perisinusoidal reticular cells as the specific factor and cell type
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68 generating bone in heterotopic transplants of transitional epithelium
69 and bone marrow, respectively, represents the ending point of two
70 long and diverging journeys that originated from those seminal experi-
71 ments. Likewise, the definition of the bone marrow microenvironment
72 as the host of signals provided by stromal cells and required for hema-
73 topoiesis, and the pursuit of a “niche” for hematopoietic stemcells prop-
74 er represent the developments over time of a third seminal observation;
75 that is, that grafting of bonemarrow in closed systems (diffusion cham-
76 bers) would generate bone but bar the development of hematopoiesis,
77 whereas transplantation in open systems would allow for both bone
78 formation and development of marrow [2].
79 That all of these fundamental observations, which not only with-
80 stood the test of time, but also represented the seed for the subsequent
81 flourishing of major fields of investigation, arose from the practice of
82 heterotopic transplantation cannot escape notice. Considering the tre-
83 mendous impact of establishing quail–chick chimeras (a kind of hetero-
84 topic transplantation in embryos) [8,9]Q6 in developmental biology and
85 how much it contributed to further developments in lineage tracing,
86 one is tempted by foolishly wondering what magic is inherent in put-
87 ting tissues and cells where they do not belong (ectopic transplanta-
88 tion), and why is this practice soQ7 instructive. Perhaps all these simply
89 highlightQ8 the fundamental link between space (and time) and develop-
90 ment (lineage, commitment, differentiation), a notion we owe, ulti-
91 mately, to Alan Turing (the father, among many other things, of the
92 diffusion–reaction model which established the chemical basis of mor-
93 phogenesis [10]), and before him, to D'Arcy Thompson (a classicist
94 and a morphologist renowned for his attention to the physical and
95 mathematical laws underpinning morphogenesis) [11]. Heterotopic
96 transplantation is instructive because it breaks the spatial and temporal
97 constraints (the physics, one could naively argue) that drive develop-
98 ment, and therefore reveals them in the most empirical way possible.

99 The fallout: post-World War II era

100 That these fundamental observations clustered in a specific stretch
101 of time, on the other hand, is also intriguing. In the same, specific time
102 interval, another major change in scientific trends arose. The idea of a
103 hematopoietic stem cell, a common multipotent progenitor for all
104 blood cells, had been formulated long before (reviewed in [12]), but
105 had remained dormantwithout attracting interest and above all, exper-
106 imental effort. The idea exited the realm of theoretical postulates in
107 1961, with the seminal work of Till et al.[13,14], admittedly the first ex-
108 perimental evidence for a common multipotent progenitor of blood
109 cells. In essence, the fundamental discoveries of a dual system of stem
110 cells in bone were not only almost synchronous, but also arose from ef-
111 forts across the iron curtain that fell at the end of WWII, and are the di-
112 rect result of the way WWII ended. It was the attempt to develop
113 strategies for radioprotection that gave a new impetus to the science be-
114 hindwhat was to become stem cell biology. Not casually, the front page
115 of the famous New England Journal of Medicine paper by E. Donnall
116 Thomas reporting in 1957 [15] the first attempt of bone marrow trans-
117 plantation in humans both recounts the lethal effects of nuclearwarfare,
118 and acknowledges the support of the Atomic Energy Commission of the
119 USA. Muchmore in bone science and science at large emanate from the
120 same cradle: the biology of bonematrix [16,17] and the role of parathy-
121 roid glands [18], for example, and key techniques such as microradiog-
122 raphy and autoradiography [16,17,19–21], to name a few.
123 At about the same time that something “osteogenic” was being
124 discovered in bone marrow by Tavassoli and Crosby [3], and by
125 Friedenstein and coworkers [2], it was exactly autoradiography that
126 made it possible to trace the kinetics of bone cells in vivo, in a series of
127 seminal studies by Owen and Macpherson [22–25]. This is how we
128 learned about precursor cells of osteoblasts in the inner layer of theperi-
129 osteum, about the origin of osteocytes from osteoblasts, and about the
130 kinetics thereof. Not casually, the two independent lines of thinking
131 about the origin and precursors of bone cells were to merge soon

132thereafter in the work of Owen, just like her background in physics
133and attention to biology had merged in her early work as a reflection
134of the post-war climate and strategic priorities. Even the work of
135Friedenstein and that of Owen united at one point [26], which was cru-
136cial to disseminate the significance of Friedenstein's work in the West
137(Figs. 1 and 2) Q9. That unificationwas also crucial to formulate the concept
138not only of a stem cell for bone, but also for different tissues together
139comprising the skeleton being connected to one another at the level of
140a common ancestor, rather than as separate entities as thought previ-
141ously. For thefirst time, chondrocytes, osteoblasts and bonemarrowad-
142ipocytes were brought together into a unified system. The “stromal
143system” comprising them all was conceived on the blueprint of the
144hematopoietic system, marking a major conceptual novelty in skeletal
145research [26,27].

146The road to stem cells

147Earliest experiments provided evidence for an inherent osteogenic
148potential of cells in bone marrow, and for its non-humoral nature. Sub-
149sequent steps involved the use of cell culture as a way to separate, at a
150timewhenno cell sorting toolswere at hand, hematopoietic cells proper
151fromnon-hematopoietic (stromal cells), which in contrast to the former
152can adhere to a plastic substrate. Transplanting cultured stromal cells to
153the effect of generating heterotopic bone proved that it was the stromal
154fraction to be endowed with osteogenic potential. Using the same ex-
155perimental approach, the same potential was later ascribed to the
156clonogenic fraction of stromal cells (i.e., to cells capable of density-
157insensitive clonal growth and therefore seen as progenitors), and to a
158subset of individual clonogenic cells [28–30]. The coexistence of multi-
159ple tissues within heterotopic “ossicles” generated by single clones
160proved the existence, first in rodents and much later in humans [31],
161of multipotent stromal progenitors, based on which the idea of an oste-
162ogenic stem cell was formulated as a working hypothesis [26,27,32].
163Proving the existence of a bona fide stem cell also required proving
164the ability of the multipotent progenitor to self-renew, but this key
165question remained unaddressed for many years. Addressing this ques-
166tion required the identification of an anatomical in vivo counterpart of
167the multipotent clonogenic progenitor, and proof of its regeneration in
168heterotopic transplants. This only came with the demonstration that:
169a) the clonogenic fraction of bonemarrow stromal cells in humans coin-
170cides with perisinusoidal reticular cells; which b) could be pinpointed
171using immunocytochemical markers both in the intact bone marrow
172and in the heterotopic graft; and c) could be secondarily isolated from
173the grafts, expanded and serially transplanted. First provided in humans
174[33], this type of evidence was later provided in the mouse [34].
175Completion of this pursuit over 40 years leaves us with the notions
176that indeed, clonogenic, multipotent and self-renewing progenitors for

Fig. 1. Alexander Friedenstein.
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