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Abstract

Purpose Three hundred seventy million years ago, bone marrow appeared in skeleton of a fish. More than one hundred years ago,
the concept of bone marrow transplantation was proposed to treat human diseases. During the last five decades, this concept
became a reality first in hematology and later for orthopaedic diseases.

Material and methods These advances were possible due to the comprehension of the three major components of bone marrow:
the fat part, the haematologic part, and the stroma part. Each part has a different history, but the three parts are linked in
physiology as in history.

Results During many centuries, bone marrow was considered just as food; however, one hundred years ago, the concept of
bone marrow transplantation to treat humans was proposed by the French physician Brown-Séquard. During the last five
decades, this concept became a reality first in haematology and later for orthopaedic diseases. Transferring what was
known from experimental animal models to humans was met with many challenges, the atomic bomb research, and many
deaths. Yet through the recognition and subsequent understanding of fundamental processes, medical resiliency, and the
determination of a few pioneers, local bone marrow transplantation in orthopaedic surgery became a therapeutic option
first for a limited number of diseases and patients. Over the last two decades, mesenchymal stromal cells (MSCs) have
been the focus of intense research by acadaemia and industry due to their unique features. MSCs can be easily isolated and
expanded through in vitro culture by taking full advantage of their self-renewing capacity. In addition, MSCs exert
immunomodulatory effects and can be differentiated into various lineages, which makes them highly attractive for clinical
applications in cell-based therapies.

Conclusion In this review, we attempted to provide a historical overview of bone marrow history, MSC discovery, characteri-
zation, and the first clinical studies conducted.

Keywords Bone marrow history - Stem cells - Osteonecrosis - Marrow transplantation - Tissue engineering

What is the relation between a 370-million-year-old fish,
osteonecrosis, “The Irish Iliad”, the neurologist Brown-
Séquard, the Milano Ossobucco, Einstein, Hiroshima, and tis-
sue engineering in orthopaedic surgery? It is just bone mar-
row. After description of the bone marrow history in
traumatology [1], this article is a short history of bone marrow
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that focuses rather on orthopedics, but of course summarizes
also some hematologic aspects. Bone marrow has three major
components: the fat part, the hematologic part, and the stroma
part. Each part has a different history, but the three parts are
linked in physiology as in history. This paper is designated to
orthopaedic surgeons who every day are dealing with bone
marrow when performing surgery as simple as nailing or
arthroplasty and who may not know the extraordinary proper-
ties and the “History” of bone marrow. Where to begin? As
the King said in Lewis Carroll’s Alice in Wonderland [2]:
“Begin at the beginning, go on till you come to the end: then
stop” (Fig. 1).
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The White Rabbit put on his
spectacles. "Where shall |
begin, please your Majesty?"
he asked.

"Begin at the beginning," the
King said gravely, "and go on
till you come to the end: then

stop.”

Fig. 1 The White Rabbit is the spark of curiosity that activates Alice’s
spiritual awakening. It is the White Rabbit who leads Alice down the
rabbit hole. It is the White Rabbit which Alice runs after and searches
for endlessly in Wonderland, a symbol of her quest for knowledge as
many scientists for the bone marrow

Bone marrow occurrence
in a 370-million-year-old fish
during the Devonian period

Bone marrow was found to be present for the first time in the
Devonian period. The period is named after Devon, a county
in southwestern England, where a controversial argument in
the 1830s, over the age and structure of the rocks found dis-
tributed throughout the county, was eventually resolved by the
definition of the Devonian period in the geological timescale.
Another common term of this period is “Age of the Fishes,”
referring to the evolution of several major groups of fish that
took place during the period.

Bone marrow is only present in skeleton of mammalian and
birds; this presence in bone is related to the period when am-
phibians and tetrapods were conquering earth. As these terres-
trial animals had to deal with a sixfold higher gravity in com-
parison with marine animals living in water milieu, bone
structure changed to adapt with occurrence of medullary cav-
ity in long bones and decrease weight of bones. What was
unknown is at which period bone marrow arrived in long
bones?

But on March 2014, a French and Swedish team of re-
searchers [3] have presented the earliest fossil evidence for
bone marrow presence in the fin of a 370-million-year-old
fish. They discovered that Eusthenopteron, a Devonian (370-
million-year-old) lobe-finned fish from Miguasha in Canada
that is closely related to the first tetrapods, already exhibited
typical marrow processes inside its humerus (Fig. 2). These
processes are longitudinal and connect to the shoulder and
elbow joint surfaces of the humerus; the bone marrow certain-
ly played a role in elongation of fin bone through complex
interactions with the trabecular bone. That represents a pivotal
stage in a landmark event in the history of life on Earth—the
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transition of fish to land vertebrates. Inside the tip of tetrapod
front fins—called pectoral fins—were tiny bones called radial
bones arranged in a series of rows like digits—the precursor to
fingers. These would have provided the flexibility for fin to
bear weight on land.

This discovery is important to understand the evolutionary
steps that have built up the architecture of tetrapod bones and
created a location for the complex and important tissue that is
bone marrow. Long bones of tetrapods are not only important
for locomotion, but also they host the bone marrow. The latter
plays a major role in osteogenesis and in haematopoiesis. In
adults, about one hundred billion to around one trillion of new
blood cells are produced each day to maintain a stable blood
circulation.

Bone marrow and osteonecrosis: a history
of 250 million years

One of the oldest diseases in the world is probably
osteonecrosis if we except fracture.

First osteonecrosis: 250 million years ago, resulting
from extent reptiles (continuing diving)

Bone marrow tissue is found widely in the bones of reptiles,
including the vertebral bodies. Diving habits of Mesozoic ma-
rine reptiles have been characterized on the basis of a unique
pathology, caused by decompression, avascular necrosis. The
ichthyopterygians (Fig. 3) were marine reptiles which ap-
peared 250 million years ago and became extinct 90 million
years ago [4]. From the Late Triassic, they developed a fish- or
dolphin-like body shape. In total, 16-20% of their humerus
revealed signs of avascular bone necrosis (Fig. 3). Avascular
necrosis was the result of bone death caused by embolisms
resulting from intravascular bubble formation during decom-
pression. The reason is that after conquering earth, extent rep-
tiles have continued to dive as fishes during a long period. One
of the characteristics of the reptile heart is a right-left shunt,
and it is suggested that this could contribute to the high fre-
quency of decompression illness in the extinct reptiles. As
nitrogen is free and not bounded to haemoglobin as oxygen,
and also more soluble in fat, larger volumes of nitrogen will
dissolve in the fatty marrow of the shafts of the long bones.
During decompression after deep diving, the absorbed nitro-
gen changes from dissolved phase to free phase and gas bub-
bles may be formed in the tissues. It has been long recognized
that rapid decompression will cause nitrogen to come out of
solution and form bubbles (Fig. 4). Intravascular bubbles may
obstruct and distend the vascular sinusoids of the fatty bone
marrow of the long bones and be the cause of bone pain in the
upper and lower limbs. Normally during decompression, bub-
bles are formed in the venous circuit, and normally, the lung is
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Fig. 2 Researchers from Uppsala
University in Sweden and the
European Synchrotron Radiation
Facility (ESRF) in France decided
to look for the origin of the bone
marrow within vertebrates, using
synchrotron microtomography to
investigate the interior structure of
fossil long bones without damag-
ing them. They discovered that
Eusthenopteron, a Devonian
(370-million-year-old) lobe-
finned fish from Miguasha in
Canada that is closely related to
the first tetrapods, already exhib-
ited typical marrow processes in-
side its humerus (upper arm bone)

very effective as a filter when the systemic and pulmonary
circuit are fully separated which has occurred during evolution
for mammals as whales. But, an opening in the heart with
possibility of right to left shunting (as in reptiles) allows ve-
nous nitrogen-oversaturated blood to flow into the systemic
circulation (Fig. 5). When the blood is shunted away from the
lung because of a right-left shunt of the reptile heart, bubbles
can spread to the arterial system leading to air-embolism in
arterioles and causing avascular episodes in the brain and the

bones. These bubbles can compromise the vascularization and
feeding of bone if they are present in the arterial system.

Osteonecrosis in human divers
Osteonecrosis before knowledge of “dive tables”

In 1911, Bornstein and Plate [5], followed later and indepen-
dently by Bassoe in 1913 [6], presented radiological

Fig. 3 Large skeleton of the ichthyosaur Temnodontosaurus from the Lower Jurassic of Holzmaden. On display at the Urweltmuseum Hauff in

Holzmaden (Germany). Bone osteonecrosis of the humerus
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Fig. 4 Illustration of bubble formation process in divers; another
representation could be a bottle of carbonated soda. A bottle of
carbonated soda is filled with gas (carbon dioxide), which cannot be
seen because it is dissolved in solution under pressure. When the bottle
is opened, the pressure is released and the gas leaves the solution in the
form of bubbles. A diver returning to the surface is similar to opening the

confirmation of aseptic necrosis of bone in compressed air
workers. The first report of aseptic necrosis in an underwater
diver subsequently appeared in 1936 [7]. Often called “the
bends,” decompression sickness happens when a scuba diver
ascends too quickly. Divers breathe compressed air that con-
tains nitrogen. The air composition is 78% nitrogen. At higher
pressure under water, the nitrogen gas goes into the body’s
tissues. This does not cause a problem when a diver is down in
the water. And if a diver rises to the surface (decompresses) at
the right rate, the nitrogen can slowly and safely leave the
body through the lungs. But if a diver rises too quickly, the
nitrogen forms bubbles in the body. Intravascular bubbles
may obstruct and distend the vascular sinusoids of the fatty
bone marrow of the long bones and be the cause of bone pain
in the upper and lower limbs. This can cause tissue and nerve
damage. In extreme cases, it can cause paralysis or death if the
bubbles are in the brain. The bends, also known as decom-
pression sickness (DCS) or Caisson disease, occurs in scuba
divers or high altitude or aerospace events when dissolved
gases (mainly nitrogen) come out of solution in bubbles and
can affect just about any body area including joints, lung,
heart, skin, and brain.

Osteonecroses in human with foramen ovale (heritage
of reptiles)

The risk of decompression illness is directly related to the
depth of the dive, the amount of time under pressure, and
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bottle of soda. As a diver swims to the surface, the pressure decreases.
The nitrogen, which has dissolved in tissues, wants again to leave,
because the body can hold only a certain amount based on that nitrogen
pressure. If a diver surfaces too fast, the excess nitrogen will come out
rapidly as gas bubbles. Depending on which organs are involved, these
bubbles produce the symptoms of decompression sickness

the rate of ascent. Dive tables, such as the U.S. Navy Dive
Tables, provide general guidelines as to what depths and dive
times are less risky for the development of decompression
sickness. In humans, DCS is seen among scuba divers and
compressed air workers where the uptake of nitrogen in the
blood and tissues is continuously taking place. If appropriate,
decompression procedures have not been used; these divers
and workers will be at risk for avascular bone necrosis. If the
guidelines of dive tables are respected, there is from a theo-
retical point of view no risk, except in one situation; the hu-
man heart has four chambers, and the systemic and pulmonary
circuit is normally fully separated. In the fetal life, the left and
the right atrium communicate with one another through the
foramen ovale. This opening closes during the first weeks of
life. In fetal life, the lungs are not functioning and the fetal
blood is oxygenated in the placenta. In the atrium, 60% of the
blood is shunted from the right to left side (R-L shunt). In
some individuals, this intracardiac opening is persistent to
some degree in adult life as a patent foramen ovale (PFO).
Small- and medium-size openings are normally symptomless
and may be present in as many as 30% of normal subjects. It is
important to know that even divers [8] who follow decom-
pression schedules and tables may still experience DCS. In
humans, the risk of decompression illness is five times in-
creased in individuals with patent foramen ovale (Fig. 5); this
condition allows blood shunting from the venous circuit to the
systemic circuit. There is convincing evidence for the connec-
tion between PFO and DCI in divers. Torti et al. [9] found that
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Fig. 5 Paradoxical gas embolism. Schematic drawing demonstrating the
paradoxical gas embolism in a diver with a patent foramen ovale;
migration of a bubble of gas from the venous system to the left atrium
via a PFO, with subsequent systemic embolization

PFO was correlated with a five times increased risk of major
DCI events and the risk augments with the PFO size.
Situations that elevate right atrial pressure relative to left atrial
pressure would increase the tendency for any right to left
shunting, such as breath holding and coughing, and the
Valsalva-like activity, often used by divers to equilibrate the
pressure in the middle ear, will increase the pressure in the
right atrium and thereby increase the right-left shunt if PFO is
present.

Fat in bone marrow: from food to a cause
of bone diseases

Think about bones: what images come to your mind? Perhaps
a skeleton or a skull; or Adam rib producing Eve; or the strong
bone limbs. But your skeleton hides a secret: it is full of fat,
and no one knows why!

Aspiration of bone marrow: not only with trocar!

Bone marrows of animals have been used by humans as food
in many cultures. Some anthropologists think that humans
were scavengers in early times (rather than hunters) in some
parts of the world. Marrow would have been a useful source of
food (largely due to its fat content) for hominids using tools,
capable of breaking the bones of the carcasses left by major
predators, such as lions.

European diners in the eighteenth century often used a
marrow scoop (or marrow spoon). In China, the pork tibia is
used to make slow-cooking soup, with one or both ends of the
tibia cut. In some restaurants, the cooked pork tibia would be
served with a straw specially to suck the semi-liquefied mar-
row. The author admits some personal experience in bone
marrow aspiration with a trocar from the iliac crest but also
with a straw as in Fig. 6.

In Hungary, tibia is the main ingredient in meat soup; the
bone is cut into 10- to 15-cm pieces and the ends are covered
with salt to prevent the bone marrow from escaping from the
bone during cooking. Beef bone marrow is also the main
ingredient in the Italian dish “Ossobuco” (braised veal shank),
and beef bone marrow is often included in French broth in a
stew, cooked marrow traditionally eaten on toast with pep-
pered salt. In Iranian cuisine, lamb shanks are often broken
before cooking to allow customers to soak and eat the marrow
when the dish is served. Similar practices are also common in
Indian, Pakistani, and Lebanese cuisine. And who can dispute

Fig.6 The author and one friend (Dr. Bercovy) in China; the cooked pork
tibia is served with a straw specially to suck the semi-liquefied marrow
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the attractiveness of bone marrow on toast on a cold winter’s
day. A good red French vine helps (the author admits some
preference, without any conflict of interest).

The mystery of the relation between the marrow
adipocyte and the skeleton

Prior to the interest to bone marrow adipose tissue [10], adi-
pose tissue was considered to be a metabolically inert organ
whose function was solely for the storage of triglyceride, pro-
tection, insulation, and cosmetic importance. Composed of
mature adipocytes, endothelial cells, immune cells, pre-adipo-
cytes, and adipose progenitor/stem cells (stromal vascular
fraction), mammalian adipose tissue is typically classed as
two distinct subtypes, white adipose tissue (WAT) or brown
adipose tissue (BAT).

Identified over a century ago [11], marrow adipose tissue
(MAT) is situated within the marrow cavity in a distinct and
organized manner. It has been noticed from a scientific point
of view over a century ago that bone marrow contains ““fat-
storing” cells, called adipocytes. Having adipocytes in our
bones might strike you as unusual, and this unsolved mystery
is surprising: Marrow cavities in all the bones of newborn
mammals contain active haematopoietic tissue, known as red
bone marrow to produce red cells in blood. From the early
postnatal period onwards, the hematopoietic tissue, mainly in
the bones of the extremities, is gradually replaced by non-
haematopoietic mesenchymal cells that accumulate lipid
drops, known as yellow or fatty bone marrow. This conver-
sion from yellow marrow to bone marrow adipose tissue
(MAT) develops rapidly during puberty [12] such that, by
the time we reach adulthood (Fig. 7), it can comprise up to
70% of bone marrow volume; this represents over 8% of total
fat mass!

Fig. 7 Bone marrow conversion
from hematologic bone marrow
(in children) to fat bone marrow in
adult. In children, bone marrow
supports only increasing
haematopoiesis due to increasing
size of children and contains no
fat. When the size of the person is
stable with a steady-state
haematopoiesis, the bone marrow
accumulates fat cells. However, in
young adults under conditions of
increased haematopoietic require-
ment, they lose fat and regain
their ability to support
haematopoiesis

Infant

<1 year
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Marrow adipose tissue show a similar distribution in ro-
dents and other animals, predominating in the arms and legs
but being sparse (or non-existent) in the spine and more cen-
tral skeleton [13]. Largely overlooked since its discovery,
MAT was not recognized as an adipose depot until the mid-
late twentieth century [14] and MAT research began to attract
further interest only in the 1970s, when it was shown that the
developmental origin and lipid composition of marrow adipo-
cytes is distinct to that of white adipocytes [15, 16].

MAT is not distributed uniformly around the skeleton, but
instead predominates in the arms and legs. Furthermore, MAT
subtypes differ in lipid composition and gene expression [17].
The current thinking is that the origin of MAT is distinct to
that of other adipose tissue (WAT and BAT). Marrow adipose
tissue is thought to be derived from progenitors that express
osterix (Sp7), a transcription factor essential for osteoblasto-
genesis and bone formation in mice, which may explain the
skeletal regulation with the adipocyte of bone marrow.

Skeletal regulation by bone marrow adipose tissue
Expansion of bone marrow adipose tissue

In pathological conditions such as anorexia nervosa, MAT is
elevated [18]. This accumulation of adipose tissue is some-
what counter-intuitive given that in catabolic states other de-
pots of adipose tissue are being mobilized for energy utiliza-
tion. The paradox to why this occurs remains unclear, but it
has been suggested that MAT may occupy bone marrow (BM)
cavity space for surviving starvation, with as consequence
decrease of trabecular bone (Fig. 8). But as direct conse-
quences for the orthopaedist, anorexia nervosa has a risk of
pathologic fracture [19], as the phenomenon of aging which is
also related to adipocytes.

Normal bone marrow conversion

O\ .\

yellow marrow
conversion begins centrally

Childhood Adolescent Adult
1-10 years 10-20 years >25 years
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Fig. 8 The anatomical
distribution, clinical associations,
and potential functions of bone
marrow adipose tissue (MAT)

Moreover, MAT increases during treatment with pharmaco-
logic agents such as glucocorticoids. Glucocorticoids have anti-
proliferative and anti-inflammatory properties and are exploited
and successfully used clinically in treating disorders of height-
ened immunity and autoimmune diseases. Exogenous gluco-
corticoid administration in humans results in femoral MAT
expansion that is correlated with steroid intake [20]. It is also
of note that in states of glucocorticoid excess, there is an in-
creased risk of hip osteonecrosis [21] that can be corrected with
local mesenchymal stem cell (MSC) injection.

Decline of bone marrow adipose tissue

In contrast to MAT expansion, far less is currently known
about the decline of MAT. The best example is “Gaucher dis-
ease” which is a genetic disorder in which glucocerebroside, a
sphingolipid (known as glucosylceramide), accumulates in
cells of some organs (Fig. 9). This disease was described in
1882 by a French doctor Philippe Gaucher (Fig. 10), who lent
his name to the condition, in his thesis [22]. Gaucher’s disease
is an autosomal-recessive inherited disorder caused by a defi-
ciency or absence of 3-glucocerebrosidase ([3-glucosidase).
Infiltration of the BM by lysosome-engorged macrophages
(Gaucher cells) results in secondary damage to the bone, in-
cluding mild osteopenia and osteonecrosis.

Postmenopausal women receiving estrogen replacement
show decreased BM adipocyte number and size, as well as de-
creased MAT, suggesting that locally generated androgens and
oestrogens can exert regulatory action on bone marrow cells. At
the end, contrary to the high number of researches on the
haematologic bone marrow and on mesenchymal stem cells,
many questions remain unanswered for fat in bone marrow.
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" |Aging
MAT expansion 1 .
vl Anorexia
,d
Red marrow Obesity

Diabetes
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Irish legend of bone marrow transplantation
2500 years ago to heal wounds

Scientific interest in bone marrow transplants began in the
twentieth century [23], and the possibility to improve healing
of wounds by mesenchymal stem cells was only reported in

Fig. 9 Cross section of the femur head. The microscopic pictures below
highlight the yellowish areas consisting of vital bone and marrow filled
with confluent sheets of Gaucher cells (arrows)
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Fig. 10 Portrait of Philippe Gaucher

the twenty-first century. However, the eighth century legend
shows that one of the first records of bone marrow transplants
can be found in an epic cycle of heroic Irish stories from the
eighth century [24]. It is the story of an invasion of cattle by
the armies of Queen Medb (Maeve) and King Ailill when they
tried to steal Cuailgne’s big brown bull. The departure of
Cooley’s cows, commonly known as The Cattle Raid of
Cooley, is an epic of ancient Irish literature that is often re-
ferred to as “Irish Iliad” or Tain. Traditionally in the first
century, in a heroic pre-Christian era, T4in is the central text
of a group of short stories known as the Ulster Cycle. It is
preserved in three written versions or “reviews” in twelfth-
century manuscripts, and later the first compilation is largely
in Old Irish, the second in a more consistent work in Middle
Irish, and the third in a modern Irish version.

Tain had a great influence on Irish literature and culture.
The Tain B6 Cuailgne (The Cattle Raid of Cooley) written
around 100 AD, describes Cethern, a badly wounded warrior
who in about 500 AD was advised by Fingin, a healer, to bathe
in a vessel of bone marrow. He was miraculously healed and
returned to avenge his enemies. It contains the following de-
scription: “Fingin, the prophetic leech, asked Cuchulain for a
barrel of marrow to heal and heal Ceithern mac Fintan.”
Cuchulain went to the camp and to the roots of Erin’s men,
and whatever he found of flocks and flocks, he took with him.
And he made puree (Fig. 11) from his flesh, bones, and skin,
and Cethern, the son of Fintan, was taken to the marrow bath
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for three days and three nights, and his flesh began to drink in
the marrow around him, and the marrow went into his stitches
and cuts, and his many wounds. Then after three days and
three nights, he got out of the marrow bath (Fig. 12), with
healed wounds. This is a very early description of the bone
marrow to improve stromal tissue repair and the first descrip-
tion of xenotransplantation (from animal to human).
According to the reader’s scientific level, the Irish marrow
transplantation may be considered as a legend or a scientific
paper: Fingin claimed success (or at least a proof of concept)
and set a continuous precedent for claiming efficacy based on
questionable study designs and quick follow-up... To shorten
the protocol discussion, in a warning, Cethern killed 49 doc-
tors who recommended other therapies before advocating a
bone marrow cure. Today, they is still some debate about
the use of bone marrow as treatment for orthopedic diseases,
and more discussions about the protocol, but those doctors
who do not recommend this treatment are not killed.

Bone marrow as medication at the end
of the nineteenth century

Brown-Séquard proposed bone marrow as treatment
for haematologic diseases

In the nineteenth century, the French physician Charles-
Edouard Brown-Sequard [25] described giving calf’s’ bone
marrow to women with chlorosis or green sickness (hypochro-
mic anaemia) seen in listless women and virgins. He dissolved
the bone marrow in glycerol (killing any living cells) and gave
it to Parisian women by mouth. Brown-Séquard (Fig. 13)
rightly claimed success, but his explanation of how his elixir
worked may have been a bit off; it was apparently sufficiently
convincing: physicians and apothecaries gave bone marrow
extracts from various creatures (Fig. 14) to treat diverse ill-
nesses and complaints, often with remarkable success. As ex-
pected, these women recovered probably due to the amount of
iron in the extract rather than the virtue of cells. Brown-
Sequard rightly claimed success but his explanation of how
his elixir worked may have been exaggerated. He was a con-
troversial and eccentric man known for “self-reporting rejuve-
nated sexual prowess” after having eaten some “extracts of
monkey testes”.

Despite Brown-Séquard was a controversial and eccentric
man, he was the first to propose to use bone marrow to treat
leukaemia! Brown-Séquard and d’Arsonval, as early as 1891,
suggested its use in the treatment of leukaemia and other dis-
eases believed to be characterized by defective haemogenesis.
This was reported in a discussion on the use of bone marrow
that was outlined in 1896 by Quine in the Chairman’s address
of the Journal of the American Medical Association (Fig. 15),
where he discussed the “remedial application of bone marrow
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Fig. 11 First bone marrow transplantation; painting of the author (PH)
according to the Irish artist painter James Cogan: Cethern is in the tub of
marrow mash. Thereupon Fingin the prophetic leech asked of Cuchulain
a vat of marrow wherewith to heal and to cure Cethern son of Fintan.
Cuchulain proceeded to the camp and entrenchment of the men of Erin,
and whatsoever he found of herds and flocks and droves there he took

extracts” [26]. The idea of removing damaged parts of the
body and replacing them with healthy organs has been an
aim shared by physicians since ancient times.

Bone marrow as oral medication

After the original mention of Brown-Séquard to propose mar-
row as a possible remedy, several authors reported employ-
ment: Macalister [27] recorded a favourable result of its use in
one case of lymphadenoma (British Med. Jour., June, 1893.);

Fig. 12 Painting of the author
(PH) according to the Irish artist
painter James Cogan. The mar-
row bath entered in within his
stabs and his cuts, his sores, and
his many wounds. Thereafter, he
arose from the marrow bath at the
end of three days and three nights,
and he slept a day and a night after
taking in the marrow. From The
Ancient Irish Epic Tale Tain B6
Cualnge, Author unknown, trans-
lated by Joseph Dunn. Gutenberg
Project. 2005. EBook #16464

away with him. And he made a marrow mash of their flesh and their
bones and their skins; then, Cethern son of Fintan was placed in the
marrow bath till the end of three days and three nights. And his flesh
began to drink in the marrow bath about him. From The Ancient Irish
Epic Tale Tain B6 Cuhalnge, Author unknown, translated by Joseph
Dunn. Gutenberg Project. 2005. EBook #16464

Fraser [28], of Edinburgh, however, pressed the new remedy
forcibly upon the attention of the medical world and this he
did in a report of its curative effect in a case of progressive
pernicious anaemia (British Med. Jour., April 7, 1894.). The
clinical phenomena described were those of extreme anaemia,
and the diagnosis was based on repeated blood examinations.
That the utility of the agent is not limited to simple and easily
curable cases of anaemia was strongly vouched for by W. G.
Bigger [29] who claims to have cured by its influence a case of
leucocythemia of six years’ standing.
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Fig. 13 Portrait of the French physician Charles-Edouard Brown-
Sequard

One of the most satisfying contributions of the exact pow-
ers of the remedy, in various kinds of anaemia, is furnished by
J. S. Billings, Jr. [30] “Bone marrow, then, and especially red

‘CHILDREN & INVALIDS

Fig. 14 Apothecary jar for bone marrow
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marrow, is certainly a readily assimilable organic compound
of iron and is a valuable addition to the resources of the phy-
sician in cases of ordinary chlorosis and anaemia, in some
cases of blood impoverishment of a more intractable kind.
Whether it is anything more than an assimilable preparation
of iron is not conclusively proved. The claims made for it in
relation to the cure of pernicious anaemia, leukaemia and kin-
dred disorders seem to be premature; for sufficient time had
not elapsed in any case to warrant such a conclusion”.

A. McL. Hamilton [31] also recorded an interesting series
of observations. He tested both yellow and red marrow, but
obtained better results from the red. In every case cited, the red
corpuscles were counted by the Thoma-Zeiss apparatus and
their haemoglobin value was estimated by the instruments of
Fleischt, Growers and Henocque. Professor Hamilton shows
that the multiplication of reds after profuse haemorrhage is
approximately twice as rapid as the maximum rate hitherto
recorded (20,000-30,000 daily per mm°® of blood) and that
the total number of reds can be made to exceed the showing
of normal blood (5,000,000 per mm?®) by fully 20%
(6,000,000 per mm®).

Radium Girls, World War Il, dragon'’s tail:
effects of irradiation on bone marrow

The origins of bone marrow transplantation (BMT) lie in the
increasing presence of radiation present in everyday life at the
turn of the twentieth century, culminating in the deadliest as-
pect of this technology, the atomic bomb. Several key fields
within biomedical research, including radiobiology, cancer
biology, immunology, and stem cell biology were significant-
ly impacted, accelerated, and even originated as a result of
World War II and the accompanying atomic age. Research
spurned by this era led to the discovery and optimization of
BMT.

X-rays, glowing watches, trendy drinks, and Radium
Girls: the first signs of a creeping demon

Although this story is too complex for this history, we should
recall the first description of the effects of radiation which
dates from 1905. During the 1910s and 1920s, radioactive
compounds were becoming increasingly common in the
workplace. A higher incidence of leukaemia was observed
in US radiologists as radioactive techniques and compounds,
including X-rays, radium, and radon gas, become more com-
mon in modern medicine.

As regards radiation sickness, the Radium Girls [32] were
female factory workers who contracted radiation poisoning
from painting watch dials with self-luminous paint. The paint-
ing was done by women at three different United States
Radium factories, and the term now applies to the women
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Fig. 15 Chairman address on the
proposition of Brown-Sequard to
treat leukemia with bone marrow
as early as 1891

CHAIRMAN’S ADDRESS.

Address of the Chairman of the Section on the Practice of Medicine,
delivered at the Forty-seventh Annual Meeting of the American
Medical Association, held at Atlanta, Ga., May §-8, 1896.

BY WM. E. QUINE, M.D.

PROFESSOR OF THE PRACTICE OF MEDICINE IN THE COLLEGE OF PHYSICIANS
AND SURGEONS OF CHICAGO AND PRESIDENT OF THE FACULTY.

THE REMEDIAL APPLICATION OF BONE MARROW.
For the original mention of bone marrow as a pos-

sible remedy we are indebted to Brown-Séquard and
d’Arsonval who, in 1891, suggested its use in the

treatment of leukemia and other diseases believed to

be characterized by defective hemogenesis. A year
and a half later Fillean reported its successful employ-
ment in the form of an extract, in the treatment of
the anemia of debility and of tuberculosis; and Mac-
alister recorded a favorable result of its use in one

case of lymphadenoma.

1893.)

working at the facilities: one in Orange, NJ, beginning around
1917; one in Ottawa, IL, beginning in the early 1920s; and a
third facility in Waterbury, CT. Bolstering this correlation,
women who worked in factories (Fig. 16) using radium paint
were much more prone to develop oral, bone, and jaw cancers.
Painters would lick their brushes to ensure a fine point and
even paint their nails, face, and teeth to give them that trendy
glow. Radium paint emits light and was used to paint watch
and dials to highlight their numbers. Glowing was trendy in
more than just watches in the 1920s; companies sold a variety
of glowing tonics, medicines, and even radon-infused water
for vigor. Now known as radio-luminescence, the emitted
light was a result of the radioactive decay. Radioactive decay
is the process by which an unstable atom becomes more stable

Fig. 16 Radium Girls. The first
painter licks her brush to ensure a
fine point

(British Med. Jour., June,

by emitting various forms of energy, in this case, light energy.
Many of the women later began to suffer from anaemia, tu-
mours, bone fractures, and necrosis of the jaw, a condition
now known as radium jaw. Unfortunately for these workers
and trendy consumers, these first concentrated exposures to
radioactive elements became the earliest recognized warnings
for radiation sickness, cancer (Fig. 17), and death now asso-
ciated with radiation.

World War Il, atomic bomb, and consequences on
bone marrow

The evolution of bone marrow transplants from mice to man
and from World War II until today is a remarkable story

@ Springer
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Fig. 17 A Radium Girl with radium-induced sarcoma of the jaw

illustrating the principle of unintended consequences. It shows
how developing weapons of mass destruction paradoxically
led to a technology which saves lives. Over one million bone
marrow transplants have been done worldwide to save pa-
tients with leukaemia. World War II and the development of
nuclear weapons and nuclear energy were paradoxically very
important in the evolution of bone marrow transplantation.
Albert Einstein signed a letter to President Roosevelt in
1939 (written by Leo Szilard) warning of German efforts to
develop an atomic bomb. In response, the US Government
recruited scientists at the National Institutes of Health and
the University of Chicago (where Enrico Fermi had developed
the first controlled nuclear chain reaction) to work on ways to
counter the effects of radiation on humans, especially bone
marrow failure. The development of the “atomic” bomb was
the result of the Manhattan Project [33] and emphasis on the
close relationship between ionizing radiation and bone mar-
row damage. Although the atomic bomb evolved from a war
initiative, the discovery was to have major biological signifi-
cance. The first detonation of a nuclear device in New Mexico
in 1945 and the subsequent effects of the atomic bomb on the
populations of Hiroshima and Nagasaki provoked great and
urgent interest in the effects of irradiation on bone marrow.

Tickling the dragon’s tail accelerates the bone
marrow knowledge

Dr. Louis Hemplemann, who directed medical research for the

Manhattan Project at Los Alamos, was the first to treat victims
of an experiment called tickling the dragon’s tail which
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resulted in a criticality (an uncontrolled fission reaction) in
1946. Nearly a year had passed since the bombs exploded
over Hiroshima and Nagasaki. The world knew the power of
atomic weapons; the Cold War was dawning. Yet, in Los
Alamos, scientists were still “pushing uranium around with
screwdrivers.” On May 21, 1946, Louis Slotin (Fig. 18) suf-
fered a fatal dose of radiation while he demonstrated the tech-
nique of critical assembly and associated studies and measure-
ments to another scientist.

Critical assembly involves bringing two or more pieces of
fissile material together to form a critical mass, the mass at
which atomic chain reaction occurs. The technique, called
“tickling the dragon’s tail,” allowed Slotin to calculate critical
mass, which would be necessary to detonate in an atomic
weapon. The method involved delicately screwing two hollow
spheres of beryllium around a mass of fissionable material.
Two 1-in. spacers between the upper hemisphere and the low-
er shell provided the only “safety” measure preventing inad-
vertent critical assembly. During a normal procedure, the
spacers were removed to allow one edge of the upper hemi-
sphere to rest on the lower shell while a screwdriver supported
the other edge of the upper hemisphere. The operator would
then lower the screwdriver bringing the remaining edges
together.

Meanwhile, a Geiger counter would record the radioactiv-
ity as the operator brought the masses together. During
Slotin’s demonstration, something went terribly wrong. As
he slowly allowed the latter edge to approach the lower shell,
one hand held the screwdriver (Fig. 19) while the other hand
was holding the upper shell with this thumb placed in an
opening. At that time, the screwdriver apparently slipped
and the upper shell fell into position around the fissionable
material. A “blue glow” appeared; a heat wave moved through
the room. “Slotin lunged forward and grabbed the two hemi-
spheres with his bare hands, ripped them apart and took the
full brunt of a nuclear detonation right in his stomach.”

Slotin immediately understood what had happened. As a
result of the accident, he died nine days later, his body
decomposing from the massive dose of radiation. During the
nine days before he died, he insisted that his physical state be
continuously documented so that the effects of radiation could
be used for scientific purposes. The tragic event of May 1946
foreshadowed many accidents in the Cold War decades to
follow.

Radiation chimera: from bone marrow
transplants in the battlefield to leukaemia
The “mouse radiation chimera”

One interesting approach which arose after this accident was
to treat accident of irradiation and relates to doing bone



International Orthopaedics (SICOT) (2020) 44:2787-2805

2799

Fig. 18 Louis Slotin (left) and
Herbert Lehr with the Gadget
bomb, July 13, 1945 (Los Alamos
National Laboratory photo)

marrow transplants in the battlefield. The idea was that an
enemy might use a tactical nuclear weapon; many soldiers
would be irradiated and at risk of dying from bone marrow
failure. Medics would roll up, extract some blood or bone
marrow from a volunteer, and mix it with an aliquot of the
radiation victim’s blood. From a theoretical point of view, the
donor cells would proliferate.

While studying the effects of lethal irradiation in mice,
Jacobson [34] discovered in 1949 a protective effect of splenic

Fig. 19 Slotin and the
screwdriver supporting the other
edge of the upper hemisphere;
interesting to see what the atomic
research laboratory looked like in
1946

shielding: the spleen in mice (Fig. 20) contains haemopoietic
tissue. He went on to demonstrate a similar protective effect
by shielding the femur in 1951. Two years later, Lorenz [35]
showed that this protection could also be conferred by intra-
venous bone marrow infusion. At first, it was thought that the
radiation protection was due to humoral elements in the syn-
geneic bone marrow. Over the next five years, however, a
number of investigators demonstrated that, not only was the
protection due to cellular elements, but that these donor cells
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Jacobsen’s radiation protection experiments
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Fig. 20 Jacobsen’s radiation protection experiments

effectively repopulated the irradiated marrow. An animal
whose hemopoietic system was derived from another animal
was termed a “radiation chimera.”

The first “human radiation chimera” were performed
before knowledge of stem cells

In 1956, E. Donnell Thomas, recipient of the 1990 Nobel
Prize (Fig. 21) performed to treat leukemia a bone marrow
transplant between genetically identical twins. The first allo-
geneic HSCT (leading to its current status) was pioneered by
E. Donnall Thomas [36] and reported in the New England
Journal of Medicine on September 12, 1957. In this study,
six patients were treated with radiation and chemotherapy
and then received intravenous infusion of marrow from a nor-
mal donor. Only two patients engrafted, and all died by
100 days post the transplantation. At that time, little was
known about histocompatibility antigens, and no one tried to

Fig. 21 Dr. Thomas (left) re-
ceived the Nobel Prize in
Physiology or Medicine from
King Carl Gustaf of Sweden in
1990
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match donors and recipients. Interestingly, the first bone mar-
row transplantations were performed before the discovery of
stem cells [37] in 1963 by Becker, McCulloch, and Till who
conducted experiments. After injecting bone marrow cells into
irradiated mice, nodules developed in proportion to the num-
ber of bone marrow cells injected, and they concluded that
each nodule arose from a single marrow cell.

In 1958, a radiation accident occurred in Vinca,
Yugoslavia, and five physicists developed radiation-induced
aplasia. Georges Mathé, Henri Jammet, and Leon
Schwatzenberg transplanted allogenic bone marrow [38] from
several relatives to each of the workers exposed to ionizing
radiations from a nuclear reactor accident in Vinca,
Yugoslavia. Their reason for choosing several related donors
was the notion that the best bone marrow would win. At this
period, URSS was not able to treat these patients, and of
course, Yugoslavia did not want help from the USA, which
explains the arrival of these patients in France. Although one
died, Mathé (Fig. 22) described the successful infusion of
allogeneic bone marrow into the remaining five who were able
to survive and subsequently demonstrated transient engraft-
ment using red-cell antigen studies. Eventually, it is presumed
autologous hemopoietic recovery supervened, but it is likely
that the allogeneic marrow afforded a temporary protective
effect.

For the little story, Georges Mathé (1922-2010) some
years later had a fracture and a nonunion of the lower tibia;
as his haematologist friends recommended him to the author
for another orthopaedic advice, he was treated by the author
by an injection of concentrate bone marrow in 1995; Mathé
was surprised and interested by the fact that an orthopedist
surgeon could use bone marrow at this period. But he was
not surprised that it worked when he got union. His case is
incidentally one of the patients published by the author [39] in
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Fig. 22 Photograph of Georges Mathé

the American Journal of Bone and Joint Surgery; this gave the
opportunity for the author, as early as in 1995, to discuss with
him about the future of bone marrow transplant in orthopaedic
surgery and to get some advice about mesenchymal stem cells
(MSCs). One of the parts of discussion between Mathé and the
author was about the composition of bone marrow of patients
after successful engraftment of donor-derived haematopoiesis.
Some of these patients had hip osteonecrosis after allogenic
transplantation for leukaemia. These patients are chimera from
a haematologic point of view, but at this period, it was not well
known whether MSCs remained of host origin or were from
haematologic origin. For professor Mathé, even years after
bone marrow transplantation, and despite successful engraft-
ment of donor-derived haematopoiesis, MSCs were in general
of host origin which is now confirmed [40]. He gave as au-
thorized and useful advice to the author to treat these patients
with bone marrow aspiration of their iliac crest rather than
using allogenic MSCs coming from the donor.

Discovery of stem cells

The development of cell biology coincides with the advance
of microscopes in the nineteenth century. It was finally possi-
ble to directly observe the various blood cell types and to
witness their proliferation and differentiation. On the basis
of his observations, the German pathologist Franz Ernst
Christian Neumann (1834—-1918) concluded that the site of
blood formation was the bone marrow [41]. He also proposed

the pioneer theory in which one cell might be at the origin of
all blood cell lineages. The Russian scientist Alexander A.
Maximow (1874-1928) also developed and introduced in
1909 the theory of a common cell for the complete blood-
building system or haematopoiesis, as well as the idea of a
microenvironmental niche for these cells within the bone mar-
row [42]. The concept of haematopoietic stem cells (HSCs),
although very controversial at the time, was born and has led
to the beginning of stem cell research.

Becker, McCulloch, and Till [37] gave the first experimen-
tal proof of the haematologic stem cell theory by performing
the transplantation of bone marrow cells into irradiated mice.
These cells gave rise to myeloid multilineage colonies in the
spleen of transplanted animals, the number of colonies being
proportional to the number of injected cells. Such experiments
demonstrated the multilineage potential of single bone mar-
row cells (so-called CFU-S, colony-forming unit in the
spleen).

In the 1960s, Owen and Friedenstein [43] discovered
multipotent conjunctive progenitors by cultivating bone mar-
row of rabbits at low density in a liquid medium with serum;
this resulted in the description of colonies with plastic-
adherent cells. These colonies were derived from one cell type
in the bone stromal marrow and they were named colony-
forming unit-fibroblasts. Bone marrow stromal cells
(BMSCs) were named “mesenchymal stem cells” (MSCs) in
the 1990s [44].

Mesenchymal stem cells: from “lab
manufacturing” to bioreactors

From the lab to culture

The heterogeneity of MSC isolation, culture methods, and the
consequent difficulty to compare the results obtained in clin-
ical and nonclinical studies, conducted between 1990 and
2000, encouraged the International Society of Cellular
Therapy (ISCT) to propose criteria for MSC classification in
2006. According to the ISCT definition, “multipotent mesen-
chymal stromal cells” should be adherent to plastic, positive
for CD105, CD73, and CD90 and negative for the expression
of CD45, CD34, CD14 or CD11b, CD79 or CD19, and hu-
man leukocyte antigen class II, and should also be able to
differentiate in vitro into osteoblasts, adipocytes, and
chondroblasts.

Bone marrow centrifugation
Lawrence Berman (1947) was the first to perform bone mar-
row centrifugation for diagnosis; 1 cm® of heparinized marrow

suspension was placed in a Wintrobe haematocrit tube and
then centrifuged. At the end of the period of centrifugation
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[45], usually about five minutes, the specimen will be sepa-
rated into three or four layers, namely, fat (when present),
plasma, nucleated cells, and erythrocytes. The heights of the
various layers were recorded, and the data obtained by centri-
fugation were used for diagnosis and interpretation of marrow
lesions. The fat was discarded and most of the plasma re-
moved. The nucleated cell layer of the concentrate of marrow
cells was easier to examine.

The rationale to propose a bone marrow concentrate to treat
orthopaedic disease was proposed by the author [46] as early
as 1985. In crude BMA injection, the concentrations of the
cells are lower than the concentration of the cells that are
present in the bone marrow cavity, due to dilution by blood
during aspiration. However, based on centrifugation, the num-
ber of MSC might be increased. A bone marrow concentrate is
a small volume of fluid containing a high concentration of
cells extracted from the bone marrow, such as high yields of
MSCs (can be measured as CFU-Fs). Furthermore, the pres-
ence of bone marrow cells is completed by the presence of
increased levels of growth factors, cytokines like 1L-8, and
interleukin-1RA.

MSC manufacturing: from conventional cultures to
bioreactors

Despite the vast potential, the MSC therapeutic use is still lim-
ited by the need for in vitro expansion due to the low frequency
of these cells in the tissues of origin (frequency in the bone
marrow, e.g., is 0.001-0.01%) [47] and by the high doses re-
quired for an infusion (1-100 x 106 cells/kg of patient) in some
treatments. Although MSCs are often used in an allogeneic
scenario, their autologous use can also be employed. This
choice, scale-out versus scale-up, shall have a great impact on
the manufacturing process production and, consequently, on
the cost. For MSC autologous use, as a lower cell quantity is
required, the scale-out approach can be followed, increasing the
number of planar culture systems (multiple flasks in cell facto-
ries, preferably fully automated). Considering the MSC alloge-
neic use, it is possible to produce a large number of cells in
bioreactor systems (scale-up approach) and to create a robust
cell bank to supply cells for all therapies [48].

A large number of evidence have demonstrated that the 2D
system compromises the potency of MSC. Additionally,
monolayer culture flasks are considered as “open system,”
because their subculture (inoculation, medium exchange,
and cell harvesting) is carried out in laminar flow cabinets
by direct operator manipulation [49]. Although automation
and robotics could minimize the disadvantages listed above,
this technology is not amenable to scale-up when lots, higher
than 100 billion, of cells are required [50]. Although it still
represents an open system and intensive labour, it offers a
greater surface area for growth per vessel and reduces the
medium requirement compared with T-flasks. Roller bottles
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have been used for MSC tissue engineering applications and
expansion in accordance with good manufacturing practices
(GMP), and quality standards requires a fully closed, control-
lable, and scalable culture system [51]. Bioreactor-based cell
expansion meets these requirements. The bioreactor can be
defined as a culture system in which there is a proper moni-
toring and control of culture variables such as pH, tempera-
ture, oxygen, and carbon dioxide concentration for the main-
tenance of a homogeneous physicochemical environment for
the cells, as well as the support for cell adhesion (adherent
cells) when needed. Several bioreactor types are now available
for MSC expansion.

Bone marrow transplantation in orthopaedic
diseases

Systemic intravenous allogenic MSC transplantation
in orthopedic diseases

The first reports of MSC clinical use occurred between 1995
and 2000 for the treatment of patients with osteogenesis
imperfecta [52—-54]. The results of these first clinical studies
demonstrated the MSC therapeutic potential as well as the
feasibility and safety of such treatments. At that time, it was
assumed that MSCs could engraft and differentiate into mul-
tiple tissues to replace damaged cells [54], as engraftment was
obtained with haematologic stem cells.

Bone marrow mesenchymal cells can differentiate to a va-
riety of tissues including bone, cartilage, muscle, and fat.
Thus, in principle, bone marrow transplantation (BMT) could
provide effective therapy for disorders that involve cells de-
rived from mesenchymal precursors. One attractive candidate
is osteogenesis imperfecta (OI) or “brittle bone disease,” a
genetic disorder caused by defects in type I collagen, the ma-
jor structural protein of the extracellular matrix of bone.
Patients with severe OI have numerous painful fractures, pro-
gressive deformities of the limbs and spine, retarded bone
growth, and short stature. There is no cure for OI, and only
one class of drugs, the bisphosphonates, which can reduce or
prevent bone resorption, appears to have therapeutic potential.
Ideally, therapy for OI should be directed toward improving
bone strength by improving the structural integrity of collagen
and thereby the quality of the bone.

After ex vivo expansion, Horwitz et al. could transplant a
total number of 1 to 5% 106 MSCs per kilogram recipient
body weight in a series of six patients with osteogenesis
imperfecta. In five of them, engraftment of MSCs took place,
proving that, at least when applying ex vivo-expanded MSC,
donor-derived MSCs can settle in the bone marrow [55].
Horwitz et al. detected skin fibroblasts of donor origin after
allogeneic MSC transplantation in children with osteogenesis
imperfecta.
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Systemic intravenous stem cell transplantation in
orthopaedic complications of general diseases

Another unique advantage of MSCs is their immune-
privileged characteristic which is partially due to absence of
expression of histocompatibility complex (MHC) II antigens
that cause immune rejection. The effect of allogenic stem cells
on osteonecrosis [56] was observed in patients with
osteonecrosis secondary to sickle cell disease. The marrow
was infused intravenously for one-half hour, beginning
48 hours after the last infusion of cyclophosphamide. The
dose of nucleated marrow cells that was infused was 200
million per kilogram of body weight. The patient had total
repair of his osteonecrosis.

Over the last ten years, advances in bone marrow transplan-
tation have revolved around four main areas. First has been the
expansion of transplants to include nonmalignant diseases,
with success in patients with thalassaemia, sickle cell disease,
and inherited metabolic diseases.

Local bone marrow MSC implantation in orthopaedic
surgery

Joint osteonecrosis The rationale for cell therapy in
osteonecrosis, as well as the different descriptions of the tech-
nique of implantation of osteogenic progenitor cells, began as
research program in 1985 with the author [57]. The occur-
rence of ONFH may be associated with insufficient MSCs,
or functional defects of MSCs, and the factors that affect the
proliferation and differentiation of MSCs, such as hormones
and alcohol, led to disorder of osteoblast metabolism and ne-
crosis of the femoral head. A decrease in the number of MSCs
was found outside of the area of ONFH in patients with
corticosteroid-induced ONFH. This reduction was in part re-
lated to the absence of MSCs in the osteonecrotic lesion itself
and associated with a global reduction in MSCs in the proxi-
mal part of the femur. As a consequence, cell therapy was
proposed in association with core decompression, and after
animal experiments, the first patient was operated on in
1987 with cell therapy for hip osteonecrosis in the Henri
Mondor Hospital, University of Paris and first results were
reported in English literature in 2002.

Cartilage lesions The current literature demonstrates the po-
tential benefits of utilizing bone marrow aspiration for the
repair of cartilage injury in the clinical setting. Significant
clinical improvement in functional scores was demonstrated
in the treatment of full thickness cartilage injury, post-
traumatic osteoarthritis, and osteochondral lesions. Improved
clinical and histologic results were reported for microfracture
in the treatment of full-thickness chondral lesions. On MRI,
groups treated with bone marrow aspiration (BMA) demon-
strated superior cartilage ingrowth with T2 values closer to

that of superficial hyaline cartilage when compared to either
a control scaffold or MACI alone. Gobbi et al. [58] compared
with microfracture with BMA in the treatment of OCLs and
found that microfracture resulted in 65% normal IKDC at two
years with decline to 27% at five years vs 100% normal at
two years and no decline at five years for patients treated with
BMA. These positive results were found when evaluating
BMA in the treatment of knee osteoarthritis [S9-61].

Tendon lesions One study evaluated open Achilles tendon
repair augmented with BMA and reported excellent functional
outcomes, early mobilization, normal range of motion, and no
re-ruptures at a mean follow-up of 29.7 months [62]. One
study evaluated the use of BMA during rotator cuff repair
and reported enhanced healing rates, improved quality of the
repair surface on ultrasound and MRI, and a decreased risk of
re-rupture when compared to the control group [63].

Is the COVID-19 virus in bone marrow?

The first human cases of COVID-19 were first reported at the
end of December 2019 from Wuhan, China. After nine
months of the pandemic, 4 million of patients contaminated,
and more than 300,000 deaths, it is difficult to answer this
simple question. For haematologists, this question is impor-
tant since access to a stem cell donor might be restricted due to
the donor becoming infected. COVID-19 have been detected
in blood, although at this moment there have not been any
reports of transmission from donor to recipient either in trans-
fusion of blood products or cellular therapies [64]. In case of
diagnosis of COVID-19, a bone marrow donor must be ex-
cluded from donation. But at this time, it is not possible to give
recommendations when such an individual can be cleared for
donation. In terms of pathogenesis, the COVID-19 recognizes
the angiotensin converting enzyme 2 receptor (ACE2) by its
spike protein. ACE2 is widely expressed in human tissues,
including haematopoietic stem [65]. ACE2 stimulates mobili-
zation of progenitor cells from the bone marrow.

For the orthopaedic surgeon, however, it is unclear whether
MSCs could be infected by COVID-19. Mesenchymal stem
cells (MSCs) have been described to have strong immuno-
modulatory properties. These cells have capacity to migrate
to inflammatory sites, having anti-inflammatory and
antifibrotic effects. Thus, MSCs could offer a new therapeutic
approach. Moreover, their regenerative potential in particular,
in vascular dysfunction of COVID-19, could be a good point.
A recent paper suggests that human MSCs are resistant to
COVID-19 infection [66]. For the orthopedist surgeon, using
allografts in the COVID-19 period is a problem: we have no
idea of how long the virus could survive in bone marrow if it is
present.
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