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osteoblasts. Osteoclast-lineage cells have
also been shown to change the expression
levels of chemokines and chemokine
receptors after stimulation by RANKL. These
chemokines and their receptors probably
regulate the migration of the precursors not
only onto the bone surface but also to other
precursors for fusion in an
autocrine/paracrine manner. RANKL
induces the expression of C-C chemokines

such as CCL2 (or monocyte
chemoattractant protein-1, MCP-1)
(8;11;13), CCL3 (or macrophage

inflammatory protein-1a, MIP-1a) (9;11;26),
CCL5 (or regulated on activation, normal T
cell expressed and secreted, RANTES)
(8;11), and CCL9 (or MIP-1y) (10;26), as
well as C-X-C chemokines such as CXCL2
(or MIP-20,) (11) and CXCL10 (or interferon-
y-inducible 10-kDa protein, IP-10) (11;12). In
addition, the chemokine receptors CCR1
(7;8;10;26), CCR2 (7:8;13), CCR3 (10), and
CXCR1 (26) are reported to be induced by
RANKL. During osteoclastogenesis, some
chemokines (for example, CCL3, CCL4,
CCL5, CXCL2, and CXCL10) and receptors
(such as CCR2 and CX3CR1) are
downregulated (5-7;11;12). Presumably,
after the cells mature and arrive at their
destinations, these chemoattractants have
served their function and are no longer
needed. Table 1 summarizes the
chemokines and their receptors, which are
reported to be involved in the migration of
osteoclast precursors.

In addition to protein chemokines, we have
clarified  that  sphingosine-1-phosphate
(S1P), a lipid mediator enriched in blood,
regulates the migration of osteoclast
precursors. S1P is synthesized in most cells,
but is irreversibly degraded by intracellular
S1P lyase or dephosphorylated by S1P
phosphatase. Therefore, the levels of S1P in
most tissues, including bone marrow, are
relatively low. On the other hand, its
concentration in the blood is extremely high.
In addition, S1P is an amphiphilic molecule
that cannot be expelled easily across
membranes. In this way, a S1P gradient
between the blood and tissues is stably
maintained. S1P transmits signals through
GPCRs, as do chemokines. Mammals

possess five types of S1P receptors, S1P;
to S1Ps, and macrophage-monocyte lineage
cells express S1P; and S1P, (27-29). S1P;,
is coupled primarily to PTx-sensitive Gy,
proteins, and S1P, is coupled to Gyyqs, and
Gs. These differences account for the
different biological effects of S1P; and S1P,,
which have opposite effects on osteoclast
precursor migration. Expression levels of
S1P; are reduced by RANKL stimulation,
dependent on NF-«B, not NF-AT. Osteoclast
precursors show chemoattracting responses
to a S1P gradient in vitro, which is blocked
by PTx. In addition, S1P treatment of
osteoclast precursors induced an increase in
the active form of Rac (GTP-Rac),
suggesting that Rac and Gai are involved in
the S1P; chemotactic signaling pathway.
Additionally, S1P; agonists promote the
recirculation of osteoclast precursors and
ameliorate ovariectomy-induced bone loss
(14). On the other hand, S1P; has a binding
affinity for S1P that differs from that of S1P;.
A higher concentration of S1P is required to
activate S1P,, which induced negative
chemotactic responses to a S1P gradient
and causes the cells to move out of the
bloodstream into the bone marrow cavity
(unpublished observation).

Seeing ls Believing

Typically, chemotaxis has been assayed
using several in vitro systems, including
transmigration assays using Transwell filters
or a Boyden chamber (30). These methods
are convenient for determining quantity and
are highly reproducible. However, these in
vitro assay systems may not accurately
reflect in vivo cellular behavior.

Recent technological progress in
fluorescence microscopy, especially two-
photon excitation-based laser microscopy,
has enabled the visualization of dynamic cell
behavior deep inside intact living organs
(23;24). With two-photon microscopy, we
have observed osteoclast migration by
visualizing murine bone marrow in real-time
in a living body (14). There are limitations to
visualizing the deep tissue of bone, because
the crystallized calcium phosphate in the
bone matrix scatters both visible and
infrared light. However, we have developed
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Table 1. Chemoatiractants and repellents for osteociast precursors. The lines indicate possible interactions
between the ligands and the receptors. OC: osteoclast; BM: bone marrow.

Ligand {ref} Receptor (ref}

O~ chemokines

CCL2 (811,13 MCP-1 CCR1(7;8,10;28) homing

CCL3 (8;11;26) MIP-Ta CCRZ{7;813)  homing

COL4 {11} MIP-154 COR {10} ?

COL5 (8:11) RANTES CCR4 ?

COLT (10:13) MCP-3 % CCRS (8;10,28)  homing

CCLGMO (10;26)  MIP-1y CCR7 (10) ?

CCL1Z (1) MCP-5 CCRE e

CCL1S ELC CCR10 (10) ?

CeL21 SLC y

CCL22 (10) MEC

CCL25 (1) TECK

CCL27 CTARK

GoL28 MEC

C-X-C chemokines

CXCLZ (1) MIP-2¢c CXCR2 {11} OG maturation

CXCL10 (11,12) P10 CXCR3 {12} OC maturation

CXCLi1 (1) IP-GHTAG . CXCR4 (5:8) 8M homing

CXCL12 (5:8) SDF-1a/p wr"" CXCR5 ?

CXCL13 (10) scat

C-X3-C chemokines

CXCL1 (7 Fractalkine CX,CR1{7;10y  homing, attachment

Lipid mediator

Sip S1P, (14} re-circulation
a novel intravital imaging system for Intravital imaging is making a great

visualizing the living bone marrow cavity
with  high spatiotemporal resolution. We
chose the skull of a mouse as the
observation site because it is about 100 pm
thick, which is within the range of two-
photon microscopy (31). Monocytes present
in the bone marrow cavity, including
osteoclast  precursors, are  generally
stationary. However, a subset of these cells
becomes motile shortly after the intravenous
application of SEW2871, a selective S1P1
agonist, with some of the mobilized cells
entering the blood circulation. Thus, S1P1
agonists promote the recirculation of
osteoclast precursor monocytes from the
bone surface into the blood, thereby
repressing osteoclastogenesis (14;15).

contribution to visualizing these animated
processes in vivo. It provides spatiotemporal
information in a living body, which cannot be
procured by other methods. This approach
has revealed active features of both
physiological bone  homeostasis and
pathological bone destruction. Nevertheless,
intravital microscopy imaging has several
limitations. First, two-photon microscopy has
a penetration depth of up to 200 um in hard
tissues, and thus deeper tissues cannot be
observed. Given this resolution limitation,
the technique is applicable only in small
animal models such as mice and rats, and
not in humans. Second, owing to the wide
scattering of light on the skin, it is necessary
to exteriorize the target organ, and it is
difficult to observe tubular bones. To
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overcome these limitations, technical
innovations in fluorescent probes and optical
systems are needed, including improved
emission light and resolution.

In the future, in addition to its use in viewing
morphology and motion, intravital imaging
will be applied to functional analyses. This
will  be possible by using new

photoresponsive fluorescent proteins that
change fluorescence upon absorbing light
energy of specific wavelengths, e.g.,
photoactivation (acquiring fluorescence) and
photoconversion (changing the wavelength
of the emitted light) (32;33), and light-
sensing devices such as photo-activating
GPCRs (34;35).

[Osteoclast |

Bone surface

Fig. 1. Several chemoatiractants control the behavior of monocyte/macrophage-lineage osteoclast
precursors. Bone-attraction molecules such as CXCL12 attract osteoclast precursors into the bone marrow
cavity from the bloodstream. Then, bone-attachment inducers such as CX3CL1 recruit and attach the
precursors to the bone surface, where they resorb bone. Finally, paracrine effectors such as CCL2 and
CCL5 cause the precursor cells to fuse with each other. Circular-attraction molecules such as S1P drive the
cells out of the bone marrow cavity and into the bloodstream. To maintain bone homeostasis, these
processes regulate the number of osteoblastic stromal cell-derived osteoclast precursors on the bone
surface that are available for stimulation by M-CSF, RANKL, or Eph.

Conclusion

Osteoclastogenesis can be considered to
occur in three steps: 1) recruitment of
precursors; 2) cell fusion; and 3) bone
resorption. Of these, cell recruitment is the
most dynamic step and the most dependent
on the microenvironment of the bone
marrow cavity. The results achieved so far
are summarized in Fig. 1. Briefly, the
regulation of monocyte-lineage osteoclast
precursor migration is critical for the

development of osteoclasts and the
maintenance of bone homeostasis. Several
chemokines recruit osteoclast precursors to
sites of resorption, and cause them fo fuse
with each other, and other circular-attraction
molecules such as S1P drive osteoclast
precursors out of the bone marrow cavity.
Given the importance of temporospatial
information in elucidating these processes,
infravital imaging has made a huge
contribution. For example, this new
technique has revealed that several
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chemoattractants act in concert to shepherd
osteoclast precursors to appropriate sites.
Controlling the recruitment and migration of
osteoclast precursors can be a promising
new therapeutic target for bone diseases. In
addition, intravital imaging will afford new

opportunities  for

studying both the

physiology and pathology of bone.
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Intravital two-photon imaging: a versatile tool for
dissecting the immune system

Taeko Ishii, Masaru Ishii

ABSTRACT

During the past decade, multi-photon or ‘two-
photon’ excitation microscopy has launched a new
era in the field of biological imaging. The near-
infrared excitation laser for two-photon micros-
copy can penetrate thicker specimens, enabling the
visualisation of living cell behaviour deep within
tissues and organs without thin sectioning. The
minimised photobleaching and toxicity enables
the visualisation of live and intact specimens for
extended periods. In this brief review, recent find-
ings in intravital two-photon imaging for the phys-
iology and pathology of the immune system are
discussed. The immune system configures highly
dynamic networks, where many cell types actively
travel throughout the body and interact with each
other in specific areas. Hence, real-time intravital
imaging may be a powerful tool for dissecting the
mechanisms of this dynamic system.

The most unique characteristic of the immune
system is its highly dynamic nature. A variety of
cell types, such as lymphocytes, macrophages and
dendritic cells (DCs), are continuously circulat-
ing throughout the body, migrating through the
peripheral tissues and interacting with each other
in their respective niches. Conventional methodol-
ogies in immunology, such as flow cytometry, cell
or tissue culture, biochemistry and histology, have
brought tremendous achievement within this field,
although the dynamics of immune cells in an entire
animal remain less clear.

Technological progress of fluorescence micros-
copy has enabled us to visualise the intact bio-
logical phenomenon that has been uninvestigated.
Among the advancements, the recent emergence
and prevalence of two-photon, excitation-based,
laser microscopy has revolutionised the research
field, such that the dynamic behaviour of cells deep
inside living organs can be visualised and analysed.

ADVANTAGES OF TWO-PHOTON IMAGING

Here we briefly describe the advantages of the two-
photon microscopy compared with conventional
(single-photon) confocal microscopy.'™ In confo-
cal microscopy, upon excitation, a fluorophore
molecule absorbs energy from a single photon
and thereafter releases the energy as an emission
photon. In contrast, in two-photon excitation, a
fluorophore absorbs two photons simultaneously.
Such an event rarely occurs, and can only occur in
areas of high photon density. Based on this prin-
ciple, two-photon microscopy can spatially confine
the excitation area to the focal point of an objec-
tive lens, which concentrates photons into a very
small area. The spatiotemporally restricted exci-
tation provides many advantages over confocal
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microscopy for biological imaging. First, bright and
high-resolution images can be obtained of regions
deep inside tissues and organs. Because near-infra-
red lasers for two-photon excitation can penetrate
deeper with less absorption or scattering than vis-
ible or UV light as used with confocal microscopy,
objects can be visualised at a depth of 100~1000 pm
with two-photon microscopy, whereas areas
<100 pm are accessed with confocal microscopy.
This capacity is especially useful for dissecting live
tissues and organs. A broader range of tissue can
be seen using conventional microscopy if the speci-
men is fixed and thin-sectioned, but the cells in
the section are dead and not moving. To visualise
the cells moving in live specimens, the areas to be
analysed are sometimes lying deep inside. In such
cases, two-photon excitation microscopy enables
one to see the inside from the surface without fixa-
tion or thin-sectioning. In addition, excitation with
near-infrared lasers can minimise photobleaching,
the destruction of flucrophores and phototoxicity-
induced tissue damage, which is beneficial for live
imaging over an extended period of time.

Another advantage of two-photon microscopy
is the non-linear optical effects such as second-
harmonic generation. > Owing to the intensity of
the laser passing through a highly polarised mate-
rial, second-harmonic emission at precisely half the
wavelength of the original light is generated. Using
near-infrared lasers for two-photon excitation, the
second-harmonic emission is in the range of the vis-
ible wavelength. Because many intrinsic biological
structures, including collagen fibre, muscle, brain,
cornea and bone, induce this kind of effect, these
structures can be visualised without labelling them
with exogenous probes.

Two-photon excited in vivo real-time imaging
has revolutionised biology. In the following sec-
tions, we summarise findings in the field of immu-
nology, focusing on the physiology and pathology
of the immune system.

IMAGING OF THE IMMUNE SYSTEM

Lymphoid tissues

One of the first applications of two-photon imag-
ing of the immune system was an explanted
lymph node.5 It was reported that naive T cells
showed higher mobility than B cells in an intact
lymph node, and that their speed was as rapid as
25 pm/min. These results challenged the previous
belief that T cells were immobile without antigen
stimulation. Further observations have modified
the ‘random-walk model’ of T cells to 2 model of
‘organised migration’, probably because unstained
objects such as other cells, stroma and the reticular
network could not be detected.?7 8
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Real-time observations have also shown that T cells change
their migration behaviour upon contact with antigen-presenting
cells.” ® At the induction of priming, when T cells encounter acti-
vated antigen-presenting DCs during their rapid movement in a
lymph node, they make stable complexes that last for several
hours at least. Subsequently, the T cells become motile again.
On the other hand, during tolerance induction, T cells have
much shorter sustained contact with DCs.

Conventionally, it has been assumed that B-cell proliferation
occurs only in the germinal centre and that activated T cells, with
decreased expression of C-C chemokine receptor 7 (CCR7) and
increased expression of C-X-C chemokine receptor 5 (CXCRS),
migrate towards B-cell follicles to help promote antibody pro-
duction. Interestingly, real-time imaging has shown that B cells
upregulate CCRY expression and migrate to the boundary of the
follicle.” ?

Intravital imaging has disclosed these dynamic interactions,
but two important questions remain: What contributes to the
differences between priming and tolerance? What regulates the
differences in interaction times?

Thymus

In thymic organ cultures, two-photon microscopy has shown
interactions between thymocyte and stromal cells during posi-
tive and negative selection.!” The immature CD4 CD8 double-
positive thymocytes localise in the outer cortex. During positive
selection, they become CD4CD8" or CD4~CD? single-positive
thymocytes, and migrate to the central medulla. Real-time imag-
ing revealed that thymocytes were highly motile and that major
histocompatibility complex (MHC) recognition by thymocytes
was associated with both stable and dynamic contacts with
thymic stromal cells. The different interaction patterns could be
associated with different signals or could correspond to differ-
ent stages of positive selection. After positive selection, the thy-
mocyte population displayed rapid, directed migration toward
the medulla.’® Compared with thymocytes in the cortex, the
medullary thymocytes migrated limitlessly and more rapidly,
and made frequent and transient contacts with DCs. During
negative selection, thymocytes migrated slowly and in a highly
confined manner within zones of up to 30 pm in diameter.!!

objective

Bone marrow
There is an inherent limitation to visualising the deep tissue
of bone, because both visible and infrared light are easily scat-
tered by crystallised calcium phosphate in the bone matrix.12-14
However, the mouse skull is only 100 pm thick, which is thin
enough to be within the range of two-photon microscopy. A
pilot study showed that central memory CD8 T cells were pref-
erentially recruited to, and accumulated in, the bone marrow
cavity and interacted with mature circulating DCs.18 14

We have developed a novel intravital two-photon imaging
system for visualising the living bone marrow cavity with high
spatiotemporal resolution (figure 1). Using this technique, we
have demonstrated that osteoclast precursors migrate under the
influence of several chemoattractants and chemorepellants 8 15 16
The bone marrow is one of the critical developmental sites in the
immune system, and bone tissue has a crucial role in the mainte-
nance of its structure. Bone is an active organ, which is continu-
ously remodelled and kept in equilibrium between resorption
by osteoclasts and formation by ostecblasts. The disruption of
this balance leads to several pathological states, such as osteo-
porosis, tumour-induced osteolysis and rheumatoid arthritis. In
bone-resorptive conditions, osteoclasts are excessively activated
and contribute to bone destruction. Osteoclasts are giant multi-
nucleate cells that stem from the monocyte-macrophage lineage
of precursor cells. It had remained to be determined where and
how the precursors were recruited on the bone surface. Using
real-time two-photon microscopy in vivo, we observed migra-
tion of osteoclast precursors between the bone marrow cavity
and blood vessels, and found that this process depended on
C-X-C chemokine ligand 12 (CXCL12), stromal cell-derived
factor 1 (SDF-1) and a signalling sphingolipid, suphingosine-1-
phospate.

Blood vessels

Following activation within the lvmph nodes, immune cells can
enter inflamed tissues through blood vessels.” 7 Neutrophils
are innate cell types that are first recruited to the inflamed sites.
Intravital microscopy has observed tethering, rolling, crawling
and invasion of these cells out of circulation and into the tissues
in real time. This recruitment is controlled by several selectin

Figure 1 Intravital two-photon imaging of bone marrow. A vertical section of calvaria bone from lysozyme M promoter driven mice expressing
enhanced green fluorescent protein {left panel) and intravital imaging of the bone surface using two-photon microscopy (right panel). Blood vessels
were visualised by Texas Red-conjugated high molecular dextrans {70 kDa) injected intravenously. Scale bars represent 100 1/m {left panel) and 30 um

(right panel), respectively.
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adhesion molecules, such as P-selectin, E-selectin and L-selectin,
as well as integrins. The paths of neutrophil emigration are
still controversial. There are two possible routes: a paracellular
route, in which neutrophils emigrate at cell-cell junctions, and a
transcellular route, in which they emigrate through the endothe-
lial cells.

In addition to neutrophils, monocytes and macrophages
also circulate through the vascular system, crawling over the
endothelial cell surface.'” Their attachment depends on inter-
actions between CXj-chemokine receptor 1 (CX,CR1) and
CX;-chemokine ligand 1 (CX,CL1) and between lymphocyte
function-associated antigen 1 (LFA1) and intercellular adhesion
molecule 1 (ICAM1).

Autoimmune models
Antigen-specific pathogenic T cells have been visualised to
migrate through the spinal cord in a murine encephalitis model,

[ EIA.'® At this site, T cells can be highly motile and arrest anti-

gens upon recognition in the same manner as seen in lymph
nodes. In a type I diabetes model using NOD mice, the inter-
action between antigen-specific T cells and DCs was observed
in a draining lymph node.! Islet antigen-specific CD4CD25-
T helper cells (Th cells) and regulatory T cells (Treg cells) homed
to similar areas of the lymph node and their movement patterns
were indistinguishable from each other—that is, they both
swarmed and arrested in the presence of antigens. No stable
interaction between Th cells and Treg cells was seen, but Treg
cells directly interacted with DCs and inhibited Th cell activa-
tion via DCs.

FUTURE CHALLENGES

The greatest strength of intravital imaging, the ability to obtain
spatiotemporal information in a living body, is not feasible by
other methods. This approach has revealed and continues to
reveal dynamic features of the immune system including the
physiological and pathological process. However, there are
several limitations to two-photon microscopy imaging. First,
although it has a more extensive penetration depth, it can only
image up to 800-1000 pm in soft tissues such as the brain and up
to 200 pm in hard tissues such as bone and therefore is not appli-
cable to humans but rather only to small animal models such
as mice and rats. Owing to the wide scattering of light by the
skin, it is necessary to exteriorise the target organ, and there is a
possibility that operative invasion and changes in oxygen con-
centration and humidity might influence cellular behaviour. To

resolve these concerns, technical innovations in fluorochrome -

and optical systems are expected, including improvements to
light emission and resolution.

In the future, intravital microscopy will be applied to both
observation and functional analysis. Newly developed fluores-
cence tools, such as cell cycle indicators,?® and light-sensing
devices, such as light-induced G protein activators, are being
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introduced ?! These new approaches are continuing to expand
the capacity of in vivo imaging.

CONCLUSIONS

In the past decade, two-photon microscopy has expanded the
horizon of intravital imaging. This new technique enables the
visualisation of complicated systems of the living body, in which
multiple cells are involved. Some technical limitations remain;
however, it seems that the range of application is continually
increasing.
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The role of borie marrow cells in repairing ectodermal tissue, such
as skin epidermis, is not clear. To explore this process further, this
study examined a particular form of cutaneous repair, skin graft-
ing. Grafting of full thickness wild-type mouse skin onto mice that
had received a green fluorescent protein-bone marrow transplant
after whole body irradiation led to an abundance of bone marrow-
derived epithelial cells in follicular and interfollicular epidermis
that persisted for at least 5 mo. The source of the epithelial pro-
genitors was the nonhematopoietic, platelet-derived growth fac-
tor receptor a-positive (Lin™/PDGFRo*) bone marrow cell population.
Skin grafts release high mobility group box 1 (HMGB?1) in vitro and
in vivo, which can mobilize the Lin"/PDGFRa* cells from bone mar-
row to target the engrafted skin. These data provide unigue in-
sight into how skin grafts facilitate tissue repair and identify
strategies germane to regenerative medicine for skin and, per-
haps, other ectodermal defects or diseases.

epidermolysis bullosa | skin injury | stem cells | keratinocyte | tissue
regeneration

Bon@ marrow (BM) cells contribute a substantial proportion of
cells, both inflammatory and noninflammatory, that have
roles in tissue homeostasis, repair, and regeneration. Such cells
may be derived from either hematopoietic or mesenchymal stem
cell populations, and subpopulations thereof can differentiate
into both hematopoietic and mesenchymal lineage cells (for re-
view, see refs. 1 and 2).

In skin, studies have shown that BM provides fibroblast-like
cells in the dermis (of hematopoietic and mesenchymal lineages)
and that the number of these cells increases after skin wounding
(3, 4). BM can also generate epithelial cells, i.e., keratinocytes, in
the epithelia, although the precise derivations and mechanisms
to raise BM-derived keratinocytes are not fully known (3, 5-16).
Human/mouse studies involving transplantation of sex-mismatched
or genetically tagged BM cells have shown that keratin-positive
bone marrow-derived cells can be found in skin epidermis. hair
follicles, and sebaceous glands (6, 8, 9, 11, 12, 14, 16), sites that
harbor skin stem cell niches (17). Moreover, in humans who have
undergone BM transplantation (BMT), donor cells that have
differentiated into keratinocytes can be detected in the epider-
mis for at least 3 y (8),

BM cells also contribute to skin development: Infusion of
green fluorescent protein (GFP) BM cells in utero in mice leads
to accumulation of a subpopulation of GFP-positive cells in
nonwounded skin dermis, particularly in association with de-
veloping hair follicles (18). With regard to skin injury, both
embryonic and postnatal transplantation of BM cells into mice
lacking the skin protein, type VII collagen (Col 7) as well as
postnatal studies in mice lacking type XVII collagen, basement
membrane components that normally help secure adhesion be-
tween the epidermal and dermal skin layers, have demonstrated
the capacity of BM to promote skin wound healing and to correct

www.pnas.org/cgi/doi/10.1073/pnas. 1016753108

the intrinsic basement membrane defect (18~20). Most recently,
a clinical trial of allogeneic whole BMT in humans lacking Col 7
(who have the inherited blistering skin disorder, recessive dys-
trophic epidermolysis bullosa, RDEB; OMIM226600) (21) has
demonstrated that BM cells can repair fragile skin and restore
Col 7 expression in skin basement membrane (22).

Collectively, however, these animal and human studies have
shown that BM-derived keratinocytes are an extremely rare
finding in the epidermis. Indeed, analyses in two different murine
models have shown that BM-derived keratinocytes comprise only
~0.0001-0.0003% of all keratinocytes in the new epidermis (13).
The relative scarcity of such cells therefore raises questions
about their biological significance. For example, it is not known
whether these cells have a physiological role in epithelial re-
generation and, if they do, under what circumstances? Moreover,
it is not clear which particular cells in BM contribute to the
epithelial repair. Furthermore, there is little awareness of the
mechanism(s) through which the damaged epithelium signals to
invoke mobilization and recruitment of the key BM cells. In this
study, we have begun to address these questions, and here report
identification of a specific subset of BM cells with epithelial
differentiation potential as well as a unique in vivo mechanism
through which these cells contribute to epithelial regeneration
and maintenance,

Results

We first examined the contribution of BM-derived cells to epi-
thelial regeneration in murine skin wounds. The wounds were
created by using a scalpel and involved excision of a picce of full-
thickness skin (i.e., including epidermis and dermis) thus creat-
ing an ulcer. The mice selected for wounding had received lethal
dose irradiation followed by GFP-BMT, thereby allowing us to
evaluate the contribution of GFP-BM cells to skin regeneration
after injury (Fig. 14). At 4 wk after the injury, GFP-positive
keratinocytes were not obvious (Fig. 1B), indicating a minimal, if
any, contribution of BM cells to epithelial regeneration, findings
consistent with previous data (13). We then used the same
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Fig. 1. BM-derived cells contribute to epidermal and follicular renewal in
skin grafts, but not in skin wounds. (4) Schematic outlining details of the
skin wound model on GFP-BMT mice. (B) Confocal-laser microscopy of skin
sections from the reepithelialized wounds. Green fluorescence in the dermis
represents BM-derived cells. Note that there is no GFP fluorescence within
the regenerated epithelia. (C) Schematic outlining details of the skin en-
graftment of GFP-BMT mice. (D) Confocal-laser microscopy of skin sections
from the 4-wk skin graft. Green fluorescence in the epidermis and the dermis
represent BM-derived cells. Arrows indicate EPU-like structures that are
composed of BM-derived epithelial cells emanating from the basal layer
(white arrows) within the epidermis to the horny layer (red arrowheads). (F)
Confocal-laser microscopy pictures of skin sections from the 5-mo skin graft.
Green fluorescence in the epidermis, the hair follicles, and the dermis rep-
resent BM-derived cells. Arrows in Upper indicate sustained BM-derived epi-
thelial cells emanating from the basal layer (white arrows) to the horny layer
(red arrows). White arrows in Lower indicate sustained BM-derived follicular
cells. Note that hair shafts show nonspecific auto-fluorescence (asterisks).
White dotted lines indicate the dermal-epidermal and dermal-follicular
junctions. (Scale bars: 50 um.)

mouse model to examine a different form of skin repair, skin
grafting, to further explore the potential contribution of BM cells
(Fig. 1C). Surprisingly, we noted that significant numbers of
GFP-positive cells expressing skin-specific keratin 5 formed
epidermal proliferative unit (EPU)-like clusters in the epidermis

6610 | www.pnas.org/cgi/doil10.1073/pnas. 1016753108

of the skin graft in biopsies taken 4 wk after the engraftment
(Fig. 1D and Fig. S14). Furthermore, the BM-derived GFP-
positive keratinocytes were maintained in the epidermis and hair
follicles 5 mo after the engraftment (Fig. 1E and Fig. S1B).
Given that mouse epidermis is renewed every 2-3 wk by epi-
thelial stem cell-derived keratinocytes, those long-residing GFP
BM-derived epithelial cells in the 5-mo-old graft are likely to
contain epithelial progenitor/stem cells.

To assess whether the BM-derived epidermal cells might have
functional significance, we then searched for BM-derived cells in
the skin of Col 7-null mice engrafted onto the GFP-BMT mice
(Fig. 24). Because these mice have complete detachment of the
epidermis after birth due to extensive skin and mucous mem-
brane fragility (Fig. 24) (23), we anticipated a potentially greater
contribution of BM-derived cells in the regenerating epithelia of
the engrafted Col 7-null mouse skin. The engrafted Col 7-null
mouse skin initially showed extensive subepidermal detachment,
similar to the skin pathology seen in human patients with RDEB
(21). At 4 wk after the engraftment, we noted an even greater
contribution of GFP-positive cells expressing keratinocyte-
specific keratins in the regenerating epidermis and hair follicles
of the engrafted Col 7-null mouse skin (Fig. 2 B-D and Fig. S2).
Moreover, new Col 7 protein was present at the cutaneous
basement membrane zone in the engrafted Col 7-null mouse skin
(Fig. 2E). Notably, Col 7 labeling was maximal in the basement
membrane adjacent to GFP-BM-derived epithelial cells. Evi-
dence for BM-derived epithelial cells was further confirmed by
demonstration of GFP-positive individual keratinocytes from the
grafted skin by means of both flow cytometric analysis and cell
culture (Fig. 2 F and G).

Collectively, these data showed that a subpopulation of BM
cells contribute to epithelial regeneration and maintenance in
these murine skin graft models. Analyses of sex chromatin num-
bers and fusion-dependent enhanced GFP expression in BM-
derived epithelial cells in the grafted skin did not show any evi-
dence for cell fusion, suggesting differentiation of the BM-derived
cells as the likely mechanism for raising BM-derived keratinocytes
in the skin graft (Figs. $3 and $4). Reverse wild-type BMT in
a GFP mouse, followed by engrafting Col 7-null mouse skin onto
the back of this mouse, excluded other possible extrinsic sources of
keratinocytes in the skin graft besides the BM (Fig. S5).

We then investigated the subpopulation of BM cells that has
the potential for epithelial differentiation. Recent studies have
shown that the PDGFRo-positive nonhematopoietic BM cell
population contains ectoderm-derived mesenchymal stem cells
(MSCs) (24-26), indicating that perhaps PDGFRa™ BM cells might
be a putative source of BM-derived keratinocytes in the skin graft.
To test this hypothesis, we examined BM from a heterozygous
knock-in mouse in which a histone H2B-GFP fusion gene was
inserted into the locus of the PDGFRe gene (PDGFRo-H2BGEP
mouse); this knock-in results in accumulation of GFP fluores-
cence within the nuclei of PDGFRa-expressing cells. We found
that the PDGFRa™ BM cells were exclusively enriched in the
Lineage-negative (Lin~) cell population from the knock-in mouse
BM (Fig. 56) and that the Lin™ population provided proliferating
PDGFRa" fibroblastic cells in culture (Fig. 34). Lin~ indicates
negativity for the cell surface antigens CDS5, B220, CD11b, Gr-1,
74, and Ter-119 and excludes mature hematopoietic cells, such
as T cells, B cells, monocytes/macrophages, granulocytes, and
erythrocytes/their committed precursors from BM. Flow cyto-
metric analysis indicated that the Lin~ and PDGFRa™ gLin"/
PDGFRa™) cells were independent from the Lin~/c-kit* cell
population, which includes a hematopoietic stem cell pool (Lin™/
c-kit*/Sca-1") in BM (Fig. 3B and Fig. $7). We found that Lin™
cell populations collectively accounted for ~5.6% of the total
number of BM cells (Fig. 3B). The Lin /PDGFRa /c-kit* and
Lin™/PDGFRo/c-kit™ BM cells comprised ~2.28% and ~3.11%
of total BM cells, respectively. We observed that the Lin™/
PDGFRa™ BM cells (20.22% of the total BM cells) could ex-
clusively generate BM-derived epithelial cells expressing keratin
5 in culture after supplementation with skin soaked buffer (SSB),
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Fig. 2. BM cells substantially contribute to the repair of grafted Col 7-null
epidermis. (4) Schematic picture of the Col 7-null skin engraftment on GFP-
BMT mice (Left); hematoxylin-eosin staining of Col 7-null mouse skin (Left
Center). Asterisks indicate separation of the epidermis (£) from the dermis
(D); Col 7 immunostaining in the Col 7-null skin (Right Center). (Right)
Arrows indicate dermal-epidermal junction, Col 7 staining of wild-type
mouse skin. Green color indicates Col 7 staining. (B) Accumulation of GFP
fluorescence (Lower) within the region of the Col 7-null skin graft (Upper).
The white dotted line indicates the margins of the skin graft. (C and D)
Confocal-laser microscopy pictures of sections from the Col 7-null mouse skin
that had been surgically grafted. Blue color indicates DAPI staining. Green
fluorescence in the epidermis and the dermis represents BM-derived cells.
Red labeling indicates keratin 5 (K5; C) or keratin 10 (K10; D) immunofluo-
rescence. Yellow color image represents BM-derived celis that express both
GFP {green) and K5 (red; C) or K10 (red; D). (F) Col 7 expression in grafted
Col 7-nuil mouse skin. White dotted lines indicate dermal-epidermal and
dermal-follicular junctions. White arrows indicate immunofluorescence for
Col 7 (red) at the basement membrane zone. (Scale bars: 50 um.} (F) Flow
cytometric analysis for K5 and GFP in the epidermal cell suspension of Col 7-
null skin engrafted onto a GFP-BMT mouse (Upper Left), wild-type mouse
skin (Lower Left), and the GFP-transgenic mouse skin (Lower Right). Upper
Right shows isotype control for K5 in the epidermis of the grafted Col 7-null
skin. (G) Confocal-laser micrographs of cultured BM-derived epithelial cells
isolated from the epidermis of the Col 7-null skin graft labeled with GFP or K5.

in which excised newborn mouse skin had been soaked in phos-
phate buffer saline (PBS) for 24 h (Fig. 3C and Fig. 58). The
Lin™/PDGFRea™ cell population also contained adherent and
proliferative cells in culture, but none of these cells showed
differentiation into keratin 5-positive keratinocytes with SSB
supplementation (Fig. S8). These data suggest that the BM-
derived keratinocytes are not of hematopoietic origin, but instead
are derived from a specific subpopulation of Lin"/PDGFRa* BM

Tamai et al.
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Fig. 3. Characterization of BM celis of the PDGFRe knock-in mouse dem-

onstrates that PDGFRu" subpopulation give rise to epithelial progenitors. (4)
Phase-contrast (Left) and GFP-fluorescent (Right) micrographs of the Lin™ BM
cells in culture. All adherent and proliferating Lin~ cells were positive with
PDGFRa-GFP labeling in their nuclei. (B) Flow cytometry analysis for PDGFRa-
GFP and c-kit expression on the Lin~ cells in total BM cells of the PDGFR
knock-in mice. The number (%) in the chart represents the population of
each fraction in the total number of BM cells. Note that there is no pop-
ulation in the PDGFRa-positive and c-kit-positive fraction (upper right cor-
ner) in BM. (C) Confocal-laser micrographs of cultured bone marrow cells
(BMCs) from a heterozygous knock-in mouse with a histone H2B-GFP fusion
gene inserted into the PDGFRa gene locus. PDGFRa promoter-dependent
H2B-GFP expression was noted by accumulation of GFP fluorescence in the
nuclei (PDGFRa/H2B-GFP, indicated by white arrows; Upper Right) of cells
expressing K5 (Lower Left).

cells. In this context, additional flow cytometry analysis of the
Lin™/PDGFRa™ BM cells did not show expression of CD146 or
CD271 (Fig. 59), both of which are established markers of human
BM MSCs (27), indicating different cell surface molecule profiles
for human BM MSCs and mouse Lin"/PDGFRa™ BM cells.
We then investigated the mechanism through which the
transplanted skin graft is able to recruit Lin"/PDGFRo™ cells
from the BM. First, we established a Boyden chamber migration
assay to demonstrate that Lin”/PDGFRa™ BM cells migrate
toward one or more chemoattractants in SSB (Fig. 44). We then
assessed which molecules in the SSB have the capacity to induce
migration of Lin"/PDGFRa" BM cells. We noted that a heparin-
binding fraction of SSB was able to induce robust migration of
the Lin /PDGFRa™ BM cells (Fig. 4B). This finding supports the
notion that the excised skin graft can release heparin-binding
molecules capable of attracting these particular BM cells. To find
the precise molecules involved, we fractionated SSB by heparin-
affinity chromatography and obtained several fractions with
strong activity for inducing Lin"/PDGFRa™ BM cell migration
(Fig. S10). Some fractions had strong cell-migrating activity but
comparatively less protein expression: These fractions were then
subjected to SDS/PAGE analysis (Fig. 4C). Three prominent
silver-stained proteins were observed in the gel, which were then
further analyzed by liquid chromatography/tandem mass spec-
trometry. They were identified as nucleolin, anti-thrombin II1
(AT-III), and high mobility group box 1 (HMGB1) (Fig. 4C).
Nucleolin is a eukaryotic nucleolar phosphoprotein that is in-
volved in the synthesis and maturation of ribosomes in nucleoli
(28). AT-IIL is a well-characterized anticoagulant molecule gen-
erated in the liver, and which exists in blood plasma (29).
HMGBI, also known as amphoterin, is a nuclear protein that can
regulate chromatin structure and gene expression (30). It is also
released from necrotic cells and some apoptotic cells and acts
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as an inflammatory regulator. Other studies, however, have in-
dicated that HMGB1 may also act as a local chemo-attractant for
various hematopoietic and nonhematopoietic cells that can reg-
ulate tissue remodeling (31).

The next objective was to determine the time course for re-
lease of the proteins from excised skin graft into the buffer (Fig.
4D). Of note, both HMGB1 and AT-III were rapidly released
within a few minutes into the SSB fraction that demonstrated
strong chemoattractant activity for Lin"/PDGFRoa™ BM cells.
AT-II secretion continued at similar levels for at least 48 h,
whereas HMGBI release gradually declined after ~8 h—a time
course that paralleled the chemoattraction findings. With regard
to nucleolin, its presence in the SSB only started 2 h after in-
cubation, possibly reflecting the consequences of necrosis in the
excised skin. To evaluate the chemoattractant properties, we
expressed mouse HMGBI in HEK293 cells and compared the in
vitro activity of the purified recombinant protein to induce Lin™/
PDGFRa™ BM cell migration. Recombinant AT-III and nucle-
olin were also assessed, but cell migration assays demonstrated
that only HMGBI could induce migration of these particular BM
cells (Fig. 4F). We also explored the nature of the receptor on Lin™/
PDGFRo™ BM cells relevant to the cell migration and excluded
a role for two known receptors that can mediate the extracellular
cytokine effects of HMGBI, the receptor for advanced glycation
endproduct (RAGE) and toll-like receptor (TLR) 4 (32-34) (see
SI Resulis and Discussion and Fig. 811 for details).

Next, we explored the source of HMGBI in the grafted skin.
Immunofluorescent microscopy analysis of HMGBI protein in
the skin graft showed abundant staining in the epidermis and
much less in the dermis, reflecting the higher cellularity in the
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conjugated Texas Red. (Scale bar: 50 pm.)

epidermis (Fig. S12). We then analyzed Col 7-null mouse skin for
HMGBI release and noted that the detached epithelia (blister
roofs) released significant amounts of HMGB1 after soaking in
PBS (Fig. S13 4 and B). These observations suggest that the
epithelial tissue in the skin graft could be a significant source of
HMGBL in vivo. Further support for damaged epithelium as a
source of HMGBI was demonstrated by finding elevated HMGB1
in freshly generated subepidermal blister fluid of human subjects
with RDEB (n = 3) (Fig. S13C). We then investigated the sys-
temic effects of HMGB1 after skin injury. We first measured
HMGBI levels in the sera of mice that had received a skin graft of
wild-type newborn mouse skin (Fig. 4F). We observed a marked
increase in HMGB1 serum levels 3 d after grafting. Of note,
however, no increase in serum HMGBI was noted in mice with
full thickness wounds but no skin graft (Fig. $13D), suggesting that
the transplanted epithelial tissue is likely to be the source of the
elevated HMGBI in the sera. We also detected ~60-fold higher
levels of HMGBI in the sera of individuals with RDEB (n = 3)
compared with similarly aged normal control subjects (n = 3)
(Fig. S13E). These observations led us to hypothesize that Sys-
temic elevation of HMGBI in the blood might positively induce
recruitment of Lin”/PDGFRa™ cells from BM to raise BM-de-
rived keratinocytes (as well as fibroblasts) in the regenerating
injured skin, and that this might be one mechanism through
which the practice of skin grafting achieves its clinical goals.

To confirm this hypothesis, we systemically administered re-
combinant HMGBT at levels similar to that seen in the sera of
skin grafted mice to wild-type mice. We observed that this action
could mobilize Lin”/PDGFRa™ BM cells into the blood circu-
lation (Fig. 4G). Lower doses of HMGBI failed to mobilize
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these cells (Fig. $14). We noted no local or systemic inflam-
mation or other potentially adverse effects in the mice, despite
the high doses of systemic HMGB1 administered (Fig. $15).
To further investigate the mechanics of this mobilization by
HMGBI in vivo, we performed intravital two-photon imaging
of calvaria BM in living PDGFRa-H2BGFP mice. This experi-
ment showed that HMGBI could mobilize PDGFRa-positive
cells, allowing them to congregate around blood vessels and,
thereby, allow egress into the circulation in vivo (Fig. 4H).

To confirm that the mobilized BM-derived PDGFRo™ cir-
culating cells provide the epithelial cells in vivo, we combi-
ned FACS-sorted PDGFRa*/GFP* BM cells with wild-type
PDGFRa™ BM cells and transplanted these cells to lethally ir-
radiated mice, which then received skin grafts of Col 7-null mouse
skin (Fig. 54). Very few cells were GFP-positive in the peripheral
blood mononuclear cell populations of the PDGFRa*/GFP* BM
transplanted mice (Fig. 5B). However, those GFP-positive cir-
culating cells that originated from the transplanted PDGFRa™*
BM cells had adherent and proliferative capacities in culture (Fig.
5B). Four weeks after the Col 7-null skin engraftment, multiple
foci of GFP-positive cells expressing keratin 5 were observed in
the epithelia of the engrafted skin (Fig. 5C), suggesting that the
BM-derived PDGFRa™ circulating cells contain a population
that can differentiate into epithelial cells in the skin graft.

A Col7-null skin
¥

PDGFR*/GFP-BMT |

C--

Fig. 5. Mobilized Lin"/PDGFRa* BM-derived cells in circulation contribute to
epithelial regeneration of the skin graft in vivo. (4) Schematic illustration
showing Col 7-null skin graft on a mouse transplanted with PDGFRa-positive/
GFP-BM cells (Left); bright field (Center) and dark field (Right) stereomicro-
scopic pictures of femoral BM in a PDGFRa*/GFP-BMT mouse. Green fluores-
cence indicates PDGFRa"/GFP-BM cells. (8) Bright field (Upper) and dark
field (Lower) fluorescent microscopic pictures of cultured peripheral blood
mononuclear cells that were obtained from the PDGFRa™/GFP-BMT mouse
engrafted with Col 7-null skin. (Le#?) A single PDGFRa*/GFP-BM-derived cell in
culture (Day 1). (Center) Proliferation of the single PDGFRo*/GFP-BM-derived
cell in culture (Day 5). (Right) Dividing adherent cells indicated in the white
lined box in Lower Center. (C) Confocal-laser microscopic pictures of a section
of grafted Col7-null skin onto a PDGFRa*/GFP-BMT mouse. GFP fluorescence
was merged with the red immunofluorescence of K5 to provide the yellow
color. DAPI staining (Upper Left), GFP fluorescence (Upper Right), K5 staining
(Lower Left), and a merged image (Lower Right). (Scale bar: 50 pm.)
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Discussion

This work clearly demonstirates that Lin”/PDGFRa™ cells from
BM significantly contribute to the regeneration of the epidermis
after skin grafting in vivo, and that one biological repair mech-
anism involves the key cells being mobilized in response to ele-
vated HMGBI levels in serum, the source of which is the skin
graft. The observation that tissue damage can recruit BM stro-
mal cells for tissue repair is well-established (35), but here we
have defined a subpopulation of cells that have the capacity to
repair skin, including epidermis. The Lin"/PDGFRa* BM cell
marker profile is not unique to one particular cell population,
and our data suggest that it is shared by =1 in 450 BM cells.
PDGFRa is not expressed by hematopoietic stem cells but by
MSCs in bone marrow that can give rise to mesenchymal lineage
cells as well as neuroepithelial and neural crest lineage cells (24~
26), suggesting that the Lin"/PDGFRa™ BM cells contain an
MSC fraction (discussed further in S Resdis and Discussion).
Our study has shown that in situations in which there is sig-
nificant damage to the epidermis, such as Col 7 deficiency leading
to subepidermal blistering, at least some of the Lin™/PDGFRa’
cells have the plasticity to become BM-derived epithelial pro-
genitors, {o generate and sustain new keratinocytes, and to cor-
rect the intrinsic Jack of Col 7. Moreover, we have identified
HMGB1 as a specific factor involved in Lin /PDGFRa™ BM cell
responses. Our data indicate that HMGBI, which is rapidly re-
leased from the detached or blistered Col 7-deficient epithelia,
can mobilize Lin/PDGFRa* BM cells into the circulation and
accelerate regeneration of the skin by recruiting these cells to
raise BM-derived epithelial cells and BM-derived mesenchymal
cells in the epidermis and dermis of Col 7-null skin, respectively.
HMGBI is a highly conserved, abundant, and ubiquitously
expressed 30-kDa nonhistone protein with diverse biologic func-
tions (36, 37). With regards to human and murine HMGBI, only 2
of 215 amino acids show species differences (>99% identical) and
both reside in the C-terminal region outside of the known re-
ceptor- and DNA-binding motifs (38, 39). HMGBI can act as
a mobile and dynamic nucleo-cytoplasmic protein influencing
multiple processes in chromatin such as transcription, replication,
recombination, and DNA repair (29, 40), but HMGBT can also
be secreted into the extracellular milieu as a signaling molecule
when cells are stressed (41). HMGBL can bind exogenous
and endogenous agents such as endotoxin, microbial DNA, and
nucleosomes, and induces adaptive and innate immune responses
via TLR2/4/9 followed by NF-kB activation (42, 43), contributing
to inflammation, autoimmune dysregulation, and carcinogenesis.
However, purified recombinant HMGB1 has little, if any, proin-
flammatory activity (44). Indeed, free HMGB1, that is unbound to
endogenous/exogenous inflammatory factors, is able to suppress
inflammatory reactions in noninjured tissues by inhibiting TLR-
mediated NF-xB signaling (33). Biologically, HMGB1 can be
regarded as a critical factor for maintaining tissue homeostasis in
cleaning damaged/infected tissues (i.e., promoting intralesional
inflammation), but also in protecting surrounding noninjured tis-
sues (i.c., suppressing inflammation), and accelerating regen-
eration of damaged tissues by mobilizing and recruiting specific
BM cells, that include epithelial progenitors when there is ex-
tensive epithelial injury, such as in Col 7-deficient RDEB skin.
The concept that a particular threshold concentration of
HMGBI in serum is relevant to mobilizing Lin™/PDGFRa™ BM
cells and targeting them to damaged tissue also offers unique
possibilities to augment a variety of other tissue repair mecha-
nisms. It is likely that, in several other situations, systemic ad-
ministration of HMGBI to achieve serum levels similar to those
observed in RDEB could be used as a therapeutic strategy to re-
cruit stem/progenitor cells to accelerate regeneration of damaged
tissue. Precisely which tissues might benefit from HMGBI-induced
mobilization of Lin"/PDGFRa* BM cells remains to be de-
termined. What has also not been determined thus far are the
dynamics of both the release of the Lin"/PDGFRa™ cells from the
BM and the events that promote recruitment and migration within
the target tissue and the other potential local microenvironment-
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immunofluerescent Microscopy Analysis. The engrafted skins were removed,
fixed with 2% paraformaldehyde, and subjected to immunofluorescent
analysis. The excised skins were embedded in Tissue-Tec OCT Compound
(Sakura Finetek), frozen on dry ice, and stored at —20 °C. For immunofiuo-
rescence staining, 6-um-thick sections were labeled with rabbit polyclonal
anti-mouse antibodies. Subsequently, sections were stained with goat anti-
rabbit IgG secondary antibody.

induced and biochemical processes that contribute to improved
wound healing (35) (discussed further in ST Maserials and Meth-
ods). Nevertheless, we believe our data represent a significant
advance in identifying a direction for potentially bringing stem/
progenitor cell regenerative medicine to a broader clinical arena.

Materials and Methods

BMT. BM cells were isolated undef sterile conditions from 8- to 10-wk-old male
C57BL/6 transgenic mice that ubiquitously expressed enhanced green fluo-
rescent protein (GFP). Recipients were 8- to 10-wk-old female C57BL/6 mice
that were lethally irradiated with 10 Gy of X-rays, and each irradiated re-
cipient received 5 x 10° BM cells from GFP transgenic mice kindly provided by
Masaru Okabe (Osaka University). Experiments were performed on the BMT
mice at least 6 wk after the BMT.

Cell-Migration Assay. Chemokinetic migration of Lin/PDGFRe* cells was
assayed by using a modified Boyden chamber. In brief, 1.0 ug of HMGB1 in
27 pl of DMEM was added in the lower chambers, and 10° cells/mL of Lin™/
PDGFRo™ cells suspended in 50 uL of DMEM containing 10% FBS were added
to the upper chamber. The cells on the lower side of the membrane were
stained with Diff-Quick (Sysmex).

Pa

ACKNOWLEDGMENTS. This work was supported by the following grants:
a grant from the Northern Osaka (Saito) Biomedical Knowledge-Based
Cluster Creation Project; Special Coordination Funds for Promoting Science
and a Grant-in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology of Japan; and a Health and Labour
Sciences Research Grant (Research of intractable Diseases) from the Ministry

Mouse Skin Transplantation. Full-thickness skin from wild-type and Col 7-null
newborn mice (graft size ~2 x 2 cm) was carefully isolated by excision after
the mice had been euthanized under systemic anesthesia, and engrafted
onto the backs of the GFP-BMT mice, wild-type BMT mice, and K5-Cre-GFP-

BMT mice, with grafting just above the muscular fascia.
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Abstract Therapeutics targeting  sphingosine-1-phos-
phate (S1P), a kind of lipid mediator regulating immune
cell trafficking, has been emerging rapidly as a novel line
of regimen for autoimmune diseases, including rheumatoid
arthritis (RA). Here, we propose that S1P-targeted therapy
is beneficial not only for limiting inflammation but for
preventing bone-resorptive disorders, such as osteoporosis,
by controlling the migratory behavior of osteoclast pre-
cursors and therefore would be good for treating elderly
female RA patients who suffer from postmenopausal
osteoporosis and arthritis simultaneously.

Keywords Rheumatoid arthritis - Osteoporosis -
Sphingosine-1-phosphate

The emergence of biological agents has undoubtedly caused
a paradigm shift in the treatment of rheumatoid arthritis
(RA). We rheumatologists are now ambitiously aiming at a
‘cure’, and not just the ‘care’, of RA patients and have
succeeded in many cases [1]. Despite the brilliant victory
over this intractable disease, there are still a large number of
underprivileged patients who cannot share in these advan-
ces. Elderly RA patients are the main group; many of them
cannot receive biological agents due to the high frequency
of occuirence of life-threatening infections. Instead, they
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are treated with less efficacious disease-modifying anti-
rheumatic drugs (DMARDs) and corticosteroids. Oral cor-
ticosteroids are still commonly used in clinical practice to
relieve inflammation, but this can lead to systemic dys-
function because of the progressive joint damage, which is
complicated by severe osteoporosis that increases the vul-
nerability to fractures of the spine and femur. Recent find-
ings provide such patients with a ray of hope.

Sphingosine-1-phosphate (S1P), a lipid mediator enri-
ched in blood, is a critical regulator of the migration and
localization of various cell types, including immune cells
[2]. Extensive studies have demonstrated that lymphocytes
express S1P,/Edg-1, a cognate receptor for SIP, which is
responsible for their recirculation from lymphoid tissues to
the systemic circulation [3]. S1P attracted lot of attention
from rheumatologists when FTY720 (Fingolimod), a sub-
stance isolated from a Chinese herb and long known to
have immunomodulating activity, was shown to be an S1P
receptor agonist [4]. Although the detailed mechanism
remains elusive, FTY720 acts as an S1P receptor agonist
when metabolized and is now emerging as a promising
novel immunosuppressive drug that presumably acts by
limiting effector lymphocyte egress from lymph nodes.
FTY720 is currently being tested clinically in autoimmune
diseases such as multiple sclerosis [5], and many other
S1P-targeted drugs (S1P receptor agonists or SIP lyase
inhibitor) are beginning to be evaluated [6].

Recently, we have demonstrated that SIP was also
important for controlling the migration of osteoclasts and
their precursors [7]. Using an elaborate intravital two-
photon microscopy imaging technique, the migratory
behavior of osteoclast precursors in live bone tissues was
shown to be critically regulated by S1P, and the intrave-
nous application of an SI1P receptor agonist rapidly pro-
moted their exit from bone into blood [8]. It was also
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Fig. 1 The therapeutic effects of prednisolone (PSL) and FTY720
(FTY) in mice with both arthritis and osteoporosis. First, 8-week-old
ovariectomized mice were injected with 5 mg of an arthrogenic anti-
collagen I antibodies cocktail (Chondrex, Redmond, WA) at day 0,
and then with 50 pg of lipopolysaccharide (LPS) (0111:B4, Sigma~
Aldrich, St. Louis, MO) 3 days later (9). Prednisolone (PSL, 0.5 mg/

demonstrated that treatment with the S1P receptor agonist
FTY720 relieved ovariectomy-induced osteoporosis in
mice (a model of postmenopausal osteoporosis in women),
by facilitating osteoclast recirculation into blood and
reducing the number of mature osteoclasts attached to the
bone surface, which suggests a new line of therapy against
bone-resorptive disorders [7]. These studies suggest that
S1P-targeted therapy would be particularly beneficial for
treating RA patients with hoth immunological and bone-
resorptive disorders.

Inspired by this concept, we further examined the ther-
apeutic effect of the S1P receptor agonist FTY720 on
simultaneous disease involving both arthritis and 0steopo-
rosis (Fig. 1). Ovariectomized mice were injected with an
arthrogenic anti-collagen II antibodies cocktail and then
with - lipopolysaccharide (LPS), so that they developed
arthritis in their paws [9]. These mice exhibit both arthritis
and osteoporosis and can be regarded as a model of elderly
female RA patients. To treat the arthritis, prednisolone
(PSL, 0.5 mg/kg/day), FTY720 (1 mg/kg/day), or vehicle
only, was administered every day beginning on day 3, and
the arthritis score was calculated [10]. We also evaluated
bone mineral homeostasis by analyzing the cancellous
bone mineral density (BMD) of the femur on day 14. The
results showed that the SIP receptor agonist FTY720 was
as potent as corticosteroid for suppressing arthritis; in
addition, FTY720 recovered the ovariectomy-induced bone
density loss, whereas prednisolone did not. As expected,
these results clearly suggest that S1P-targeted therapy, such
as with SIP receptor agonists, would be beneficial for
treating elderly female RA patients who suffer from post-
menopausal osteoporosis and arthritis simultaneously.

@ Springer

kg/day), FTY720 (1 mg/kg/day), or vehicle only was administered
every day beginning on day 3. The arthritis scores are shown in the
left panel. The error bars represent the SEM (n = 5 per group). The
cancellous bone mineral density (BMD) of the femur was analyzed by
pQCT (LCT-200, Aloka, Japan) after killing the mice at day 14. Error
bars represent the SEM (n = 5 per group)

The effect of S1P receptor agonists is very rapid [4], and
robust immunosuppressive effects (by sequestering lym-
phocytes) can be observed within a few hours after oral
administration, although they do not last long (usually dis-
appearing within 12-24 h). Therefore, the profile of an S1P
receptor agonist would be similar to that of corticosteroid,
rather than to those of methotrexate or other DMARDs. A
variety of anticipated S1P-targeted drugs might replace
corticosteroids for relieving the inflammation of RA and
become a part of the standard RA treatment in the near future.
This would be especially conducive to improving the quality
of life of elderly patients, who have been left behind so far.
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ABSTRACT: Osteoclasts are giant polykaryons responsible
for bone resorption. Because an enhancement or loss of osteo-
clast function leads to bone diseases such as osteoporosis and
osteopetrosis, real-time imaging of osteoclast activity in vivo can
be of great help for the evaluation of drugs. Herein, pH-
activatable chemical probes BAp-M and BAp-E have been
developed for the detection of bone-resorbing osteoclasts
in vivo. Their acid dissociation constants (pK,) were deter-

Bone . Bone
L

mined as 4.5 and 6.2 by fluorometry in various pH solutions. These pK,, values should be appropriate to perform selective imaging of
bone-resorbing osteoclasts, because synthesized probes cannot fluoresce intrinsically at physiological pH and the pH in the
resorption pit is lowered to about 4.5. Furthermore, BAp-M and BAp-E have a bisphosphonate moiety that enabled the probes to
localize on bone tissues. The hydroxyapatite (HA) binding assay in vitro was, therefore, performed to confirm the tight binding of
the probes to the bone tissues. Our probes showed intense fluorescence at low pH values but no fluorescence signal under
physiological pH conditions on HA. Finally, we applied the probes to in vivo imaging of osteoclasts by using intravital two-photon
microscopy. As expected, the fluorescence signals of the probes were locally observed between the osteoclasts and bone tissues, that
is, in resorption pits. These results indicate that our pH-activatable probes will prove to be a powerful tool for the selective detection
of bone-resorbing osteoclasts in vivo, because this is the first instance where in vivo imaging has beea conducted in a low-pH region

created by bone-resorbing osteoclasts.

B INTRODUCTION

Osteoclasts are giant multinucleated cells derived from mono-
cytoid hematopoietic cells, which are responsible for bone
resorption within the bone-remodeling compartment.' ™ Because
an enhancement or loss of osteoclast function causes bone
diseases such as osteoporosis or osteopetrosis, real-time imaging
of osteoclast activity in vivo is one of the most important tools
required for investigations of osteoclast functions.” However,
current bone imaging techniques such as computed tomography
(CT) and biochemical markers of bone metabolism cannot
connect spatial information with cellular activity. To overcome
this problem, flucrescence imaging is a promising technique for
obtainin% temporal and spatial information about target cells or
proteins.” Thus, we sought to develop fluorescent chemical
probes with an OFF/ON switch, which can selectively detect
active osteoclasts and thereby instantaneously provide an image
of the location of the osteoclasts activated by particular stimuli.
Furthermore, two-photon excitation microscopy can provide
noninvasive imaging of osteoclasts in vivo.®

Active osteoclasts resorb the organic and inorganic compo-
nents of the bone tissues by cathepsin K secretion and by proton
extrusion, which causes acidification of the bone surface.* To the

v ACS PUbE%CB‘UDﬂS «© 2011 American Chemical Society

best of our knowledge, there have been no reports on the
detection of protons extruded by osteoclasts. Only a single report
has demonstrated the indirect in vivo detection of cathepsin K
activity.” However, the cathepsin K probe has not yet provided
real-time imaging data about the osteoclasts in the process of
resorbing bone tissues, and its selectivity as a probe for the
detection of osteoclast formation is inadequate.

We recognized that active osteoclasts can be selectively
detected through specific imaging of low-pH regions by using a
pH-activatable fluorescent probe” with specific delivery of the
probe using a bisphosphonate group® (Figure 1a). In addition,
this probe should be quite useful in the evaluation of drugs.

There are two requirements for the development of new
probes for selective detection of bone-resorbing osteoclasts.
One obvious requirement is a pH-sensitive fluorescence switch,
and the other is the capability to localize on the bone tissue.
Therefore, we designed fluorescent probes called “BAps”. These
probes are composed of boron—dipyrromethene (BODIPY)
dye and a bisphosphonate group (Figure 1b). BODIPY dyes are
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Figure 1. Strategy for selective detection of bone-resorbing osteoclasts
using pH-activatable probes and design of BAps. (a) pH-activatable
probes are immobilized on the bone tissue and provide intense
fluorescence only when' osteoclasts are resorbing bone. (b) Structures
of the pH-activatable probes (BAps).

well-known fluorophores that have been used in a large number of
applications because of their environmental stability, large molar
absorption coefficients, and high fluorescence quantum yields.'°
Most recently, pH-activatable fluorescence probes including a
BODIPY dye have been developed for the detection of cancers
and real-time monitoring of therapy.'' Furthermore, bisphospho-
nate compounds are currently used as drugs for the treatment of
various hone diseases. These compounds chelate calcium and inhibit
bone resorption. We, therefore, decided to combine a BODIPY-
based pH-sensing unit with a bisphosphonate compound.

@ R‘ESULTS AND DISCUSSION

Characterization of BAps. To demineralize the bone matrix,
osteoclasts secrete protons (H") into the resorption pit where
the pH value is lowered to about 4.5.> We, therefore, considered
that selective imaging of osteoclasts would be achieved by the
development of pH-activatable probes with an acid dissociation
constant (pK,) in the range of 4.5—6.5, because those probes
cannot intrinsically fluoresce at the physiological pH. According
to this assumption, we designed and synthesized three fluores-
cent probes with different pK, values (Figure 1b). A control
probe with “always-ON” fluorescence (BAp-A) was developed.
The other probes are fluorescence “turn-ON” type sensors that
can detect the acidic pH environment. Since the fluorescence
OFF/ON switching mechanism is based on photoinduced
electron transfer (PeT), the pK, values of these probes can be
finely tuned by the appropriate choice of an electron-donating
moiety attached to the BODIPY core.'* Thus, we chose p-
dimethylanilino (BAp-M) and p-diethylanilino groups (BAp-E)
as the electron-donating moieties to provide pK, values in the
range of 4.5—6.5.

The fluorescent probes were synthesized in one step from the
corresponding dicarboxylic acids by using straightforward syn-
thetic pathways (Scheme S1, Supporting Information). To
confirm the pH-dependent fluorescence properties of BAps, we
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Figure 2. Fluorescence spectra (0.2 1M, excited at 492 nm) of (2) BAp-M
and (b) BAp-E in citrate-phosphate buffer, and (c) pH-dependent
profiles of changes in fluorescence quantum yield of BAps. The data
were fitted to the Henderson—Hasselbalch equation.

measured the absorption and emission spectra in citrate-phos-
phate buffer at different pH values (Figures S1 and 2). All three
probes had absorption maxima at about 520 nm. These peaks
were found to be independent of the pH of the buffer. These
results indicate that any structural changes or aggregations of
the dye induced by pH changes do not occur in aqueous
solution. In contrast, the fluorescence intensities of BAp-M
and BAp-E were highly affected by the pH (Figure 2). The
fluorescence intensities of BAp-M and BAp-E decreased along
with an increase in pH. Essentially, no fuorescence was
observed at the physiological pH. This phenomenon can be
rationalized by the observation that PeT actually occurs from
the p-anilino group to the BODIPY core.'? Thus, these two
probes showed a fluorescence “turn-ON” type increase at lower
pH. Furthermore, the pK, values were estimated by fitting pH-
dependent changes of the fluorescence quantum yield to the
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