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Fig. 7. Schematic representation of the mevalonate pathway and proposed mechanism of anti-tumor effects of zoledronic acid in prostatic

NE carcinoma.

SMS and SOM might be insufficient to control our NE
carcinoma models through autocrine, paracrine and
endocrine regulation via SSTRs.

Our results suggest that ZOL induces time- and
dose-dependent antiproliferative and apoptoic effects
in prostatic NE carcinoma. The observed anticancer
activity was exerted at ZOL IC50 levels of from 15.8 to
36.0 pmol/L. In addition, the drug reduced migration
by 8 hr in vitro even at the 10 pmol/L concentration,
and the time and dose did not seem to affect the via-
bility of cells. These effects were caused by disruption
of prenylation of Ras proteins as a result of farnesyl-
pyrophosphate synthetase inhibition, disrupting the
downstream MAPK/Erk signaling pathway (Fig. 7).
Farnesyl-pyrophosphate synthetase is a key enzyme
in the mevalonate pathway, which produces essential
lipid molecules such as cholesterol, farnesyl-pyro-
phosphate and geranylgeranyl-pyrophosphate [27].
Small G proteins need prenylation to link to the inner
surface of the cell membrane and function in signal
translation [28]. Prenylation of small G proteins
involves farnesylation, which provides a 15-carbon
isoprenoid moiety with Ras, and geranylgeranylation,
which provides a 20-carbon isoprenoid moiety with
Rap Rac or Rho [27,28]. Ras is the most thoroughly
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characterized member of the small G proteins in-
volved in key oncogenic cellular processes such as
proliferation, anti-apoptosis, migration, invasion and
adhesion (Fig. 7). Therefore, it is anticipated that ZOL
disturbing prenylation of Ras will induce multifacto-
rial anticancer effects in cancer cells.

Several studies had shown that ZOL induces apo-
ptosis via impaired prenylation of small G proteins in
various cancer cells, including prostate [12,29-31],
breast [32,33], myeloma [34], colon [35], and lung
cancer cell lines [36]. Caraglia et al. [12] reported the
effects of the combination of ZOL and farnesyl-trans-
ferase inhibitor R115777 on PC3 and DU145 prostate
cancer cell lines. These effects paralleled disruption of
Ras/MAPK/Erk and Akt survival pathways, which
consequently decreased phosphorylation of both
mitochondrial bcl-2 and bad proteins, and caspase ac-
tivation. These findings may support our results indi-
cating that ZOL induced apoptosis of NE cells.
Recents studies have shown that impaired geranyl-
geranylation on other small G proteins such as Rapl
[29,34] and RhoA [32] is also crucial for the associa-
tion with these apoptotic actions induced by ZOL.

We also demonstrated that ZOL induced cell cycle
arrest of the NE carcinoma cells. Both in vitro, and in
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vivo, ZOL reduced the numbers of Ki67-positive cells
during all active phases of the cell cycle (G1, S, G2,
and M). ZOL has been shown to reduce the expres-
sion of cyclin D1 and cyclin E in osteosarcoma cells,
resulting in a cell cycle block at G1, and S [37]. In ad-
dition, experiments using leukemia cells have shown
that ZOL can also reduce the expression of cyclin D3
and cyclin B, resulting in a cell cycle block at G2-M
[38]. These actions are suggested to occur in a p53-
independent manner followed by subsequent apopto-
sis. Our results indicated that ZOL inhibited the cell
cycle of NE cells.

Moreover, we demonstrated that ZOL inhibited
migration of NE-CS cells. It decreased the weights of
livers having metastatic nodules in castrated NE-10
allografts, which means to suppress liver metastases.
Likewise, Hiraga et al. [39] reported that 1 pmol/L
ZOL significantly inhibited cell invasion in a breast
cancer cell line (4T1/Luc), which consequently led to
suppression of liver and bone metastases. Similar
results were also observed in prostate cancer cell lines
LNCaP, PC3, and DU145 31. In addition, Coxon et al.
[40] reported an inhibitory effect of 1 umol/L ZOL on
adhesion to mineralized matrix in PC3, and DU145
cells. Although the exact mechanisms underlying
these effects remain unclear, it is suggested that ZOL
could inhibit several matrix metalloproteinase or
adhesion molecules via impairment of prenylation
of small G proteins. It is noteworthy that ZOL also
inhibits essential steps for the spread of cancer cells.
In addition, recent reports have shown that ZOL indi-
rectly exerts anticancer effects via elevated function
of gamma delta T cells [41,42]. It is suggested that
accumulation of isopentenyl-pyrophosphate caused
by ZOL may be involved in activation of gamma delta
T cells [43].

There are some limitations in this study. The NE-10
allograft and the NE-CS cell line were derived from
the mouse prostate. The role of human NE cells in
human prostate cancer may be different from that
of mouse NE cells. In addition, the characteristics of
the established cell line, NE-CS, could be different
from those of the original NE-10 allograft because
cells suitable for survival in vitro were selected dur-
ing establishment of the cell line. However, there
are no ideal human lines for which both in vitro,
and in vivo NE carcinoma models are available.
In addition, the concentration of ZOL that induced
anticancer effects in our experiments was high in
comparison to the peak plasma levels (393 £+ 100 ng/
ml) usually achieved by intravenous infusion in
patients [44]. Anticancer effects of ZOL might be con-

~sidered to be exerted basically in bone metastatic
lesions in which high concentrations of ZOL are
achieved.

The Prostate

In patients with bone metastasis of prostate cancer,
ZOL is commonly used for relieving pain and pre-
venting skeletal-related events. This study revealed
effects of ZOL on NE cells, potential triggers of pros-
tate cancer leading to CRPC. Regulating the microen-
vironment between NE cells and prostate cancer cells
may result in benefits to patients who do not have
clinically detected bone metastasis. We believe that
our results support the clinical rationale for earlier
proactive use of ZOL, though further studies will be
needed to confirm this.

CONCLUSION

We examined the in vitro, and in vivo anti-tumor
effects of ZOL and somatostatin analogs (SMS and
SOM) on NE carcinoma models. Our results indicate
that ZOL, but not SMS or SOM, induces apoptosis
and inhibition of proliferation and migration through
impaired prenylation of Ras. Our findings support
the possibility that ZOL could be used in the early
phase for controlling NE cells which may trigger pro-
gression of prostate cancer to CRPC.
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Differentiation Capacity of Hepatic Stem/Progenitor
Cells Isolated From p-Galactosamine-Treated Rat Livers

Norihisa Ichinohe,' Naoki Tanimizu,' Hidekazu Ooe,' Yukio Nakamura,' Toru Mizuguchi,” Junko Kon,'
Koichi Hirata,® and Toshihiro Mitaka'

Oval cells and small hepatocytes (SHs) are known to be hepatic stem and progenitor cells.
Although oval cells are believed to differentiate into mature hepatocytes (MHs) through
SHs, the details of their differentiation process are not well understood. Furthermore, it is
not certain whether the induced cells possess fully mature functions as MHs. In the present
experiment, we used Thyl and CD44 to isolate oval and progenitor cells, respectively,
from D-galactosamine-treated rat livers. Epidermal growth factor, basic fibroblast growth
factor, or hepatocyte growth factor could trigger the hepatocytic differentiation of sorted
Thyl+ cells to form epithelial cell colonies, and the combination of the factors stimulated
the emergence and expansion of the colonies. Cells in the Thyl™-derived colonies grew
more slowly than those in the CD44 " -derived ones in vitro and in vivo and the degree of
their hepatocytic differentiation increased with CD44 expression. Although the induced
hepatocytes derived from Thyl™ and CD44™ cells showed similar morphology to MHs
and formed organoids from the colonies similar to those from SHs, many hepatic differen-
tiated functions of the induced hepatocytes were less well performed than those of mature
SHs derived from the healthy liver. The gene expression of cytochrome P450 1A2, trypto-
phan 2,3-dioxygenase, and carbamoylphosphate synthetase I was lower in the induced
hepatocytes than in mature SHs. In addition, the protein expression of CCAAT/enhancer-
binding protein alpha and bile canalicular formation could not reach the levels of produc-
tion of mature SHs. Conclusion: The results suggest that, although Thyl™ and CD44"
cells are able to differentiate into hepatocytes, the degree of maturation of the induced
hepatocytes may not be equal to that of healthy resident hepatocytes. (Heratorogy 2012;
57:1192-1202)

he liver normally exhibits a very low level of
cell turnover, but when loss of mature hepato-
cytes (MHs) occurs, a rapid regenerative
response is elicited from all cell types in the liver to
restore the organ to its initial state. The loss may occur
as a result of toxic injury, viral infection, trauma, or
surgical resection. Because hepatocytes are the major
functional cells of the liver, large-scale hepatocytic loss

becomes a trigger for regeneration, and replication of
existing hepatocytes is generally the quickest, most eth-
clent way to compensate for the lost functions. How-
ever, when the replication of hepatocytes is delayed or
entirely inhibited, hepatic stem/progenitor cells (HPCs)
are activated.'” As HPCs, oval cells and small hepato-
cytes (SHs) are well known. Oval cells were first
reported to be cells that possessed an ovoid nucleus and
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scant cytoplasm.? The appearance of oval cells has been
reported in rat livers treated with hepatotoxins, such as
2-acetylaminofluorene (2-AAF), combined with partial
hepatectomy (PH) and D-galactosamine (GalN).'”7 In
GalN-induced rat liver injury, it has been shown that
oval cells appear in the periportal area and differentiate
into MHs through basophilic small-sized ones.*” Oval
cells show a wide range of phenotypic heterogeneity,
and cytokeratins (CKs) 7 and 19, alpha-fetoprotein
(AFP), CD34, c-kit, and Thyl have been reported as
markers for them.">>”

On the other hand, SHs are a subpopulation of he-
patocytes, and cells isolated from healthy adult rats'®"!
and human livers'* can clonally proliferate to form col-
onies and differendiate into MHs i vitro." ' Recently,
we identified CD44 as a specific marker of SHs.'* In
GalN-treated rat livers, CD44" cells appear near the
periportal area berween Thyl™ oval cells and resident
hepatocytes soon after the emergence of Thyl™ oval
cells."”” In addition, we previously showed that Thyl™
oval cells differentiate into hepatocytes through CD44™
cells.”'® Our data suggested that cells sequentially con-
verted from Thyl"CD44™ to Thyl"CD44" and then
to Thyl " CD44™ cells during the process of hepatocytic
differentiation of oval cells.">'® Furthermore, sorted
Thyl™ and CD44" cells could repopulate host livers
when they were transplanted into rat livers treated with
retrorsine (RET) and two-thirds PH.

Although most oval cells are thought to differentiate
into MHs, the details of their differentiation process,
such as factors for hepatic commitment, characteristics
of intermediate cells, and their fates are not well under-
stood. In addidon, it has not been elucidated whether
the induced hepatocytes differentiate to possess the
same capabilides as MHs. In the present experiment,
we aimed to clarify which factors might induce hepato-
cytic differentiation of Thyl™ cells and to examine how
Thy1™ cells could differentiate into hepatocytes through
CD447" cells. In addition, we examined whether the
Thyl" and CD44™ cells could differentiate into fully
MHs, as with those in the healthy adult liver.

Materials and Methods

Animals and Liver Injury Model. Male F344 rats
(dipeptidylpeptidase TV [DPPIV]™ strain; Sankyo Lab

ICHINOHE ET AL. 1193

Service Corporation, Inc., Tokyo, Japan), weighing
150-200 g, were used. All animals received humane
care, and the experimental protocol was approved by
the committee on laboratory animals according to
Sapporo Medical University guidelines. For GalN-
injured livers, GalN (75 mg/100 g body weight [BW]
dissolved in phosphate-buffered saline [PBS]; Acros,
Geel, Belgium) was intraperitoneally (IP) adminis-
tered."® For the transplantation experiment, female
F344 rats (DPPIV™ strain; Charles River Laborato-
ries, Wilmingron, MA) were (IP) given two injections
of RET (30 mg/kg BW; Sigma-Aldrich Chemical
Co., St. Louis, MO), 2 weeks apart,17 and 4 weeks
after the second injection, two-thirds PH was per-
formed (RET/PH liver). Sorted DPPIVT cells (5 x
10° cells/0.5 mLl) were transplanted into RET/PH
livers (DPPIV™) through the spleen (at least 3 rats
per group).

Isolation and Culture of Cells. Rats were used to
isolate hepatic cells by the collagenase perfusion
method, as previously described.'® After perfusion, the
cell suspension was centrifuged at 50 x g for 1 mi-
nute. The supernatant and the precipitate were used
for sorting Thyl™ and CD44™ cells and preparing
MHs, respectively. The procedure used for cell sorting
was as previously described,’”” with some modifica-
tions. Antibodies (Abs) used for cell sorting are listed
in Supporting Table 1. Thyl"CD44™ cells were sorted
from CD44" cell and Thyl™ cell fractions by using
anti-Thyl or CD44 Abs, respectively, and both were
pooled. Furthermore, Thyl™ and CD44" cells were
also separated from CD44™ and Thyl™ cell fractions,
respectively. After the number of viable cells was
counted, 1T x 107 viable cells were plated in 12-well
plates (Corning Inc., Corning, NY) and cultured in
the medium listed in Supporting Table 2. The me-
dium was replaced with fresh medium thrice-weekly.

To examine whether cells in the colonies could fully
differentiate into MHs and form functional bile canali-
culi (BCs), Thyl"CD44~ and Thyl CD44™ cells
sorted from GalN-D3 and SHs derived from a healthy
liver were cultured for 10 days. Thereafter, some dishes
were treated with Matrigel (BD Biosciences, San
Diego, CA) for 10 days. To enhance the organoid for-
mation of the colonies, as previously reported,”
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colonies were separated from dishes by using Cell Dis-
sociation Solution (Sigma-Aldrich), and colonies (2 x
10%) were replated on collagen-coated dishes. Cells
were cultured in the induction medium (Supporting
Table 2) for 14 days. Cloning rings were used to iso-
late total RNA of ecach colony. At least two separate
experiments were performed, and more than five colo-
nies were investigated.

GeneChip Analysis, RNA Isolation, and Real-
Time Polymerase Chain Reaction. Details are shown
in the Supplementary Methods.

Immunostaining. For detecting CD44™ colonies,
cells were fixed with cold absolute ethanol at 10 days
after plating, and immunocytochemistry (ICC) for
CD44 was carried out. Details of staining were pre-
viously reported.’” The numbers of CD44™ colonies
at days 5 and 10 were counted, and positivity was
calculated. Three separate experiments were per-
formed. To measure the labeling index (LI), 40 uM
of 5-bromo-2’-deoxyuridine (BrdU) were added to
the medium 24 hours before fixation. In double ICC
for CD44 and BrdU, a combination of the avidin-bi-
otin peroxidase complex method (Vectastain ABC
Elite Kit; Vector Laboratories Inc., Burlingame, CA)
and the alkaline phosphatase method was used. For
fluorescent immunohistochemistry, sliced liver sam-
ples were frozen using isopentane/liquid nitrogen,
and materials were kept at —80°C undil use. All Abs
used for immunostaining are listed in Supporting Ta-
ble 1. Sections were embedded with 90% glycerol
including 0.01% p-phenylenediamine and 4,6-diami-
dino-2-phenylindole. A confocal laser microscope
(Olympus, Tokyo, Japan) was used for observation,
and findings were analyzed using DP Manager
(Olympus).

Treatment With Fluorvescein Diacetate. As previ-
ously reported,zo fluorescein diacetate (FD; Sigma-
Aldrich) was dissolved in dimethyl sulfoxide, and the
solution was diluted with the culture medium. Then,
0.25% FD was added to the medium, and the dish
was rinsed three times with warm PBS. Fluorescent
images were immediately photographed using a phase-
contrast microscope equipped with a fluorescence de-
vice (Olympus).

Enzyme Histochemisty for DPPIV. To identify do-
nor cells, enzyme histochemistry for DPPIV was car-
ried out. DPPIV enzyme activity was detected as previ-
ously described.”” DPPIV' foci in livers were

photographed using a microscope equipped with a

CCD camera, and the area of each focus was measured
using Image] software  (htep://rsb.info.nih.gov/ij/
index.html),
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Fig. 1. Gene expression of sorted GalN-D2-Thyl™ cells, D3-Thyl™
cells, D3- Thyi"/CD44™ cells, and D4-CD44™ cells. The gene-expres-
sion pattern of sorted cells was analyzed using GeneChip (Affymetrix,
inc., Santa Clara, CA). MHs isolated from a healthy adult rat liver were
used as a control. A heatmap for genes that are classified into (A)
stem cell and HPC markers and (B) hepatic markers. Relative expres-
sion of genes is shown in log, scale. Increases in mRNA level are rep-
resented as shades of red and decreases as shades of blue.

Statistical Analysis. All data were analyzed using
Turkey-Kramer’s multiple comparison test. Level of
statistical significance was P < 0.05. Experimental
results are expressed as the geometric mean * standard
deviation.

Results

Characterization of Isolated Cells From Livers
Treated by GalN. As previously reported,'” Thyl™
cells differentiated into hepatocytes through a CD44™
intermediate state, as shown with clonally cultured
Thyl™ cells and cell transplantation. This transition
likely happened in the GalN-treated rat liver as well.
GeneChip data (Affymerrix, Inc.,, Santa Clara, CA)
indicated that the immature hepatocyte markers, DIk
and AFP were up-regulated in Thyl"CD44" and
Thyl1 CD44™ cells, whereas markers related to hepatic
differentiation were gradually up-regulated during the
transition from Thyl-D2 to CD44-D4 cells (Fig. 1).
The results also suggested that most D2-Thyl™ cells
were not committed to the hepatic lineage. This is
consistent with our previous finding that Thyl™ cells
isolated from GalN-D2 could form a few epithelial
cell colonies in the standard medium for SH induc-
tion, whereas those from GalN-D3 certainly formed
colonies consisting of CD44% cells. Therefore, we
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Table 1. Effects of Growth Factors and Cytokines on the
Formation of Epithelial Cell Colonies

Growth Factors Numbers of Colonies/Well Numbers of Cells/Celany

Control 0 0
EGF 45 *+ 38 414 = 1.8
bFGF 0.3 = 0.6 13.0 = 0.0
HGF 1.0 £ 1.7 24,6 = 11.7
LF 0 o]
TNF-o 0 0
IFN-y 0 0
OSM 0 0
PDGF-BB 0 0
SCF 0 0
iL-6 0 4]
TGF-B1 0 0
TGF-B2 0 0

Abbreviations: UIF, leukemia inhibitory factor; OSM, oncostatin M; PDGF-BB,
plate-let-derived growth factor BB; SCF, stem cell factor.

considered the possibility that Thyl™ cells became the
hepatocyte lineage between D2 and D3. To specify the
factors thar trigger hepatic commitment, we compared
expression patterns of genes related to receptors of
growth factors and cytokines and selected 12 candi-

dates (Table 1).
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Induction of Epithelial Cell Colonies by Growth
Factors. D2-Thyl™ cells were cultured in the medium
supplemented with each factor. To elucidate the forma-
tion of epithelial cell colonies, ICC for CD44 was con-
ducted 10 days after plating. Of the 12 candidates, only
cpidermal growth factor (EGF), basic fibroblast growth
factor (bFGF), and hepatocyte growth factor (HGF)
could induce colonies (Fig. 2A; Table 1). CD44 expres-
sion of cells varied among the colonies, and some colo-
nies consisted of cells with low expression of CD44
(CD44™ cells). Next, we examined whether bFGF and/
or HGF could enhance the formation and expansion of
colonies in the culture with EGF (Fig. 2B). Compared
to EGF only (control), the addition of bEGF or HGF
did not enhance the frequency of colony formaton. In
the combination of EGF and bFGF or HGE the num-
ber of cells per colony increased to twice as many as in
the control (Fig. 2C). In addition, the combination of
the three factors also dose dependently increased the
number of cells per colony. These results suggested that
a certain number of Thyl™ cells possessed the ability to
differentiate into hepatic cells, and that the induction
was initiated by EGE, bFGE and/or HGE

Wng {20 ng {40 ng | 10 ng [ 20 ng {40 ng | 10 ng} 20 ng {40 ny
EGEDFGE EGF+HGF EGEBFGEHGE

Fig. 2. Induction of CD44-positive cell colonies from sorted D2-Thyl™ cells by treatment with EGF, bFGF, and/or HGF Thy1™ cells (1 x 10°
viable cells/well) sorted from the GalN-D2 liver were plated on 12-well plates and cultured in medium supplemented with EGF (a), EGF-+bFGF
(b), EGF4-HGF (c), and EGF-+bFGF+HGF (d) for 10 days. Dose dependency of colony formation was examined. To identify colonies, ICC for
CD44 was carried out. The number of CD44™ cell colonies per well (B) and that of cells per colony (C) were measured. Asterisks shown in (B)
and (C) indicate significance: P < 0.05, compared to EGF and 10 ng of EGF-+-bFGF-+HGFE
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Fig. 3. Effects of ECM on colony formation of Thyl™ cells were investigated. Thyl™ cells were isolated from GalN-D2 rat livers and plated on
dishes coated with hyaluronic acid (HA), type | collagen (I-coll), type IV collagen (IV-coll), fibronectin (FN), and laminin (LN). Noncoated dishes
were used as controls. Cells were cultured in medium with EGF. To identify the colony, ICC for CD44 was carried out. The number of CD44* cell
colonies per dish (A) and that of cells per colony (B) were measured. Asterisk shows significance: P < 0.05, control versus HA.

Induction of Epithelial Cell Colonies by Extracel-
lular Marvix. Because CD44 is one of the receptors
of hyaluronic acid (HA)*? and because SHs can
selectively  proliferate on  HA,'® we investigated
whether extracellular matrix (ECM) affected the fre-
quency of emergence and phenotype of colonies
derived from D2-Thyl™ cells. Sorted D2-Thyl™ cells
were cultured on dishes coated with type I collagen, fi-
bronectin, laminin, and HA, and ICC for CD44 was
performed 10 days after plating. When cells were cul-
tured in the medium supplemented with EGE fre-
quency of colony formation was significantly higher
for cells on HA-coated dishes than for the control
(Fig. 3A), but no difference was observed in the num-
ber of cells per colony among the dishes with each
ECM (Fig. 3B).

Growth Ability and CD44 Expression of Cells
Sorted From GalN-D3. Thyl"CD44~ (Thyl),
Thyl"CD44", and Thyl CD44" (CD44) cells
sorted from a GalN-D3 liver were cultured in the me-
dium with EGF for 10 days. Double ICC for CD44
and BrdU was carried out (Fig. 4A-C). The frequency
of colony formation was more than four times higher
for CD44 cells than for both Thyl and Thyl*CD44™"
cells (Fig. 4D), and the average number of cells per
colony was significantly larger for CD44 cells than for
Thyl and Thyl"CD44™ cells (Fig. 4E). The percen-
tages of BrdU" cells were approximately 70% and
80% in colonies derived from Thyl and CD44 cells,
respectively  (Fig. 4A-C, F). Growth ability of
Thyl"CD44™ cells was also intermediate between
those of Thyl and CD44 cells.

Intensity and the localization of CD44 varied
among cells forming colonies. In spite of the origin of
sorted cells, CD44 protein was usually expressed in
cell membranes between cells (Fig. 4C). Some colonies
consisted of cells with CD44 protein localized in both
the cell membrane and cytoplasm (Fig. 4A, B). The
latter type of colony was often observed in the culture
of Thyl cells. CD44 positivity of Thyl™ cells in a col-
ony was approximately 65% at day 5 and increased to
approximately 80% at day 10 (Fig. 4G).

Next, to examine whether acquisition of CD44
expression in Thy1™ cells was also correlated to growth
ability of cells in wivo, cell transplantation was carried
out. D2-Thyl™ D3-Thyl "CD44™ D3-
Thyl"CD44"™ D3-Thyl "CD44™ and D4-CD44"
cells (5 x 10° cells/rat) isolated from GalN-treated liv-
ers were intrasplenically transplanted into RET/PH-
treated rats. One month after transplantation, the
number of cells in foci derived from D4-CD44 was
much larger than in those from Thyl-expressing cells
(Fig. 4H, I). The growth rate of engrafted cells
increased in correlation with the expression of CD44
and time after GalN treatment. In addition, no types
of donor-derived (Y chromosome™) cells, other than
hepatocytes, could be found in recipient livers (Sup-
porting Fig. 1).

Gene Expression of Hepatic Markers of Epithelial
Cell Colonies Derived From D3-Thyl Cells. To clu-
cidate the characteristics of cells in colonies derived
from D3-Thyl cells, quantitative polymerase chain
reaction (qQPCR) of cells was performed for each col-
ony, which was separated from the culture dish using a
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Fig. 4. Growth and CD44 positivity of epithelial cell colonies were examined in cultured cells. Thyl™ (A), Thy1*/CD44™ (B), and CD44™ cells
(C) were isolated from GalN-D3 rat livers. Then, viable cells per dish (1 x 10°) were plated on noncoated 35-mm cuiture dishes and cultured
in the medium with EGF for 10 days. BrdU (40 umol/L) was added to the medium 24 hours before fixation. At 5 and 10 days after plating,
cells were fixed and double ICC for CD44 and BrdU was performed. CD44 and BrdU were stained violet and brown, respectively. Nuclei were
counterstained with hematoxylin. The number of CD44™ colony per dish (D), cells per colony (E), BrdU™ cells per colony (F), and CD44 positivity
of the colony derived from D2-Thyl™ cells (G) were measured at 5 {white bar) and 10 days (gray bar) after plating. CD44™ cell colonies were
defined as colonies in which more than 90% of cells were stained with CD44. Asterisks show significant differences: P < 0.05, (D) Thy1 "CD44~
and Thy1TCD44™ versus Thyl "CD44™ at days 5 and 10, (E) Thyl¥CD44~ and Thyl1"CD44™" versus Thyl "CD44™ at day 5, and Thyl"CD44~
versus ThylCD44™ at day 10, (F) Thyi*CD44™ versus Thyl~CD447. Transplantation of isolated cells from GalN-treated livers into RET/PH-
treated livers (H). Sorted GaIN-D2-Thy1™ (5 x 10° cells) (a), D3-Thy1 */CD44™ (b), D3-Thyl"/CD44™ (c), D3-Thyl~/CD44™ (d), or D4-CD44™
cells {e) were intrasplenically transplanted into Ret/PH-treated rats. Thirty days after transplantation, livers were perfused with PBS, then sliced to
make frozen sections. Tissues were enzymatically stained with DPPIV. DPPIV-positive cells are stained red. Nuclei are counterstained with hema-
toxylin (blue). The number of cells per focus was measured (1). Asterisks indicate significant differences: P < 0.05.
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HNFdg CK19

Cha4 HNFdu CK19

Fig. 5. Gene expression of the cells in each colony was measured by gPCR. Thyl™ cells sorted from GalN-D3 livers were cultured in the medium
with EGF for 10 days. Each colony was separated from the dishes by using a cloning ring. Phase-contrast photos of all colonies were taken, then
RNA of cells in the colonies was separated. qPCR was performed for each colony. Morphology (A and C) and gene expression (B and D) of repre-
sentative colonies of CD44'™ (A and B) and CD44™" (C and D) are shown. Cells were fixed at day 10, and double ICC for CD44/Thy1 (E, a-d)
and CK-19/Alb (E, e-l) was performed. Although many cells in Thyl-derived colonies coexpressed CD44 and Thyl, some large cells (arrowheads)
exhibited no expression of either protein (E, a-d). There were some colonies consisting of a mixture of Alb™ and CK-19™ cells (E, e-h), but most
celis expressed Alb and only a few cells expressed CK-19 (E, i-l). Data for other colonies are shown in Supporting Fig. 2.

cloning ring. Phase-contrast photos were taken of every
colony, and qPCR was performed. Gene-expression
patterns of the colonies were roughly divided into two
groups by the level of CD44 expression. Results for a
representative colony in each group are shown in Fig.
5 (results for other colonies are shown in Supporting
Fig. 2). Although intensity of gene expression varied
among colonies, all colonies expressed CD44 messen-

ger RNA (mRNA). Compared to cells in CD44""

colonies, those in CD44™8" colonies showed not only
relatively high expression of albumin and heparocyte
nuclear factor (HNF)-4o, but also suppression of CK-
19 expression. Although coexpression of CD44 and
Thyl was observed in many Thyl-derived colonies,
some large cells (arrowheads) exhibited no expression
of either protein (Fig. 5E, a—d). There were colonies
consisting of a mixture of albumin (Alb)" and CK-

19" cells (Fig. SE, e-h), though most cells expressed
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Alb and only a few cells exhibited CK-19 (Fig. 5E, i-
I). To induce maturation of cells in Thyl-derived colo-
nies, cells were treated with Matrigel. The treatment
dramatically decreased Thyl expression and increased
levels of both HNF-4a and Alb (Supporting Fig. 3A).
In addition, a marked increase of Alb secretion was
also observed in cells with Matrigel (Supporting Fig.
3B). However, neither CD44 nor CK-19 expression
was changed by the treatment.

Induction of Maturation in Cultured Cells. Next,
we examined whether the newly generated hepatocytes
could reconstruct hepatic organoids with highly differ-
entiated functions. To enhance the organoid formation
of colonies, colonies derived from D3-Thyl, CD44,
and SHs from a healthy liver were replated on colla-
gen-coated dishes to increase their density. In contrast
to the Matrigel treatment, this procedure resulted in
natural organoid formation, which consisted of piled-
up cells with BCs. The expression of CCAAT/
enhancer-binding protein (C/EBP)-a was ICC exam-
ined, and expression of genes related to hepatic differ-
entiated functions was investigated by qPCR. In addi-
tion, to certify the function of the newly formed BCs,
FD was added to the culture medium and the ability
to sectete fluorescence into BCs was examined.

In spite of their origins, some cells in colonies
became large and piled up with time after replating.
Morphologically, BCs and cyst-like structures were
observed in colonies, similar to those in colonies
formed by SHs derived from healthy rac liver,'>*°
However, ICC for C/EBP-o revealed that the numbers
of positive nuclei in Thyl- and CD44-derived colonies
were smaller than in SH-derived colonies (Figs. 6A,
B). Results of qPCR for each colony derived from
Thyl, CD44, and SHs revealed that gene expression
of cytochrome P450 1A2 (CYP1A2), uyptophan 2,3-
dioxygenase (TDO), and carbamoylphosphate synthe-
tase I (CPS-I), which are regarded as indicators for dif-
ferentiated hepatic functions, was significanty higher
in SH than CD44 or Thyl (Fig. 6C). However,
expression of tyrosine aminotransferase (TAT) was not
different among cells.

In a SH-derived colony, fluorescence was secreted
into BCs and accumulated in cysts (Fig. 7, e,f). The
networks of BCs were well developed, corresponding
to the regions of piled-up cells. On the other hand, in
the colonies derived from both Thyl (Fig. 7A, a,b)
and CD44 cells (Figs. 7A, ¢,d), part of the region con-
sisting of piled-up cells had a green, patch-like appear-
ance. This phenomenon indicated the retention of flu-
orescence in the cytoplasm. In addidon, to
quantitatively compare structural differentiation among
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cells, the total length of BCs was measured in each
colony. Total length of BCs was significantly larger in
the SH-derived colony than in the Thyl- and CD44-
derived colonies (Fig. 7B). These results suggested that
newly generated hepatocytes detived from Thyl and
CD44 were not as mature as those from SHs.

Discussion

Hepatocytic  Diffeventiation of Thyl-Positive
Cells. Thyl was first identified as a marker of oval
cells by Petersen et al.”* and then widely used in
experiments with HPCs. Recently, a question was
raised about the validity of Thyl as a marker for oval
cells.**¢ Tt was reported that Thyl was not a marker
of oval cells, but of hepatic myofibroblasts and/or stel-
late cells. Although the issue regarding whether Thyl
is a marker for hepatic stem/progenitors is open to
debate, we recently found that some Thyl™ cells iso-
lated from GalN-treated livers differentiated into
CD44" hepatocytes through ThylTCD44" cells.”
These results suggested that the population of Thyl™
cells was heterogeneous, and that it contained putative
hepatic stem cells possessing the ability to differentiate
into hepatocytes. Interestingly, colony formation was
clearly observed in the culture of cells from GalN-D3,
whereas it was rarely observed in Thyl™ cells isolated
from GalN-D2, suggesting that Thyl™ cells became
the hepatic lineage between D2 and D3. In the present
experiment, we demonstrated that EGE fibroblast
growth factor (FGF), and HGF might trigger the com-
mitment to the hepatic lineage of Thyl™ cells, some
of which possess capability as putative stem cells. It
has been reported that wansforming growth factor
(TGF)-a, HGE, and FGF play important roles in
stem/progenitor  cell-mediated  liver  regeneration.
Indeed, the growth factors are transcriptionally up-
regulated during the period of active proliferation and
differentiation of progenitor cells in rat liver” ° and
appear to drive the early proliferation of the progenitor
cell compartment.””*® Interestingly, it has been
reported that stellate cells, which proliferate concomi-
tantly and in close contact with progenitor cells,”’
appear to be the main source of TGF-o, HGF and
acidic FGFE, whereas the cotresponding cognate recep-
tors are strongly expressed in progenitor cells, suggest-
ing that the regulation of progenitor cell proliferation
and differentiation by growth factors occurs primarily
in a paracrine manner.”> On the other hand, it is well
known that priming factors are necessary for the emer-
gence and proliferation of HPCs.>” A correlation
between the severity of liver disease and the magnitude

369



1200 ICHINOHE ET AL.

A

HEPATOLOGY, March 2013

e+ cells / eolony (%)

Percentage of C/1

Thy!

22

CYP1A2

#

@
2
Relative sxpreasion
j2d
8

Retative expression

@
&
2

201

Tl
PR —

Thy!

Ch44 SH

Thy!

CD44  SH

TAT

838

81

P

Rutative expressioe
Relotive uxaroasion

CD44  SH

Thy!

CDh44  SH

Thy!

Fig. 6. To enhance organoid formation of the colonies, colonies derived from GalN-D3 Thy1 cells (A, a-d), CD44 cells (A, e-h), and a healthy
liver (A, i-l) were replated on new collagen-coated dishes at 10 days after plating to increase the density of the colonies. Cells were cultured for
more than 14 days after replating. This procedure resulted in natural organoid formation, which consisted of piled-up (matured) cells. The expres-
sion of C/EBP-x (Ab,fj) and CD44 (A,c,g,k) was ICC observed and the percentage of C/EBP-u™ cells per colony was measured (B). The gene
expression of CYP1A2, TDO, CPS-I, and TAT in Thyl, CD44 cells, and SHs derived from a healthy liver was analyzed by real-time PCR (C). The
scale is shown as a value relative to that of MH. Asterisks indicate a significant difference: P < 0.05, SH versus Thyl or CD44,

of the response of hepatic progenitor cells has been
reported and inflammatory cytokines, such as tumor
necrosis factor alpha (TNF-a), interleukin (IL)-6, and
interferon-gamma (INF-y), were suggested to play cen-
tral roles as priming factors in rodents.>*® However,
in the present experiment, TNF-«, IL-6, and INF-y
could not induce the epithelial differentiation of
Thyl™ cells or enhance their expansion. This might be
because D2-Thyl™ cells have already been primed by
the inflammation induced by GalN.

Expression of CD44 in Thyl-Derived Cells. In
this experiment, we demonstrated that the growth and
degree of hepatocytic differentiation of Thyl™ cells
were correlated with the expression of CD44. The
results of GeneChip analysis demonstrated that the
expression of genes related to hepatocytic differentiation,
which were absent in GalN-D2-Thy! cells, progressively
increased in the order D3-Thyl, D3—Thy1+CD44+’
and D4-CD44 cells. Although results of qPCR showed

that the degree of expression of the genes of interest
was different among epithelial colonies detived from
D3-Thyl cells, the cells in the CD44™#" colonies
showed high expression of Alb and HNF-4¢, compared
to cells in CD44"" colonies. In fact, CD44 expression
in Thyl™ cells increased with time in culture.
Acquisition of CD44 expression in Thyl™ cells was
also correlated with growth ability of cells. Growth of
cells in CD44™ cell-derived colonies was clearly faster
than that of cells in colonies derived from Thyl-
expressing cells. High growth activity of CD44™ cells
was also shown in the cell transplantation experiment.
One month after transplantation, the number of cells
in the foci derived from D4-CD44 was much larger
than in those from Thyl-expressing cells. In general,
the growth speed of cells shows an inverse correlation
with degree of cell differentiation, and less-difterenti-
ated cells can proliferate much faster than differentiated
cells. However, in the present experiment, although
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Fig. 7. To demonstrate the function of the newly formed BCs in hepatic organoids, FD was added to the culture medium and the ability to secrete
fluorescence into BCs was examined. A part of the region consisting of piled-up cells in the colonies derived from both Thyl (A, a,b) and CD44 cells
(A, c,d) shows a green, patch-like appearance. Fluorescence was secreted into BCs and accumulated in the cysts in an SH-derived colony. To compare
the development of BCs, the total length of BCs was measured in each colony (B). Total length of BCs was significantly larger in the SH-derived colony
than in the Thyl- and CD44-derived colonies. Asterisk indicates a significant difference: P < 0.05, SH versus Thyl and CD44.

CD44™" cells were more differentiated than Thy1+ cells,
growth speed of CD44" cells was higher than that of
CD44" cells (data not shown). At present, we cannot
explain these findings, and further experiments will be
required to clarify the regulatory mechanism of CD44
expression.

Restricted Maturation of HPCs. We previously
reported that SHs derived from the healthy liver could
spontaneously differentiate into hepatocytes that showed
typical features of MHs and reconstructed three-dimen-
sional (3D) structures by interacting with hepatic non-
parenchymal cells.'" In 3D structures, a complicated
network of BCs is formed, and, when FD is added, flu-
orescence is secreted to BCs and expands all over the
colony.'"?® In the present experiment, despite their ori-
gins, cells could become large and pile up to form 3D
structures that were morphologically similar to the he-
patic organoids previously reported.'"'* However, fluo-
rescence was mostly retained in the cytoplasm of cells
derived from both Thyl™ and CD44" cells. Cytoplas-
mic retention of fluorescence indicates that cellular po-
larity is not well established, so that BCs cannot be well
reconstructed. The short length of BCs also showed the
incomplete maturation of both Thyl- and CD44-
derived cells. Furthermore, compared to the organoids
derived from SHs, CD44 expression remained and the
ratio of C/EBP-a™ cells was lower in organoids derived

from both Thyl™ and CD44" cells. The lower expres-
sion of CYP1A2, TDO, and CPS-I genes in organoids
from Thyl and CD44 than in those from SHs also
indicated the immaturity of stem/progenitor cell-derived
hepatocytes. These results demonstrated that the newly
generated hepatocytes derived from Thyl™ and CD44™
cells might not have acquired the same highly differenti-
ated functions as MHs. On the other hand, we previ-
ously reported that, compared to MHs, the repopula-
tion efficiency of the liver by transplanted Thyl™ cells
was very low, and that most Thyl-derived foci disap-
peared within 2 months after transplantation.'® Similar
results were shown for the transplantation of CD44™
cells. Those results indicate that HPCs may not be able
to survive for a long time. Detailed histological analysis
at 2 weeks after transplantation revealed that the per-
centage of C/EBP-o" cells in the early CD44-derived
foci was lower than that in MH-derived foci. In addi-
tion, the size and shape of the cells and the distribution
of the DPPIV' membrane were more irregular in
Thyl- and CD44-derived foci than in MH-derived
foci, which meant that BCs were not connected among
cells, and that sinusoids were indistinct.'® These cell-
transplantation results may reflect the iz vitro data
shown in the present experiments. Shafritz et al.® sum-
marized previous transplantation experiments using
HPCs, and found that cells showed very low efficiency
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of engraftment and repopulation, regardless of the con-
dition of the recipient liver. Thus, hepatocytes induced
from embryonic stem cells and other stem/progenitor
cells have not yet matured to the stage at which they
can efficiently repopulate the liver of an adult. In other
words, to use HPCs in regenerative medicine, the state
of differendation of the cells used for cell transplanta-
tion may be very important, and a procedure for assess-
ment of the maturation should be immediately
developed.
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Heat-shock proteins (HSPs), highly conserved
across species, are generally considered to be intra-
cellular proteins that have protective functions
in situations of cellular stress (1]. A wide variety of
stressful scimuli such as heat shock, UV radiation,
and viral or bacterial infections induce a substan-
tial increase in incracellular HSP synthesis. The
main functions of HSPs are to act as chaperones
of nascent or aberrantly folded proteins (1,2. HSPs
have also been shown to have important functions
in the mammalian immune system. Stivastava’s
group first identified the endoplasmic reticulum
(ER)-resident HSP gp96 as a tumor antigen (34].
Immunization of mice with gp96 isolated from
tumors induced an antitumor immune response
through the induction of tumor-specific cytotoxic
T lymphocytes (CTLs). This immunogenicity is
based on antigenic peptides that are associated
with gp96 molecules, and peptide-deprived HSP
complexes lose their specific immunogenicity.
Following these observations, Srivastava’s group
further demonstrated that immunization with
rumor-derived Hsp70 and Hsp90 also elicited
tumor-specific CTL responses [5.61. In particular,
they showed that Hsp70 bound tumor-specific
antigenic peptides because Hsp70 treated with
ATP released bound peptides, resulting in loss
of their immunogenicity 5]. Noessner ez 2/. also
demonstrated that tcumor-derived Hsp70 bound a
tumor antigen (tyrosinase) peptide {71. Moreover,
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the role of extracelluar HSPs in the stimulation
of innate immunity has drawn much actention in
recent years. We will discuss the current view of
chis unique feature of HSPs in the regularion of
innate and adaptive immune responses.

HSPs as key players of the immune
system

Recently obrained evidence indicates that extra-
cellular HSPs play an important role in the
induction of innate immune responses [2]. Since
HSPs do not have a canonical signal sequence,
it has been suggested thar HSPs may be released
via an active secretion mechanism or from cells
undergoing necrosis [2,8]. The resultant extracel-
lular HSPs may then interact with dendritic cell
(DCs) or macrophages, resulting in the activa-
tion of innate immune responses including
maturation of DCs and secretion of proinflam-
matory cytokines and chemokines through Toll-
like receptor (TLR) activation [9,10}. This unique
feature of certain HSPs is termed ‘chaperokine’,
which describes that extracellular HSPs act as
both chaperones and cytokines [11]. By contrast,
regarding the adaptive immunity, HSPs have
another unique feature acting as a cross-presen-
tation inducer. DCs have a unique ability to take
up, process and present exogenous antigens in
association with MHC class [ molecules, termed
cross-presentation {12}, The cross-presentation
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plays a pivortal role in priming antigen-specific
naive T-cell responses to tumor cells and virus-
infected cells that cannot access the classical
pathway for MHC class I presentation. It has
been shown that HSPs can be released in the
form of complexes with antigenic peptides and
that these HSPs—peptide complexes are taken up
by antigen-presenting cells (APCs) such as DCs
through specific receptors expressed on APCs,
leading to cross-presentation [4.8,13]. Thus, extra-
cellular HSPs act as chaperokines for activation
of innate immunity as well as enhancers for
adaptive immunity of antigen-specific T-cell
induction (summarized in Tase1).

These findings led to the idea that APCs
bear HSP-specific receptors on the cell surface.
Following the identification of CD91/low-density
lipoprotein receptor-related protein-1 (LRP-1) as
a gp96 receptor [14], many receptors including
members of the TLR and scavenger receptor (SR)
families have been shown to be HSP receptors.

Considering the establishment of HSP-based
cancer immunotherapy, it is very important to
develop the orchestrated link between innate and
adaptive immunity via specific HSP receptors.
Therefore, we next overview the HSP receprors
expressed on APCs.

HSP receptors

HSPs interact with a range of receptors expressed
on target cells. These receprors can be divided
into two groups: TLRs and SRs 15]. TLRs are
major pattern-recognition receptors (PRRs) and
11 have been identified in mammals. Two TLRs,

TLR2 and TLR4, have been demonstrated to

function as receptors for Hsp60, Hsp70 and
gp96, leading to NF-xB activation [16-18]. In
addition, the cell-surface protein CD14 required
for lipopolysaccharide (LPS)-mediated TLR4
activation, has been shown to be required for
Hsp70-mediated induction of cytokines TNE-
o, [L-1B and IL-6 [10]. Lehner ez a/. showed
that immunological consequences of Hsp72 can
be localized to specific domains of the Hsp72
molecule. The C-terminal portion of Hsp72
(amino acids 359-610) stimulates production of
chemokines, IL-12, TNF-a and NO, induces
Thl polalization and stimulates the matura-
rion of DCs. The N-terminal AT Pase domain
(amino acids 1-358) largely lacks these functions
(19]. Wheeler er 2l have also demonstrated that
the C-terminal region of Hsp72 serves as an
activator for macrophages to produce TNF-a.
These effects did not seem to result from LPS
contamination [20}. However, some studies have
suggested that these interactions between Hsp70
and TLR are not likely to be exerted through
the direct binding of Hsp70 to CD14, TLR2
or TLR4, as cells stably transfected with CD14,
TLR2 or TLR4 do not bind avidly to Hsp70
(21}. These findings suggest that low-affinity
interactions may be involved in TLR activation
by Hsp70. A previous study showed that TLR
activation by Hsp60 requires the internaliza-
tion of the Hsp60; therefore, experiments using
cells with simple TLR gene overexpression may
thus be inadequate to assess direct HSP-TLR
binding 118,22].

SRs constitute the other family of PRRs.
These are receptors for chemically modified

Family HSPs !hk‘tyr"acéli,d]af _ Cross-presentation  Induction of'inflaMmatOr'yi :
: G localization ~ cytokine L
Small HSP Hsp25/27/28 Cytosol ND ND
Hsp40 Hsp40 Cytosol ND ND
Hsp47 Hsp47 ER ND ND
Hsp60 Hsp60 Mitochondria ND Enhance [19]
Hsp70 Hsp70 Cytosol Enhance {5.6.7,13] Enhance [9,11.16], inhibit [81]
Hsc70 Cytosol ND ND
mtHsp70 Mitochondria ND ND
BiP (Grp78) ER Enhance [82] ND
HspS0 Hsp90 Cytosol Enhance [74,75] Enhance 17
Gp86/Grpg4 ER Enhance [14,23] Enhance [17]
Hsp100 Hsp105/Hsp110 Cytosol Enhance [83] Enhance (84]
ORP150/Grp170 ER Enhance [80.35] ND
ER: Endoplasmic reticulum, HSP: Heat-shock protein; ND: Not determined.
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forms of lipoproteins, including oxidized and
acetylated low-density lipoproteins. The SR
family is divided into eight subclasses (A to H),
and many receprors belonging to this family
are expressed on the surface of APCs. The oxi-
dized low-density lipoprotein-binding protein
CD91/LRP has been shown to be a common
receptor for Hsp60, Hsp70, Gp96 and calre-
ticulin {23]. However, Theriault showed thar
the difference of Hsp70 binding o CD91-
positive and -negative cells was minimal p211.
Therefore, Hsp70 binding to CD91 may be
a low-affinity interaction or may be indirect.
It has been demonstrated that Hsp70 can
interact with at least three members of the SR
family, lectin-like oxidized low-density lipo-
protein receptor-1 (LOX-1) (241, SR expressed
by endothelial cells-1 (SREC-1) 25, and fas-
ciclin, EGF-like, laminin-type EGF-like and
link domain-containing SR-1 (FEEL-1) [2s].
Hsp70 can be bound at high affinity by these
SRs and internalized. Both Hsp90 and Hsp60
can also bind to LOX-1. In addition, gp96 and
calreticulin show significant affinity to SR-Al
and SREC-1 and are internalized by these
receptors 26,27). However, HSP (gp96) binding
to SR-A1 is immunosuppressive [28], whereas
LOX-1 mediates Hsp70 immunogenicity and
antigen presentation (24]. Therefore, detailed
studies of each receptor—HSP interaction are
essential to determine the effects of HSPs on
immune responses.

Mechanism of HSP release from cells
As described above, immunization wich HSP—
peptide complexes elicits anticumor immune
responses via cross-presentation by APCs. Do
immune responses induced by extracellular
HSP-mediated antigen cross-presentation actu-
ally take place in vivo? Because HSPs are inher-
ently intracellular proteins, some mechanism for
the release of endogenous HSPs into the extracel-
lular space must exist. However, HSPs are not
secreted via the classical pathway because their
sequences encode no secretion leader signals. In
fact, as described later, it has been shown thac
the export of HSPs to the extracellular space
could not be blocked by typical inhibitors of
the ER-Golgi pathway, such as brefeldin A.
Currently, two mechanisms are considered to
result in the release of HSPs from cells: passive
release mechanisms such as necrotic cell deach
caused by exposure to hypoxia, severe trauma,
surgery and lytic virus infection [29}; and active
release mechanisms involving nonclassical
protein release pathways [8.30-32].

# Passive release mechanism

Release of intracellular proteins involves cell
lysis and this may occur in pathological con-
ditons that give rise to necrosis [29]. Basu and
coworkers reported that HSPs, including gp96,
Hsp90, Hsp72 and calreticulin, are released
from necrotic cells but not from apoptotic cells
1171. Necrotic cell death results in the release
of incracellular contents into the extracellular
space, thereby liberating HSPs. Their findings
make cell necrosis an attractive explanation for
the mechanism by which HSPs are released into
the extracellular milieu as an intrinsic immuno-
logical messenger termed endogenous danger
signal as described later.

@ Active release mechanism

An active release mechanism has been sug-
gested as an additional mechanism to the pas-
sive release hypothesis. Asea er al. showed that
IEN-y and IL-10 induce the active release of
constitutively expressed Hsp70 (Hsc73) as well
as Hsp72 from tumors under conditions that
will not induce cell death [30]. Since IFN-y and
IL-10 are thought to exist at high concentrations
within inflammatory foci, these cytokines may
mediate the active release of Hsc73 and Hsp72
in vivo [31]. Moreover, Asea’s group showed that
whereas some exrtracellular Hsp72 could be
found as free Hsp72, a proportion of extracel-
lular Hsp72 was released within exosomes [31.32].
Exosomes are internal vesicles of multivesicular
bodies released into che extracelluar milieu upon
fusion of an multivesicular bodies with the cell
surface. Additionally, they showed that Hsp72
was released by a nonclassical protein transport
pathway and that intact surface membrane
lipid rafts were required for efficient stress-
induced Hsp72 release. Mambula ez a/. also
demonstrated that a prostatic cancer cell line
secreted Hsp72 via an endolysosomal pathway
i8]. Furthermore, Fleshner et @/, demonstrated
another possible mechanism for Hsp72 release
under the condition of psychological stress (33.
They proposed that activation of the sympa-
thetic nervous system by stimuli such as stressor
exposure results in the release of norepineph-
rine and subsequent activation of al-adrenergic
receptors. Stimulation of al-adrenergic recep-
tors results in an increase in intracellular Ca?*,
which may stimulate the release of exosomes
containing Hsp72. More recently, Vega er al.
134] and De Maio [35] have demonstrated that
Hsp72 is inserted into the plasma membrane
of cells after stress, which may be formed by
inverse evagination. [t was also shown that
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Hsp72 was released into the extracellular space
in a membrane-associated form (i.e., exosome)
that could act as a danger signal to activate mac-
rophages. Strikingly, activation of macrophages
by the membrane-associated form of Hsp72 was
highly effective than that by the free recombi-
nant Hsp72. This robust effect is likely to be
due to the high concentration of Hsp72 within
the vesicle (exosome).

Taken together, the results of these stud-
ies suggest that the active release hypothesis is
an important mechanism by which Hsp72 is
released into the extracellular milieu.

Extracellular HSPs act as endogenous
danger signals

The ‘danger theory’ postulates that the host
releases endogenous signals that are derived from
stressed or damaged cells, capable of stimulating
immunity [36]. Accumulating evidence indicates
that extracellular HSPs fulfil the criteria of an
endogenous danger signal.

& HSPs are chaperokines

Preparations of HSPs such as Hsp60, Hsp70,
Hsp90, gp96 and Hspl110 purified from a vari-
ety of sources including bacterial and mam-
malians, as well as recombinant bacrerial and
human producrs, have been reported to be
potent activarors of innate immunity, indicat-
ing that HSPs act as danger signals. Specifically,
these HSP preparations have been reported to
stimulate the production of proinflammatory
cytokines such as TNF-o, IL-1, IL-6 and IL-12
and the release of nitric oxide (NO) and C-C
chemokines by monocytes, macrophages and
DCs (10,37-40]. HSPs have also been reported
to induce the maturation of DCs, as demon-
strated by the upregulation of MHC class I and
IT molecules and costimulatory molecules such
as CD80, CD86 and CD40 (40.41). Moreover,
Chen et al. have demonstrated that hear stress
induced the release of various HSP from tumor
cells, which, in turn, activated tumor cells to
produce chemokines for chemoattraction
of DCs and T cells via the TLR4 signaling
pathway (42]. Thus, it has been proposed that,
through their cytokine-like funcrions, HSPs
serve as ‘chaperokines’ to the host’s immune
system at sites of tissue injury or stress where
HSPs are released into extracellular spaces. The
discovery of extracellular biological actions of
HSPs as chaperokines is very attractive and the
chaperokine theory is interesting with regard
to extracellular HSPs as a cause of sterile
inflammation. :

@ HSPs augment the action of
associated microbial products

There is some concern that these chaperokine
activities might have been due to microbial con-
tamination of HSP preparations. The represen-
tative microbial product LPS is a strong stimu-
lus of innate immune signaling. Wallin ez /.
reported that highly purified murine liver Hsp70
bad no cytokine effects even at concentrations as
high as 200-300 mg/ml (43]. Thus, some HSPs
have been shown to bind microbial products
very efficiently and thus augment the biologi-
cal actions of microbial products. Habich ez al.
demonstrated that Hsp60 bound LPS dightly
and that Hsp60-bound LPS, but not Hsp60
itself, was responsible for the observed cytokine
effects of Hsp60 preparation (44]. More interest-
ingly, Hsp60-bound LPS was more potent than
LPS in inducing cytokine production. Reed
et al. showed that gp96 binds endotoxin in a
high affinity, saturable and specific manner. The
same study demonstrated that low (<0.27 EU
endotoxin/mg protein) endotoxin preparations
of gp96 do not stimulate NE-xB activation or
NO release in macrophages [45]. In addition,
Wager et al. showed that gp96 bound lipid-based
TLR ligands such as palmitoyl-3-Cys-Ser-(Lys),
(Pam,Cys; a TLR2 ligand) and LPS (TLR4
ligand). Binding of Pam,Cys and LPS to gp96
enhanced their ability to induce the activation
and maturation of DCs j4¢]. Thus, there may
be cooperation between gp96 and TLR ligands,
and the former may amplify the effects of the
lacter. These results suggested that if ‘chaper-
oned by a certain HSP’, LPS at very low concen-
trations could induce cytokine production. In
this context, HSP augments immune responses
against molecules chaperoned by HSPs but not
against HSPs themselves. In a clinical setting,
this unique character of HSPs may contribute
to the in vivo recognition of Gram-negative
bacterial infection by binding to LPS and aug-
menting the host defense system via TLR4.
Although further studies are necessary to deter-
mine whether the reported cytokine-producing
effect is a result of HSPs or contamination of
TLR ligands, there is no doubt that HSPs play
important roles in eliciting immune responses
by acting as danger signals via HSPs themselves
and/or HSP-associated molecules.

# Cell surface-expressed HSPs elicit
immune responses

To avoid the problem of microbial contamina-
tion, a number of studies have been conducted
on transgenic expression of HSPs on the cell
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surface. It has been demonstrated that cell-
surface HSPs can activate immune responses.
Under these conditions, contamination by exog-
enous molecules such as LPS is unlikely. Zheng
et al. demonstrated that cell surface expres-
sion of gp96 on tumor cells induced efficient
T-cell priming and tumor rejection ir vivo [47].
Likewise, Chen et al. showed that transgenic
expression of Hsp70 on the tumor cell surface
elicited antitumor immunity, and immunization
of mice with these rumor cells led to induction
of tumor-specific cytotoxic T cells (38). In addi-
tion, transgenic expression of gp96 on the cell
surface leads to in vive activation of DCs and the
development of lupus-like systemic autoimmune
disease in mice [48,49]. Vaccinartion of mice with
gp96-secreting fibroblasts leads to i vivo acti-
vation of CD11b* and CD11c* APCs [50]. These
studies have demonstrated that cell-surface
HSPs are capable of activating the immune sys-
tem 27 vivo. However, it remains unclear whether
the observed i vive effects are direct effects of
HSPs themselves or effects via HSP-associated
molecules.

% Getting a grip on the chaperokine
world

It must be emphasized that HSP purification
procedures should be carried out to the highest
standards of molecular chaperone purification
as described by Pockley et 4. (s1]. In addition, a
further direction of this field will be to identify
the receptor binding domain of each HSP. More
importantly, x-ray crystallographic analysis may
reveal the mode of HSP-receptor binding. From
the biological point of view, as an endogenous
danger signal, under the condition of bacterial
or viral infection, damaged cell-derived extracel-
lular HSPs may bind microbial products such as
LPS, lipoproteins, bacterial DNA and viral RNA
in the inflamed milieu, leading to activation of
TLR- and non-TLR-mediated innate immune
responses. This nascent but very attractive field
of biology should be furcher developed through

careful experiments.

Endogenous danger signals & sterile
inflammation concomitant with
immune responses

In addition to recognizing pathogen-associated
molecular patterns, the immune system has
evolved to recognize endogenous danger sig-
nals, called damage-associated molecular pat-
terns (DAMPs), many of which are released by
dying or necrotic cells and contribute to ‘sterile
inflammation’ in a noninfectious sterile setting.

Furthermore, the recognition of DAMPs can
activate the innate immune system in vivo.
DAMP molecules comprise a structurally and
sequence-diverse family of endogenous mole-
cules, generally intracellular and hidden by the
plasma membrane, thart are often released from
necrotic cells. It has been demonstrated that uric
acid 221, DNA and more specifically unmeth-
ylated CpG-rich DNA regions, high-mobility
group box 1 (HMGBI) (52,531, Sin3A-associated
protein 130 54), IL-1at 351, [L-33 [55.56], S100 pro-
teins [57) and HSPs act as DAMPs [58]. However,
a recent study has suggested that highly purified
HMGBLI does not induce significant amounts
of proinflammatory cytokines. The capac-
ity of HMGB1 to bind other molecules may
be the underlying basis for these observations
159}. Thus, some of these DAMPs have the abil-
ity to interact with other molecules, including
DNA, RNA, IL-1B and LPS, and also nucleo-
somes that augment or modify the function of
DAMPs themselves. As mentioned previously,
HSPs can also bind a number of endogenous as
well as pathogen-associated exogenous molecules
and enhance the cytokine effects of these mole-
cules. Recently, we have shown that extracellular
Hsp90 can enhance the self-DNA-mediated
type I IFN production by plasmacytoid DCs
(pDCs) and conventional DCs (cDCs). In the
next section we will discuss how Hsp90 is able
to change the destination of associated molecules
via spatiotemporal regulation.

Hsp90-mediated spatio-

temporal regulation of
CpG-oligodeoxynucleotide &
activation of innate immunity

In contrast to the idea that HSP itself acts as
an endogenous danger signal, we have a work-
ing hypothesis that HSP empowers the chaper-
oned innate ligands to activate innate immune
response {60]. Unmethylated CpG dinucleotides
within certain sequence contexts (CpG motifs)
are recognized by TLRY, which is expressed pri-
marily by pDCs and B cells, resulting in a large
amount of IFN-a production {s1,62]. We have
shown that murine and human pDCs pulsed
with an Hsp90-CpG-A oligodeoxynucleotide
complex produce a larger amount of IFN-a
than that in the case of CpG-A alone (Fioure 14).
Furchermore, unlike human DCs, murine cDCs
express both TLR7 and TLRY, although the
expression levels are low compared with those
in pDCs. We then showed the ability of Hsp90
to target chaperoned CpG-A to murine ¢cDCs,
resulting in IFN-a production (fieure 18). The
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