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rB19ECP. Confocal miscroscopy analysis was performed with a D-

ECLIPSE Cl (Nikon, Kawasaki, Japan) mounted with 20X/0.50 or
40X/0.75 Plan Fluor dry objective lenses. Excitation at 488 nm from an
argon laser and at 543 nm from a helium-neon laser was used. Images were
acquired with E2-Cl 2.00 software (Nikon) and processed with Adobe
Photoshop 7.0.1 (Adobe Systems, San Jose, CA).

Resulis

Identification of B19-binding protein on the cell surface
of nonerythroid celis

To identify a putative receptor for B19, we first checked the
expression of P antigen (Figure 1). Flow cytometry analysis
revealed that «5B1 integrin® was also positive on the surface of all
cell lines tested (data not shown). We then studied the binding and
replication of B19 in association with the expression of P antigen
and o581 integrin. Quantitative study for cell-surface binding, B19
DNA replication, and fluorescence-activating cell sorting (FACS)
analysis using anti~B 19 protein (VP2) antibody PAR3 revealed that
B19 binds not only to a P antigen—expressing erythroid cell line
KU812Ep6 but also to a macrophage cell line, U937, to a T-cell
line, H9, and a renal carcinoma cell line, ACHN, in which P antigen
was undetectable on the cell surface. None of the cell lines, T24,
SW620, and HeLa, bound B19 despite surface P antigen expression
(left column in Figure 1A). FACS analysis at 48 hours after B19
infection revealed 2 types of staining patterns for B19 protein
following immunohistochemistry using PAR3: (1) intense staining
in KU812Ep6 and (2) weak staining in Ku812Ep6, U937, HY, and
ACHN (left column in Figure 1B). Replication of B19 DNA and
the synthesis of B19 protein was observed in KU812Ep6, but not in
any of the other cells, irrespective of the presence of P antigen
(right column in Figure 1A and right column in Figure 1B) or a5B1
integrin.
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Figure 2. Determination of B19-binding protein on surface of T cell line H9. (A}
Isolation of B19-binding protein from H9 surface. Surface proteins H9 of cells were
biotinylated. Cell lysate from 1 X 10" biotinylated H9 cells was mixed with rB19ECP-
conjugated Sepharose or with BSA-conjugated Sepharose. Precipitated protein was
isolated and reacted with streptavidin-horseradish-peroxidase conjugate on PVDF
membranes, followed by the chemiluminescence detection. (B) Westemn blotting of
protein from H9 surface with anti-Ku80 antibody. Lanes 1-4 show cell lysate
precipitated with indicated protein or protein-conjugated Sepharose. Lane 5 shows
the rB19ECP (1 n.g) resolved by electrophoresis under denaturing conditions.

To determine the cell-surface molecule responsible for B19
binding to H9 cells, a recombinant empty capsid protein of B19
(rB19ECP) was used. Biotinylated rBI19ECP bound H9 in a
dose-dependent manner (data not shown). We then purified the
rB19ECP-binding molecule from the cell surface of H9 using
rB19ECP-conjugated Sepharose (rB19ECP-Sepharose). The pre-
cipitated 80-kDa protein (Figure 2A) was analyzed by matrix-
assisted laser desorption ionization-time of flight mass spectrom-
etry. The obtained data were collated and submitted for homology
search using the Swiss Prot and NCB Inr databases. The Ku80
autoantigen was identified as the gene product with the highest

Figure 1. B19 infectivity and expression of P antigen.
Each celiline (2 X 105) was inoculated with B19 (1 ><g10" A B19 infection B3 ¢
copies of B19 DNA) for 30 minutes at 4°C and washed 30min 48h Detection of B19 protein Expression of P Ag
with PBS, pH 7.2, 3 times. Half of the cells in each group 819 DNA
were used for evaluation of B19 adsorption (left column in (109 b, KU812Ep6
panel A), and remaining cells in 3 mL RPMI containing KUSI2EpS | 5 166
10% FBS were further incubated at 37°C for 48 hours to B BP PAg
measure B19 DNA replication (right column in panel A) or © 107
to detect B19 protein (B). (A) B19 binding and replication (%104 TP U937
of B19 in various cell lines. B19-infected cells were  jo37 | ., 'O ]
quantified for B19 DNA as described in “Materials and 2 k\
methods.” The left column (@) is regarded as B19 2 10
adsorption, and the right column (&) as 819 replication. (X109 1 19
The scale for B19 DNA is shown in logarithm. (B) 9 LT
Detection of B19 protein in B19-infected cells. After a kS
48-hour incubation with B19, the cells were washed 3 g 107
times with PBS and they were fixed with 4% paraformal- (%104 T24
dehyde followed by permeabilization with SAP buffer T24 " 108 1
(0.1% saponin, 0.05% NaN3 in Hanks balanced salt £
solution). Then, cells were incubated with PAR3 at a g 107 o gom |
concentration of 5 ng/mL on ice for 30 minutes, folliowed (% 1Y) SW620
by an incubation with FITC-conjugated goat anti-mouse 160
1gG. The expression of B19 protein in cytoplasm was swez0 g
analyzed by flow cytometry with PAR3 (line) or isolype- g8 17 -
matched antibody 1F5 (shadow; left panel), or by immuno- (%109 HeLa
fluorescence (IF) staining with PAR3 (right panel). Two 100
types of positive pattems were observed in flow cytom- Hela g
etry: dull positive (DP) pattern in KU812Ep6, U937, H9, g 187 P,
and ACHN; bright positive (BP) pattem in KU812Ep6. (C) (x10% N
. . X P ACHN
Flow cytometry analysis of P antigen expression on 106
the celt surface. Indicated cells were incubated with ACHN g
antigloboside antibody, GL4, followed by PE-labeled g 10 @

anti—rabbit IgG. Shadow represents staining using rabbit
IgG as a negative control.
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homology in both databases. As a confirmation, the rB19ECP-
binding 80-kDa protein reacted with anti-Ku80 antibody (Figure
2B). Competitive ELISA further confirmed the specific binding
between Ku80 and B19. Biotinylated recombinant Ku80 (rKu80)
reacted with rB1SECP fixed to microwells (Figure 3A); the binding
was selectively inhibited by unlabeled rKu80 but not by recombi-
nant Ku70 (rKu70), globoside, or recombinant soluble CD26
(sCD26)?* (Figure 3B). This binding was also inhibited in the
presence of native B19 particles from infected patients (Figure 3C).
Two anti-Ku80 antibodies significantly inhibited the binding of
biotinylated rKu80 and rB19ECP, whereas anti-Ku70 antibody or
anti-CD 106 antibody failed to inhibit the binding (Figure 3D).

Ku80 participates in B19 binding and subsequent entry

We next investigated whether Ku80 would participate in B19
binding on the cell surface and facilitate B19 entry. KU812Ep6,
U937, HY, and ACHN cells efficiently bound B19 (Figure 1A) and
all of these cells clearly expressed Ku80 on their surface (Figure
4A). On the other hand, Ku80 was undetectable on T24, SW620,
and HeLa cells, and no binding of B19 occurred (Figures 4A and
1A). An in vitro infection experiment demonstrated efficient
replication of B19 DNA in KU812Ep6 cells that expressed both
Ku80 and P antigen. B19 failed to amplify itself in U937, H9, and
ACHN cells, which express Ku80 but no detectable levels of
P antigen on the cell surface (Figures 1 and 4A). T24, SW620, and
HeLa cells were nonpermissive for B19 infection although they
expressed P antigen (Figure 1) and a581 integrin.
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Figure 3. Specific binding of rB19ECP to Ku80. (A) Specific binding of Ku80 to
rB1SECP. Indicated concentration of biotinylated riKu80 or biotinylated BSA was
reacted with rB19ECP fixed to 96 microwells and detected by ELISA. (B} Competitive
ELISA for rB19ECP binding to rKu80. Biotinylated rKu80 (2 p.g/mL) was reacted with
rB19ECP fixed to wells in the presence of indicated doses of unlabeled rKu80, rKu70,
sCD26, or globoside. (C) Inhibition of rB19ECP binding to rKuB0 by purified B19.
Biotinylated rKu80 (1 ng/ml.) was added to rB13ECP fixed to wells in the presence of
B19 that was purified from B19* serum with repeated microfiltration. Doses of B19
are expressed as copy numbers of 819 DNA. (D) Inhibition of rB19ECP binding to
rKuB0 by anti-KuB0 antibodies. Binding of biotinylated rKu80 or biotinylated BSA to
rB19ECP fixed to wells was measured in the presence of isotype-matched mouse
monoclonal antibodies as indicated.
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Figure 4. Role of Ku80 in B19 infection in vitro. (A) Ku80 expression on cell
surface. The indicated cell lines were reacted with 5 pg/mL mouse monoclonal
anti-Ku80 antibody {line) or 5 pg/mL isotype-matched mouse monoclonal antibody
1F5 (shadow), followed by FITC-labeled anti-mouse IgG antibodies. Cells were
washed with PBS, and cell-surface expression of KuB0 was analyzed by flow
cytometry. (B) Blocking of B19 adsorption by anti-Ku80 antibody or antigloboside
antibody. KUB12Ep6 cells (2 x 10 ) were infected with B19 (2 X 10" copies of B19
DNA) on ice for 30 minutes in the presence of the indicated antibodies (5 pg/mL) and
extensively washed with PBS 3 times. To activate aSB1 integrin, anti-integrin
antibodies were used in the presence of divalent ions (1 mM Mn2*, 1 mM Mg?*). B19
DNA in each group was quantified by quantitative PCR. The blocking ability of B19
binding by each antibody was expressed as percent decrease of B19-DNA in each
group compared to that in antibody-untreated cells. **P < .01, *P < .05 by Student ¢
test. {C) Blocking of B19 replication by anti-Ku80 antibody or antigloboside antibody.
KUB12Ep6 cells were infected with B19 and washed as described. Cells were further
incubated for 48 hours at 37°C and washed with PBS 3 times before the quantitative
study of B19 DNA. To activate a5p1 integrin, anti-integrin antibodies were used in the
presence of divalent ions {1 mM Mn2*, 1 mM Mg?*). The blocking ability of B19
replication by each antibody was expressed as described. **P < .01, *P < .05 by
Student t test. (D} BNA interference of KuB0 in KUB12Ep6 cells. Cell-surface
expression of KuB0 was examined by flow cytometry in scramble RNA or siRNA of
Ku80-transfected KUB12Epé6 cells (left panel). KUB12Ep6 cells treated with indicated
RNA were reacted with 5 p.g/mL mouse monoclonal anti-Ku80 antibody or 5 wg/mL
isotype-matched mouse monoclonal antibody 1F5 {(shadow), foliowed by FITC-
labeled anti-mouse IgG antibodies. B19 association of siRNA-transfected KUB12Ep6
cells was evaluated by quantitative PCR (right panel). Sample DNA was prepared
from extensively washed scramble RNA or siRNA of Ku80-transfected KU812Ep6
cells after 2 hours of incubation with B19. *P < .01 by Student ttest.

Ku80 functions as a coreceptor for B19 infection together
with P antigen

We then performed an inhibition test for B19 infection of KU812Ep6
cells using antibodies against Ku80, P antigen, aSPB1 integrin.
Anti-Ku80 antibody inhibited B19 binding, whereas anti-P anti-
body, GL4, did not inhibit B19 binding. Anti-a5 and anti—$1
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Figure 5. Transfection of KuB0 to Hela cells. (A) Expression of Ku80 on HeLa cells transfected with pKu80. KuB0 cDNA was inserted to expression plasmid pcD and the
resulted pKu80 was transfected to Hela cells (Hela-Ku80) using lipofectin. Empty pcD was used for a mock transfection (HeLa-mock). The transfected cells (2 X 105) were
incubated with 5 pg/mL of each antibody, anti-Ku80 antibody (ii,iii), GL4 (A1), or isotype-matched mouse monoclonal antibodies or rabbit serum (shadow), and then analyzed
for the expression of P antigen or Ku80 on the cell surface. Figures show Hela-mock expressed P antigen but not Ku antigen on the surface (i,ii), whereas Hela-KuB0
expressed Ku80 (iii). {B) increased binding and viral entry of B19 in Hela-KuB0. The indicated cells (6 X 10%) were infected with B19 (2 X 10" copies of B19 DNA} for
30 minutes on ice. After washing cells 3 times with PBS, pH 7.2, DNA was extracted from 2 X 105 cells. Remaining cells were further incubated for 30 minutes at 37°C. After
washing cells 3 times with PBS, pH 4.5, a cytoplasmic and nuclear fraction was prepared, and then DNA was extracted from each fraction. Prepared DNA was subjected to a
quantitative PCR to quantify B19 DNA. *P < .01 by Student ttest. (C) B19 infection to HeLa-Ku80. HeLa-mock or HeLa-Ku80 celis (2 X 10 5) were infected with B19 (2 x 10
copies of B19 DNA) for 30 minutes at 37°C. After being washed 3 times with PBS, cells were collected with 5 mM EDTA-PBS, pH 7.2, fixed with 4% paraformaldehyde and
reacted with PAR3, followed by FITC-labeled anti-mouse IgG antibody as a secondary antibody. Thus prepared cells were then subjected to a confocal microscope analysis.
The panel represents B19 entered into HeLa-Ku80. (D) Colocalization of rB19ECP and Ku80. HelLa-mock or HelLa-KuB0 (2 x 105) cells were incubated with biotinylated
rB19ECP (1 pg/mL) in the presence of 5 ng/mL inhibitor antibody indicated for 30 minutes at 37°C. After being washed 3 times with PBS, pH 7.2, cells were collected with 5 mM
EDTA-PBS, and rB19ECP or KuB0 was detected by confocal microscopy analysis. KuB0 was detected by anti-Ku80 antibody followed by TRITC-fabeled anti-mouse IgG

antibody as a secondary antibody. Detection of biotinylated rB19ECP was done by avidin-FITC as described in “Materials and methods.”

integrin antibodies caused a slight inhibition of B19 binding
(Figure 4B). Both anti-Ku80 antibody and GL4 also inhibited B19
replication in KU812Ep6 cells. The simultaneous presence of both
antibodies more strongly inhibited the replication of B19 DNA
(Figure 4C). Presence of anti—a5 and anti-B1 integrin antibodies
caused only a slight inhibition of B19 replication (Figure 4C). In
other experiments, KU812Ep6 cells were treated with siRNA
against Ku80 and then tested for the replication of B19 at B19
infection study. The results revealed the suppression of B19
binding to the KU812Ep6 cells with reduced expression of Ku80
(Figure 4D).

The role of Ku80 as a coreceptor for B19 infection was also
supported by a transfection experiment using HeLa cells that were
nonpermissive for B19 infection. Figure 5A shows that the surface
of Ku80-transfected HeLa cells (HeLa-Ku80) became positive for
Ku80 expression and binding of B19 to the cells was significantly
enhanced (Figure 5B). Quantitative analysis of B19 DNA (Figure
5B) and confocal laser microscopy (Figure 5C) confirmed that B19
DNA and B19 protein were present in the cytoplasmic fraction of
HeL.a-Ku80 cells 30 minutes after infection, similar to Ku812Ep6.
Furthermore, a coincubation experiment of rB19ECP and HeLa-
Ku80 revealed the colocalization of rBI9ECP and Ku80 in the
cytoplasm or membrane (or both) of HelLa-Ku80 (Figure 5D).
Moreover, association of rB19ECP and HelLa-Ku80 was apparently

inhibited by the presence of anti-B19 antibody or anti-Ku80
antibody (Figure 5D).

Ku80 is expressed on the surface of bone marrow cells

Because Ku80 is known as a nuclear protein, it is important to
determine whether or not Ku80 is expressed on the cell-surface in
vivo. Ku80 was not detected on the cell surface of peripheral blood
mononuclear cells (data not shown). We then examined cell-
surface expression of Ku80 in bone marrow cells because bone
marrow cells are potential targets of B19 infection. Flow cytometry
analysis of bone marrow cells demonstrated that Ku80 was highly
expressed on the cell surface of erythroid progenitor cells express-
ing glycophorin A as well as on the surface of immune cells such as
CD20*, CD3*, or CD14* cells in bone marrow (Figure 6A). A
small portion (5.6%) of CD36* bone marrow cells, which may be
permissive to B19 infection,? were also positive for the expression
of Ku80 on the cell surface (Figure 6B). B19 binding to bone
marrow cells was inhibited in the presence of anti-Ku80 antibody at
B19 infection in vitro (data not shown). Figure 7 shows that the
replication of B19 in bone marrow cells was significantly inhibited
in the presence of anti-Ku80 antibody or GL4. The inhibition rate
of B19 replication in the presence of both anti-Ku80 antibody and
GLA4 was similar to that in the presence of GLA.
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Figure 6. Cell-surface expression of Ku80 in human bone marrow cells. Flow
cytometry analysis of KuB0 expression on the cell surface. Bone marrow cells were
reacted with indicated antibodies and anti-Ku80 antibody as described in “Materials
and methods,” and then the expression of surface molecules was analyzed. Prior to
the study, each sample had been analyzed by the scattered plot. The results showed
that the glycophorin A+, CD3+, CD20*, CD56*, or CD36* cells were scattered in gate
1(G1), and CD14* cellsin gate 2 (G2),*and that there were no glycophorin A+, CD3+,
CD20*, CD56%, or CD36* cells in gate 3 (G3). Then the expression of Ku80 on cell
surface in gated cells was analyzed. The gate used in each experiment is shown at
teft-lower side of each plot. (A} Gates used in the experiment and detection of Ku80
on the surface of various cell lineages. (B} Detection of Ku80 on the surface of CD36*
bone marrow cells.

Discussion

The presented data implicate Ku80 as a coreceptor involved in B19
infection. U937, HY, and ACHN cells expressing Ku80 showed
B19 binding, but some cells with P antigen failed to bind B19
unless these cells expressed Ku80 on their surface. A marked
increase in B19 binding in Ku80-transfected Hela cells and the
inhibition of B19 infectivity by anti-Ku80 antibody or siRNA to
Ku80 suggests a Ku80-dependent B19 interaction with the targeted
cells. Specific inhibition of B19 binding by anti-Ku80 antibody
that recognized the N-terminus of the Ku80 protein suggests that
B19 interacts with specific sites of Ku80 on the cell surface.
Further, Epstein-Barr virus or hepatitis virus C failed to bind
either to Ku80-expressing Hela or U937 cells (data not shown).
These results suggest that Ku80 is one of the specific receptors for
B19 infection.

Ku is a heterodimeric DNA-binding protein consisting of a
70-kDa (Ku70) and an 80-kDa (Ku80) subunit and was originally
identified as a nuclear antigen recognized by autoantibodies in
patients with systemic lupus erythematosus and scleroderma.? Ku
has a central role in multiple nuclear processes, including DNA
repair, chromosome maintenance, transcription regulation, and
V(D)J recombination. Ku is abundant in the nucleus, consistent
with its function as a DNA-protein kinase (DNA-PK).2027 How-
ever, recent studies have shown cytoplasm or surface localization
of Ku in various types of cells, including of leukemia, multiple
myeloma, and tumor cell lines. Ku is a component of the DNA-PK
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complex in membrane rafts of mammalian cells.26 Although the
role of surface Ku80 has not been well clarified,?® signal transduc-
tion and Ku80 are coupled in both B and T cells,??8% and
localization of the DNA-PK complex in lipid rafts suggests a
putative role in the signal transduction pathway following ionizing
radiation.?® It was recently reported that Ku interacts with metallo-
proteinase 9 at the cell surface of highly invasive hematopoietic
cells of normal and tumor cell origin, and Ku80/MMP-9 interaction
at the cell membrane may result in contribution to the invasion of
tumor cells through regulation of extracellular matrix remodel-
ling.3® Further, the membrane form of Ku, whose expression is
induced at hypoxia, mediates cell adhesion of plasma cells,30-32
indicating a role for Ku as an adhesion receptor for fibronectin.®
The present study showed that Ku80 is positive on the surface of
CD3* cells, CD20* cells, CD14* cells, glycophorin A* cells, and
CD367 cells from bone marrow where B19 infection is permissive.

We have discovered a novel role of Ku80 as a cellular receptor
in B19 infection. Anti-Ku80 antibody, however, did not cause
complete inhibition of B19 infection, whereas pretreatment with
anti-Ku80 antibody together with GL4 strongly inhibited B19
infectivity in KU812Ep6 cells and human bone marrow cells,
showing the necessity of P antigen as a receptor. A recent report
showed that a5B1 integrin has a role in B19 entry into host cells,®
and KU812Ep6, U937, H9, ACHN, and HeLa cells all expressed
o5B1 integrin on their surface (data not shown). However, B19
entry into U937- and H9-expressing Ku80 and o5B1 integrin or
HeLa cells with P antigen and o5B1 integrin was insufficient or
negative (Figures 1 and 5B). B19 entry was marked in KU812Ep6
cells or Ku80-HeL.a cells that expressed Ku80, P antigen, and a5p1
integrin on their surface, showing the necessity of P antigen for
efficient binding and the virus entry afterward. Anti-a5 and
anti—B1 integrin antibodies, which inhibited the entry of B19 into
K562 cells, caused a slight inhibition of B19 binding as well as
B19 replication in KU812Ep6, supporting the participation of
a5B1 integrin in B19 infection. We are currently investigating the
precise mechanism of the interaction among B19-related receptors
such as P antigen, Ku80, and oSB1 integrin in association with the
following signal transduction in B19-infected cells.

The use of multiple receptors for entry into cells has been
observed frequently in virus infection, such as by a herpesviruses,
HHV-8 or HIV.3*35 We have shown that B19 uses at least 2
receptors, Ku80 and P antigen, in the process of infection. Ku80
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Figure 7. Blocking of B19 infection of bone marrow cells by anti-Ku80 antibody
or antigloboside antibody. Bone marrow cells (2 X 108) were infected with B19
(2 x 10" copies of B19 DNA) with the indicated antibodies and evaluated for quantity
of B19 DNA as described. Anti-CD106 antibody was a mouse monoclonal antibody
used as a negative control. The differences in the resuits between control (—) and
other samples were statistically analyzed. *P < .01 by Student ttest.
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may function as an efficient B19-capturing molecule on the cell
surface and may also contribute to B19 entry into cells; markedly
enhanced entry of B19 in Ku80-HeLa cells (Figure 5C-D) suggests
that Ku80 mediates efficient B19 entry in cooperation with
P antigen and probably with o581 integrin.® Although Ku80 can
interact with Epstein-Barr virus protein in the nucleus,3¢ this
study is the first to show the use of Ku80 antigen as a cellular
receptor for virus infection. Despite marked entry of B19,
synthesis of B19 protein was unsuccessful in Ku80-HeLa cells,
but was possible only in erythroid cell lines, indicating that
unknown intracellular factors may be required for B19 replica-
tion in the targeted cells.37-38

Ku80 is not found in circulating mononuclear cells from healthy
volunteers but is positive on the surface of B19-binding cells in
vivo, such as immune cells in tonsils, erythroblasts, T cells, B cells,
macrophages in bone marrow, and immune cells including follicu-
lar dendritic cells in rheumatoid joints, indicating the surface
expression of Ku antigen may be restricted by environmental
conditions. Of interest is that the oxygen levels are markedly
low in bone marrow and joints¥-4! compared with that in blood,
and surface Ku80 is inducible with hypoxia.33? A recent study
suggests the efficiency of B19 infection increases with hypox-
ia.*? These studies suggest that surface Ku80 induced with
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hypoxia may participate in the process of B19 infection of joints
and bone marrow.

Ku80 expression on the surface of immune cells in bone
marrow in vivo may explain clinical findings associated with B19
infection to nonerythroid cells. Namely, B19 infection often causes
a decreased number of leukocytes or lymphocytes in blood during
acute B19 infection, as well as increased levels of TNF-a and
IFN-v in blood or rheumatoid joints, and the detection of B19on T
cells, B cells, or macrophages in tonsils, bone marrow, or rheumna-
toid joints. B19 may infect immune cells in bone marrow or the
synovium and persist to lead to secrete an inflammatory cytokine
through the activation of AP1 and AP2 by B19 NS1.*? Stimulation
of cellular receptors with B19 may trigger activation of signal
cascades in host cells, which may explain why immune cells in
acute and prolonged B19 infection or in the joints of rheumatoid
arthritis are functionally altered.
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Reconstitution of the functional human hematopoietic microenvironment derived
from human mesenchymal stem cells in the murine bone marrow compartment

Yukari Muguruma, Takashi Yahata, Hiroko Miyatake, Tadayuki Sato, Tomoko Uno, Jobu lioh, Shunichi Kato, Mamoru lto, Tomomitsu Hotta,

and Kiyoshi Ando

Hematopoiesis is maintained by specific
interactions between both hematopoietic
and nonhematopoietic cells. Whereas he-
matopoletic stem cells (HSCs) have been
extensively studied both in vitro and in
vivo, little is known about the in vive
characteristics of stem cells of the honhe-
matopoietic component, known as mesen-
chymal stem cells (MSCs). Here we have
visualized and characterized human MSCs
In vivo following intramedullary transplan-
tation of enhanced green fluorescent pro-

tein-marked human MSCs (eGFP-MSCs)
into the bone marrow (BM) of nonobese
diabetic/severe combined immunodefi-
clency (NOD/SCID) mice. Between 4 to 10
weeks after transplantation, eGFP-MSCs
that engrafted in murine BM integrated
into the hematopoietic microenvironment
(HME) of the host mouse. They differenti-
ated into pericytes, myofibroblasts, BM
stromal cells, osteocytes in bone, bone-
lining osteoblasts, and endothelial cells,
which constituted the functional compo-

nents of the BM HME. The presence of
human MSCs in murine BM resulted in an
increase in functionally and phenotypi-
cally primitive human hematopoietic cells.
Human MSC-derived cells that reconsti-
tuted the HME appeared 1o contribute to
the maintenance of human hematopoi-
esis by actively interacting with primitive
human hematopoietic cells. (Blood. 2006;
107:1878-1887)

© 2006 by The Amerlcan Soclety of Hematology

Introduction

Mesenchymal stem cells (MSCs) present in bone marrow (BM) are
thought to give rise to cells that constitute the hematopoietic
microenvironment (HME).! MSCs have been isolated from BM
and various tissues from humans and many other species, expanded
in culture, and shown to differentiate into osteocytes, chondrocytes,
adipocytes, and myoblasts under defined conditions in vitro.2 In
culture, MSCs produce a number of cytokines and extracellular
matrix proteins and express cell adhesion molecules, all of which
are involved in the regulation of hematopoiesis.** They also
support the development of hematopoietic colonies in vitro.*
However, in contrast to hematopoietic stem cells (HSCs) that have
been prospectively isolated and exiensively studied at the single-
cell level both in vitro and in vivo, MSCs have only been defined
and isolated by physical and functional properties in vitro. Conse-
quently, little is known about their phenotypic and functional
characteristics in vivo.

Systemic administration of MSCs for facilitation of bone
marrow transplantation has been proposed based on the in vitro
characteristics of MSCs. In recent studies, cotransplantation of
human MSCs and HSCs resulted in increased chimerism or
accelerated hematopoietic recovery (or both) in animal models and
in humans,%® suggesting a role for MSCs in the engraftment and
repopulation of HSCs. Although the existence of donor MSCs has
been documented in the BM of recipient animals following MSC

infusion,™® the methods used to detect engraftment, such as
polymerase chain reaction (PCR) or staining of cytospin samples,
could not unambiguously distinguish engraftment from cell sur-
vival or nonspecific lodgment on the vascular bed. In addition,
Awaya et al examined stromal cells of patients who received BM
transplants and confirmed that all donor signals were, in fact,
derived from macrophages.!! To our knowledge, there is no
physical evidence that transplanted human MSCs have indeed
engrafted in the BM of adult animals and directly participated in
the enhanced engraftment of HSCs.

To assess the engraftment, spatial distribution, and lineage
commitment of MSCs as well as their roles in hematopoiesis in
vivo, we transplanted enhanced green fluorescent protein (eGFP)~
marked human MSCs into the tibiae of nonobese diabetic/severe
combined immunodeficiency (NOD/SCID) mice by intra—bone
marrow transplantation (IBMT), a method previously shown to
improve the engraftment of both hematopoietic and nonhemato-
poietic cells in mice.'*!* We used a dual-color genetic marking
strategy® along with immunofluorescent staining to distinguish
and investigate transplanted cells in situ. We show that trans-
planted human MSCs integrated into the functional components
of the HME and that these MSC-derived cells appeared to be
actively involved in the maintenance of human hematopoiesis in
murine BM.
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Materials and methods
Isolation of human cord blood CD34+ cells

Human umbilical cord bicod (CB) samples were obtained from full-term
deliveries with informed consent of the mother and used in accordance with
the institutional guidelines approved by the Tokai University Committee on
Clinical Investigation, CD34* cells were selected using the CD34 Progeni-
tor Cell Isolation Kit (Miltenyi Biotec, Sunnyvale, CA) according to the
manufacturer’s instructions as described previously.!? The purity of se-
lected cord blood CD34% (CBCD34) cells was always greater than 95%,
and they were cryopreserved in liquid nitrogen until use. In some
experiments, CBCD34 cells were further fractionated into CD34*CD38*
and CD34*CD38~ populations at the day of transplantation.

Human MSCs

Human MSCs were purchased from Cambrex BioScience Walkersville
(Walkersville, MD) and cultured according to the directions supplied
by the company. The ability to differentiate into adipocytes, chondro-
cytes, and osteoblasts was confirmed in vitro before they were used for
the experiments.?

Antibodies

The following antibodies were used for tissue immunostaining: anti-CD15
(80H5, 1:75; Coulter/Immunotech, Marseille, France), anti-CD31 (1:100;
TECNE, Minneapolis, MN), anti-CD34 (My10, 1:20; BD Biosciences, San
Jose, CA), anti-CD45 (2D1, 1:75; BD Biosciences), anti-glycophorin A
(JC159, 1:400; Dako, Glostrup, Denmark), anti-N-cadherin (1:20; IBL,
Gunma, Japan), antiosteocalcin (1:25; Biogenesis, Poole, United King-
dom), anti-smooth muscle (SM) actin (1A4, 1:800; Sigma-Aldrich, St
Louis, MO), anti-alkaline phosphatase (B4-78, 1:30; Developmental
Studies Hybridoma Bank, University of Iowa, Iowa City, IA), antivimentin
(1:400; Progen Biotechnik, Heidelberg, Germany), anti-GFP (1:500; MBL,
Nagoya, Japan), antiosteopontin (10A16, 1:100; IBL), and anti~-SDF-1
(1:200, Santa Cruz Biotechnology, Santa Cruz, CA). The following
monoclonal antibodies (mAbs) were used for flow cytometry: fluorescein
isothiocyanate~conjugated anti-CD19 (SJ25C1; BD Biosciences), phyco-
erythrin-conjugated anti-CD33 (WMS53) and anti-CD34 (581), and allophy-
cocyanin-conjugated anti-CD45 (J.33; all from Coulter/Immunotech).

Experimental animals, lentiviral gene transduction,
and cell transplantation

Eight- to 10-weck old male NOD/Shi-scid (NOD/SCID) mice were
purchased from Clea Japan (Tokyo, Japan) and housed in sterile microisola-
tor cages in the animal facility of Tokai University School of Medicine.
Mice were given autoclaved food and water. Twenty-four hours before
transplantation, mice were irradiated with 300 c¢Gy from an x-ray irradiator
(HW-300, Hitex, Osaka, Japan) and thereafter fed acidified water. All
procedures were approved by the Animal Care Committee of Tokai
University. Prior to transplantation into mice, MSCs and CBCD34 were
genetically marked with eGFP or its yellow variant enhanced yellow
fluorescent protein (eYFP). Transduction of CBCD34 and MSCs was
carried out as described previously.!>!6 For in situ examination of
transplanted cells, 1 X 108 eGFP-marked MSCs and 2 X 10% eYFP-marked
CBCD34,2t04 X 105CD347CD38" cells, or 1.5 to 4 X 10* CD34*¥CD38~
cells were suspended in 10 pL PBS and transplanted directly into the right
tibia of NOD/SCID mice using a Hamilton syringe equipped with a
31-gauge needle.!? In some experiments, gene-marked MSCs or CBCD34
cells were separately transplanted by IBMT or by the intravenous route.

Analysis of human cell homing

Staining of CBCD34 cells with PKH26 dye (Sigma-Aldrich) and analysis
of cells that homed into BM were conducted as described previously.!? Each
mouse received 1 X 10° MSCs into the right tibia and 10 pL PBS into the
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left tibia by IBMT, followed by administration of 1 X 10¢ PKH26-labeled
CBCD34 cells into the retro-orbital plexus. Twenty hours after transplanta-
tion, mice were humanely killed, and BM cells were collected separately
from the tibiae that had been injected with MSC and the PBS.

Analysis of human cell engraftment

A total of 1 X 10% MSCs was injected into the right tibiae of irradiated
NOD/SCID mice, and then 5 X 10* CBCD34 cells were injected into the
retro-orbital plexus of the mice. Control groups received the same amount
of PBS in the right tibia. At 6 weeks after transplantation, mice were
humanely killed, and BM cells were collected separately from each tibia.
Aliquots of cells were used to examine the percentages of CD45-, CD19-,
CD33-, and CD34-expressing cells in the respective tibia. Two-color flow
cytometric analysis was conducted using FACSCalibur. Quadrants were set
to include at least 97% of the isotype-negative cells. The proportion of each
lineage was calculated from 20000 events acquired using CellQuest
software (Becton Dickinson, San Jose, CA). Remaining cells were saved
for the clonogenic cell assay and secondary transplantation.

Cionogenic cell assay

Human hematopoietic cells were isolated from BM cells of mice given
transplants using CD45 MicroBeads (Miltenyi Biotec) according to the
manufacturer’s protocol. The purity of selected cells was 36% to 96%
(mean, 73%). CD45-enriched populations containing 10 000 CD45™ cells
were plated in MethoCult GFH4434V (StemCell Technologies, Vancouver,
BC, Canada). The number and morphology of colonies formed during the
14-day culture period were determined under inverted microscope. Morpho-
logic designation of colony type by light microscopy was confirmed by
Wright-Giemsa staining of cytospin preparations. The specificity of the
assay was confirmed by PCR on individual colonies using primers specific
for the human chromosome 17-a satellite sequence!? and the expression of
CD45 by fiow cytometric analysis.

Secondary transplantation

BM cells obtained separately from each tibia of primary mice were
intravenously transplanted into irradiated secondary recipient mice. Be-
cause the number of cells recovered from one tibia was small (2.4-3.5 X 10%
tibia), we used NOD/SCID IL-2R-y™! mice, which have been shown to be a
better recipient of human cells than NOD/SCID mice,'”!8 as secondary
recipients. Six weeks after transplantation, BM cells were obtained from
tibiae and femurs of each secondary recipient, and the presence of human
cells was analyzed by flow cytometry.

Tissue processing and immunofluorescent staining

Anesthetized mice were perfused with 4% paraformaldehyde in PBS.
The tibiae were excised, decalcified, infiltrated with sucrose, embedded
in OCT compound (Sakura, Tokyo, Japan), and frozen in liquid nitrogen.
Frozen sections of decalcified bone were obtained using a cryostat
microtome (CM3050, Leica, Germany) and stored at —~80°C until
staining. Immunofluorescent staining and enzyme immunohistochemis-
try were performed as described previously.!® For immunofluorescent
analysis, slides were examined and images were captured using an
LSM510 META confocal microscope and a 63 X/1.2 numeric aperture
(NA) c-Apochromat objective lens (Carl Zeiss, Jena, Germany). Images
were transferred to Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA).

Quantitative microscopic examination

Spatial distribution of human hematopoietic cells. The location of cells
was designated as either endosteal (within 12 cells of the endosteum) or
central (>12 cells of the endosteum) as described previously.!® To
accurately assess the proportion of endosteal area, the diameter of the
diaphyseal shaft was evaluvated by counting the number of cells from one
side of the endosteum to the other along the line perpendicular to the
longitudinal axis of the bone. CD34-, CD15-, and glycophorin A-reactive
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human hematopoietic cells present in the diaphyseal shaft were counted
under light microscopy with assistance of a Zeiss KS400.

Interaction between human MSCs and human HSCs. Entire fields of
longitudinal sections cut through the center of bones were examined for cell
counting. All eGFP-expressing cells and immunophenotyped human hema-
topoietic cells present in BM were counted under fluorescent microscopy.
When cells were in physical contact, they were categorized as interacting.

Statistical analysis

All values are presented as the mean plus or minus standard deviation (SD).
The 2-sided P value was determined, testing the null hypothesis that the 2
population medians are equal. P below .05 was considered significant.

Resulis

Spatial distribution of human hematopoietic cells in the murine
BM compartment

The potential of human HSCs in vivo can be assessed by using the
SCID-repopulating cell (SRC) assay based on the ability to
reconstitute hematopoiesis in the host following transplantation
into NOD/SCID mice.?® However, analysis of SRCs by flow
cytometry does not allow identification of individual SRCs in situ,
Consequently, the behavior of transplanted SRCs during repopula-
tion has not been elucidated. To address this issue, we prepared
mice that were highly chimeric with human hematopoietic cells by
directly injecting CBCD34 cells into the tibia!? and investigated the
spatial organization of individual engrafted cells in murine BM at
10 weeks after transplantation. Close examination of the bone
specimens revealed that cells stained positive for human CD34, a
marker of human HSCs and progenitor cells, were specifically
localized to an area near the endosteum of the bone (the endosteal
region) (Figure 1A). In contrast, cells positively stained for human
CD15, a marker of committed myelocytes, or glycophorin A
(GlyA), a marker of the erythrocyte lineage, were distributed
distant to the endosteum (Figure 1B-C). These results reflect
previous morphologic studies of BM that found that hematopoietic
stem and progenitor cells are concentrated in the endosteal region
rather than the central marrow area, which mostly is composed of
mature cells.!2122 To quantitatively confirm these observations,
the numbers of CD34*, CD15", and GlyA™ cells present in the
endosteal region or in the central BM cavity of the diaphyseal shaft
were counted. Consistent with the microscopic observations, a
surprisingly higher proportion of CD34* cells was located in the
endosteal region compared to the lineage-committed cells (Table
1). Because the endosteal region consisted of only 21.4% = 3.8%
of the BM cavity examined for this assay, there were approximately
10-fold more CD34* cells in the endosteal area. By visualizing the
fate of transplanted SRCs in situ and confirming their physiologic
organization in BM, these results validate the SRC assay for human
cell analysis. Hence, we used this xenogeneic transplantation
system for the phenotypic and functional characterization of human
MSCs in vivo.

Visualization of human MSCs and human CBCD34 engraftment
in the murine BM compartment

The route of administration is an important factor for effective
delivery of transplanted cells into the target tissue. We compared
the degree of cell engraftment in BM at 4 and 10 weeks after IBMT
or intravenous transplantation of eYFP-marked CBCD34 cells
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Figure 1. Spatial distribution of human hematopoletic cells in the murine BM
compartment. Representative pictures of bone specimens from NOD/SCID mice at
10 weeks after IBMT of 2 X 10° CBCD34 cells are shown. Slides were stained with
either anti-CD34, anti-CD15, or anti-glycophorin A antibody, and cells expressing the
respective antigens were distinguished by brown reactive products of DAB on
immunohistochemistry. CD34* cells are localized to the endosteal region (A; black
arrowheads), whereas CD15* (B) and GlyA* cells (C) are distributed away from the
endosteum, Vertical lines demarcate 12 celis of the endosteum. Bars represent
100 pm, Images were obtained using an Olympus AX80 microscope and a 20 X/0.7
NA UPlanApo objective lens. Images were captured using a DP50 digital camera
fitted with Viewfinder Lite (all from Olympus, Tokyo, Japan).

(eYFP-CBCD34; Figure 2A) or eGFP-marked MSCs (eGFP-
MSCs; Figure 2B). When excess numbers of eYFP-CBCD34 cells
(2 X 10%) were transplanted intravenously or by IBMT, similar
amounts of eYFP* human hematopoietic cells (eYFP-cells) that
expressed human CD45, a pan-leukocyte marker, were observed in
BM at both time points examined (Figure 2C-D and data not
shown). In marked contrast to the sufficient engraftment of human
hematopoietic cells, intravenous administration of 1 X 106 eGFP-
MSCs resulted in virtually no visible MSCs in BM at either 4
(Figure 2F) or 10 weeks after transplantation. At 10 weeks after
transplantation, analysis of 250 bone sections prepared from 5 mice
yielded a total of only 10 eGFP-MSCs in BM. However, when the
same number of MSCs was administered by IBMT, eGFP-MSCs
were clearly identified in BM at the both time points. At 4 weeks
after transplantation, eGFP-MSCs were broadly distributed in BM
(Figure 2G-H). At 10 weeks after transplantation, eGFP-MSCs
were detected in all sections examined (> 1000 sections), although
the number of eGFP-MSCs per section varied considerably (range,
1-57; median, 13; mean, 14.8; from 91 sections) depending on the
plane of sectioning. Interestingly, unlike eYFP-cells, which mi-
grated into the contralateral tibia,'? no eGFP-MSCs were detected
in the BM of the tibia that had not received injections (data not
shown), suggesting no or minimal migration of transplanted MSCs
in this system.

—124—



BLOOD, 1 MARCH 2006 - VOLUME 107, NUMBER 5

Table 1. Spatial distribution of human hematopoietic cells in the
murine BM compartment at 10 weeks after IBMT of CBCD34

Total no. Cells in the
Total no. cells in the endosteal
cells counted endosteal region ragion/slide, %
CD34 1469 1088 714 = 12.5*
CD15 2940 451 14.9 £ 6.2
GlyA 1614 171 10.7 + 2.2

Fourteen slides from at least 8 different mice were examined to count each celi
type. Slides containing 115 = 19 cells in the diaphyseal shaft were chosen for this
analysis. Because the endosteal region was arbitrarily decided within 12 cells of both
endosteum, the endosteal area comprised approximately 21.4% + 3.8% of the BM
cavity in this study. The proportion of cells located in the endosteal area was
calculated for each slide and expressed as the means = SD.

*P < 001 relative to the CD15 and GlyA groups.

integration of human MSCs into the murine microenvironment

Having confirmed the effectiveness of delivering MSCs into BM,
IBMT was used for all subsequent experiments. The phenotypes of
transplanted MSCs and their progeny at 10 weeks after transplanta-
tion were investigated in detail. In contrast to the bone specimens
prepared at 4 weeks after transplantation, in which eGFP-MSCs
were located throughout the marrow cavity (Figure 2G-H), eGFP-
MSCs at 10 weeks after transplantation were preferentially local-
ized to the endosteal region (73.8% * 18.4%, n = 251 eGFP-
MSCs), frequently within 5 cells from the surface of the bone.
When human MSC-derived eGFP-expressing cells (eGFP-cells)
were found away from the endosteum, they were often associated
with the vasculature (Figure 3A,D). Those vasculature-associated
eGFP-cells expressed o-SM actin (Figure 3B-C,E-F), the expres-
sion of which has been documented in pericytes, SM cells of the
vascular wall as well as myofibroblasts in BM.2>?* A total of
59.9% + 21.6% of eGFP-cells (n =251) found in BM were
positive for o-SM actin.

Two other types of eGFP-cells that were negative for a-SM
actin were also present in BM: flattened cells located in the
hematopoietic cords but not specifically associated with the
vasculature (Figure 3G) and cells characterized by long cytoplas-
mic extensions, so-called reticular cells (Figure 3H) that are
considered to be the predominant cells of the HME.?52¢ BM was
often interspersed with a fine network of cell processes that
expressed alkaline phosphatase (ALP; Figure 3I), an enzyme
that distinguishes reticular cells from the stromal component of
acid phosphatase— or nonspecific esterase—expressing macro-
phages.!125 A total of 28.2% = 11.2% of eGFP-cells (n = 242)
in BM were ALP™.

In addition, eGFP-cells were found within or on the surface of
the bone (Figure 3J-O). Cells in the bone stained positive for
osteocalcin, a specific marker of mature osteoblasts and osteocytes
(Figure 3K-L), indicating an active participation in skeletal remod-
eling. 228 Interestingly, eGFP-cells on the bone surface resembled
spindle-shaped osteoblasts (Figure 3M; see also Figure 7), a key
component of the stem cell niche in murine hematopoiesis.?-32
These cells expressed osteopontin (data not shown) and N-cadherin
(Figure 3M-0), both of which are involved in regulating murine
HSCs.2334 In a small number of mice examined (4 of 39),
eGFP-cells associated with the vasculature stained positive for
CD31 (Figure 3P-R) and CD34 (Figure 3S-U), markers of endothe-
lial cells. MSCs expanded ex vivo prior to transplantation did not
react with any of these markers either by the immunohistochemical
or flow cytometric method, but they did stain positive for vimentin,
a marker of fibroblasts (data not shown). These results indicate that
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within 10 weeks after transplantation, human MSCs differentiated
into pericytes, myofibroblasts, reticular cells, osteocytes in bone,
bone-lining osteoblasts, and endothelial cells, which constitute the
3-dimensional structure of hematopoietic parenchyma and provide
the milieu of hematopoiesis.?® Therefore, we designated these cells
as human MSC-derived hematopoietic microenvironment reconsti-
tuting cells (HMRC:s).

Engraftment of human hematopoletic cells

During analysis of the engraftment and differentiation of trans-
planted MSCs, we frequently observed physical contact between
HMRCs and hematopoietic e YFP-cells (Figure 3A-I). In particular,
eYFP-cells were intimately associated with ALP+ eGFP-reticular
cells, where eYFP-cells were almost surrounded by the thin
delicate cytoplasm of the eGFP-reticular cells (Figure 3H-I). To
address whether the presence of HMRCs in the murine HME
contributes to the development of human hematopoietic cells, we
analyzed the engraftment and differentiation of CBCD34 cells after
transplantation with or without human MSCs. MSCs were injected
into the right tibiae of irradiated NOD/SCID mice by IBMT, and
then CBCD34 cells were administered intravenously into each
mouse. Consistent with our histologic findings, more human
CD45* cells were found in the tibiae into which MSCs had been
injected than the tibiae that had not received injections. In addition,
the presence of MSCs increased the percentage of CD34" cells

A B

Figure 2. In situ visuallzation of human MSCs and hematopoletic cells in the
murine BM cormpartiment at 4 weaks after IBMT or intravenous trangplantation.
Transduction efficiencies of eYFP into CBCD34 cells and eGFP into MSCs,
determined by flow cytometric analysis at the day of transpiantation, were approxi-
mately 65% (A) and 99% (B), respectively. The shaded histograms indicate
nontransduced cells. (C-E) The presence of human hematopoistic cells was
determined by eYFP fluorescence and immunofluorescence staining with an anti—
human CD45 antibody followed by Alexa-fluor 594 goat anti-mouse immunoglobulin
secondary antibody. Cell nuclei were visualized by staining with TOTOS3. Similar
amounts of eYFP-cells expressing human CD45 (red) are present in BM after
intravenous transplantation (C) or IBMT (D). (E) No eYFP- or CD45-reactive cells are
present in the BM of noninjected mouse. (F) eGFP-MSCs are rarely seen in BM after
intravenous transplantation (white arrowhead). After IBMT, eGFP-MSCs are easily
identified in the BM cavity by eGFP fluorescence (G) and immunohistochemistry (H).
(G-H) The same section was stained with an anti-GFP antibody after examining for
eGFP fluorescence. All bars represent 10 um. Images in panels C-G were obtained
using an LSM510 META confocal microscope; image in panel H was obtained using
an Olympus AX80 microscope and a 20 X/0.7 NA UPlanApo objective lens.
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Figure 3. Site-spseific differentiation of human eGFP-MSCs In the murine BM compartment. The engrafiment and differentiation of transplanted eGFP-MSCs were
determined by eGFP fluorescence and immunofiuorescence staining for lineage-specific antigens. eGFP-celis were located on the abluminal side of endothelial cells (A) or
lined the sinus wall (D). Those vasculature-associated eGFP-cells express «-SM actin (red in panels B and E, and merged in panels C and F). (A-F) eYFP-cells reside next to
eGFP-cells. (G) An elongated cell in the endosteal hematopoistic cord interacts with eYFP-cells. eGFP-reticular cells (H) with ALP* (red) cytoplasmic extensions (1), which
haphazardly radiate into the hematopoietic parenchyma, interact with eYFP-celis. An eGFP-cell in the bons exhibits the morphology of authentic osteocytes with filopodial
processes surrounded by bone matrix and extending into the canaliculi (J), and expresses osteocalcin {red, K-L). A bone-lining eGFP-cell (M) expresses N-cadherin (red, N-O).
N-cadherin is localized to the cell surface. Vasculature-associated eGFP-cells (P,S) express CD31 (red, Q-R) and CD34 (red, T-U). Interactions between eGFP-cslls (arrows)
and eYFP-cells (arrowheads in A-I) are seen in the specimens from mice in which 6 GFP-MSCs and e YFP-CBCD34 were cotransplanted. All bars represent 10 wm.

without affecting the proportion of CD19* B lymphocytes or
CD33* myeloid cells (Figure 4A). There were 2-fold more human
CD45* cells in the tibiae into which MSCs had been injected
compared with the tibiae that had not received injections
(25.7% = 17.6% versus 12.8% * 11.1%, P = .002, Figure 4B),
and the absolute number of CD34" cells present in the tibiae into
which MSCs had been injected was 3-fold higher than that in the
tibiae that had not received injections (99 296 * 68 189 versus
31525 = 25 224; P = 007, Figure 4C). Control experiments, in
which the same volume of PBS was injected into the right tibia,
were conducted to exclude the possibility that this effect was due to
injury from the injection. There were no significant differences in
either the percentage of CD45+ cells or the number of CD34+ cells
between the tibiae into which PBS had been injected and the
contralateral tibiae (Figure 4B-C). We then examined the colony-
forming ability of BM cells recovered from the mice that had
received injections of MSCs and control mice given PBS. The
cumulative numbers of colony-forming cells (CFCs) recovered
from both tibiae of experimental animals were 2663 for the group
that had received injections of MSCs and 1578 for the control
group (n = 3 for each group). The proportion of colony types
formed from BM cells obtained from both groups was similar (data
not shown). Because the numbers of CFCs recovered from each
experimental animal varied considerably, we compared the propor-
tion of CFCs present in the tibiae into which MSCs had been

injected with the tibiae that had not received injections over the
total number of CFCs in each animal. In mice given MSCs, the
tibiae into which MSCs had been injected contained the majority of
CFCs (89.4% * 6.7% versus 10.6% =* 6.7%, P = .007), whereas
CFCs were evenly distributed in the right and left tibiae
(33.3% = 18.1% and 46.7% * 18.1%, respectively) in control
mice (Figure 4D). These results confirmed that the presence of
human MSCs positively affected the engraftment of human HSCs.

To assess if there were any functional differences between
human cells engrafted in the tibiae into which MSCs had been
injected and tibiae that had not received injections, we transplanted
BM cells obtained from each tibia of primary mice to separate
secondary hosts. Two of 3 secondary host pairs showed human cell
engraftment. A pair of recipients, which received cells from the
primary host with minimal engraftment (CD45% content; 1.44%
for tibiae into which MSCs had been injected and 0.52% for tibiae
that had not received injections), failed to show engraftment. As
expected, secondary hosts that received BM cells of the tibiae into
which MSCs had been injected demonstrated a markedly higher
level of engraftment than the hosts that received cells of tibiae that
had not received injections (Figure 4E). Taken together, the
presence of HMRCs in murine BM augmented not only the
proportion of human cells but also the function of human cells
engrafted in mouse BM.
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Figure 4. Effect of human MSCs on the engraftment of human
hematopoletic cells. (A) BM cells obtained from the MSC-injected or
noninjected tibia from the same mouse were examined by flow
cytometry at 6 weeks after transplantation. Representative flow
cytometric profiles are shown. The relative frequencies of each
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Interaction between human MSC-derived cells and human
hematopoietic celis

Having shown the effect of MSCs on human hematopoietic cell
engraftment, we examined the underlying basis of increased
engraftment in phenotypically and functionally primitive cells.
First, we asked whether MSCs play a role in the migration and
homing of HSCs to BM, critical steps in the engraftment and
initiation of hematopoiesis after transplantation. Prior to intrave-
nous administration of CBCD34, each mouse was given injections
of MSCs into the right tibia and PBS into the left tibia. The
percentages of CBCD34 cells homed to the tibiae into which MSCs
and PBS had been injected were not different (0.05% = 0.02% and
0.04% = 0.01%, respectively; n = 3). Thus, MSCs did not seem to
function in the initial homing of CBCD34 cells.

We then asked whether MSCs participate in the repopulation
process of human hematopoietic cells in the murine HME. At 10
weeks after transplantation, human MSC-derived HMRCs and
CBCD34-derived hematopoietic cells frequently interacted (Fig-
ure 3), suggesting the role of HMRCs in the maintenance of human
hematopoiesis. When those hematopoietic cells were immunophe-
notyped, CD34* cells were often in contact or within close
proximity to HMRCs (Figure 5Ai), contrasting to lineage-
committed CD15% and GlyA+ cells that were usually found away
acted with 7 CD34* cells (Figure SAiv). These results suggest that
HMRC:s interact specifically with primitive human hematopoietic
cells; therefore, we quantitated HMRCs that were in physical
contact with CD34*, CD15%, or GlyA™ cells (Table 2; Figure 5B).
Whereas approximately half of all HMRCs in BM were in contact

Blide Scatter

with CD34* cells, less than 4% of HMRCs were in contact with the
lineage-committed cells (Figure 5Bi). Furthermore, the vast major-
ity of HMRCs located in the endosteal region interacted with
CD34+ cells (Figure 5Bii). We then examined the human hemato-
poietic cells that were in contact with HMRCs. A significantly
higher proportion of CD34% cells interacted with HMRCs com-
pared to the lineage-committed cells (Figure 5Biii). The proportion
of CD34™ cells interacting with HMRCs in the endosteal region
was 2-fold higher than that of CD34" cells in the central marrow
(Figure 5Biv). The result suggests that CD34* cells in the endosteal
region and the central marrow represent different populations of
CD34+ cells.

Because the heterogeneity among CD34+ stem/progenitor cells
is known,?>-3® we further examined the interaction between CD34*
cells and HMRCs by transplanting SRC-enriched CD34+*CD38~
cells or more mature CD34+CD38* progenitor cells together with
MSCs (Figure 6). At 1 week after transplantation, there were no
differences in the proportions of CD34* cells localized to the
endosteal region (27.4% * 7.8% for the CD34+CD38~ group and
26.5% * 12.1% for the CD347CD38% group) or CD34* cells
interacting with HMRCs (8.1% =* 10.2% and 8.2% = 9.7%, respec-
tively) between the 2 experimental groups. At 3 weeks after
transplantation, the proportion of CD34* cells in the endosteal area
was 2-fold higher in the group that had received transplants of
SRC-enriched CD34*CD38~ cells (63.3% * 7.9% versus
33.1% * 8.3%; P < .001). To our interest, a significantly higher
proportion of CD34% cells were in contact with HMRCs in the
group that had received transplants of CD34*CD38~ cells
(9.4% * 4.8% versus 4.4% + 4.0%; P < .05). In the group that
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Flgure 5. Interaction betwesn HMRCs and CD34*, CD15*, or GlyA+ cells. (A) Bone slides were stained with either anti-CD34, anti-CD15, or anti-glycophorin A antibody
followed by Alexa-fluor 5984 goat anti~mouse immunoglobulin secondary antibody, and examined under fiuorescent microscope. (Ai) CD34+ cells are in physical contact with
the celf body and cytoplasmic extensions of a HMRC. CD15* (Aii) or GlyA* cels (Aiii) are not found close to HMRCs. HMRCs and immunophenotyped cells are indicated by
arrows and arrowheads, respectively. (Aiv) One HMRC in the hematopoietic parenchyma interacts with 7 CD34+ cells (numbered arrowheads). Numerical letters at the left
comner of each panel indicate the position of z-axis in the analytical planes. All bars represent 10 wm. (B) Quantification of the interaction between HMRCs and CD34+, CD15*,
or GlyA* cells. (Bi) Frequencies of HMRCs interacting with CD34* CD15*, or GiyA* cells. (Bii) The vast majority of HMRCs located in the endosteal region interact with CD34+
cells. (Biii) Frequencies of CD34+, CD15*, or GlyA* cells interacting with HMRCs. (Biv) In the endosteal region, 2-fold more CD34+ cells interact with HMRCs than in the
central marrow. Each white circle represents a value obtained by counting. *P < .005 relative to the CD15 and GlyA groups; **P < .005 and ***P < .05 relative to the centrat

group.

had received CD34+*CD38* transplants, CD34* cells interacting
with HMRCs became progressively rarer (8.2% * 9.7% at 1 week
and 4.4% * 4.0% at 3 weeks) and were rarely observed at 6 weeks
after transplantation (1.1% = 1.0%). At both time points examined,
the group that had received CD347CD38~ transplants contained
higher proportions of CD34% cells interacting with bone-lining
osteoblasts (9.3% + 10.9% versus 2.7% = 5.5% at 1 week and
32.4% * 16.8% versus 17.4% * 9.9% at 3 weeks). This tendency
of CD34*CD38~ cells, the preferential localization of CD34+ cells
in the endosteal area and their interaction with bone-lining
osteoblasts, may reflect their high repopulation potential. In
another words, SRC-enriched CD347CD38~ cells localize to the
endosteal area and interact with bone-lining osteoblasts as well as
HMRCs, and progressively become distant to the endosteal area as
they differentiate into progenitor cells and finally to mature cells.
These results confirmed our earlier observation that HMRCs
interacted with the primitive population of CD34% cells, which
resulted in the enhanced engraftment of human hematopoietic cells.

Molecular interaction of HMRCs and CD34* cells

To determine how HMRCs participated in human hematopoietic cell
repopulation in mice, we investigated the molecular interaction of
HMRCs and CD34% cells. We found that CD34" cells adhered to
HMRCs on the bone surface and appeared to proliferate along the
endosteal surface, suggesting the existence of specific local signals
between CD34+ cells and bone-lining HMRCs (Figure 7A). Double
staining for N-cadherin and CD34 demonstrated that bone-lining
HMRCs associated with CD34% cells through the colocalization of
N-cadherin (Figure 7B-E). In addition, an HMRC in the endosteal
hematopoietic parenchyma expressed stromal cell-derived factor 1
(SDF-1) and interacted with a few eYFP-buman hematopoietic cells
(Figure 7F-H), although SDF-1 was not detected in ex vivo expanded
MSCs by immunofiuorescence analysis (data not shown). In BM,
SDF-1 is constitutively expressed by osteoblasts, endothelial cells, and
BM stromal cells.** In addition to its well-established role in
homing and retention of HSCs in BM,* SDF-1 has been implicated

Table 2. Interactions between HMRCs and human hematopoletic cells at 10 weeks after IBMT of eGFP-MSCs plus CBCD34

HMRC interaction with hematopoietic cells

Homatopoietic cell Interaction with HMRC

HMRCs interacting

Hematopolstic cells interacting

No. cells counted Total no. Frequency, % No. cells counted Total no. Frequency, %
cD34
Total 150 66 459 + 13.5* 1609 76 8.0+ 6.2°
Endosteal 81 49 68.0 = 24.8t 1012 59 11.0 = 9.4%
Central 59 17 14.6 + 17.9 597 17 5.0 %= 3.1
CD15 100 3 12x24 2603 3 0.14 = 0.28
GlyA 154 5 3245 1624 5 0.36 = 0.49

BM sections stained with either anti-CD34, anti-CD15, or anti-glycophorin A (GlyA) antibody were examined under fluorescent microscope (10 slides from at least 5
different mice for each cell type). The total numbers of HMRCs and immunophenotyped hematopoistic cells present in the sections were counted, and individual cells were
examinad for physical contact between HMRCs and hematopoistic celis. Proportions of interacting cells/slide were calculated for each cell type and expressed as the means +
8D. Interactions in CD34™* celt group were further categorized into the endosteal and the central BM groups based on the histoanatomic location of cells.

*P < .005 relative to the CD15 and GlyA groups.
TP < .005 relative to the central group.
$P < .05 relative to the central group.
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Figure 6. In vivo localization of CD34+ cells and their Interaction with HMRCs
after IBMT of CD34+CD38~ or CD34+CD38* populations together with human
MSCs. (A) Sorting profiles of CD34*CD38+ and CD34*CD38~ populations. The
relative frequencies of each population are shown In the comer of the respective
quadrants. (B) At 1 or 3 weeks after IBMT, bone sections were stained with an
anti-CD34 antibody and examined for counting. Eighteen slides from 3 mice for each
group were counted to obtain the proportion of CD34+ cells localized to the
endosteum (endosteal area) at the both time points. CD34* cells in the endosteal
area were further categorized into cells attaching to bone-lining osteoblasts (with
osteoblasts) and cells interacting with HMRCs (with HMRCs). The proportions of
CD34+ colls in each category are shown. At 1 week after IBMT, the proportions of
CD34+ cells both in the endosteal area and in contact with HMRCs were not different
between the 2 groups. At 3 weeks after IBMT, the SRC-enriched CD34*CD38"-
transplanted group had the higher proportions of CD34* cells in the endosteal area
as well as those interacting with HMRCs. At the both time points examined, the
proportion of CD34+ cells interacted with osteoblasts was higher in the SRC-enriched
CD34+CD38 -transplanted group. Bars represent the CD34+CD38 -transplanted
group () and the CD34+CD38*-transplanted group (L3}, *P < .001, **P < .005, and
P < .05 relative to the CD34+CD38+ group.

in regulating the status of primitive HSCs both in vitro and in
vivo.42# Therefore, HMRCs may contribute to the maintenance of
primitive human HSCs through N-cadherin—mediated interactions
and the production of SDF-1.

Discussion

Our study demonstrated that intramedullary transplanted human
MSCs reconstituted the HME and provided direct evidence for a
role of transplanted human MSCs in the enhancement of human
hematopoietic cell repopulation in mice. The initial histologic
analysis unveiled the integration of human hematopoietic cells into
the specially and functionally compartmentalized HME of NOD/
SCID mice. Based on this finding, we established a model system
that enables the identification of the phenotype and function of
human MSCs in vivo by directly injecting genetically marked
human MSCs into the BM of NOD/SCID mice. Analogous to
human HSCs, human MSCs persisted long-term in murine BM to
at least 10 weeks after transplantation and were able to differentiate
into the key components of the HME in the host. The presence of
human MSCs in murine BM correlated with the increase in human
hematopoietic cells that were phenotypically and functionally
primitive, Engrafted human MSCs appeared to be involved in the
maintenance of human hematopoiesis via secreted factors as well
as by physically interacting with primitive hematopoietic cells.

RECONSTITUTION OF FUNCTIONAL HUMAN HME 1885

The stem cell niche is a key determinant of stem cell develop-
ment.*>46 We are beginning to understand the murine HSC niche
and the molecular mechanisms that govern the fate of murine
HSCs,*” but there exists a paucity of data on the cellular and
molecular microenvironmental regulation of human hematopoiesis
in vivo due largely to a lack of good experimental tools. Although
the identification of SRCs has facilitated detailed characterization
of human HSCs in vivo,2%4? the key niches that function in human
cell repopulation have not been identified. Our study has demon-
strated for the first time that CD34-expressing stem/progenitor cells
localize to the endosteal surface and mobilize toward the central
marrow as they differentiate in BM. In addition, SRC-enriched
CD34+CD38~ cells demonstrated a distinct trend to localize in the
endosteal region and to interact with bone-lining osteoblasts, even
at the early stage of hematopoietic reconstitution. This may be one
of the reasons that CD34+CD38" cells have the high repopulation
potential. We also found that human MSC-derived HMRCs locally
created human HME in the murine environment. Visualization of
human hematopoietic cells and human HMRCs in situ made it
possible to elucidate the physical interaction between human
hematopoietic celis and the human microenvironment. In this way,
the SRC assay recapitulates human hematopoiesis in the murine
environment both structurally and functionally and could serve as a
good experimental system to study human hematopoiesis.

The presence of human MSCs in murine BM resulted in
significantly more engraftment of phenotypically and functionally
primitive human hematopoietic cells. With this newly established
experimental system, we were able to present 3 lines of evidence
that explain how human MSCs may facilitate human hematopoietic
cell engraftment. First, the interaction of human MSC-derived
HMRCs and human CD34" cells was mostly observed in the

Figure 7. Expression of N-cadherin and SDF-1 by HMRCs that interact with
human hematopotetic celis. (A) CD34+ cells (arrowheads) appear to colonize near
the bone-fining HMRCs. (B-C) Bone-lining HMRCs colocalize with CD34* cells
(arrowheads) through the asymmetrical expression of N-cadherin. (D-E) Higher
magnifications of panels B and C. (F-H) An HMRC in the endosteal hematopoietic
parenchyma (arrow) expresses SDF-1 and interacts with a few e YFP hematopoietic
cells. All bars represent 10 pm.
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endosteal region, at a significantly higher frequency than that of
lineage-committed cells. When this interaction was examined
further by using sorted populations of SRC-enriched CD34+CD38~
cells and more mature CD34*CD38* progenitor cells, a preferen-
tial interaction of HMRCs with a primitive population of CD34%
cells was evident. Whereas the proportion of CD34" cells interact-
ing with HMRC:s rapidly decreased in the group that had received
CD34*CD38" progenitor cells, this frequency in the group that had
received CD347CD38~ transplants did not change and was equiva-
lent to the proportion of CD34+ cells interacting with HMRC:s at 10
weeks after transplantation. Considering that the proportion of
CD34+CD38~ cells originally contained in the CD34*% cells
(representing 5%-8% of CD34™ cells in this study) was similar to
HMRC-interacting CD34% cells (8.0% *= 6.2% at 10 weeks),
transplanted human MSCs, which became an integral part of the
functional HME, interacted with primitive cell populations, pro-
vided supportive environment of human hematopoiesis, and aug-
mented human cell engraftment. Second, bone-lining HMRCs
interacted with CD34" cells through the asymmetric expression of
N-cadherin, similar to the way bone-lining osteoblasts maintain
primitive HSCs in mouse. This specific interaction of CD34 " cells
with human MSC-derived bone-lining osteoblasts, a cellular com-
ponent of the stem cell niche, indicates that similar regulatory
mechanisms operate in human and murine hematopoiesis. Third,
HMRCs in the endosteal hematopoietic parenchyma produced
SDF-1 and interacted with human hematopoietic cells. This
strengthens the previous observations that SDF-1 regulates the
proliferation and survival of primitive HSCs and progenitor
cells, 12424 Taken together, these results suggest that human
MSC-derived HMRCs contribute not only to the proliferation and
differentiation of human hematopoietic progenitor cells that results
in the increased chimerism but also to the maintenance of primitive
human HSCs.

Embryonic development is strictly regulated through sequential
and concerted events that are orchestrated by interactions between
tissue stem cells and the microenvironment. This developmental
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paradigm, including signaling molecules that regulate stem cell
self-renewal,® is conserved for generating and maintaining specific
tissues in adult life, and dysregulation of this process leads to
pathologic conditions such as cancer.® Current empiric cancer
studies have focused on identifying intrinsic genetic changes that
lead to the aberrant proliferation of cells, and, as a result,
therapeutic agents targeting the genetic mutations are emerging.
However, our understanding of extrinsic, or microenvironmental,
signals in the context of tumorigenesis has lagged behind. Because
the microenvironment is responsible for homeostatic con-
trols,*5152 ig there a specific microenvironment that permits,
initiates, or complements tumorigenesis and supports progression
of tumors? Could the microenvironment be a new target for cancer
therapy? The experimental system we described here, which allows
the visualization and reconstitution of a human microenvironment,
provides a unique tool to study the maintenance of tissue homeosta-
sis, which may lead to the elucidation of the tumorigenic microen-
vironment. In addition, the functional persistence of transplanted
MSCs in the host environment means that MSCs may be used to
deliver therapeutic genes or agents to target tissues.
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Efficient intervention of growth and infiltration of primary adult T-cell leukemia
cells by an HIV protease inhibitor, ritonavir

M. Zahidunnabi Dewan, Jun-nosuke Uchihara, Kazuo Terashima, Mitsuo Honda, Tetsutaro Sata, Mamoru Ito, Nobutaka Fujii,
Kimiharu Uozumi, Kunihiro Tsukasaki, Masao Tomonaga, Yoko Kubuki, Akihiko Okayama, Masakazu Toi, Naoki Mori, and Naoki Yamamoto

Adult T-cell loukemia (ATL), an aggres-
sive malignancy of CD4* T cells associ-
ated with human T-cell leukemia virus
type | (HTLV-) infection, carries a very
poor prognosis because of the resistance
of leukemic cells to any conventional
regimen, including chemotherapy. We ex-
amined the effect of ritonavir, an HIV
protease inhibitor, on HTLV-l-infected T-
cell lines and primary ATL cells and found

that it induced apoptosis and inhibited
transcriptional activation of NF-xB in
these cells. Furthermors, ritonavir inhib-
ited expression of Bel-x,, survivin, c-Mye,
and cyclin D2, the targets of NF-xB. In
nonobese diabstic/severe combined im-
munodeficient (NOD/SCIDYyc™! (NOG)
mice, ritonavir very efficlently prevented
tumor growth and leukemic infiltration in
various organs of NOG mice at the same

dose used for treatment of patients with
AlDS. Our data indicate that ritonavir has
potent anti-NF-1<B and antitumor effects
and might be clinically applicable for treat-
ment of ATL.. These results would provide
a new concept and novel platform for new
drug development of leukemia and solid
cancer as well. (Blood. 2006;107:716-724)

© 2006 by The American Soclety of Hematology

Introduction

Human T-cell leukemia virus type I (HTLV-]) is the causative agent
of an aggressive form of CD4* T-cell leukemia designated adult
T-cell leukemia (ATL).!* ATL was first identified in Japan in
197745 Common findings for patients with ATL include enlarge-
ment of peripheral lymph nodes, hepatomegaly, splenomegaly,
hypercalcemia, and skin lesions. At present, there is no accepted
curative therapy for ATL, and patients progress to death with a
median survival duration of 13 months in aggressive ATL.S ATL
has a poor prognosis mainly because of its resistance to conven-
tional as well as high-dose chemotherapy.

ATL develops after a long period of latent infection, This long
latency suggests that multiple genetic events, which accumulate in
HTLV-I-infected cells, are involved in the development of ATL.
However, the precise molecular mechanism of leukemogenesis and
the development of ATL after HTLV.I infection are not fully
elucidated. A unique viral gene Tax is considered to play a central
role in HTLV-I-induced transformation, which is responsible for
transactivation of the HTLV-I long terminal repeat,”® as well as
numerous cellular genes involved in T-cell activation and growth,
such as those encoding IL-2,° and the a-chain of IL-2 receptor

(IL-2Rar) (CD285, Tac).!%!! Induction of many cellular genes by Tax
is mediated through the transcription factor NF-xB. The malignant
cells associated with all phases of ATL express very high levels of
IL-2Ra!?1* without expressing a significant amount of Tax.
HTLV-I-infected cell lines derived from a leukemic cell clone
and primary ATL cells failed to express significant amounts of Tax
and other viral proteins, suggesting that the expression of viral
proteins is not always necessary for leukemic proliferation at the
late stage of the disease. However, HTLV-I-infected cell lines and
leukemic cells from patients with ATL display constitutive NF-xB
binding activity and increased degradation of a specific inhibitor,
IxkBa.!5 In resting cells, NF-xB is sequestered as an inactive
precursor by association with inhibitory IxBs in the cytoplasm. On
stimulation, IxBs are rapidly phosphorylated, ubiquitinated, and
degraded by a proteasome-dependent pathway, allowing active
NF-«B to translocate into the nucleus where it can activate the
expression of a number of genes.!® NF-«B activation has been
connected with multiple processes of oncogenesis, including
control of apoptosis, cell cycle, differentiation, and cell migra-
tion'S; therefore, inhibition of NF-xB was suggested to be a useful
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strategy for cancer therapy.!”-*® Despite the diversity in clinical
manifestations of ATL, strong and constitutive NF-«B activation
was reported to be a unique and common characteristic of ATL
cells.!5 Thus, the indispensability of NF-«B for the maintenance of
the malignant phenotype of HTLV-I provides a possible molecular
target for ATL therapy.?!-24

Ritonavir, a human immunodeficiency virus type 1 (HIV-1)
protease inhibitor (PI), has been successfully used in clinical
treatments of HIV infection, with patients exhibiting a marked
decrease in HIV viral load and a subsequent increase in CD4*
T-cell counts.2>28 Evidence of other effects by ritonavir on cellular
proteases, such as the cysteine proteases cathepsin D and E, was
presented in the drug’s original description, albeit at concentrations
greater than 500-fold above the concentration required for inhibi-
tion of HIV protease.? PIs have also been shown to directly affect
cell metabolism, interfere with host or fungal proteases, and block
T-cell activation and dendritic cell function.3%3! Recently, ritonavir
has been shown to inhibit the chymotrypsin-like activity of the 20S
proteasome, and it activates the chymotrypsin-like activity of the
268 proteasome conversely.?%3233 Ritonavir also has been reported
to inhibit the transactivation of NF-kB induced by activators such
as TNFo, HIV-1 Tat protein, and the human herpesvirus 8 protein
ORF74. It is possible that inhibition of NF-«B activation by
ritonavir is linked to additional pathways other than inhibition of
proteasome.> Pls also have been shown to have direct antiangio-
genic and antitumor activity343

In this study, we investigated the antitumor effects of ritonavir
on HTLV-I-infected cell lines and primary ATL cells. We found
that ritonavir decreases NF-kB activity linked to the inhibition of
IxBa phosphorylation and induces apoptosis of these cells. In
addition, we established preclinical models to evaluate the efficacy
of anti-ATL and anti~NF-kB therapies. In the ATL model, ritonavir
potently inhibited the growth and infiltration of leukemic cells from
patients at concentrations used for treatment of patients with AIDS.

Materials and methods
Celi lines

The T-cell leukemia cell line Jurkat, HTLV-I-infected T-cell lines MT-2,36
MT-4,37 C5/MJ,3 SLB-1,% HUT-102,> MT-1,% and ED-40515(-),*! and
ber-abl* leukemic cell line K562 were cultured in RPMI 1640 medium
supplemented with 2% heat-inactivated fetal bovine serum (JRH Bio-
sciences, Lenexa, KS), 100 U/mL penicillin, and 10 pg/mL streptomycin.
MT-2, MT-4, C5/MJ, and SLB-1 are HTLV-I-transformed T-cell lines.
MT-1 and ED-40515(—) are T-cell lines of leukemic cell origin established
from patients with ATL. The clonal origin of HUT-102 is unclear.

Human specimens

Leukemic cells from 38 patients (8 patient samples for in vitro studies, 20
for establishment of ATL model, 10 for in vivo ritonavir studies) diagnosed
as either acute type or chronic type were used in this study. The diagnosis of
ATL was based on clinical features, hematologic findings, and the presence
of anti-HTLV-I antibodies in the sera. Baseline characteristics for the
patients who entered the study are shown in Table 1. Monoclonal HTLV-I
provirus integration into the DNA of leukemia cells was confirmed by
Southern blot hybridization in all cases (data not shown). All samples were
collected after obtaining informed consent from patients. Peripheral blood
mononuclear cells (PBMCs) from healthy volunteers and patients with ATL
were purified by Ficoll-Hypaque gradient centrifugation (Amersham Bio-
sciences, Uppsala, Sweden) and washed with RPMI 1640.

POTENT EFFECT OF RITONAVIR ONATL CELLS 717

Growth inhibition assay

The effect of ritonavir on cell growth was assayed by the WST-8 method as
described previously.*2 The WST-8 Cell Counting Kit was obtained from
Wako Chemicals (Osaka, Japan). Briefly, 2 X 103 cells were incubated in a
96-well microculture plate in the absence or presence of various concentra-
tions of ritonavir. After 72 hours of culture, 10 pL WST-8 solution was
added, and the cells were incubated for another 2 hours. The number of
surviving cells was measured with a microplate reader at a reference
wavelength of 655 nm and test wavelength of 450 nm. Cell viability was
determined as the percentage of the control (ie, absence of ritonavir).

Assay for apoptosis

Quantification of apoptosis was performed by immunostaining cells with
Apo2.7, which specifically detects the 38-kDa mitochondrial membrane
antigen 7A6 present only on the mitochondrial membrane of apoptotic
cells, and so can be used as an early apoptotic marker in cells.*3# Cells
cultured for 72 hours in the absence or presence of various concentrations of
ritonavir were labeled with the Apo2.7-phycoerythrin—conjugated monoclo-
nal antibody (Beckman-Coulter/Immunotech, Miami, Florida) or mouse
IgG1 isotype control (Beckman-Coulter/Immunotech) and subsequently
analyzed by flow cytometry.

EMSA

Cells were placed in culture at 1 X 108 cells/mL (cell line) or 5 X 108
cells/mL (PBMCs) and examined for inhibition of NF-kB after exposure to
ritonavir. Nuclear proteins were extracted, and NF-«B binding activities to
kB element were examined by electrophoretic mobility shift assay (EMSA)
as described previously.!$ In brief, 5 pg nuclear extracts were preincubated
in a binding buffer containing 1 pg poly(dl:dC) (Amersham Biosciences),
followed by addition of 32P-labeled oligonucleotide probe containing
NF-xB element (5 X 10* ¢pm). These mixtures were incubated for 15
minutes at room temperature. The DNA-protein complexes were separated
on a 4% polyacrylamide gel and visualized by autoradiography. To examine
the specificity of the NF-kB element probe, unlabeled competitor oligonu-
cleotides were preincubated with nuclear extracts for 15 minutes before
incubation with probes. The probe or competitors used were prepared by
annealing the sense and antisense synthetic oligonucleotides as follows: a
typical NF-xB element from the IL2RA gene, 5'-gatcCGGCAGGG-
GAATCTCCCTCTC-3'; and AP-1 element of the JL8 gene, 5'-gatcGTGAT-
GACTCAGGTT-3'. Underlined sequences represent the NF-kB or AP-1
binding site. To identify NF-«B proteins in the DNA protein complex
revealed by EMSA, we used antibodies specific for various NF-«B proteins,
including p65, p50, c-Rel, and p52 (Santa Cruz Biotechnology, Santa Cruz,
CA), to elicit a supershift DNA protein complex formation. These
antibodies were incubated with the nuclear extracts for 45 minutes at room
temperature before incubation with radiolabeled probes.

Western blot analysis

Treated cells were solubilized at 4°C in lysis buffer containing 62.5 mM
Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 6% 2-mercaptoethanol, and
0.01% bromophenol blue. Samples were subjected to electrophoresis on
SDS-polyacrylamide gels followed by transfer to a polyvinylidene difluoride
membrane and probing with the following specific antibodies: polyclonal
antibodies against IkBa, cIAP2, survivin, cyclin D2 (Santa Cruz Biotech-
nology), Bcl-X; (Transduction Laboratories, San Jose, CA), and c-Myc
(NeoMarkers, Fremont, CA) and monoclonal antibodies against phospho-
IxBa, hyperphosphorylated form of pRb (Cell Signaling Technology,
Beverly, MA), Bcl-2, and actin (NeoMarkers). The protein bands recog-
nized by the antibodies were visualized using the enhanced chemilumines-
cence system (Amersham, Piscataway, NJ).

Plasmids and transfection

Reporter plasmid «B-LUC (kindly provided by J. Fujisawa, Kansai
Medical University, Osaka, Japan) is a luciferase expression plasmid
controlled by 5 tandem repeats of a NF-«B binding site from the IL2RA
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Patlont Age, yleax Diagnosis WBC count, colls x 10°A. Lymphocyies, % Atyplcal cells, % Treatment status
4 R L oAowte Coames0 o eed st Untreated.
2 Velid Acute 186.0 410 700 Untraated
s 87 “ Chronig” 1040 3B 80.0 " Troated
4 S8/M Acute 67.30 710 80.0 Treated
B e  Acute 19.70 ste D 80 Treated
6 as/F Chronie 20.40 49.0 750 Untreatad
Ty | aarF Chronle 0.40 e ssa0 " Untreated
8 BU/F Aeute 53.80 440 95.0 Treated
g T Chronls - 41807 500 oo Trestad
10 60/M Chronie 9.12 610 80.0 Treated
11 CB6/F Asiite 2040 250 60,00 Uniraated
12 A9/F Chronie 15.10 80 75.0 Troated
13 BT Chronic 10.00 D00 570 ' Trasted
14 TR Acute 30.00 700 80.0 Treated
15 TF Chionig 1040 410 27.0 Untrested
16 a8/F Acifte 7.00 86.0 86.0 Troated
17 BO/F *Chyonis 8.99 745 Y Treated
18 TOM Acute 31.60 77 €8.0 Treated
19 A9 - Acyte 5.00 198 “780- Trested. -
20 44/ Chronic 36.40 330 430 Untreated
‘21 BB/ . Chronlg 14.70 1760 220 Unfreated
22 83F Acute 12.40 710 820 Untreated
28 56/F " Chronig 7,20 480 160 . Treated
24 TH/F Acute 94.50 6.3 49.0 Treated

2B eRF " Aoute 000 53.0 27.0 Untreated
268 aam Chronlc 38,30 83.0 3.0 Treated
26 39F . Chronle T4Bs0 160 §7.0. Untrested
28 48/F Acite 53.50 39.0 84.0 Untrested

2 L 75/F Acute 1500 720 88,0 Untreated
30 84/F Acute 14.40 69,0 61.0 Treated
e T Chronle 780 58.0 470 Untredted
a2 43F Chwonic 18.60 63.0 430 Unireated
e B4R Chovtet 89.00 490 50.0 - Untrested
34 6/F Acute 10.20 38.0 51.0 Untreated
35 TUE Chroni 18,20 B8O 39.0 Unireatad:
2 B83/F Acute 32.80 710 95.0 Treated
a7 2 AdfF. " Chronls 22,60 B 450 Untrested
38 88/M 30.00 79.0 81.0 Unireated

WBC indicates white blood cells.

gene. Reporter plasmid AP-1-LUC (kindly provided by N. Mukaida,
Kanazawa University, Kanazawa, Japan) is a luciferase expression plasmid
controlled by 2 copies of the AP-1 binding site from the IL-8 promoter. The
expression plasmid for HTLV-I Tax has been described previously.*
Transient transfections were performed in Jurkat and HUT-102 cells by
electroporation using 5 X 106 cells and reporter and effecter plasmids. To
normalize transfection efficiencies, a thymidine kinase (TK) promoter-
driven Renilla luciferase plasmid (phRL-TK; Promega, Madison, WI) was
cotransfected as an internal control plasmid. Then, 16 hours after transfec-
tion, ritonavir was added to the cultures at various concentrations, and cells
were further cultured for 24 hours for assay of luciferase activity.
Transfected cells were collected by centrifugation, washed with phosphate-
buffer saline (PBS), and lysed in reporter lysis buffer (Promega). Lysates
were assayed for reporter gene activity with the dual-luciferase reporter
assay system (Promega).

Inoculation of ATL cells and coliection of samples

NOG mice were obtained from the Central Institute for Experimental
Animals (Kawasaki, Japan). All mice were maintained under specific
pathogen-free conditions in the Animal Center of National Institute of
Infectious Diseases (Tokyo, Japan). The Ethical Review Committee of
the Institute approved the experimental protocol. Mice were anesthe-
tized with ether, and cells were inoculated either intraperitoneally in

abdominal region or subcutaneously in the postauricular region of NOG
mice without injection of human recombinant IL-2 at a dose of 1 to
2 X 107 cells per mouse. All mice were killed 30 or 60 days after
inoculation with primary ATL cells. Blood was collected from the tail to
make a smear, as well as from the heart with heparinized syringes.
PBMCs and splenocytes were isolated by density gradient concentration
with Ficoll-Hypaque. Blood smear slides were fixed in methy! alcohol
for May-Grunwald and Giemsa staining. PBMCs and splenocytes were
stored at —80°C for further experiments. Tissues and various organs of
mice were collected and fixed with Streck Tissue Fixative, then
processed to paraffin wax-embedded sections for staining with hematoxy-
lin and eosin (HE) and immunostaining,

Treatment of ATL mice with ritonavir

Ritonavir was obtained from Abbott Labs, North Chicago, IL. Primary ATL
cells (2 X 107) from 10 patients were inoculated subcutaneously in the
postauricular region of NOG mice. One day after inoculation of ATL cells,
mice were treated with either RPMI 1640 (control mice) or drug (ritonavir
30 mg/kg/d) intraperitoneally daily for 30 days followed by observation for
another 30 days without treatment. ATL cell growth and progression were
monitored by observation of physical condition of mice during a 2-month
follow-up period.
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Immunohistochemistry

Paraffinized cryosections of various organs were deparaffinized and
hydrated in xylenes or clearing agents and graded alcohol series, then rinsed
for 5 minutes in water. Deparaffinized samples were incubated with 0.025%
trypsin/PBS for 30 minutes followed by washing, and then incubated with
0.3% methanol for 30 minutes at room temperature and washed 2 times
with PBS. Immunostaining was done as described previously*® using Vector
MOM immunodetection kit (Vector Labs, Burlingame CA) for ATL cells
with a 1:500 dilution of primary mouse monoclonal antibody specific for
human CD4 and CD25 (Dako, Caterpillar, CA). This was followed by
washing in PBS and incubation with a secondary antibody MOM biotinyl-
ated anti-mouse IgG, after which cells were again washed in PBS and
incubated with VECTASTAIN Elite ABC for 20 minutes at room tempera-
ture. Positive staining was visualized after incubation of these samples with
a mixture of 0.05% 3,3'-diaminobenzidine tetrahydrochloride in 50 mM
Tris-HCI buffer and 0.01% hydrogen peroxide for 5 minutes. The samples
were counterstained with hematoxylin for 2 minutes, hydrated completely,
cleaned in xylene, and then mounted. Photographs were taken by light
microscopy (BX41, Olympus, Tokyo, Japan) using UplanF1 lenses (DP70,
Olympus; magnification X40).

Results

Ritonavir reduces cell growth and induces apoptosis of
HTLV-l-infected cell lines and primary ATL cells

Ritonavir was examined for its effect on proliferation of HTLV-I-
infected cell lines (Figure 1A). Ritonavir effectively inhibited the
proliferation of HTLV-I-infected cell lines as measured by WST-8
on the third day of culture in a dose-dependent manner, but not that
of K562 cells. Further experiments using Apo2.7 showed that
ritonavir caused apoptosis of HTLV-I-infected cell lines in a
dose-dependent manner, but not that of K562 cells (Figure 1B-C).
In addition, we explored the anti-ATL effect of ritonavir on freshly
isolated ATL cells from patients. In all ATL cases, ritonavir reduced
the survival of ATL cells in a dose-dependent manner (Figure 1D).
Ritonavir also caused apoptosis of ATL cells (Figure 1E). In
contrast, ritonavir hardly affected the survival of peripheral blood
mononuclear cells (PBMCs) from 3 healthy volunteers as mea-
sured by WST-8 (Figure 1D).

Ritonavir suppresses constitutive NF-«xB expressed by
HTLV-l-infected cell lines and primary ATL celis

To examine the effect of ritonavir on NF-xB DNA binding,
electrophoretic mobility shift assay (EMSA) was performed. We
first examined the minimum duration of exposure to ritonavir
required for suppression of NF-«B. For this, HUT-102 cells were
incubated with 40 M ritonavir for different periods of time, and
nuclear extracts were prepared and examined for NF-«B by EMSA.
Down-regulation of NF-xB occurred at 24 hours in HUT-102 cells.
However, no change in binding activity of AP-1 was observed
(Figure 2A). The observed protein/DNA binding was specific for
NF-kB, because the binding was effectively competed and abro-
gated by excess unlabeled NF-«B oligonucleotide but not by AP-1
(Figure 2C). The NF-«B complex contained p50, p65, and c-Rel
(Figure 2C). Forty micromolar concentration of ritonavir was
sufficient to suppress constitutive NF-«kB activation in residual
HTLV-I-infected T-cell lines (data not shown). It should be noted
that K562 cells did not show constitutive NF-«B activation (data
not shown). We also found a concentration-dependent inhibitory
effect of ritonavir on the constitutive increase of NF-kB DNA
binding activity (Figure 2B). Twenty micromolar concentration of
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Figure 1. Effect of ritonavir on the growih and induction of apoptosis of
HTLV-l-infected cell lines and freshly Isolated ATL cells. (A) Dose-response
effect of ritonavir on the growth of HTLV-I-infected call lines. Cells (10%/mL.) were
cultured for 72 hours in the presence of various concentrations (2.5-40 M) of
ritonavir. Cell growth was assessed by the water-saluble tetrazolium (WST)-8 method
and is expressed as a percentage of control (untreated cells) and represents the
mean of triplicate cultures. (B) Effect of ritonavir on induction of apoptosis of
HTLV-I-infected cell lines. Cells were cultured for 72 hours with ritonavir (40 uM), and
apoptosis was measured by Apo2.7 immunostaining. Data represent the mean
percentages of apoptotic cells from both untreated (CJ) and ritonavir-treated (&) cells.
(C) Dose-responss effect of ritonavir on induction of apoptosis of MT-4 and HUT-102
cells. (D) Dose-response effect of ritonavir on the celt viability of freshly isolated ATL
cells. Cells (108/mL) were cultured for 72 hours in the presence of various
concentrations (2.5-40 pM) of ritonavir. (E) Dose-response effect of ritonavir on
induction of apoptosis of ATL cells.

ritonavir caused only a partial inhibition of NF-kB/DNA binding,
whereas strong inhibition was observed at 30 and 40 pM in
HUT-102 cells. However, AP-1 binding was not inhibited. This
inhibition coincided with an accumulation of unphosphorylated
IkBa and a decrease of the slower-migrating form of phosphory-
lated IxBa, a prerequisite for its subsequent degradation (Figure
2D, top). Thirty micromolar concentration of ritonavir caused only
a partial decrease of the slower-migrating form of phosphorylated
IkBa, whereas significant decrease of the slower-migrating form of
phosphorylated IkBo and an accumulation of unphosphorylated
IxBa were observed at 40 uM. We determined the alteration of
phosphorylation of IkBa using antibody against phosphospecific
IkBa. Results in Figure 2D (middle) show that 40 pM ritonavir
decreased the phosphorylated IxBa content. We also determined
whether the same results were obtained in primary ex vivo ATL
specimens. As shown in Figure 2E, the amount of NF-«B that
translocates to the nucleus is also decreased, as determined by
EMSA. Twenty micromolar concentration of ritonavir caused only
a partial inhibition of NF-xB/DNA binding, whereas strong
inhibition was observed at 30 uM in primary ATL cells from acute
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