Allogeneic cell therapy from immunized donors with
tumor antigen peptide enhances the antitumor effect
after cyclophosphamide-using non-myeloablative
allogeneic hematopoietic cell transplantation
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Non-myeloablative allogeneic stem cell transplantation is an option
for the treatment of hematological malignancies as well as solid
tumors. We recently proposed a cyclophosphamide-using non-
myeloablative cell therapy in which donor lymphocytes infusion
(DLI) was carried out after tolerance induction to donor cells. In this

study, we tested the possibility that the cycdlophosphamid g
cell therapy could be augmented by pre-immunization of donors
before DLI. We initially d whether or not the cydophosphamide-
using cell therapy could also show antitumor effect against sub-
cutaneously established colon 26 carcinoma. As a tumor antigen-
derived peptide for colon 26, we used AH1, an immunodominant
H-2L%binding peptide derived from the envelope protein (gp70) of
an endogenous murine leukemia virus. The cyclophosphamide-using
cell therapy with the DLI from donors which were pre-immunized
with the AH1 peptide was compared with that from non-immunized
mice, The cydophosphamide-using cell therapy significantly suppressed
sly established colon 26 carcinoma, and the tumor-
rejected mice acquired the tumor-specific protective immunity. When
combined with the DLI from donors that were immunized with AH1,
antitumor effect of the cyclophosphamide-using cell therapy was
significantly augmented. The DLI from tumor peptide-immunized
donors showed no influence on donor chimerism and bodyweight
of the treated mice, indicating no increased risk of graft-versus-host
disease. Tumor-specific cytotoxic T lymphocytes could be generated
from tumor-rejected mice. Our results indicate that the cyclophos-
phamide-using non-myeloablative cell therapy with the DLl from
tumor peptide-immunized donors is a useful protocol to augment
graft-versus-tumor effect without exacerbation of graft-versus-host
disease. (Cancer Sci 2009; 100: 138-143)
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Non-myclnahla!ivc allogeneic stem cell transplantation
(SCT) is an option for the treatment of hematological
malignancies as well as solid tumors."" Because this type of
treatment is accompanied by treatment-related toxicity and
mortality, a new protocol of well-tolerated non-myeloablative
conditioning with fludarabine-based regimens has recently been
introduced."'" Nevertheless. graft-versus-host disecase (GVHD)
is generally inevitable in any type of non-myeloablative
conditionings because mature donor T cells are the main
mediators of the graft-versus-tumor (GVT) activity of this type
of therapy.'" "

We previously reported a series of studies regarding the
cyclophosphamide-induced tolerance system that comprises an
Lv. injection of 1 x 10% allogeneic spleen cells (and 2 x 107 bone
marrow cells) followed, usually 2 days later, by an i.p. injection
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of 200 mg/kg cyclophosphamide."*' In this system, because
the destruction of both donor-reactive T cells of host origin and
host-reactive T cells of donor origin occurred in the induction
phase, a stable mixed chimerism was induced.'"™'" In addition, we
recently proposed a cyclophosphamide-using non-myeloablative
cell therapy in which donor lymphocytes infusion (DLI) was
carried out | day after the cyclophosphamide treatment of that
tolerance-inducing system,”” and modified the protocol 1o
reduce the risk of GVHD while preserving the GVT activity.”"
The cyclophosphamide-using cell therapy was able to induce a
significant antitumor effect against murine renal cell carcinoma,
which was associated with a transient but mild degree of GVHD.

Combination of tumor-specific T-cell response with non-
myeloablative allogeneic cell therapy is a reasonable idea to enhance
antitumor effect, To this end, the DLI from immunized donors
is an applicable method. In fact, non-myeloablative allogeneic
cell therapy with the DLI from tumor cell-immunized donors
was reported to be effective.''” However, immunization of
healthy donors with wmor cells hampers clinical application,
and vaccination of donors with recipient-derived whole tumor cells
has the risk to increase GVHD.™ On the other hand, allogeneic
bone marrow transplantation (BMT) from donors that were
immunized with a model tumor antigen, influenza nucleoprotein,
was reported 1o elicit antitumor effect in vive without exacerbation
of GVHD,”" and immunization of a donor with myeloma
immunoglobulin can induce tumor-specific immunity in an
allogencic BMT recipient.”" However, the former model used a
model antigen, and the latter was applied for hematological
malignancy. Therefore, so far as we know, there has been no
model with a real tumor antigen peptide applied for solid
tumors. In addition, the above two protocols were not combined
with the DLI that is responsible for the strong GVT activity. We
therefore supposed that immunization of donors with tumor
antigen-derived peptides, which have the potential to induce
major histocompatibility complex (MHC) class I-restricted cancer-
reactive cytotoxic T lymphoeytes (CTL), could be an optimal
method to provide the DLI with tumor-specific T-cell immunity.
So far, a number of CTL-inducing antigenic peptides have been
identified,”" and their safety in the clinical setting has been well
verified. In this study, we compared the antitumor effect of the
cyclophosphamide-using cell therapy with the DLI from either
tumor cell-immunized or tumor peptide-immunized donors.
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As a result, we found that the cyclophosphamide-using
non-myeloablative cell therapy with the DLI from tumor
peptide-immunized donors can significantly augment GVT
effect without changing the risk of GVHD.

Materials and Methods

Animals. Female BALB/c (H-27) recipient mice and female
DBA/2 (H-2") donor mice were obtained from Charles River
Laboratories Japan (Yokohama, Japan) at 8 weeks of age. All
mice were kept in specific pathogen-free conditions and then
were used for experiments at 10 weeks of age. All animal
protocols were approved by the University Committee on the
Use and Care of Animals at Kyushu University.

Tumors. Colon 26 and RENCA are colon carcinoma and renal
cell carcinoma of BALB/c origin, respectively. PB1S is a mastocy-
toma cell line derived from DBA/2 mice. All of them are
maintained in vitre in a complete medium. RPMI-1640 (Gibco,
Grand Island, NY, USA), supplemented with 10% heat-inactivated
fetal calf serum (HyClone, Logan, UT, USA), §x 10° M 2-
mercaptoethanol, 20 mM HEPES, 30 pg/mL Gentamycin (Schering
Corporation, Kenilworth, NJ, USA) and 0.2% sodium bicarbonate
was used as the complete medium.

Measurement of tumor growth in vivo. After s.c. tumor inocula-
tion, tumor growth was inspected every 3 or 4 days by measuring
the largest perpendicular diameters with a caliper which was
thus recorded as the tumor area (mm?).

Cancer treatment protocol. To evaluate the in vive antitumor
activity, BALB/c mice were injected s.c. with 2 x 10° colon 26
cells. Considering the clinical application, we started the cancer
treatment after establishing the injected tumors (usually 7 days
after tumor inoculation). Initially, 1.0 mL of the RPMI medium
containing a sel quantity of a mixture of 1 x 10” spleen cells and
2.0 107 bone marrow cells originated from donor DBA/2
mice was injected i.v. into the tail vein of BALB/¢ mice.
C)rclophnsphamide (Endoxan; Shionogi, Osaka, Japan) dissolved
in phosphate-buffered saline (20 mg/mL) was injected i.p. at a
dose of 200 mg/kg 2 days later. Lymphocytes (1 x 107) from
either naive or immunized DBA/2 mice were injected iv. to
BALB/c mice 1 day after the cyclophosphamide treatment. To
inactivate tumor cells, colon 26 cells were incubated with
mitomycin-C (MMC) at a dose of 100 pg/mL at 37°C for
60 min. To immunize mice with umor cells, inactivated colon
26 cells (1 x 107 cells) were i.p. injected into DBA/2 mice twice,
14 and 7 days before the experimental usage. To immunize mice
with a tumor peptide, 100 pg of peptide in complete Freund's
adjuvant (CFA) was s.c. injected into DBA/2 mice twice, 14 and
7 days before the experimental usage. AH! (SPSYVYHOF), an
immunodominant H-2L%binding peptide derived from the
»nvelope protein (gp70) of an endogenous murine leukemia
virus,”™ was purchased from Genenet (Fukuoka, Japan) and
diluted in dimethylsulfoxide (DMSO) until use.

Flow cytometric analysis. The expression of the lymphocyte
origin from BALB/c mice or DBA/2 mice was analyzed by
two-color flow cytometry using a FACScan cytometer (Bectonn
Dickinson, Mountain View, CA, USA). Phycoerythrin (PE)-
conjugated antimouse CD5 (Ly-1) monoclonal antibody (Phar-
Mingen International, Tokyo, Japan) and fluorescein isothiocyanate
(FITC)-conjugated mouse antimouse CDS.1 (Ly-1.1) monoclonal
antibody (PharMingen International) were used for the analysis
of the lymphocyte ongin from either BALB/c or DBA/2 mice.
The labeled cells were analyzed by FACScan and fluorescence
histograms were accumulated on a loganthmic scale.

Assay of cytotoxicity. Spleen cells (5 x 107 cells/well) from
tumor-rejected BALB/c mice were cultured with a peplide al
20 pg/mL in the presence of interleukin (IL)-2 (50 U/mL) for 5 days.
Thereafter. the cultured cells were examined for their cytoloxicity
against tumor cells using a standard *'Cr-release assay.'”’
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Statistics, The statistical significance of the dala was deter-
mined using the unpaired two-tailed Student’s r-test. A P-value
of less than 0.05 was considered to be statistically significant.

Results

Antitumor activity of the cyclophosphamide-using allogeneic cell
therapy against colon 26 carcinoma. We previously reported that
the cyclophosphamide-using allogeneic cell therapy could show
antitumor effect against s.c.-established RENCA renal cell
carcinoma."*"" Therefore, we initially determined whether or
not the cyclophosphamide-using cell therapy could also show
antitumor effect against s.c.-established colon 26 carcinoma.
Tumor growth was obviously suppressed in the BALB/c mice
that had been treated with spleen cells and bone marrow cells on
day 0, cyclophosphamide on day 2, and DLI from naive DBA/2
mice on day 3 (Il day after the cyclophosphamide treatment)
(Fig. 1a). In the BALB/c mice treated with either cyclophos-
phamide alone or spleen cells and bone marrow cells on day 0
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Fig. 1. Antitumor activity of the cyclophosphamide-using cell therapy

against colon 26 carcinoma. (a) After establishing the injected tumors
(usually 7 days after tumor inoculation), the BALB/c mice were treated
as follows. (A) Cyclophosphamide alone; (®) spleen cells (SPC) and
bone marrow cells (BMC) from DBA2 mice on day0 and
cyclophosphamide (CP) on day 2, (W) spleen cells and bone marrow
cells from DBA/2 mice on day 0, cyclophosphamide on day 2, and donor
lymphocytes infusion (DLI) from DBA/2 mice on day 3; (#) untreated.
Tumor growth was inspected every 3 or 4 days. The data represent
the mean of five mice examined = standard deviation (SD). The
representative findings among three separate experiments are shown
here. The other two experiments showed similar results, *P <001,
**P < (0.05. (b) BALB/c mice that had been treated with spleen cells and
bone marrow cells from DBA2 mice, cyclophosphamide, and DLI and
rejected the colon 26 tumors were rechallenged with either colon 26 or
RENCA tumaors 120 days after the DLL. As a control tumor, RENCA was
simultaneously injected on the opposite side. Tumor growth was
assessed in each group. (M) Colon 26 tumors in the untreated BALB/c
mice; (#) colon 26 tumaors in the tumor-rejected BALB/c mice; (@) RENCA
tumors in the untreated BALB/c mice; (A) RENCA tumors in the tumor-
rejected BALB/c mice. The data represent the mean of five mice
examined £ SD. The representative findings among three separate
experiments are shown here. The other two experiments showed
similar results.
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and cyclophosphamide on day 2, tumor growth was suppressed
in comparison to the untreated group, probably due to the
cytotoxic effects by cyclophosphamide, but no tumor disappeared
in either of the two groups. We next examined whether or not
tumor-specific protective immunity was induced in the BALB/c
mice that cured s.c.-established colon 26 carcinoma by the
cyclophosphamide-using cell therapy. As a result, such mice
completely rejected colon 26 at a rechallenge, but failed 1o reject
RENCA renal cell carcinoma, another BALB/c syngeneic tumor
(Fig. 1b). These results indicate that the cyclophosphamide-using
cell therapy with the DLI from naive donors can induce antitumor
effects against s.c.-established colon 26 carcinoma.

Antitumor activity of the cyclophosphamide-using cell therapy
with the DLI from pre-immunized donors with tumor antigens. As
described in the Introduction. the combination of tumor-specific
T-cell response with the non-myeloablative allogeneic cell therapy
would be a reasonable idea to enhance antitumor effect. Therefore,
we next tested a hypothesis that the cyclophosphamide-using
cell therapy with the DLI from donors which were pre-
immunized with inactivated tumor cells could show augmented
antitumor effects against colon 26 (Fig. 2a). Although the
cyclophosphamide-using cell therapy with the DLI from donors
which were pre-immunized with inactivated colon 26 carcinoma
cells could show a slight augmentation of antitumor effect, as
compared with that induced by the cyclophosphamide-using cell
therapy with the DL from non-immunized donors, there was no
statistical significant difference between the two groups (Fig. 2a).
In addition, although the augmentation of tumor rejection rate
was apparent in the group with the DLI from donors which were
pre-immunized with inactivated colon 26 carcinoma cells, as
compared with that with the DLI from non-immunized donors,
there was no significant difference between the two groups
(Table 1).

We further tested the possibility that the cyclophosphamide-
using cell therapy with the DLI from donors which were pre-
immunized with a tumor antigen-derived peptide could show
augmented antitumor effect on colon 26 (Fig. 2b). As a tumor
antigen-derived peptide for colon 26, we used an immunodomi-
nant H-2L%binding peptide derived from the envelope protein
(gp70) of an endogenous murine leukemia virus, designated as
AH1."® The result was that the cyclophosphamide-using cell
therapy with the DLI from donors which were pre-immunized
with the AH1 peptide could show augmented antitumor effect
compared to that with DLI from non-immunized mice (Fig. 2b).
In addition, there was a significant difference in the tumor rejection
rate between the cyclophosphamide-using cell therapy with the
DLI from AHI peptide-immunized donors and that with the
DLI from control donors (Table 1).

Mixed chimerism and bodyweight in the BALB/c mice treated with
the cyclophosphamide-using cell therapy with the DU from tumor
peptide-immunized donors. Chimerism was assessed in BALB/c
recipients by a flow cytometric analysis of the donor (Ly-1.1")
cells in the peripheral blood 10 days after the DLI. The level of
donor chimerism of lymphocytes in mice treated with the
cyclophosphamide-using cell therapy with the DLI from tumor
peptide-immunized donors was almost same as that in those
from non-immunized donors (Fig. 3a). The level of donor
chimerism was sequentially assessed in these mice that survived
for a long time after the rejection of colon 26 tumors, because
all mice in other groups died of tumor progression. The level of
donor-derived lymphocytes gradually decreased over time, and
it was almost undetectable 120 days after the DLI (Fig. 3b).
These results indicate that immunization of donors with a tumor
peptide has no influence on chimerism of the cyclophosphamide-
using cell therapy. We also sequentially assessed bodyweight as
a sign of GVHD (Fig. 3¢). There was no significant difference
in the bodyweight between the cyclophosphamide-using
cell therapy with the DLI from non-immunized donors and from
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Fig. 2. Antitumor activity of the cyclophosphamide-using cell therapy
against colon 26 carcinoma in combination with the donor lymphocytes
infusion (DLI) from either colon 26-immunized donors or AH1 peptide-
immunized donors. (a) After establishing the injected tumors (usually
7 days after tumor inoculation), the BALB/c mice were treated as
follows. (M) Cyclophosphamide alone; (A) spleen cells and bone marrow
cells from DBA/2 mice on day 0 and cyclophosphamide on day 2; (X)
spleen cells and bone marrow cells from DBA/2 mice on day0,
cyclophosphamide on day 2, and DLI from naive DBA/2 mice on day 3;
() spleen cells and bone marrow cells from DBA/2 mice on day 0,
cyclophosphamide on day 2, and DLI from mitomycin-C (MMC)-treated
colon 26-immunized DBA2 mice on day3; (#) untreated. Tumor
growth was inspected every 3 or 4 days. The data represent the mean
of four mice examined = standard deviation (SD). The representative
findings among three separate experiments are shown here. The other
two experiments showed similar results. *P = NS. (b) After establishing
the injected tumors (usually 7 days after tumor inoculation), the BALB/
© mice were treated as follows. (M) Cyclophosphamide alone; (A) spleen
cells and bone marrow cells from DBAZZ mice on day0 and
cyclophosphamide on day 2; (X) spleen cells and bone marrow cells
from DBA/Z mice on day 0, cyclophosphamide on day 2, and DLI from
DBA/Z mice treated with complete Freund's adjuvant (CFA) alone on
day 3; (0) spleen cells and bone marrow cells from DBA/2 mice on
day 0, cyclophosphamide on day 2, and DLI from the AH-1 peptide-
immunized DBA/2 mice on day 3; () untreated. Tumor growth was
inspected every 3 or 4 days. The data represent the mean of six mice
examined £ SD. The representative findings among three separate
experiments are shown here. The other two experiments showed similar
results. **P =0.06, ***P =0.037.

tumor peptide-immunized donors (Fig. 3¢), indicating no augment-
ation of the risk of GVHD.

Tumor-specific CTL in the BALB/c mice that rejected colon 26
tumors with the cyclophosphamide-using cell therapy with the
DLI from tumor peptide-immunized donors. We finally determined
whe-ther or not tumor-specific T-cell immunity was induced
in the mice that cured s.c.-established colon 26 with the
cyclophosphamide-utilizing cell therapy with the DLI from
wmor peptide-immunized donors (Fig. 4). The spleen cells from
colon 26-rejected BALB/c mice were stimulated in vitro with
the AHI peptide in the presence of IL-2, and cytolytic activity
of the cultured cells was examined. As a result, the in vitro
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Table 1. Tumor acceptance in the mice i with pre-i d donor lymphocytes 24 days after tumor inoculation
Donor SPC and BMC P Pre-immunization Mice without tumor/All mice of donor lymphocytes
Experiment 1 - + - nz2
+ + MMC-colon 26 6/12%*
Experiment 2 + + CFA alone ne
+ + CFA + AHTY 9nge==*

'AH1 (SPSYVYHOF) peptide derived from gp?0 protein. **P =0.21, ***P =0.03. BMC, bone marrow cells; CP, cyclophosphamide; SPC, spleen cells.
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Fig. 3. Mixed chimerism and bodyweight in the BALB/c mice treated with the cyclophosphamide-utilizing cell therapy. (a) After establishing the
injected tumors (usually 7 days after tumor inoculation), BALB/c mice were treated with spleen cells and bone marrow cells from DBA/2 mice on
day 0 and cyclophosphamide on day 2, and donor lymphocytes infusion (DLI) from naive (Peptide [-]) or AH1 peptide-immunized BALB/c mice
(Peptide [+]) on day 3. Ten days after the DLI, chimerism was assessed in each group by a flow cytometric analysis of the donor (Ly-1.1°) cells in
the peripheral blood. As a positive and a negative control, peripheral blood cells from untreated BALB/c (control BALB/c), untreated DBA/2 (control
DBA/2) mice were ined, The repr ive experiment among three separate experiments is shown here. (b) Kinetic changes of donor
chimerism are shown. After establishing the injected tumors (usually 7 days after tumor inaculation), BALB/c mice were treated with spleen cells
and bone marrow cells from DBA/2 mice on day 0 and cyclophosphamide on day 2, and DLI from naive (®) or AH1 peptide-immunized (#) BALE/
¢ mice on day 3. The data represent the mean of three mice examined = standard deviation (SD). The representative findings among three separate
experiments are shown here. The other two experiments showed similar results, *P = NS. (c) Kinetic changes of bodyweight are shown Symbols
are same as (b). (M) Untreated control. The data represent the mean of five mice examined + 5D. **P = NS,

stimulated cells showed a high level of cytolytic activity against
colon 26, but not P815. A similar result was observed when the
spleen cells were in vitro stimulated with inactivated colon 26
cells (data not shown). These results indicate that tumor-specific
CTL were induced in the mice that rejected colon 26 with the
cyclophosphamide-using cell therapy with the DLI from tumor
peptide-immunized donors.

Discussion

Non-myeloablative allogeneic SCT is an option for the
treatment of several types of tumors. Although both alloantigens

Hamaguch| et al

and tumor antigens could be targeted in GVT cffects, studies in
experimental models and clinical observations clearly suggest
that alloantigens are primary targets for GVT."""**** Therefore,
the involvement of wmor-specific T-cell immunity seems to be
essential to enhance GVT effect without exacerbation of GVHD.
To this end, two different protocols could be proposed: donor
immunization and recipient immunization with tumor-specific
antigens. In mouse models of melanoma, immunization of mice
receiving allogeneic BMT following myeloablative conditioning
with granulocyte-macrophage colony-stimulating factor (GM-CSF)
secreting, irradiated tumor cell vaccines could induce antigen-
specific tumor activity only in the absence of GVHD because
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Fig. 4. Induction of colon 26-specific cytotoxic T lymphocytes from the

cured BALB/c mice treated by the cyclophosphamide-using cell therapy
with the donor lymphocytes infusion (DLI) from peptide-immunized
donors. One hundred and twenty days after the DL, spleen cells were
removed from the colon 26-rejected BALB/c mice that had been treated
by the cyclophosphamide-using cell therapy with the DLI from peptide-
immunized donors, and were cultured in vitro with the AH1 peptide in
the presence of interleukin (IL)-2 (50 U/mL) for 5 days. Thereafter, the
cultured cells were examined for their cytolytic activity against either
colon 26 (@) or PB15 (0) tumor cells using a standard *'Cr-release assay.
*P<0.01.

GVHD induces profound immunodeficiency.*” Furthermore, it
has been shown that DLI from tumor cell-immunized donors
could induce tumor-specific antitumor immunity, again only in
the absence of GVHD.""” However, immunization of healthy
donors with tumor cells, even though they are inactivated,
hampers clinical application. In addition, immunization of donors
with recipient-derived whole tumor cells potentially increases
the risk of GVHD because the immunization induces the induction
of antihost T-cell responses.”” Taken together, immunization
of donors with tumor antigen-derived peptides that have the
potential to induce MHC class I-restricted cancer-reactive CTL
could be an optimal strategy to produce tumor-specific T-cell
immunity without causing GVHD. In fact, a number of CTL-
inducing antigenic peptides have been identified so far,”” and
their safety in the clinical setting has been well verified. In the
present study, we therefore searched for a possibility of non-
myeloablative allogeneic SCT therapy in combination with the
DLI from tumor peptide-immunized donors.

We recently proposed a unique model system of non-
myeloablative allogeneic cell transplantation for the treatment
of solid tumors by mudifying our tolerance-inducing method
using cyclophosphamide."'” In this tolerance-inducing system, a
stable degree of mixed chimerism as a result of the destruction
of both donor-reactive T cells of host origin and host-reactive T
cells of donor ongin can be induced. By giving a donor lymphocytes
from untreated donors | day after the cyclophosphamide
treatment, the degree of mixed chimerism of donor cells
increases in association with the development of transient mild
GVHD, which is associated with antitumor effects in this model,
probably because the DL1 was carried out after the tolerance
induction to donor cells.™ In this study, we tested whether or
not the DLI from either tumor cell-immunized or tumor peptide-
immunized donors could augment non-myeloablative allogencic
cell therapy against s.c.-established colon 26 carcinoma. As a
result, we revealed that the cyclophosphamide-using cell therapy
with the DLI from tumor peptide-immunized donors could
significantly augment antitumor effect.

An important observation of this study is that antitumor effect
could be augmented by the DLI from tumor peptide-immunized
donors without change of either donor chimerism or the degree
of GVHD. In clinical allogeneic SCT, it is widely believed that
the GVT ac[ivil?i is associated with GVHD and complete donor
chimerism."""*'**) In this sense, it is a characteristic feature of

142

the cyclophosphamide-using cell therapy that the antitumor
activity is induced with low levels of donor chimerism.™*"
Because the low levels of donor chimerism can reduce the risk
of GVHD,""""* the cyclophosphamide-using cell therapy may
be a choice of treatment especially for elderly patients or patients
with a poor performance status or impaired organ functions. Indeed,
similar post-transplant administration of ¢yclophosphamide has
been recently applied to clinical non-myeloablative allogeneic
SCT for hematological malignancies.”**" Taken together, the
application of the DLI from tumor peptide-immunized donors
seems 10 be optimal, because it could enhance the antitumor
effects without hampering the merit of the cyclophosphamide-
using cell therapy.

In this study, the immunization of DLI donors with a tumor
antigen-derived AH1 peptide appears to be more effective to
induce antitumor immunity than that with inactivated colon 26
carcinoma cells (Fig. 2a vs 2b, Table 1), although we did not
directly compare the effects of the two strategies. This difference
may be due to the difference in the methodology to immunize
donors. First, a tumor peptide was given together with adjuvant,
whereas inactivated colon 26 cells were i.p. injected into DBA/
2 mice twice without adjuvant. Second, the route of vaccinations,
s.c. versus i.p., was different. In addition, the immunization of
healthy donors with carcinoma cells themselves, even though
cells are inactivated, is ethically problematic and may potentially
increase risk of GVHD.

Importantly, colon 26-cured mice that had been treated with
the cyclophosphamide-using cell therapy with AHI-immunized
donors showed cytolytic activity against colon 26 even after the
disappearance of donor-derived lymphocytes, similar to our
previous findings.***"" This means that the acquired immunity
against colon 26 observed 120 days after DLI is considered to be
mainly attributable to recipient lymphocytes. After the DLI from
immumized donors, donor T cells encountering tumor antigens
induce apoptosis of tumor cells and tumor-derived antigens may
be engulfed by dendritic cells (DC) that present tumor antigens
on their MHC molecules and further induce wmor-specific T
cells of recipient origin. Interestingly, the antitumor response,
despite loss of donor chimerism, has also been recently reported
in patients treated with non-myeloablative conditioning and
allogeneic SCT for advanced hematological malignancies.”” In
addition, both the critical role of recipient lymphocytes and the
importance of recipient-derived y-interferon in an antitumor effect
have been recently reported in the mixed chimeras prepared with
non-myeloablative conditioning in a murine model.”"™ However,
antitumor activity was induced by recipient lymphocyte infusion
in their study,™ but by DLI in our study.

Although the retroviral product may not reflect the real situation
of antigens in human colon carcinoma, we utilized the peptide
derived from the envelop protein of an endogenous murine
leukemia virus™® because the retroviral product is an endogenous,
but not a foreign, antigen. The retrovirus is integrated in the
genome of mice, and the gene product can be regarded as an
endogenous antigen. In addition, several reports reveal that
human endogenous retroviral products can be recognized by
tumor-reactive CTL as tumor antigens in the cases of renal cell
carcinoma and melanoma.”*" Therefore, retroviral products could
be good target molecules in specific immunotherapy for a variety
of malignancies.

In this study, we used CFA for peptide vaccination because
peptide vaccination with incomplete Freund's adjuvant (IFA) in
mice is insufficient to induce peptide-specific CTL in vivo.""
On the other hand, in humans, peptide vaccination with TFA is
enough to generate peptide-specific CTL in cancer patients.'*”
For clinical trials, CFA is not essential in inducing peptide-
specific CTL by vaccination with class I-binding peptides. We
thus suppose that our protocol using IFA, in place of CFA, is
applicable in a clinical setting.

doi; 10.1111/j.1349-7006.2008.01014 x
© 2008 Japanese Cancer Association
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In conclusion, we demonstrate that the cyclophosphamide-
using non-myeloablative cell therapy with DLI from tumor peptide-
immunized donors can augment GVT effect without increasing
the risk of GVHD. This strategy to strengthen antitumor activity
without GVHD has important clinical implications.
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Abstract

Cell death linked to DNA damage has been implicated in various diseases caused by environmental stress and infection.
Severe DNA damage, which is beyond the capacity of the DNA repair proteins, triggers apoptosis. Accumulation of DNA
damage has been proposed to be a principal mechanism of infection, inflammation, cancer, and aging. The most deleteri-
ous form of DNA damage is double-strand breaks (DSBs), where ataxia-telangiectasia-mutated (ATM) is the main transducer
of the double-strand DNA break signal. Once the DNA is damaged, the DNA repair protein Ku70/80 translocates into the
nucleus, a process which may be mediated by ataxia-telangiectasia-mutated, a member of the phosphoinositide-3-kinase-like
family. The function and stability of Artemis may also be regulated by ataxia-telangiectasia-mutated through its phospho-
rylation upon the occurrence of DNA damage. Interestingly, both Artemis and Ku70/80 are substrates of DNA-dependent
protein kinase (DNA-PK), another member of the phosphoinositide-3-kinase-like family. In this review, we show how Ku
and Artemis function in the DNA damage response and the ataxia-telangiectasia-mutated signaling pathway and discuss
potential applications of agents targeting these DNA damage response molecules in the treatment of inflammation and can-
cer.
© 2007 Elsevier Ltd. All rights reserved.
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Signaling network facts

« Ataxia-telangiectasia-mutated, Ku70/80,
and Artemis are involved in the cellu-
lar pathways that work to repair DNA
double-strand breaks.

o Ku70/80 and Artemis play a crucial

role in non-homologous end joining by

interacting with other molecules, such
as X-ray repair complementing defec-

tive repair in Chinese hamster cells 4

(XRCC4), DNA ligase IV, and Cernun-

nos, Ataxia-telangiectasia-mutated plays

a mediating role in homologous recom-

binational repair of DNA damage by

interacting with meiotic recombination
11/Rad50/Nijmegen breakage syndrome

1

Functions of Ku70/80 and Artemis are, at

least in part, controlled by phosphoryla-

tion by DNA-dependent protein kinase.

Ku70/80 and Artemis are also substrates

of ataxia-telangiectasia-mutated.

« The ataxia-telangiectasia-mutated signal

is critical in cell cycle control and in cel-

|lular apoptosis via the p53 pathway.

Ku proteins translocate into the nucleus

upon the occurrence of DNA damage,

and their nuclear transports are possibly
controlled by phosphorylation.

+ Nuclear loss of Ku proteins or ataxia-
telangiectasia-mutated may be the
underlying mechanism of oxidative
stress-induced apoptotic cell death.

1. Introduction

Many types of DNA damage can occur within
cells, but the most dangerous are double-strand breaks
(DSBs). These results from exogenous agents (such as
ionizing radiation, chemotherapeutic drugs, and infec-
tious agents), endogenously generated reactive oxygen
species (ROS), and mechanical stress acting on the
chromosomes. DSBs can also be produced when DNA
replication forks encounter DNA single-strand breaks or
other lesions. Accumulation of DNA damage, leading
to adult stem cell exhaustion, has been proposed as a
principal mechanism of aging (Nijnik et al,, 2007).

DNA repair proteins, such as DNA-dependent
protein kinase (DNA-PK), Ku, and ataxia-telangiectasia-
mutated (ATM), have been linked to cellular DNA repair
pathways that work to fix DNA DSBs, while ataxia-
lelangiectasia and Rad3-related (ATR) is activated by
many forms of DNA damage. Ku7(/80 and Artemis
are involved in non-homologous end joining (NHEJ) by
interacting with other molecules, such as X-ray repair
complementing defective repair in Chinese hamster cells
4 (XRCC4), DNA ligase IV, and Cernunnos. ATM 1is
involved in homologous recombinational repair of DNA
damage by interaction with meiotic recombination 11
(Mrel1)/Rad5(0/Nijmegen breakage syndrome 1 (NBS1)
(M/R/N complex), cell cycle arrest by the phosphoryla-
tion of various molecules such as checkpoint 2 Kinase
(CHK2), and cellular apoptosis via the p53 pathway.

ATM and DNA-PK may regulate the function of
Ku70/80 and Artemis by phosphorylation and/or nuclear
ransport of Ku proteins and Artemis. In oxidative
stress-induced DNA damage, ATM is essential for Ku
activation and cell survival. The nuclear loss of Ku 70/80
or ATM is observed upon genotoxic stimuli. Degra-
dation of these molecules may be another underlying
mechanism of apoptosis. Further studies on the reg-
ulatory mechanisms and signaling networks of DNA
damage response molecules are needed to better under-
stand the complex cellular response. This review focuses
on the interplay among ATM, Artemis, and Ku7(0/80 in
response to DNA DSBs.

2. Key molecules and functions
2.1. Ku70/80 and DNA damage

The Ku70 (70 kDa) and Ku80 (80 kDa) proteins are
DNA-binding regulatory subunits of DNA-PK, which is
composed of a 470kDa catalytic subunit (DNA-PKes)
and Ku proteins. Ku70 and Ku80 initiate the repair
process of DNA DSBs, which produce DNA fragmen-
tation, by activating DNA-PK after binding to the DNA
DSBs. In addition to the regulatory function of the Ku
proteins in DNA-PK, heterodimers of Ku70 and Ku80
have independent DNA repair functions. These include
single-stranded DNA-dependent ATPase activity and
the binding and repair of broken single-stranded DNA,
single-stranded nicks, gaps in DNA, and single-strand-
to-double-strand transitions in DNA. The importance of
Ku70/80 in DSBs is highlighted by the fact that Ku70-
deficient cells have increased ionizing radiosensitivity,
defective DNA end-binding activity, and impaired V(D)J
recombination. Ku80-null mice display an increase in
chromosomal aberrations and malignant transformation
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(Difilippantonio et al., 2000; Gu, Jin, Gao, Weaver, &
Alt, 1997).

Ku70/80 plays a critical role in the repair of damaged
DNA through NHEI] by interacting with XRCC4, Cer-
nunnos, and DNA ligase IV. Phosphorylation of Ku70/80
by DNA-PK controls their localization, DNA binding,
and function. DNA-PK phosphorylates Artemis. p33,
and histone H2AX, which determine the fate of the cells.

Oxidative stress can be caused by iomizing radia-
tion, cytotoxic drugs, infection, inflammation, cancer,
and aging. It leads to the generation of single-strand
breaks and DSBs. Oxidative stress-induced DNA dam-
age of haematopoietic stem cells during aging is repaired
mainly by NHEJ, in which Ku70/80 has a critical role,
but ATM may also be involved (Nijnik et al., 2007).
Oxidative injury caused by mild ischemia/reperfusion in
the spinal cord induces reversible neurological deficits
with increased Ku-DNA binding activity, whereas severe
ischemia/reperfusion causes permanent deficits that are
accompanied by a decrease in the Ku-DNA binding
activity. Therefore, Ku may have a protective role
against oxidative injury (Shackelford, Tobaru, Zhang,
& Zivin, 1999). Embryonic fibroblasts derived from
Ku80-null mice are more susceptible to DNA dam-
age than those from wild-type mice (Arrington et al.,
2000, suggesting that a decrease in Ku may be involved
in the mechanism of apoptotic cell death. DNA-PKcs
is the substrate for caspase-3, which is activaled by
ischemia/reperfusion and ROS. The reduction in Ku
might be induced in a caspase-activating apoptotic
pathway after ischemia/reperfusion (Shackelford et al.,
1999). Nuclear localization of Ku70 and KuR0 are medi-
ated by two compartments of the nuclear pore-targeting
complex, importin « and importin B, Oxidative stress-
induced apoptosis is mediated by the activated caspase-3,
which degrades Ku70/80 (Song, Lim, Kim, Morio, &
Kim, 2003). A decrease in Ku binding to nuclear trans-
porters importin @ and importin B results in reduced
levels of nuclear Ku70/80 in pancreatic acinar cells. Fur-
ther studies are required to determine the mechanism
of selective reduction of each Ku component upon the
occurrence of DNA damage in the cells,

2.2. Ku70/80 as a signaling molecule

Ku70/80 are located in the cytoplasm and on the cell
surface (Morio et al,, 1999). Ku70 serves as a receptor
for Rickertsia conorii internalization (Martinez, Seveau,
Veiga, Matsuyama, & Cossart, 2005). Ku70/80 is associ-
ated with CD40 in the cytoplasm, and CD40 engagement
leads to the translocation of Ku70/80 to the cell surface
of multiple myeloma cells. In normal human B cells,

Ku70/80 resides in the cytoplasm and translocates to the
nucleus upon the receipt of the immunoglobulin class
switch (IgCS)-inducing signal or upon DNA damage.
Since B cells need NHE) mediated by Ku70/80 when
they undergo IgCS (Morio et al., 1999), Ku70/80 may
act as a signaling molecule in this cellular process.

Modification of Ku70 and Ku80 takes place when
DNA is damaged, and the functional consequences of
this modification are of particular interest. Polyglu-
tamine (polyQ) diseases, such as Huntington's disease
and Machado-Joseph disease, are caused by the gain of
a toxic function by abnormally expanded polyQ tracts.
An expanded polyQ of ataxin-3, a gene that causes
Machado-Joseph disease, stimulates Ku70 acetylation.
This post-translational modification of Ku70 dissociates
the proapoptotic protein Bax from Ku70, thereby pro-
moting Bax activation and subsequent cell death. This
suggests that cell death is, at least in part, controlled by
acetylation of Ku70 (Li et al., 2007). The physiological
relevance of Ku phosphorylation is still an enigma. There
are four DNA-PK phosphorylation sites on the Ku70/80
heterodimer: serine 6 of Ku70, serine 577 and 580 and
threonine 715 of Ku80, However, neither DNA-PK nor
ATM is required for phosphorylation of these sites on
the Ku70/80 heterodimer in vivo. DNA-PK-dependent
phosphorylation of Ku70/80 is not required for NHE]
either. The involvement of ATM in Ku70/80 modification
awaits further study.

2.3. ATM and Ku70/80

ATM is the protein product of the gene mutated in the
multisystem disorder ataxia-telangiectasia (AT), which
is characterized by neuronal degeneration, immunode-
ficiency, chromosomal instability, and a predisposition
to cancer formation. ATM is a large molecule with ser-
ine/threonine kinase activity, and it functions in DNA
damage responses and cell cycle control. DSB recog-
nition is the first step in the DSB damage response
and involves activation of ATM and phosphorylation of
targets, such as p53, to trigger cell cycle arrest, DNA
repair, or apoptosis. The activation of ATR kinase by
DSBs also occurs in an ATM-dependent manner. On
the other hand, Ku70/80 is known to participate at a
later time in the DSB response, recruiting DNA-PKcs
to facilitate NHEJ. Recent finding shows that Ku70/80
plays a novel role in modulating ATM-dependent ATR
activation during the DSB damage response and con-
fers a protective effect against ATM-independent ATR
activation at later stages of the DSB damage response
(Tomimatsu et al., 2007). Following exposure to geno-
toxic stress, proliferating cells actively slow down DNA
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replication through an S phase checkpoint to provide
time for repair. The ATM-dependent pathway plays an
important role in the S phase checkpoint response fol-
lowing ionizing radiation. Stronger S checkpoint activity
in irradiated Ku80-null cells is due to the higher ATM
kinase activity. Ku affects the ATM-dependent S phase
checkpoint following ionizing radiation (Zhou et al.,
2002). Ionizing radiation exposure results in the upregu-
lation of Ku70 via a p53/ATM-dependent mechanism.
Increased oxidative stress has been reported in neu-
ronal tissues of ATM-deficient mice (Kamsler, Daily,
Hochman, Stern, & Shiloh, 2001). It is not clear whether
ATM itself is directly involved in sensing the increase in
ROS or whether oxidative stress in AT cells is associated
with unrepaired DSBs continuously present in the DNA.
Transfecting AT cells with the full-length ATM gene
assures cell death prevention, which may be assisted by
the activation of Ku in response (o oxidative stress (Lee,
Kim, Morio, & Kim, 2006). ATM may be essential for
Ku activation in the process of repairing DNA damage
and preventing cell death.

2.4. ATM and Artemis

Artemis was originally identified as deficient in
human radiosensitive severe combined immunodefi-
ciency syndrome. Artemis exhibits an intrinsic single
strand-specific 5’ to 3 exonuclease activity and has
hairpin-opening endonuclease activity, which is induced
by phosphorylation by DNA-PK. Artemis has roles in
V(D)J recombination, NHEI, and regulation of the DNA
damage-induced G2/M cell cycle checkpoint. Cells with
mutations in the Artemis gene and Artemis-deficient
cells exhibit radiosensitivity and defective V(D)J recom-
bination, implicating the Artemis function in NHEJ
(Wang et al., 2005). Since the NHEJ reaction functions
as a genomic caretaker, particularly in the prevention of
translocations and telomere fusions, Artemis deficiency
may be related to carcinogenesis.

The bona fide phosphorylation sites and physiological
relevance of the phosphorylation are, however, still under
investigation. Three basic phosphorylation sites (S385,
S516/518) and 11 DNA-PK phosphorylation sites were
identified by proteomic analysis using matrix-assisted
laser desorption/ionization-time of flight mass spectrom-
etry (MALDI-TOF MS). There were nine other putative
DNA-PK/ATM phosphorylation sites identified. Most of
the phosphorylation sites are clustered in the C-terminus
region. It is now evident that Artemis is a downstream
component of the ATM signaling pathway; ATM is the
major kinase responsible for the modification of Artemis
(Poinsignon et al., 2004; Riballo et al., 2004; Zhang

et al., 2004). One of the target sites of ATM is S645
of Artemis, and its phosphorylation leads 1o hyper-
phosphorylation of Artemis, Artemis phosphorylation
by ATM is important in association with the M/R/N
complex and Cdkl-cyclin B activation, which in tumn
controls G2/M checkpoint recovery. On the other hand,
phosphatase-treated mammalian Artemis still retains
endonuclease activity. Artemis molecule lacking the
C-terminal domain is sufficient to complement V(D)J
recombination in Artemis-null cells. How endonuclease
activity of Artemis and its association with the damaged
termini are controlled is still controversial. DNA-PK,
ATM, and other not-yet-identified kinase(s) could be
involved in the pathway leading to Artemis activation.

3. Cascades

As for DSBs, ATM phosphorylates key proteins in the
salvage pathways leading to DSB repair and activation
of cell cycle checkpoints (Fig. 1). DNA repair proteins
interact with other molecules to repair the damaged DNA
through NHEJ or homologous recombination (HR). For
instance, ATM phosphorylates key proteins (Ku70/80
and Artemis) to repair the damaged DNA by NHEJ. On
the other hand, ATM temporarily arrests the cell cycle
by phosphorylating CHK2, which in turn phosphorylates
p53, while the damage is being repaired. ATM repairs
the damaged DNA through HR by interacting with ATR
and the M/R/N complex. When the attempt to repair the
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agents generated ROS = stress
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DNA repair Cell cycla Apoptosis

Fig. 1. Cell responses to DNA damage. Upon the formation of DSBs,
ATM serves as a sensor for DNA damage and phosphorylates key pro-
teins in pathways leading o DSB repair or the activation of cell cycle
checkpoints. ATM phosphorylates key proteins (Ku7(0/80, Artemis) to
repair the damaged DNA. Additionally, ATM temporarily arrests the
cell cycle by phosphorylating CHK2, which in tum phosphorylates
p53, while the damage is being repaired. ATM repairs the damaged
DNA through HR by interacting with ATR and the M/R/N complex

When the attempt to repair the damage fails, the cell undergoes apop-
tosis via the pS3 pathway. Oxidative stress-induced cell death stems
from the nuclear loss of Ku70/B0.
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Fig. 2. Targets for the ATM/DNA-PK phosphorylation and signaling network. DNA-PK, ATM, and ATR are recruited to the sites of DNA damage
through analogous mechanisms invelving conserved interaction motifs observed in KuB0, NBS1, and ATRIP, respectively. Ku70/80 and Anemis
play critical roles in the repair of damaged DNA through NHEJ by interacting with XRCC4/Cemunnos/DINA ligase IV. Phosphorylation of Ku70/80
and Artemus by DNA-PK and ATM controls cell cycle arrest and the DNA repair function. ATM triggers the repair of damaged DNA through HR by
interncting with the M/R/N complex. ATM phosphorylates CHK2, which phosphorylates p53 to arrest the cell cycle, while damage is being repaired.

When the attempt to repair the damage fails, the cell undergoes apoy

is vin the ps3 patt

ATR activation, The stability of p53 is also tightly controlled by MDM2,

damage fals, the cell undergoes apoplosis via the p53
pathway. Oxidative stress-induced cell death stems from
the nuclear loss of Ku70/80 (Song et al., 2003).

As shown in Fig. 2, DNA repair is mediated by
DNA damage response molecules and involves three
members of the phosphoinositide-3-kinase-like fam-
ily (ATM, ATR, and DNA-PK). DNA-PK, ATM, and
ATR are recruited to the sites of DNA damage through
analogous mechanisms involving conserved interac-
tion motifs observed in Ku80, NBS1, and ATRIP,
respectively. The DNA-PK/Ku70/80 complex is required
for the NHEJ DNA repair pathway. Artemis plays
a role in processing the DNA ends prior to liga-
tion. XRCC4/Cernunnos/DNA ligase IV is recruited
to the DNA-PK/Ku complex, which is required for
end joining. ATM plays a role in DNA DSB repair
in concert with the M/R/N complex. DNA-PK and
ATM share several substrates as phosphorylation targets,
including Artemis, p53, and histone H2AX. Inter-
plays among Ku70/80, Artemis, DNA-PK, and ATM
are involved in DNA damage responses. Ku70/80 also
affects ATM-dependent ATR activation. Degradation of
key signaling molecules (p53, Ku70/80, and Artemis) is
one of the mechanisms determining cell fate. Oxidative
stress-induced degradation of Ku70/80 is mediated by
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y. Dotted lines: Ku70/80 also affects ATM-dependent

caspase-3 (Song et al,, 2003). Activity of p53 is reg-
ulated by the ubiquitin—proteasome system, which is
the major non-lysosymal system for degrading proteins
in the cell (Thompson et al., 2007). It is still unclear
whether Ku70/80 and Artemis are similarly regulated
by proteasome-dependent degradation or other protease
systems. Degradation of Ku70/80 leads to upregulation
of p53, resulting in apoptosis. The stability of p53 is also
tightly controlled by mouse double minute 2 (MDM2)
(Fig. 2).

4. Associated pathologies and therapeutic
implications

Nuclear loss of Ku70/80 and DNA damage linked
to oxidative stress in pancreatic acinar cells has been
suggested as pathophysiologic mechanisms of pan-
creatitis (Song et al,, 2003). DNA-PK deficiency in
cultured neurons causes an accumulation of DNA dam-
age and increased susceptibility to apoptosis (Chechlacz,
Vemuri, & Naegele, 2001). Diminished DNA DSB repair
by NHEJ causes a progressive loss of haematopoietic
stem cells and bone marrow cellularity during aging
(Nijnik et al., 2007). Therefore, the loss of function
of Ku proteins and DNA-PK activity might be one of
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the important pathological mechanisms in apoptotic cell
death related to pancreatic inflammation, neurological
disorders, and aging. Since ATM is essential for nuclear
Ku activation, maintenance of Ku70/80 and DNA-PK
together with ATM may prevent DNA damage in various
diseases and inflammation. Artemis serves as a fumor
suppressor and patients with hypomorphic mutations
in Artemis have a predisposition to develop lymphoma
(Moshous et al., 2003). Phosphorylation and degradation
of Artemis may be a key step in controlling cellular apop-
tosis and carcinogenesis. The formation of carcinogenic
translocations requires the illegitimate joining of chro-
mosomes containing DSBs. The molecules presented in
this review are critical in DNA repair, and their defec-
tive function, improper localization, and loss may lead
to unrepaired DNA DSBs and to the malignant trans-
formation of cells when they escape apoptosis. The
manipulation of these DNA damage response molecules
could lead to anti-inflammatory agents and anti-cancer
agents.
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SUMMARY

Certain autoimmune diseases result in abnormal
bone homeostasis, but association of immunodefi-
ciency with bone is poorly understood. Osteoclasts,
which derive from bone marrow cells, are under the
control of the immune system. Differentiation of oste-
oclasts is mainly regulated by signaling pathways
activated by RANK and immune receptors linked to
ITAM-harboring adaptors. However, it is unclear
how the two signals merge to cooperate in osteoclast
differentiation. Here we report that mice lacking
the tyrosine kinases Btk and Tec show severe osteo-
petrosis caused by a defect in bone resorption.
RANK and ITAM signaling results in formation of
a Btk(Tec)/BLNK(SLP-76)-containing complex and
PLCy-mediated activation of an essential calcium
signal. Furthermore, Tec kinase inhibition reduces
osteoclastic bone resorption in models of osteopo-
rosis and inflammation-induced bone destruction.
Thus, this study reveals the importance of the osteo-
clastogenic signaling complex composed of tyrosine
kinases, which may provide the molecular basis for
a new therapeutic strategy.

794 Cell 132, 794-806, March 7, 2008 ©2008 Elsevier Inc.

INTRODUCTION

Bone homeostasis depends on balanced action of bone-resorb-
ing osteoclasts and bone-forming ostecblasts (Karsenty and
Wagner, 2002). Tipping the balance in favor of osteoclasts leads
to diseases with a low bone mass, whereas impaired osteoclas-
tic bone resorption results in diseases with a high bone mass,
including osteopetrosis (Teitelbaum and Ross, 2003). Bone re-
serves calcium and responds to calcium-regulating hormones,
but osteoclasts and osteoblasts are not only regulated by the en-
docrine system. The immune and bone systems share numerous
regulatory factors, including cytokines, receptors, signaling mol-
ecules, and transcription factors (Theill et al., 2002; Walsh et al.,
2006; Takayanagi, 2007). Therefore, the pathology of one system
may very well affect the other: it is well documented that en-
hanced bone resorption is associated with activation of the im-
mune system observed in autoimmune or inflammatory diseases
such as rheurnatoid arthritis and periodontitis (Theill et al., 2002;
Takayanagi, 2007).

Diseases with impaired immune responses are also associ-
ated with bone abnormalities, but it is poorly understood how
the immunadeficiencies are functionally related to bone disor-
ders. Hyperimmunoglobulin E (IgE) syndrome is characterized
by skeletal symptoms such as osteoporosis (Kirchner et al,,
1985) and scoliosis (Grimbacher et al., 1998), which are partly
explained by the abnormality of osteoblasts and osteoclasts



caused by the mutation in the STAT3 gene. (Minegishi et al.,
2007). X-linked hyper-igM syndrome (caused by a mutation in
the CD40L gene) has a skeletal complication, osteopenia, which
is attributed to enhanced osteoclast formation due to the im-
paired production of interferon-y by T cells (Lopez-Granados
et al., 2007). Thus, exploring the mechanisms underlying skeletal
complications in primary immunodeficiencies will be important
for understanding the shared mechanisms and crosstalk be-
tween immune and bone systems.

The osteoclast was the first skeletal cell to be determined to be
under the control of the immune system (Horton et al., 1972). Be-
cause osteoclasts originate from bone marrow-derived mono-
cyte/macrophage precursor cells (BMMs) of hematopoietic line-
age, many regulators of osteoclast differentiation are also utilized
inthe control of the innate and adaptive immune systems. The dif-
ferentiation of osteoclasts is mainly regulated by three signaling
pathways activated by receptor activator of nuclear factor-xB li-
gand (RANKL), macrophage colony-stimulating factor (M-CSF),
and immunoreceptor tyrosine-based activation motif (ITAM)
(A=agiri and Takayanagi, 2007). Whereas M-CSF promotes the
proliferation and survival of EMMs (Ross and Teitelbaum,
2005), RANKL activates the differentiation process by inducing
the master transcription factor for osteoclastogenesis, nuclear
factor of activated T cells c1 (NFATc 1), via the tumor necrosis fac-
tor receptor-associated factor 6 (TRAF6) and c-Fos pathways
(Takayanagi et al,, 2002). The induction of NFATc1 is also depen-
dent on the calcium signal, which is mediated by the activation of
ITAM in adaptor molecules such as DNAX-activating protein 12
(DAP12) and Fc receptor common vy subunit (FcRy) (Koga et al.,
2004; Mocsai et al., 2004) in association with costimulatory re-
ceptors of the immunaglobulin superfamily, including triggering
receptor expressed in myeloid cells-2 (TREM-2), signal-regula-
tory protein 1 (SIRPA1), paired immunoglobulin-like receptor-A
(PIR-A), and osteoclast-associated receptor (OSCAR) (Koga
at al., 2004), Phosphorylation of ITAM results in recruitment of
the nonreceptor tyrosine kinase Syk, leading to the activation of
phospholipase Cy (PLCy) and calcium mobilization (Faccio
st al., 2003; Koga et al., 2004; Mocsai et al., 2004; Mao et al.,
2006), but osteoclastogenesis cannot be induced by costimula-
tory signals alone and requires RANKL stimulation. However, it
has been unclear how RANK and ITAM signals merge to cooper-
atively stimulate the downstream signaling pathway.

To identify the molecules activated by RANKL that stimulate
the calcium signaling pathway by functioning as an integrator
of the RANK and ITAM signals, we focused on nonreceptor tyro-
sine kinases because PLCy initiates the calcium signal after tyro-
sine phosphorylation. Among the nonreceptor tyrosine kinases,
genome-wide screening revealed Btk and Tec to be highly
expressed in osteoclasts. The Tec kinase family, consisting of
Bmx, Btk, Itk, Rlk, and Tec, is preferentially expressed in the he-
matopoietic system. T cell receptor (TCR) and B cell receptor
(BCR) signaling complexes include Itk/Rik and Tec/Btk, respec-
tively (Schmidt et al., 2004), The role of Btk in antibody produc-
tion is well recognized by the existence of immunodeficiencies,
X-linked agammaglobulinemia (XLA) in humans (Tsukada et al.,
1993) and X-linked immunodeficiency (Xid) in mice (Kemer
et al., 1995), caused by a mutation in the Btk gene; in addition,
mice with a combined deficiency of Tec family kinases display

both unique and redundant functions in B cells (Btk and Tec) (Ell-
meier et al,, 2000) and T celis (Itk and RIk) (Schaeffer et al., 1999).
Hers we report the crucial role of Btk and Tec in RANKL-induced
osteoclastogenesis based on the genetic evidence obtained
from Tec ' Btk mice. In response to RANKL stimulation,
Btk and Tec kinases form a signaling complex required for asteo-
clastogenesis with adaptor molecules such as BLNK, which also
recruits Syk, thus linking the RANK and ITAM signals to phos-
phorylate PLCy. This study provides a clear example of immuno-
deficiency association with abnormal bone homeaostasis owing
to defects in signaling molecules shared by B cells and osteo-
clasts. Moreover, therapeutic models suggest that suppression
of Tec kinases can serve as a molecular basis for the develop-
ment of future therapeutic strategies against bone diseases.

RESULTS

Osteoclasts Selectively Express Btk

and Tec among Tec Kinases

RANK and ITAM signals cooperate to induce calcium signaling,
but it has been unknown how these two signals are integrated.
To gain insight into the molecules activated by RANKL that are
potentially involved in the activation of tyrasine phosphorylation
of the PLCy pathway, we performed a genome-wide screening
of mRNAs for nonraceptor tyrosine kinases expressed during os-
teoclast and osteoblast differentiation (Figure 1A). We identified
high expression of Src and Syk, whose crucial functions in the os-
teoclast lineage have been well documented (Soriano et al., 1991;
Faccio et al., 2003; Koga et al., 2004). Interestingly, osteoclasts,
but not osteoblasts, express the mRNAs for Btk and Tec atahigher
level than that for Src (Figure 1A). The selective expression of
Btk and Tec in osteoclast precursor cells was also confirmed by
RT-PCR (Figure 1B) and immunaoblot analysis (Figure 1C).

Osteopetrotic Phenotype of Mice Doubly

Deficient in Btk and Tec

The results led us to analyze the bone phenotype of mice defi-
cient in Tec (Elimeier et al., 2000), Btk (Kemer et al., 1995), or
bath (Ellmeier et al,, 2000). Microradiological analysis revealed
the trabecular bone volume to be normal in Tec ™~ mice, mini-
mally increased in Btk'~ mice, and markedly increased in
Tec ' "Btk™'~ mice (Figure 1D). Microcomputed tomography
clearly indicated that the bone volume was greatly enhanced in
Tec™""Btk™'~ mice (Figure 1E). Histological analysis revealed
the osteoclast number was significantly reduced in the epiphy-
seal region, and the bone marrow was abnormally filled with
trabecular bone in Tec /"Btk™'~ mice (Figure 1F). We also ob-
served cartilage remnants characteristic of osteopetrosis in
Tec ' Btk mice (Figure 1F). Bone morphometric analysis in-
dicated an increase in bone volume associated with a reduced
osteoclast number, a decrease in the indicators of osteoclastic
bone resorption (Figure 1G), and a normal level of bone formation
in Tec™'~Btk™’~ mice (Figure 1H}. There was no significant differ-
ence in the resorption and formation parameters amaong the wild-
typa (WT), Tec ', and Btk "~ mice (see Figure S1 available on-
line). These results collectively suggest that the increase in bone
mass in Tec "Btk mice is caused by impaired osteoclastic
bone resorption owing to a defect in osteoclast differentiation.

Cell 132, 794-806, March 7, 2008 @2008 Elsevier Inc. 795
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Figure 1. Osteopetrotic Phenotype of Tec ' Btk ' Mice

(A) GeneChip analysis of mRAMNAs for nonrecaptor tyrosing kinases during osteoclast and osteoblast diffarentiation. FAK, focal adhesion kinase: Fes, feling
sarcoma oncogena; Csk, c-src tyrosine kinase

(B) RT-PCR analysis of Tec, Btk, and Itk mRNAS in WT and Tec™' "8tk '~ BMMs

{C) Expression of Tec, Btk, and Itk proteins in WT and Tec ™' Btk BMMs.
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Figure 2. Crucial Role of Tec Family Kinases In RANKL-Induced Osteociast Differentiation

(A Osteoclast differentiation from WT, Tec ", Btk ', and Tec™'"Btk™"~ BMMs in response to RANKL and M-CSF

(B) Cell proiiferation rate (Brdl incorporation assay) and apoptosis (TUNEL assay) of WT and Tec ™ Btk™'~ BMMs stimuiated with RANKL and M-CSF

[C) NFATE induction in ' WT and Tec "Btk ™'~ BMMs 72 hr after RANKL stimulation. Retroviral introduction of Btk into Tec "Bk " BMMs recovers the NFATC1

AAUCTION
(D) EHect of the Tec kinase inhibitor LFM-A13 on the osteociast differentiation induced by RANKL and M-CSF
[E) Phosphorytation of Btk and Tec in BMMs in responsa to RANKL

Despite the severe defect in osteoclastic bone resorption, the  was no significant difference in M-CSF-dependent proliferation
Tec™ “Btk~'~ mice had normal tooth eruption, but the results  of precursor cells or the rate of apoptosis between WT and
nevertheless suggest that the two kinases play a critically impor-  Tec™' "Btk '~ cells (Figure 2B) or in the number of CD11b" cells
tant role in osteoclast differentiation in the M-CSF-stimulated bone marmow cells (data not shown).
Therefore, there is no defect in the generation of osteoclast pre-
Btk and Tec Are Activated by RANKL and Indispensable cursor cells in Tec ™’ Btk™’~ mice, although we observed that the
for Osteoclastogenesis survival of mature macrophages derived from Tec ' Btk ™’
In vitro osteoclast differentiation was evaluated by counting the  mice was partly impaired when cultured with a low concentration
multinucleated cells (MNCs) positive for the osteoclast marker  of M-CSF (W.E.. unpublished data). RANKL-stimulated induction
tartrate-resistant acid phosphatase (TRAP) after stimulation of of NFATc1, the key transcription factor for osteoclastogenesis,
BMMSs with recombinant RANKL in the presence of M-CSF. Os-  was severely suppressed in Tec ' Btk cells (Figure 2C) and
teoclast differentiation was only minimally affected in Tec™’ Btk~'~ cells (data not shown). We also analyzed the effect of
cells but was severely impaired in Btk "~ cells and almost the Tec kinase inhibitor LFM-A13 (Mahajan et al., 1999), which
completely abrogated in Tec ' Btk ™'~ cells (Figure 2A). There was designed to specifically bind the ATP-binding site of Btk,

(D) Microradiograph of the femur of WT, Tec ™, Btk ™", and Tec ™" "Btk mice

(E) Microcomputed tomography of the epiphyseal region of the femurs of WT and Tec ™" Btk mice

{F) Histological analysis of the proximal tibiae of WT and Tec ™'~ Btk™'~ mice (upper, TRAP/hematoxylin; lower, toluidine blue stainings). MNote that the numbaer
of TRAP-positive cells is markedly decreased in Tec ' Bk~ mice. The bone marrow is filled with unresorbed bone, in which cartilage remnants (arowheads)
characteristic of osteopetross are observed

|G and H) (G) Bone volume and paramatars for osteoclastic bone resorption and (H) parameters for osteoblastic bone formation in the bona marphamaetric
analysis of WT and Tec " Btk mice, *p < 0.05; "'p < 0.01; *'p < 0.005; n.s., not significant {throughout the paper)
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and which was revealed subsequently 1o suppress other Tec
kinases additionally (Fernandes et al., 2005), on osteoclast differ-
entiation. LFM-A13 strongly inhibited RANKL-induced osteo-
clastogenesis (Figure 2D) and NFATc1 induction (data not
shown). In contrast, this compound only slightly affected the
bone resorption activity of osteoclasts (Figure S2). Importantly,
phosphorylation of Btk and Tec was induced by RANKL stimula-
tion in BMMs (Figure 2E}). Thus, the tyrosine kinases Btk and Tec
are activated by RANKL and play a crucial role in RANKL-
induced signal transduction during osteoclastogenesis.

impaired Osteoclastogenesis in Tec Btk /~ Mice
Caused by a Cell-Aut Mechani

To determine whether impaired osteoclastogenesis in Tec
Btk~’~ mice is caused by a cell-autonomous mechanism, we
evaluated the osteoclastogenesis in the coculture system of
bone marrow cells with osteoblasts. In the coculture of bone
marrow cells derived from mutant mice with WT osteoblasts, os-
teoclast formation was not severely affected in Tec™'~ or Btk™"
cells but was almost abrogated in Tec ' Btk '~ cells (Figure 3A).
In contrast, Tec ' Btk™' "~ osteoblasts were normally able to sup-
port osteoclastogenesis of WT bone marrow cells (Figure 3B).
These results suggest that the impaired osteoclastogenesis in
Tec™'~Btk~'~ mice is caused by a defect in osteoclast precursor
cells, Consistent with the observation that the Btk ™'~ mice have
a normal number of osteoclasts in vivo (Figure S1), Btk cells
differentiate into osteoclasts in the coculture systermn essentially
in a normal manner (Figure 3A), indicating that the larger contri-
bution of Btk is observed only under limited in vitro conditions,
including the RANKL/M-CSF-stimulated BMM culture system
(Figure 2A), Since a similar observation has been made In
DAP12""" cells (Koga et al., 2004), we infer that Btk is more
closely associated with the DAP12-dependent pathway.

Since Tec ' Btk~'~ mice have aimost no B cells and exhibit se-
vere immunodeficiency (but their T cells are not affected) (Elimeier
et al,, 2000), it is possible that the impaired osteoclastogenesis is
influenced by differences in the B cell number in the bone marrow.
Therefore, we examined whether depletion or addition of CD19°
B cells had any effect on osteoclastogenesis from bone marrow
cells containing B cells, Osteoclast differentiation was not influ-
anced by the coexistence of B cells in either WT or Tec Btk
cells (Figure 3C). Taken together, these results indicate that the
impaired osteoclastogenesis in Tec~/~Btk '~ mice is not related
to an abnormality of ather cell types such as osteoblasts or B
cells, supporting the notion that the impaired osteoclast differen-
tiation is caused by a cell-autonomous mechanism.

Caonsistent with this notion, retrovirus-mediated expression of
Btk and Tec almost completely recovered the osteoclast differ-
entiation in Tec ™/ Btk™'~ BMMs. The introduction of Btk into

/

Tec ' Btk BMMs by retroviral transfer markedly rescued
the differentiation blockade, but that of Tec rescued it to a lesser
extent (Figure 3D). This result is consistent with the dominant
role of Btk in osteociastogenesis in the BMM culture system
(Figure 2A). Tec family kinases contain a pleckstrin-homology
(PH) domain that binds to phosphatidylinositol-3.4,5-triphos-
phate (Ptdins[3,4,5]P4), a lipid product of phosphoinositide 3-ki-
nase, a Tec homology domain, and a carboxyl-terminal kinase
domain (Schmidt et al,, 2004). A kinase-inactive mutant of Btk
(R525Q) that carries a mutation in the kinase domain (Takata
and Kurosaki, 1996) did not rescue the osteoclast differentiation
blockade, but another mutant (R28C) that harbors a mutation in
the PH domain (Takata and Kurosaki, 1996), which causes a cer-
tain type of XLA in humans (Tsukada et al., 1993), exhibited a
capacity for rescue comparable to the WT Btk (Figure 3E). The
results suggest that the function of Btk in osteoclastogenesis
requires its kinase activity but does not completely depend on
the interaction with Ptdins(3,4,5)P5 through the PH domain.

Tec Kinases Link the RANK Signal

to the Phosphorylation of PLCy

How does deficiency of Btk and Tec affect the osteoclastogenic
signaling pathways? To address thase issues by a systems biol-
ogy approach, we utilized a systematic protein-protein interac-
tion database created by the Genome Network Project (hitp/
genomenetwork.nig.ac.jp/index.html), in which our laboratory
has served as a warking member, From this database, we ex-
tracted the protein-protein interaction network related to the
two major signaling pathways regulating osteoclastogenesis,
the RANK and ITAM pathways, with which we merged our orig-
inal data on the increase in MRNA exprassion after RANKL stim-
ulation (Figure 4A). The RANK-associated gene network in-
cluded TRAF6, NF-xB, and mitogen-activated protein kinase
(MAPK), whereas the ITAM (DAP12/FcRy)-associated gene net-
work included Syk, PLCy, and Btk/Tec. As expected, the ex-
pression of many RANK-associated molecules was upregulated
by RANKL stimulation. Imterestingly, the expression of many
of the genes in the ITAM-associated gene network was also
upregulated by RANKL stimulation,

Based on these results, together with the observation that Btk
and Tec were activated by RANKL (Figure 2E), we hypothesized
that Btk and Tec are the molecules that bridge the RANK and
ITAM pathways to activate calcium signaling. Notably, RANKL-
induced tyrosine phosphorylation of PLCy1 and PLCy2 was
markedly suppressed in Tec™ "Btk ™'~ cells (Figure 4B). Further-
more, the RANKL-induced calcium oscillation required for
NFATc1 induction was barely observed in Tec /" Btk '~ celis
{Figure 4C). In contrast, we observed a normal leve! of RANKL-in-
duced activation of MAPKs (ERK, JNK, p38), IxB kinase a (IKKa),

Figure 3. Impaired Osteoclastogenesis in Tec ' Btk
(A) Osteociast differentiation from WT_Tec ™, Bth ™, and Tec ™

Mice Caused by a Cell-Autonomous Mechanism
Btk~'" bone marmow cells in the coculturs system with WT ostecblasts

(B} Osteoclast ditferentiation from WT bone marrow cella in the coculture system with WT or Tec ™ "8tk osteoblasts.
[C}) Effect of CD19° B cell depletion on osteoclast differentiation. The number of CD19" cells before and after depletion of CD12” B celis in bone mamow calls

dertved from WT or Tec™ ~Bik

and M-CSF {right)
(D) Etfacts of retrovirai expression of Tec (pMX Tec) and/or Btk (pMX Bik) on osteociastogenssis from Tec ™ "Btk™ ~ BMMs stimulated with RANKL and M-CSF

[E) Effects of retroviral expression of WT Btk or Btk mutants harboring a mutation in the PH domain (R28C) or the kinase domain (R5250) on osteoclastogenesis
BMMs stimulated with RANKL and M-CSF

from Tec Btk '

mice (leff). Osteocias! differentiation from WT and Tec ™ Bk

BMMs after depletion of CD19" B ceils in responsa to RANKL
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(D} RANKL-induced ERK, JNK, p38, Akt, and IKK phosphorylation in WT and Tec ™' Btk ™"

IKKB, and Akt, all of which are activated downstream of TRAF6
(Wong et al., 1999) (Figure 4D). These results indicate that
RANKL-activated Btk and Tec are selectively involved in the
phosphorylation of PLCy. and a defect in calcium signaling
causes the impaired NFATc1 induction in Tec ' Btk™'~ cells.
Thus, Btk and Tec link the RANK signal to calcium signaling in
the osteoclast lineage.

Tec Kinases Form an Osteoclastogenic

Signaling Complex with Scaffold Proteins

Since PLCy activation is known to be dependent on the ITAM
signal, another question arises as to how PLCy activation is reg-
ulated by both RANK and ITAM signals. The ITAM-associated

B00 Cell 132, 794-806, March 7, 2008 ©2008 Eisevier Inc.

BMMs.
'~ BMMs after RANKL stimulation. The addition of 10 uM ionomycin at the end

BMMs

gene network indicates that ITAM associates with Syk, which
associates with and phosphorylates scaffold proteins such as
BLNK (Ishiai et al., 1999). Because BLNK associates with Btk
in a phosphorylation-dependent manner in B cells (Hashimoto
et al., 1999), we examined whether RANKL-activated Btk is re-
cruited to BLNK in BMMs. The colocalization of Btk and BLNK
was Increased, at what appeared to be the plasma membrane,
after RANKL stimulation (Figure 5A and Figure S3). This translo-
cation was not observed in DAP12~" FcRy ™'~ cells (Figure 5A
and Figure S3), suggesting that the ITAM signals are also re-
quired for the formation of the Btk-BLNK complex. Consistent
with this, immunoblot analysis showed that Btk coimmunopreci-
pitated with BLNK in BMMs in the presence of RANKL, but
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Figure 5. Tec Kinases Form an Osteoclastogenic Signaling Complex
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iation was abrogated in DAP12™" FcRy cells (Fig
ure 58), Furthermore, c kinases were phosphorylated in re-
sponse to RANKL, even in DAP12™" " FcRy
Thus, the activation of Btk by RANK and the activation of
BLNK by the [TAM signal are both required for the association
of Btk with BLNK, which may function as the molecular switch
that integrates RANK and ITAM signals.

To further investigate the role of BLNK in osteoclastogenesis,
we analyzed osteoclast differentiation in BMMs derived from
Bink
icant difference in RANKL-induced osteoclastogenesis between

cells (Figure 5C)

mice (Hayashi et al., 2003), However, there was no signif-

ation of Btk and BLNK in WT and DAPT2

NK in WT and DAP12

cells

with Scaffold Proteins

FeRly cells 15 min after RANKL stimulation. The

Fch
15 min after AANKL stir

cells 15 min after RANKL strmulation

and (iow Cytometry)

ay) of WT and B BMMs stimulated with RANKL and M-CSF
o RANKL and M-Cf

the WT and Bink cells (data not shown), suggesting that
another molecule(s) compensates for the loss of BLNK. SLP-76
(encoded by Lcp?2) is an adaptor protein homologous to BLNK,
functioning mainly in T cells (Pivniouk and Geha, 2000). Since
there was no significant difference in RANKL-induced osteocias-
togenesis between the WT and Lcp2 cells (data not shown),
we analyzed mice doubly deficient in BLNK and SLP-76 (Bink

Lep2 mice). Although Bink mice frequently develop acute
leukemia (Jumaa et al., 2003), there was a nofmal number of
CD11b" osteoclast precursor cells in the M-CSF-stimulated
Lep2 mice (Figure 5D), and

bone marrow cells from Bink

132, 794-806, March 7, 2008 ©2008 Elsavier Inc. B01




