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ABSTRACT

Major histocompatibility complex class I-bound antigenic peptides gener-
ated in the cytosol are translocated into the ER by TAP. In the present study,
the physical association of HSC73 with TAP in human lymphoblastoid T1
cells was demonstrated. The dissociation was induced in the presence of
10 mM ATP, indicating that the ADP-binding form of HSC73 might be
associated with TAP. We found that HSC73-binding immunosuppressant,
MeDSG disrupted the HSC73-TAP association, whereas it did not affect
the binding of HSC73 to a substrate protein. MHC class I expression on
the cell surface was also downregulated. Then, the effect of MeDSG on
the TAP-mediated ER translocation was examined using two homologous
model peptides, NGT-Bw4 and NGT-Bw6, which had distinct binding affin-
ity to HSC73. Although high-affinity peptide NGT-Bw4 was translocated by
TAP, low-affinity peptide NGT-Bw6 was not. The TAP-dependent translo-
cation of NGT-Bw4 was abolished in the presence of MeDSG. Decreased
presentation on the cell surface was shown for the human leukocyte anti-
gen (HLA)-A31-restricted natural antigenic peptide F4.2, which had high
affinity to HSC73, in the presence of MeDSG. It was indicated that disrup-
tion of the HSC73-TAP association resulted in inhibition of TAP-dependent
translocation of HSC73-bound peptides. Our findings highlighted an im-
portant role of HSC73 for feeding antigenic peptides to TAP, and suggested a
possibility that a synthetic polyamine might inhibit the function of HSC73,
thereby suppressing MHC class I-restricted presentation of HSC73-bound
antigenic peptides.

PE: Caroline

Major histocompatibility complex class I molecules bind
to endogenous antigenic peptides and present them to
CD8-positive T cells. Most of the peptides are produced by
proteasome-mediated degradation of cytosolic or nuclear
proteins (1). The degradation products are transported
from the cytosol into the endoplasmic reticulum (ER) by
heterodimeric transmembrane molecules called TAP, and
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then loaded onto MHC class I molecules (2—4). The mech-
anism of peptide transfer from TAP to MHC class I has
been well documented. TAP1 and TAP2 belong to a family
of ATP-binding cassette transporters, and can translocate
peptide fragments into the ER through hydrolysis of ATP
(5, 6). The transfer of translocated peptides to MHC class
[ requires a complex formation among TAP, empty MHC
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heavy chain and tapasin (7-11). Although tapasin does not
bind to peptides, it is an essential molecule for the physical
association between TAP and MHC heavy chain (12). It is
known that some molecular chaperones such as calnexin
(9), calreticulin (13, 10), ERp57 (14, 15) and GRP94 (16)
have important roles during assembly and maturation of
MHC class I complex. In contrast to the ER event, the
mechanism of peptide transfer in the cytosol remains to
be elucidated. How can peptide fragments produced by
proteasome be transported to the TAP? What molecules
are associated with the cytosolic domain of TAP? It has
been speculated so far that the cytosolic peptide fragments
should be accompanied by some molecular chaperones be-
fore TAP-dependent translocation so that: (i) hydrophobic
peptides become soluble in the cytosol; and (ii) peptides
can be protected from degradation by cytosolic peptidases
(17). Moreover, it is possible that antigenic peptides may
be transported through an energy-dependentactive mech-
anism rather than through a passive diffusible mechanism.

Previously our group and others have shown that heat
shock proteins (HSP) were associated with antigenic pep-
tides, and that some of them were presented to T cells
(18-22). It was indicated that HSP-chaperoned peptides
might be efficiently presented by MHC class 1 (23). One
of the 70 kDa HSP family proteins, HSC73, is a cytoplas-
mic protein serving as a molecular chaperone. HSC73 can
bind to various peptides or proteins (24, 25), preferen-
tially containing hydrophobic amino acids, and functions
to regulate localization, conformation, and degradation of
these molecules (26). HSC73 has an ATP-binding domain,
and its function is dependent on the intrinsic ATPase ac-
tivity (27). These data led us to speculate that HSC73
might be involved in the feeding of cytosolic peptides to
TAP.

In the present study, we focused on the functional sig-
nificance of the interaction between TAP1 and HSC73
for TAP-dependent peptide translocation. We found that
HSC73 was associated with TAP1 in an ATP-dependent
manner and that the association was disrupted by HSC73-
binding polyamine compound, MeDSG (28, 29). 15-DSG
is an immunosuppressant that has been used clinically to
protect against rejection after organ transplantation (30,
31). MeDSG induced the downregulation of cell surface
MHC class I levels. The consequences of the dissociation
of HSC73 from TAP were analyzed by ER translocation
assay of synthetic peptides and by cytotoxic T lymphocyte
(CTL) assay against endogenous human leukocyte anti-
gen (HLA)-A31-restricted natural antigenic peptides (32).
We demonstrated that TAP-mediated translocation and
presentation of HSC73-bound peptides were abolished in
the presence of MeDSG. Our study provided evidence for
the direct involvement of a molecular chaperone, HSC73,

ra

ra

in the feeding of antigenic peptides into TAP and the in-
hibitory role of polyamine compound.

MATERIALS AND METHODS

Cells, antibodies, peptides and reagents

Human lymphoblastoid cell line T1 cells and TAP-
deficient cell line T2 cells (33) were purchased from Amer-
ican Type Culture Collection (Manassas, VA, USA). These
cells were cultured in RPMI-1640 medium (Gibco BRL,
Gaithersburg, MD, USA) supplemented with 100 U/mL
penicillin, 100 mg/mL streptomycin, 2mM L-glutamine
and 10% FCS (Filtron, Brooklyn, Victoria, Australia). In
some cases, T1 cells were cultured in the complete media
containing 150 U/mL y-interferon (IFN-y; Chugai Phar-
maceutical, Tokyo, Japan).

A gastric signet ring cell carcinoma line, HST-2, and
CD8"' CTL clone, TcHST-2, were established and charac-
terized previously (34). TcHST-2 is specifically cytotoxic
to autologous HST-2 cells in the context of HLA-A31
restriction, as this cytotoxicity was completely blocked
by anti-HLA-A31 mAb, as previously reported. TcHST-2
was maintained in an AIM-V serum-free medium (Gibco
BRL) supplemented with 100 U/mL recombinant inter-
leukin (IL)-2. We also used HLA-A31" lines, such as C1R-
A31 (B lymphoma line CIR transfected with genomic
HLA-A#%31012 DNA) and HOBC8-A31-12 (HOBCS cells
transfected with HLA-A%31012 cDNA). Establishment
and characterization of these cells were reported previ-
ously (32).

Affinity purified rabbit anti-human TAP1 polyclonal
antibody R.RING4C was kindly provided by Dr P. Cress-
well (Yale University, New Haven, CT, USA). Anti-HSP70
mAb 3a3 was purchased from Affinity BioReagents (Ne-
shanic Station, NJ, USA).

Amino acid sequences of NGT-Bw4 peptide (sequence,
NGTRENLRIALRY) and NGT-Bw6 peptide (sequence,
NGTRESLRNLRGY) are derived from the common epi-
tope of @l-domain of human MHC class I heavy chain
(35) with additional N-terminal N-glycosylation motif.
F4.2 peptide (sequence, YSWMDISCWI) was identified
as HLA-A31-restricted tumor antigen peptide recognized
by TcHST-2 cells, as previously reported (32). These
peptides were synthesized, purified by high performance
liquid chromatography (HPLC) and confirmed by mass
spectrometry (Iwaki Glass Life Science Center, Chiba,
Japan).

MeDSG (28) was provided by Nippon Kayaku Co.
(Tokyo, Japan). Spermidine was purchased from Wako
Chemical Co. (Osaka, Japan). RCMLA was purchased
from Sigma-Aldrich Co. (St Louis, MO, USA). Bovine
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brain 70kDa heat shock protein consisting mainly of
HSC73 was purchased from StressGen (Victoria, BC,
Canada).

Immunoprecipitation

5 x 10° cells were washed once with ice-cold phosphate-
buffered saline (PBS) and lysed in 500 ul of
0.5% CHAPS lysis buffer (0.5% 3-[(cholamidopropyl)
dimethylammonio]-1-propanesulfonic acid (CHAPS),
50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5mM MgCl,,
1 mM phenylmethylsulfonyl fluoride, 0.2 TIU/mL apro-
tinin). After incubation on ice for 45 min, nuclei and
cell debris were removed by centrifugation (15000 x g,
10 min). The lysates were pre-cleared by incubating for
1 hr with rabbitimmunoglobulin G (IgG) conjugated with
fixed Staphylococcus aureus (Sigma-Aldrich Co.). Then,
the lysates were incubated with 2.7 ug anti-TAP1 anti-
body at 4°C for 30 min, followed by incubation with
25 uL Protein A-Sepharose beads (Pharmacia Biotech,
Uppsala, Sweden) for 18 hr. After washing four times
with lysis buffer, immunoprecipitates were boiled for
5 min with reducing sodium dodecylsulfate (SDS) sample
buffer (3% SDS, 0.5 M 2-mercaptoethanol, 10% glycerol,
62.5mM Tris-HCI (pH 6.8)), and subjected to 8% SDS-
polyacrylamide gel electrophoresis (PAGE). Insome cases,
MeDSG or spermidine was included in the cell lysates at a
final concentration of 200 pg/mL before incubating with
the antibody.

Western blotting

Proteins separated by SDS-PAGE were transferred onto
Immobilon membranes (Millipore, Bedford, MA, USA).
The membranes were soaked in a blocking buffer (PBS,
10% non-fat dry milk) for 2 hr at room temperature. Then,
the blots were incubated for 90 min with anti-TAPI an-
tibody or anti-HSP70 antibody 3a3. After washing in a
washing buffer (PBS, 0.1% Tween-20), the membranes
were incubated with horseradish peroxidase-labeled anti-
rabbit (KPL, Gaithersburg, MD, USA) or anti-mouse an-
tibodies (KPL) for 30 min, followed by incubation in ECL
detection fluid (Amersham, Birmingham, AL, USA) for
1 min. The bands were visualized using X-ray films (Fuji
Photo Film, Tokyo, Japan). In some cases, membranes
were incubated in a stripping buffer (62.5 mM Tris-HClI,
pH 7.5, 2% SDS, 0.1 M 2-mercaptoethanol) for 30 min at
50 °C, rinsed in a washing buffer and soaked in a blocking
buffer again for 1 hr before incubating with antibody.

Flow cytometry

Cells were cultured for 36 hr in an AIM-V serum-free
medium containing various concentrations of MeDSG.
After washing once with PBS, cells were incubated
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with anti-human MHC class [ antibody W6/32 for
45 min at 4 °C, followed by incubation with fluorescein-
isothiocyanate (FITC)-labeled anti-mouse IgG antibody
(KPL) for 45 min and analysis on a FACScan flow cytome-
ter (Becton Dickinson, Mountain View, CA, USA).

Complex formation between HSC73 and
RCMLA, and competitive HSC73-binding
assay of synthetic peptides

The binding affinity of HSC73 to a substrate protein was
assessed as described by Fourie et al., based on observa-
tions that HSC73 binds to an unfolded form of lactal-
bumin (RCMLA) (36). RCMLA (250 pg) was incubated
with 37 mBq of 125-iodine (MEN Life Science Prod-
ucts, Boston, MA, USA) and two drops of lodo-beads
(Pierce, Rockford, IL, USA) in 250 uL PBS for 15min
at 20 °C. Then, labeled RCMLA was separated from free
125-iodine by a Micro Spin G-25 column (Pharmacia
Biotech). The final concentration of the labeled RCMLA
was analyzed by micro BCA assay (Pierce). The spe-
cific radioactivity was 4.8 x 10° c.p.m./ug. HSC73 (2 ug;
2.8 uM final concentration) was incubated with 40 ng la-
beled RCMLA in 10 «L PBS (HSC73/RCMLA mole ratio
of 10:1) at 37°C for 1hr in the absence or presence of
various concentrations of MeDSG or spermidine. In the
case of competitive binding assay of peptides, 2.8 uM,
28 uM, 84 uM or 140 uM of each peptide was incubated
with the HSC73-RCMLA mixture. Free RCMLA was sep-
arated from HSC73-bound RCMLA by native PAGE (re-
solving gel: 7% acrylamide, 0.4 M Tris-HCI, pH 8.8; run-
ning buffer: 25 mM Tris-HCI, 192 mM glycine, pH 8.3),
followed by autoradiography using X-ray films.

Radiolabeling and ER translocation assays
of synthetic peptides

Synthetic peptides (750 pg) were resolved in 250 uL. PBS
containing 20% acetonitril. The peptides were labeled with
125-iodine and purified as described above. The specific
radioactivities of the peptides were 1 x 10° c.p.m./uug for
both NGT-Bw4 and NGT-Bwé peptides.

ER translocation assay was carried out as described
by Androlewicz et al. (37). Briefly, 1 x 107 cells were
washed with serum-free RPMI-1690 medium and perme-
abilized by incubation in the medium containing 4 mM
dithiothreitol and 1 U/mL streptolysin O (Murex, Nor-
cross, GA, USA) at 4°C for 10 min. After washing cells
with serum-free medium three times, the permeabilized
cells were incubated with 19 M radiolabeled peptide and
4 mg/mL BSA in 1 mL transport buffer (50 mM Hepes, pH
7.0, 78 mM KCl, 4 mM MgCl;, 8.37 mM CaCl,, 10 mM
ethylene glycol-bis[beta-aminoethyl ether]-N,N,N’,N'-
tetraacetic acid [EGTA], 1 mM dithiothreitol) containing
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1 mM ATP at 37 °C. The reaction was terminated by wash-
ing cells with ice-cold transport buffer, followed by ly-
sis in a lysis buffer (10 mM Tris-HCI, pH 7.4, 1% Tri-
ton X-100, 150 mM NacCl, 5 mM iodoacetamide, 0.5 mM
phenylmethylsulfonyl fluoride). Then, cell lysates were pu-
rified by centrifugation at 10000 x g for 5 min. Glycosy-
lated peptides were collected by incubating 100 «L Con-A
Sepharose beads (Pharmacia Biotech) with the lysates at
4°C for 60 min. After washing the beads with lysis buffer
five times, radioactivities of the beads were analyzed by a
gamma counter.

Minigene construction, transfection and
cytotoxicity assays

In order to express peptide antigen F4.2 in endogenous
form, we constructed expression minigene vectors, pF4.2,
pF4.2ss and pF4.2reverse. pcDSRa-E3 contains an aden-
ovirus E3/19 kDa protein signal sequence (38) under the
control of the SRe promoter. pF4.2ss was constructed by
insertion of oligonucleotides corresponding to F4.2 pep-
tide into the Pst] and Xbal sites of the pcDSRa-E3 ex-
pression vector. pF4.2 and pF4.2reverse were constructed
by insertion of the F4.2-coding oligonucleotides into the
EcoRI site of the pcDSRe expression vector in a sense ori-
entation or an antisense orientation, respectively. Expres-
sion vectors were transfected to HOBC8-A31-12 cells or
C1R-A31 cells by using Lipofectin reagent (Life Technolo-
gies, Gaithersburg, MD, USA) and cultured in the AIM-V
serum-free media. In some cases, 200 pg/mL MeDSG was
included in the media. Forty-eight hours after the trans-

fection, cells were mixed with TcHST-2 cells for 10 hr at
an E/T ratio of 3:1 or 10:1, followed by quantification of
tumor necrosis factor (TNF) production. In the case of the
SICr release assay, target cells were labeled with 3'Cr for
1 hr, washed with PBS and co-cultured with TcHST-2 for
10 hr at an E/T ratio of 10:1 in the presence or absence of
200 pg/mL MeDSG, followed by counting radioactivities
of >'Cr in the culture supernatants. The expression of the
oligonucleotide sequence coding F4.2 in the transfected
cells was confirmed by using polymerase chain reaction
(PCR) analysis.

RESULTS

HSC73 is co-immunoprecipitated with TAP1

It is known that MHC class 1 is associated with TAP1
in the ER until antigenic peptides are loaded on the
MHC class I molecule (8). Analogously, we speculated
that HSP70 might be associated with TAP1 in the cy-
toplasm. TAP1 (70kDa) was immunoprecipitated from
the lysate of human lymphoblastoid cell line T1 cells
but not from the lysate of TAP-deficient line T2 cells,
as detected by immunoblotting using anti-TAP1 anti-
body (Fig. 1a). The same immunoprecipitates were ex-
amined to detect HSC73. Although similar levels of
HSC73 expression were demonstrated by immunoblot-
ting of T1 lysates and T2 lysates with anti-HSP70 anti-
body (Fig. 1b, lanes 1,2), HSC73 was detected only in the
TAP1-immunoprecipitates from T1 cell lysates (Fig. 1b,

=67 kD

P | X

(b)
2 3 4 5 6
= 94 kD
67 kD
— 43 kD

Fig. 1. Co-immunoprecipitation of HSC73 with TAP1 from T1 cell
lysates. (a) T1 cells (lanes 1, 2) or T2 cells (lane 3) were lysed by 0.5%
CHAPS lysis buffer. The lysates were immunoprecipitated with anti-TAP1
antibody (lanes 1, 3) or control antibody (lane 2). The immunoprecipitates
were resolved by 8% sodium dodecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), transferred to polyvinylidine difluoride (PVDF)
membranes and analyzed by immunoblotting with anti-TAP1 antibody.
Arrowhead indicates the 70kDa TAP1. (b) T2 lysates (lane 1) or T1 lysates

(lane 2) were resolved by 8% SDS-PAGE and analyzed by immunoblotting
with anti-HSP70 antibody. In lanes 3-6, immunoprecipitates with anti-
TAP1 antibody (lanes 3, 4) or control antibody (lanes 5, 6) were made
from T2 lysates (lanes 3, 5) or T1 lysates (lanes 4, 6), resolved by 8%
SDS-PAGE and analyzed by immunaoblotting with anti-HSP70 antibody
The faster-migrating 50 kDa band in each lane is an immunoglobulin
heavy chain. The band corresponding to 73kDa HSC73 is indicated by
an arrowhead
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lanes 3,4). As no band of HSC73 was detected in the im-
munoprecipitates with normal rabbit IgG (Fig. 1b, lanes
5,6), it is indicated that HSC73 is associated with TAP1 in
T1 cells.

ATP-dependent dissociation of HSC73 from
TAP1

HSC73 has an ATP-binding domain and an intrinsic AT-
Pase activity. It can form at least two conformations,
the ATP-binding form and the ADP-binding form. It is
known that HSC73 can bind to and dissociate from other
molecules depending upon the ATP/ADP-dependent con-
formational change (39). To test if the association of
HSC73 with TAP1 is regulated by ATP, TAP1 was immuno-
precipitated from T1 cell lysates in the presence of various
concentrations of ATP or apyrase, which hydrolyzed ATP.
The addition of ATP can facilitate the formation of the
ATP-binding conformation of HSC73, whereas hydroly-
sis of ATP can facilitate the ADP-binding conformation.
T1 cells were cultured in the medium supplemented with
150 U/mL IFN-y for 48 hr before lysis in order to increase
the level of TAP1 expression.

As shown in Figure 2a, similar levels of TAP1 were
immunoprecipitated from T1 cell lysates in the presence
of ATP or apyrase. Remarkably, the co-precipitation of
HSC73 with TAP1 was decreased when 1 mM or 10 mM
ATP was added to the cell lysates (Fig. 2b, lanes 2,3). In
contrast, depletion of ATP from cell lysates by apyrase did
not affect the co-immunoprecipitation levels of HSC73
(Fig. 2b, lanes 4,5). These data imply that the ADP-binding
form of HSC73 may have higher affinity to TAP1 than its
ATP-binding form.

(a) STy CEEREST. G, Sreegy AR = TAP1

1 2 3 4 5 6

Fig. 2. ATP-dependent dissociation of HSC73 from TAP1. T1 cells were
cultured in complete media containing 150 U/mL y-interferon for 24 hr
and lysed by 0.5% CHAPS lysis buffer, TAP1 was immunoprecipi-
tated from the lysates using anti-TAP1 antibody under the condition
of the absence (lane 1) or presence of 1mM ATP (lane 2), 10mM
ATP (lane 3), 1U/mL apyrase (lane 4) or 10U/mL apyrase (lane 5). (a)
TAP1-immunoprecipitates were resolved by 8% sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by im-
munoblotting with anti-TAP1 antibody. (b) TAP1-immunoprecipitates or
T1 lysates (lane 6) were resolved by SDS-PAGE and analyzed by im-
munoblotting with anti-HSP70 antibody.

© 2008 The Societies and Blackwell Publishing Asia Pty Ltd

MeDSG downregulates the cell surface MHC
class | levels in T1 cells

In order to know the functional significance of the
HSC73/TAP1 interaction, we used a stable derivative
of a polyamine compound 15-DSG, which contains a
spermidine-like structure. 15-DSG actsasanimmunosup-
pressant and has already been used clinically to suppress
rejection after organ transplantation (30). There have been
a number of reports demonstrating that 15-DSG could in-
hibit the MHC class I and/or class I expression in some
tissues (40—42). Although the molecular mechanism of the
immunosuppressive action of 15-DSG remains obscure, it
has been revealed that 15-DSG could specifically bind to
both HSC73 and HSP90 (29, 43). Thus, we speculated that
15-DSG might affect the function of HSC73 in the presen-
tation of antigenic peptides. In our experiments MeDSG,
a methoxy-derivative of 15-DSG, was used, as it is more
stable in vitro than 15-DSG (44).

T1 cells were cultured for 36 hr in a serum-free medium
containing various concentrations of MeDSG, followed by
fluorescent activated cell sorting (FACS) analysis of the
cell surface levels of MHC class | expression. As shown
in Figure 3a, the cell surface levels of MHC class | were
downregulated by the treatment with MeDSG. The down-
regulation was shown to be dependent on the concentra-
tion of MeDSG. In another experiment, the levels of MHC
class I were compared between T1 cells and TAP-deficient
counterpart T2 cells (Fig. 3b). It is noteworthy that the de-
creased level of MHC class [ expression after the treatment

(a) (b)
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Fig. 3. MeDSG was capable of downregulating the expression of MHC
class | molecules on the cell surface of T1 cells. Cells were cultured for
36 hr in AIM-V serum-free media containing various concentrations of
MeDSG. After washing once with phosphate-buffered saline (PBS), cells
were incubated with anti-human MHC class | antibody W6/32 for 45 min
at4-°C, followed by an incubation with fluorescein-isothiocyanate (FITC)-
labeled anti-mouse IgG antibody and an analysis on a FACScan flow
cytometer. (@) T1 cells cultivated in the media containing various con-
centrations of MeDSG (a. O ug/mL, b. 100 ug/mL, c. 200 ug/mL) were
analyzed for the cell surface expression of MHC class | molecules (d.
FITC-labeled anti-mouse 1gG antibody only). (b) T1 cells cultivated in the
absence (e.) or presence of 200 ug/mL MeDSG (g.) or T2 cells (f.) were
analyzed for the cell surface expression of MHC class | molecules (h.
FITC-labeled anti-mouse 1gG antibody only).
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Fig. 4. HSC73 is dissociated from TAP1 in the presence of MeDSG. T1
cells were cultured in media supplemented with 200 pg/mL spermidine
or 200 pg/mL MeDSG for 36 hr and lysed by 0.5% CHAPS lysis buffer.
TAP1 was immunoprecipitated from the lysates using anti-TAP1 antibody
in the presence of 200 ug/ml spermidine (lane 1) or 200 ug/mL MeDSG
(lane 2). (a) TAP1-immunoprecipitates from T1 lysates containing spermi-
dine (lane 1) or MeDSG (lane 2) were resclved by sedium dodecylsulfate-
palyacrylamide gel electrophoresis (SD5-PAGE) and analyzed for the rel-
ative levels of TAP1 by immunoblotting using anti-TAP1 antibody. The
band corresponding to TAP1 is indicated. (b) The immunoblot used in
(a) was regenerated by soaking in a stnpping buffer and reblocking. T1
lysates (lane 3) and TAP1-immunaprecipitates from T1 lysates containing
spermidine (lane 1) or MeDSG (lane 2) were analyzed by immunoblot-
ting with anti-HSP70 antibady. The band corresponding to HSC73 is
indicated.

with 200 peg/mL MeDSG was comparable to thelevel in T2
cells (approximately 35% lower level). These data indicate
that MeDSG might change T1 cells to T2-like phenotypes
possibly by impairing TAP-dependent transportation of
MHC class I antigenic peptides.

MeDSG disrupts the association of HSC73
with TAP1

As one of the major intracellular target molecules of
MeDSG is HSC73 (29), we examined the effect of MeDSG
on the interaction between HSC73 and TAPI. Spermi-
dine, an analogous polyamine compound, was used as a
negative control reagent, as it has a low affinity to HSC73
and has less immunosuppressive activity (43).

TAP1 was immunoprecipitated from T1 cell lysates
in the presence of 200 ug/mL spermidine or 200 pg/mL
MeDSG. These concentrations had been shown to down-
regulate the MHC class I expression of T1 cells (Fig. 3a).
The levels of TAP1 immunoprecipitated were identical
between the spermidine treatment and the MeDSG treat-
ment as detected by western blotting (Fig. 4a). The same
blot was then regenerated and was examined to detect
HSC73 by western blotting. Strikingly, HSC73 was not
detected in the TAP1-immunoprecipitates from T1 cell
lysates treated with MeDSG, whereas it was co-precipitated
with TAP1 from the lysates treated with spermidine
(Fig. 4b). As protein levels of HSC73 contained in the cell
lysates were equal between these cases (data not shown),
the data imply that MeDSG can disrupt the association of
HSC73 with TAP1, possibly by direct binding to HSC73.

—256—

MeDSG
pug/ml 100 200 300 100 200 300 (-)

Spermidine

I T Y I N e Bound
uu-unbﬂ-o‘-ﬂh "#1-RCMLA

Free
'Z5.RCMLA

1 2 3 4 5 6 7

Fig. 5. MeDSG does not affect the interaction between HSC73 and a
substrate protein. RCMLA was labeled with 125-iadine by lodo-beads
in 250 uL phosphate-buffered saline (PBS) for 15 min at 20°C. Radiola-
beled RCMLA (40 ng) was incubated with 2 ug HSC73 (HSC73/RCMLA
mole ratio of 10:1) in 10 uL PBS at 37 °C for 1 hr in the absence (lane
7) or presence of the indicated concentrations of MeDSG (lanes 1-3)
or spermidine (lanes 4-6) and resolved by 7% native polyacrylamide
gel electrophoresis (PAGE). Radiolabeled RCMLA was visualized by au-
toradiography of 125-icdine. The slower-migrating bands correspond to
HSC73-bound RCMLA

MeDSG does not affect the interaction
between HSC73 and a substrate protein

It is well known that HSC73 binds to an unfolded form of
lactalbumin, RCMLA, through the C-terminal substrate
binding domain. In order to know whether MeDSG can
affect the interaction between HSC73 and a substrate pro-
tein, we analyzed a direct association between HSC73
and radiolabeled RCMLA in the absence or presence of
MeDSG. In native PAGE analysis, HSC73-bound RCMLA
was detected as the slower migration band (Fig. 5, lane
7). In the presence of MeDSG at concentrations from
100 pg/mL to 300 ug/mL, the levels of HSC73-bound
RCMLA were not changed (Fig. 5, lanes 1-3). A con-
trol polyamine, spermidine, also failed to affect the bind-
ing affinity (Fig. 5, lanes 4-6). These data indicate that
MeDSG does not bind to a substrate-binding region on
HSC73 and the interaction between HSC73 and TAPI
may be mediated by a different region from the substrate-
binding region.

HSC73-binding assay of synthetic peptides

We have reported that peptides Bw4 and Bwé have dis-
tinct binding affinity to HSC73, although they have very
homologous amino acid sequences (35, 45). We designed
the model peptides NGT-Bw4 and NGT-Bwé by the ad-
dition of an N-linked glycosylation site, NGT, to Bw4
and Bwé6, respectively so that the ER-translocated peptides
could be collected by Con A Sepharose beads. HSC73-
binding affinity of the model peptide was assessed by

(© 2008 The Societies and Blackwell Publishing Asia Pty Ltd
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NGT-Bw4 NGT-Bwb

peptide
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Fig. 6. HSC73-binding assay of synthetic peptides. RCMLA was labeled
with 125-iodine by lodo-beads as described earlier. Radiolabeled RCMLA
(40 ng) was incubated with 2 ug HSC73 (HSC73/RCMLA mole ratio of
10:1)in 10 ul PBS at 37°C for 1 hr in the absence (lane 1) or presence
of the indicated peptide/HSC73 mole ratio of NGT-Bw4 peptide (lanes
2-5) or NGT-Bwé peptide (lanes 6-9). The mixtures were resolved by 7%
native polyacrylamide gel electrophoresis (PAGE). Radiclabeled RCMLA
was visualized by autoradiography of 125-lodine. The slower-migrating
bands correspond to HSC73-bound RCMLA,

competitive binding assay using RCMLA. RCMLA was
labeled with 125-iodine, incubated with purified HSC73
in the absence or presence of various amounts of synthetic
peptides and separated by a native PAGE. HSC73-bound
RCMLA was detected as a slower migrating band (Fig. 6,
lane 1). By increasing the amount of NGT-Bw4 peptide,
levels of HSC73-bound RCMLA were decreased (Fig. 6,
lanes 2-5). In contrast, less dissociation was observed in
the addition of NGT-Bwé peptide (Fig. 6, lanes 6-9). Thus,
it was demonstrated that NGT-Bw4 and NGT-Bwé have a
high binding affinity and a low binding affinity to HSC73,
respectively.

Analysis of TAP-dependent translocation
of synthetic peptides

T1 cells and T2 cells were permeabilized by streptolysin-O
and incubated with 125-iodine-labeled synthetic peptide,
NGT-Bw4 or NGT-Bwé, at 37 °C in the presence of | mM
ATP. Peptides translocated into the ER are glycosylated
and, thus, can be collected by Con A Sepharose beads. The
difference between radioactivities of the glycosylated pep-
tide recovered from T1 cells and that from TAP-deficient
T2 cells represents the TAP-dependent translocation level
of the peptide. NGT-Bw4 was effectively translocated into
the ER by TAP during a 20—60 min incubation (Fig. 7a).
In contrast, NGT-Bwé6 failed to be translocated by TAP
(Fig. 7b).
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Fig. 7. ER translocation assay of synthetic peptides. 1 x 107 T1 cells
or T2 cells were permeabilized by incubating with streptolysin-O as de-
scribed earlier. Cells were then incubated with 19.0 uM 125-iodine-
labeled peptides in the presence of 1 mM ATP. In the case of Omin,
non-permeabilized cells were incubated with the same amount of pep-
tides. After the indicated time, glycosylated peptides were collected by
Con A Sepharose beads, followed by counting radioactivity of the beads.
(a) Time course of ER-translocation of NGT-Bw4 peptide in T1 cells ()
or T2 cells {A). (b) Time-course of ER-translocation of NGT-Bwé peptide
in T1 cells () or T2 cells (A). (c) Permeabilized T1 cells or T2 cells were
incubated with radiolabeled NGT-Bw4 peptide in the transport buffer
containing the indicated concentrations of MeDSG. Radiocactivities of
Con A Sepharose beads recovered from T2 cells were subtracted from
those recovered from T1 cells, corresponding to TAP-dependent translo-
cation levels. Bars represent SD from triplicated samples

In order to determine if HSC73 is involved in the
TAP-dependent translocation of NGT-Bw4 peptide, an
ER translocation assay was performed in the absence or
presence of 100 ug/mL or 200 jeg/mL MeDSG, which in-
duced the dissociation of HSC73 from TAP1. The TAP-
dependent translocation of NGT-Bw4 was clearly inhib-
ited by MeDSG in the presence of MeDSG (Fig. 7¢). These
results indicate that HSC73-binding affinity may affect the
efficiency of TAP-dependent translocation into the ER, at
least for some peptides, and that the physical associa-
tion between HSC73 and TAP1 is important for the TAP-
dependent translocation of HSC73-bound peptides.

HSC73-binding affinity of a natural MHC
class | peptide F4.2

As NGT-Bw4 and NGT-Bwé are not natural anti-
genic peptides, we tested if an MHC class I-presentable
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Fig. 8. HSC73-binding assay of antigenic peptide F4.2. RCMLA was la-
beled with 125-iodine by lodo-beads as described earlier. Radiolabeled
RCMLA (40 ng) was incubated with 2 ug HSC73 in a binding buffer at
37°C for 1 hrin the presence of the indicated peptide/HSC73 male ratio
(lane 1, 1:1; lane 2, 10:1; lane 3, 50:1) of F4.2 peptide. The mixtures
were resolved by 7% native polyacrylamide gel electrophoresis (PAGE).
(a) HSC73 protein was visualized by staining the gel with Coomassie
Brilliant Blue. The protein band corresponding te HSC73 is indicated. (b)
Radiolabeled RCMLA was visualized by autoradiography of 125-iodine.
The slower-migrating band observed at the position of HSC73 corre-
sponds to HSC73-bound RCMLA.

natural peptide could bind to HSC73. By using acid elu-
tion and biochemical analyses, the structure of natural
antigenic peptide of gastric signet ring cell carcinoma cells,
HST-2, was determined (32). The peptide, named F4.2, is
recognized by autologous cytotoxic T-cell clone TcHST-2
in the context of HLA-A31 restriction. F4.2 peptide was
synthesized and incubated with 125-I-labeled RCMLA-
HSC73 complex. After native PAGE separation, radioac-
tivity was detected at the position of HSC73 (Fig. 8a), rep-
resenting HSC73-bound RCMLA. Levels of the HSC73-
bound RCMLA were decreased by increasing the amount
of F4.2 peptide (Fig. 8b). Therefore, it was shown that the
natural antigenic peptide F4.2 could bind to HSC73.

Cytosolic F4.2 peptide can be presented by
HLA-A31

TcHST-2 cells are capable of responding to pulsed F4.2
peptide in a highly sensitive TNF production assay (32).
In addition, we have shown that TcHST-2 also responds to
the endogenous form of F4.2 peptide expressed by trans-
fection of minigene vector pF4.2ss encoding the signal
sequence plus F4.2 peptide (Fig. 9a). F4.2 peptide ex-
pressed by the minigene pF4.2ss can be translocated into
the ER through the translocon protein by the signal pep-
tide. Using a TNF production assay, we tested if TcHST-
2 could respond to cytosolic F4.2 peptide expressed by
transfection of minigene pF4.2 encoding just F4.2 pep-
tide without the signal peptide (Fig. 9a). pF4.2reverse
was constructed by insertion of the F4.2-coding oligonu-
cleotides into the expression vector in an antisense

orientation. Expression vectors were transfected to
HOBC8-A31-12 cells, which express HLA-A31, followed
by co-culture with TcHST-2 cells and TNF production as-
say. As shown in Figure 9b, pF4.2-transfected cells, as well
as pF4.2ss-transfected cells, were recognized by TcHST-
2 cells, whereas pF4.2reverse-transfected cells were not.
These results indicate that cytosolic F4.2 without the sig-
nal peptide can be translocated into the ER through TAP.

Presentation of cytosolic F4.2 is inhibited by
MeDSG treatment

In order to elucidate the involvement of HSC73 in the
TAP-dependent translocation of F4.2 peptide, we tested
the effect of MeDSG on the presentation of endogenous
F4.2 peptide. CI1R-A31 cells were transfected with either
pF4.2 or pF4.2ss minigene expression vector and cultured
in the absence or presence of 200 pg/mL MeDSG. Forty-
eight hours after the transfection, cytotoxicity by TcHST-2
was examined by ' Cr release assay. HST-2 cells and K562
cells were used as positive control target cells and negative
control target cells, respectively (Fig. 9¢, bars 1,2). Both
pF4.2-transfected cells and pF4.2ss-transfected cells were
lysed by TcHST-2 similarly. In the presence of MeDSG,
however, only pF4.2ss-transfected cells were susceptible
to killing by TcHST-2 (Fig. 9c, bars 5,7). Taken together
with the result showing that HSC73 binds to F4.2, it is
indicated that MeDSG-induced disruption of the HSC73-
TAP complex results in the incomplete ER-translocation
of the HSC73-bound antigenic peptide. Furthermore, our
data imply that MeDSG may not affect the signal peptide-
mediated translocation of antigenic peptides.

DISCUSSION

[t has been speculated so far that HSP70 might be involved
in antigen presentation. This idea came from evidence
produced by us or other groups showing that: (i) MHC
class I-bound antigenic peptide with an N-terminal short
flanking sequence, which might be a cytoplasmic precur-
sor of the antigenic peptide, was isolated from murine
tumor cell lysates as a HSP70-binding peptide (18); (ii)
HSP70 could bind to some antigenic peptides and present
them to T cells (18, 20, 46); and (iii) the vaccination of
HSP70 plus tumor-derived peptides could enhance the
anti-tumor immunity in animals (47-50). Moreover, there
are some reports demonstrating the involvement of HSP70
in the TAP-independent presentation of cytosolic antigens
and in the MHC class Il antigen presentation (51, 52). In
our experiments, it was revealed that HSC73, the constitu-
tively expressed HSP70 family protein, was associated with
TAP1 in an ATP-dependent manner, which was consistent
with the report of Chen and Androlewicz (53).

(© 2008 The Societies and Blackwell Publishing Asia Pty Ltd
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Fig. 9. T-cell recognition of gene-transferred F4.2 peptide and the ef-
fect of MeDSG. (a) Construction and nucleotide sequence of minigene
vectors. Construction and nucleotide sequence (underline) of pf4.2,
pF4.2reverse and pF4.2ss minigene vectors are illustrated. pF4.2 and
pF4.2reverse were constructed by insertion of the F4.2-coding oligonu-
cleotides into the EcoRl site of the pcDSRa expression vector in a sense
orientation or an antisense orientation, respectively. pF4.2ss was con-
structed by insertion of F4.2-coding oligonucleotides into the Pstl and
Xbal sites of the pcDSRe-E3 expression vector containing an adencvirus
E3/19kDa protein signal sequence. (b) Cytosalic F4.2 peptide can be
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HSC73 is a cytosolic protein functioning as a molec-
ular chaperone (54). It has a peptide binding domain in
the C-terminal region, which has a high affinity to pep-
tides containing several hydrophobic amino acids (55).
Isolation and sequencing of MHC class I-bound antigenic
peptides revealed that most of the peptides contain hy-
drophobic amino acids, some of which are important as
anchor residues to the groove formed on the MHC class [
molecule. The hydrophobic peptides become solubilized
by binding to chaperone proteins such as heat shock pro-
teins. In addition, chaperone-bound peptides may be pro-
tected from degradation by cytosolic peptidases. Inthe ER,
antigenic peptides are transferred from TAP to MHC class
I molecule through tapasin-mediated interaction between
these two molecules (9, 11). It has been reported so far that
molecular chaperones such as gp96 and calreticulin bind
to antigenic peptides in the ER and may mediate their
transfer from TAP to MHC class I heavy chain (17, 56).
In contrast to the event in the ER, less is known about the
feeding mechanism of cytoplasmic peptides to TAP. We
tried to detect a physical interaction between TAP and pro-
teasome; however we failed (unpublished data). Thus, itis
possible that antigenic peptides produced by proteasomes
in the cytosol could be carried to TAP by some cytosolic
chaperones such as HSC73 and HSP90. Actually, evidence
has been reported that N-terminally extended peptides
are associated with the cytosolic chaperone, TriC, and are
protected from degradation by cytosolic peptidases (57).
In addition, Yamano et al. provided evidence that HSP90
and PA28 accelerated the processing and presentation of
MHC class [-bound peptides (58).

In order to determine the functional significance of
the interaction between HSC73 and TAPI, we used an
immunosuppressant, MeDSG, a stable analog of 15-
DSG, which could specifically bind to HSC73 (29, 59).
Treatment of T1 cells with MeDSG resulted in the

=
presented by HLA-A31. HOBCB8-A31-12 cells that express HLA-
A31 were transfected with 100 ng/mL or 33 ng/mL pF4.2, pF4 2reverse
or pF4.2ss. Forty-eight hours after the transfection, cells were incubated
with TcHST-2 for 10hr at an E/T ratio of 3:1 and then tumor necrosis
factor (TNF) production was determined. [J, pF4.2ss; A, pFa.2;
pF4.2reverse. (c) Effect of MeDSG on the cytotoxic susceptibility
ofminigene-transfected cells by TcHST-2. C1R-A31 cells that express
HLA-A31 were transfected with 100 ng/mL pfF4.2 or pF4.2ss minigene
expression vector by Lipofectin reagent and cultured in the absence
(bars 4, 6) or presence of 200 ug/mL MeDSG (bars 5, 7) for 48 hr. Then,
HST-2 cells (bar 1), K562 cells (bar 2) and C1R-A31 cells without (bar 3)
or with minigene transfection (bars 4-7) were labeled with *'Cr and
were mixed with TcHST-2 for 10 hr at an E/T ratio of 10:1, followed by
counting radioactivities of 3'Cr in the culture supernatants. Error bars
represent SD calculated from triplicated samples
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downregulation of the cell surface levels of MHC class
I expression. The downregulatory effect of MeDSG was
specific in the expression of MHC class I, as other surface
molecules such as CD3 and LFA-1 were not changed by
treatment of cells with the same concentration of MeDSG
(data not shown). These data are consistent with a previ-
ous report showing a decreased expression of MHC class
I by 15-DSG in a rat allograft model and cultured mouse
cells (23, 42). The decreased MHC class I levels of T1 cells
after MeDSG treatment were very similar to the levels of
T2 cells, which lacked TAP molecules. MHC class I be-
comes unstable and the cell surface levels are decreased if
TAP-dependent translocation of antigenic peptides is im-
paired (4). Therefore, it was suggested that MeDSG might
inhibit antigen presentation at the TAP level.

15-DSG binds to both HSC73 and HSP90. Based on
previous reports, there may be two 15-DSG-binding re-
gions in HSC73 (60). One resides in the ATP-binding
region and the other is the C-terminus EEVD domain,
which is conserved among HSP70-family proteins. HSP90
also contains the same sequence in its C-terminus. Pre-
viously, Nadler et al. demonstrated that 15-DSG could
inhibit the nuclear translocation of transcriptional factor
nuclear factor-kappa B (NF-«B) by competitively block-
ing the association of HSC73 with NF-«B (59). This was
the first report elucidating the molecular mechanism of
immunosuppression by 15-DSG. In the present study, we
showed evidence that MeDSG could not affect the inter-
action between HSC73 and a substrate protein. Although
MeDSG contains a spermidine-like structure, it is known
that spermidine had low affinity to HSC73 and less im-
munosuppressive activity (43). We confirmed that sper-
midine could neither downregulate the MHC class I ex-
pression in T1 cells (data not shown) nor inhibit the inter-
action between HSC73 and TAP1. However, it cannot be
ruled out that the inhibitory effect of MeDSG to antigen
presentation might be mediated by binding of MeDSG
to HSP90, as it is definitive that HSP90 also serves as a
chaperone for antigenic peptides in the cytosol (58, 61).
Therefore, we then executed an ER-translocation study
using two model peptides that have distinct binding affin-
ity to HSC73. HSC73-bound peptide NGT-Bw4 could be
translocated by TAP, whereas low-affinity peptide NGT-
Bw6 failed. As amino acid sequences of these peptides are
highly homologous and are identical, especially at their
N-terminal and C-terminal residues which are known to
affect the binding affinity to TAP (62), it is likely that the
difference in the TAP-mediated translocation results from
the distinct binding affinity to HSC73. Taken together, it is
indicated that MeDSG could dissociate HSC73 from TAP,
leading to a decrease of TAP-dependent translocation of
HSC73-chaperoned peptides.

10
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To confirm further that MeDSG inhibits the MHC class
[ antigen presentation, we performed experiments using a
natural antigenic peptide, F4.2, which was identified from
human gastric cancer cell line HST-2 (32). F4.2 is pre-
sented by HLA-A31 and recognized by cytotoxic T-cell
clone, TcHST-2. We found that F4.2 peptide had high
affinity to HSC73. By using minigenes coding F4.2, it was
shown that the presentation of the cytosolic peptide chap-
eroned by HSC73 was inhibited by MeDSG. In contrast,
TAP-independent presentation of F4.2 peptide, possibly
through translocon, was not affected by MeDSG. How-
ever, it cannot be ruled out that HSC73 might function
as a molecular chaperone for TAP itself and, therefore,
MeDSG might disturb the structure and function of TAP.

Meanwhile, it is considered that the repertoire of MHC
class | peptides could be affected by: (i) the MHC class
I binding motif; (ii) the binding affinity to TAP; and
(iii) the proteasomal cleavage site of antigenic proteins.
Our data proposed another possibility that the HSC73-
binding affinity might also affect the repertoire of MHC
class 1 peptides. Our findings are likely to be important
in the field of tumor immunotherapy, especially in the
design of antigenic peptides for developing peptide vac-
cines. There is much evidence that CTL fail to kill tumor
cells even though they are successfully induced by pulsing
synthetic peptides to antigen-presenting cells. It is pos-
sible that some peptides might not be translocated into
the ER if the peptides have low HSC73-binding affinity,
as in the case of NGT-Bwé. As discussed previously, there
are multiple cytosolic chaperones for antigenic peptides,
such as TriC, HSP90, PA28 and HSC73, each of which
is involved in the processing and transportation of anti-
genic peptides independently or cooperatively (57,58, 61).
Therefore, HSC73-binding affinity of the peptides and the
proper function of HSC73 is not the only factor limiting
the peptide presentation.

Our data showing the ATP-dependent dissociation of
HSC73 from TAP1 present some important implications
for the molecular machinery of the peptide-feeding mech-
anism to TAP. HSC73 has an ATP-binding domain in the
N-terminal region and an intrinsic ATPase activity. It is
known that the ADP-binding form of HSC73 has a higher
affinity to hydrophobic peptides than the ATP-binding
form (63). The contact of empty (peptide-free) HSC73
to peptides can stimulate the intrinsic ATPase activity
of HSC73, resulting in the formation of a stable ADP-
HSC73-peptide complex (64). In the presence of ATP,
HSC73-bound ADP is exchanged to ATP, and the pep-
tide is released from the ATP-binding HSC73 (65). Thus,
HSC73 has an association/dissociation cycle with a sub-
strate peptide depending upon the presence of ATP and
the intrinsic ATPase activity. As the ADP-binding form

@© 2008 The Societies and Blackwell Publishing Asia Pty Ltd
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of HSC73, which carries a peptide, has higher affinity to
TAP than the ATP-binding form, the HSC73-bound anti-
genic peptide can be brought to close proximity to TAP.
It is reported that DSG binds to HSC73 in its C-terminal
EEVD domain, which could affect the conformation of the
ATP-binding domain (59, 66). Therefore, HSC73 might
interact with TAP by the same domain, leading to ADP-
ATP exchange. In the presence of ATP, peptides can be
released from HSC73, resulting in the transfer of pep-
tides to TAP. Following the ATP-dependent feeding of the
peptides, ATP-binding HSC73 (empty form) may be dis-
sociated from TAP to bind to other peptides. It is possible
that HSC73 may feed the cytosolic antigenic peptides by
such an ATP-dependent cycle.

Where and how can HSC73 catch antigenic peptides
produced by proteasome? In this context, it is of inter-
est to test whether ATP-binding HSC73 is associated with
proteasome. Further experiments focusing on the inter-
action between proteasome and chaperone will clarify the
molecular machinery of antigenic peptide transportation
in the cytoplasm.
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To develop peptide-based immunotherapy for osteosarcoma, we
previously identified papillomavirus binding factor (PBF) as a
cytotoxic T lymphocytes (CTL)-defined osteosarcoma antigen in the
context of human leukocyte antigen (HLA)-B55. In the present study,
we analyzed the distribution profile of PBF in 83 biopsy specimens
of osteosarcomas and also the prognostic impact of PBF expression
in 78 patients with osteosarcoma who had completed the standard
treatment protocols. Next, we determined the antigenic peptides
from PBF that react with peripheral T lymphocytes of HLA-A24* patients
with osteosarcoma. Immunohistochemical analysis revealed that 92%
of biopsy specimens of osteosarcoma expressed PBF. PBF-positive
osteosarcoma conferred significantly poorer prognosis than those
with negative expression of PBF (P = 0.025). In accordance with the
Bioinformatics and Molecular Analysis Section score, we synthesized
10 peptides from the PBF sequence. Subsequent screening with an
HLA class | stabilization assay revealed that peptide PBF A24.2 had
the highest affinity to HLA-A24. CD8* T cells reacting with a PBF A24.2
peptide were detected in eight of nine HLA-A24-positive patients with
osteosarcoma at the frequency from 5 x 10”7 to 7 x 10 using limiting
dilution/mixed lymphocyte peptide culture followed by tetramer-
based frequency analysis. PBF A24.2 peptide induced CTL lines from
an HLA-A24-positive patient, which specifically killed an osteosarcoma
cell line that expresses both PBF and HLA-A24. These findings suggested
prognostic significance and immunodominancy of PBF in patients
with osteosarcoma. PBF is the candidate target for immunotherapy
in patients with osteosarcoma. (Cancer Sci 2008; 99: 368-375)

Ostcusarcoma is the most common primary malignant
tumor of bone. The past three decades have witnessed
remarkable advances in the treatment of osteosarcoma. These
include the introduction of adjuvant chemotherapy, establishment
of guidelines for adequate surgical margins, and the development
of postexcision reconstruction.""” There have also been advances
in the field of immunotherapy for osteosarcoma that, unfortunately,
have received less attention.”* However, the current stagnation
in chemotherapy-based treatments for osteosarcoma has reignited
interest in immunotherapeutic approaches.®

Recent immunotherapy depends largely on understanding of
the molecular interactions between T cell receptors (TCR) on
cytotoxic T lymphocytes (CTL) and antigenic peptides on tumor
cells. This has led to a variety of vaccination approaches,
including those with antigenic peptides™ recombinant viruses
encoding antigenic genes™ dendritic cells'” and T lymphocytes,
in which the TCR recognizing an antigenic peptide is genetically
engineered.'"” Nevertheless, such immunotherapeutic approaches
were hampered in osteosarcoma by a lack of defined antigens
until we recently identified papillomavirus binding factor (PBF)
using an osteosarcoma cell line and an autologous CTL clone

CancerSci | February2008 | vol.99 | no.2 | 368-375

restricted by human leukocyte antigen (HLA)-B*5502.0"!%
PBF is a DNA-binding transcription factor with unknown func-
tion."*'* The oncogenic role of PBF in osteosarcoma and its
immunogenicity in patients with common HLA alleles such as
HLA-A2 and HLA-A24 needs to be disclosed before develop-
ment of clinically applicable PBF-based immunotherapy.

In the present study, we analyzed the distribution profile,
prognostic impact, and immunogenicity of PBF in patients with
osteosarcoma. Immunogenicity analysis focused on frequency
and cytotoxicity of T cells in patients with HLA-A24 allele by
using limiting dilution (LD)/mixed lymphocyte peptide culture
(MLPC)/tetramer assays.

Materials and Methods

This study was approved under institutional guidelines for the
use of human subjects in research. The patients and their
families as well as healthy donors gave informed consent for the
use of blood samples and tissue specimens in our research.
Generation of anti-PBF antibody. A polyclonal antibody against
PBF was generated by immunizing rabbits with 100 pg of a 15-
mer peptide, CGDTVDSDQFKREED, once per week for six
weeks (SigmaGenosys, Sapporo, Japan). The serum was collected
seven days after the last immunization and purified using Protein A
column, The specificity of the anti-PBF antibody was confirmed
previously by Western blotting and immunostaining.”'?
Immunohistochemistry. Formalin-fixed paraffin-embedded sections
were obtained from 83 biopsy specimens of the primary lesion
of osteosarcoma (Table 1). The sections were deparaffinized,
boiled in a microwave oven, and blocked with 1% non-fat dry
milk before staining with streptavidin-biotin-complex (Nichirei,
Tokyo, Japan) as previously described.""® Hematoxylin was used
for counter staining. The reactivity of the anti-PBF antibody
was determined by staining of the nuclei of tumor cells.""
The expression status of PBF was graded semiquantitatively
according to the modified classification described by Al-Batran
et al."®'") negative (positive cells <5%), low (£5% positive
cells €50%), and high (positive cells >50%) (Fig. 1). Diffuse
expression and heterogeneous expression were regarded as high
grade and low grade, respectively. Focal expression was graded
as low or negative according to the percentage of positive cells.
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Table 1. The grade of PBF expressioni and the progonosis in 83 patients with osteosarcoma

g . i Histological
Patients Age Gender Location Surgical  Histological Chemotherapy respogse Operation PBF. EFS o Prognosis
stage type grade expression (months) (months)

1 15 M Femur IIB Osteoblastic T-12 2 Amputation High 39 46 DOD
2 20 M Humerus 18 Osteoblastic T-12 0 Amputation Low 12 24 DOD
3 9 F Femur 1B Chondroblastic  T-12 0 WE+FVFG High 14 22 DOD
4 12 M Femur 1B Osteoblastic T-12 0 Amputation Low 3 9 DOD
5 10 F Humerus 1B Teleangiectatic = T-12 1 WE+FVFG High 103 103 CDF
6 17 F Humerus  1IB Osteoblastic T-12 2 WE+FVFG Low 97 97 CDF
7 14 F Femur 1131 Fibroblastic NSH-7 2 WE+FVFG Negative 119 119 CDF
8 14 M Fibula 118 Chondroblastic  NSH-7 2 WE High 34 102 NED
9 1 F Tibia IIB Osteoblastic NSH-7 2 WE+FVFG Negative 17 117 CDF
10 42 F Tibia 1] Osteoblastic NSH-7 2 WE+Prosthesis  High 72 72 CDF
1 14 M Tibia 118 Osteoblastic NSH-7 3 WE+FVFG High 32 96 NED
12 18 M 2nd rib 1B Osteoblastic NSH-7 0 WE High 106 106 CDF
13 33 M Pelvis IIB Chondroblastic =~ NECO93J 1 WE+FVFG High 8 13 DOD
14 20 M Femur IIB Fibroblastic NECO93) 2 WE+FVFG High 72 72 CDF
15 15 M Femur 1B Osteoblastic NECO93) 2 WE+FVFG High 106 106 CDF
16 15 M Femur 1B Osteoblastic NECO931 2 WE+FVFG High 20 33 DOD
17 20 F Femur 1B Osteoblastic Not done' =) Not done' Negative 0 7 DOD
18 16 M Tibia 1B Chondroblastic NECQ93) 2 WE+FVFG High 6 6 poc!
19 14 F Femur B Qsteoblastic NECO93) 2 WE Negative 5 5 poc
20 15 M Fibula 1B Osteoblastic NECO93] 0 Amputation High 13 74 DOD
21 13 M Humerus  1IB  Chondroblastic =~ NECQ93J 0 Amputation High 7 9 DOD
22 7 F Femur 1B Osteoblastic NECO95) 1 WE+FVFG High 85 85 CDF
23 10 F Tibia 1B Osteoblastic NECO95) 2 Amputation Negative 72 72 CDF
24 13 M Femur 1B Osteoblastic NECO95) 0 WE+RP Low 6 1" DOD
25 27 M Tibia 1B Osteablastic NECO95) 0 WE+FVFG High 8 18 DOD
26 18 F Femur 1B Fibroblastic NECO95) 1 WE+Prosthesis High 0 16 DOD
27 20 F Humerus B Osteoblastic NECO95) 2 WE+Prosthesis Negative 67 67 CDF
28 69 F Femur 1B Fibroblastic NECO95J 0 WE+Prosthesis Low 62 63 NED
29 15 F Femur B Osteoblastic NECO95) 3 WE+FVFG High 32 32 CDF
30 46 M Pelvis B Fibroblastic NECO95) 0 WE+Fillet Low a7 60 NED
3 40 F Femur B Fibroblastic NECO95) 2 Amputation Low 12 20 DOD
32 19 M Tibia IIB Osteoblastic NECO95) 2 Amputation High 41 43 DOD
33 15 F Femur 1131 Fibroblastic NECO95) 3 WE+FVFG High 52 52 CDF
34 48 M Femur IIB  Osteoblastic NECO95) 2 Amputation High 17 37 DOD
35 15 F Femur e Chondroblastic NECO95) 1 WE+FVFG High 0 17 NED
36 42 F Sacrum IIB  Osteoblastic NECO95) (-)¢ Not done® High 0 18 NED
37 7 M Tibia 18 Osteoblastic CCCH2 1 WE+RP Low 13 86 DOD
38 12 F Femur 111 Chondroblastic  CCCH2 0 Amputation Low S 84 DOD
39 17 M Tibia IIB Chondroblastic  CCCH2 1 WE+RP High 180 180 CDF
40 14 F Femur 118 Fibroblastic CCCH2 0 WE+Prosthesis High 13 167 NED
41 19 M Tibia B Fibroblastic CCCH2 0 WE+RP Low 20 36 DOD
42 14 F Tibia 118 Osteoblastic CCCH2 0 WE+Prosthesis Low 19 44 DOD
43 12 M Tibia ]3] Osteoblastic CCCH2 2 WE+Prosthesis High 167 167 CDF
44 22 M Fernur B Fibroblastic NECO93) 3 WE+RP Low 164 164 CDF
45 21 M Femnur B Chondroblastic ~ NECO93) 1 WE+RP High 34 80 DOD
46 20 M Tibia e Osteoblastic NECO93) 1 WE+RP High 37 131 NED
47 b7 M Femur B Osteoblastic NECO93) 3 WE+FVFG High 127 127 CDF
48 8 F Humerus IIB Osteoblastic NECO93) 3 WE+FVFG Low 126 126 CDF
49 20 F Humerus 1B Fibroblastic NECO93) 1 WE+FVFG High 126 126 CDF
50 16 F Femur IB Osteoblastic NECO93) 2 WE+RP High 124 124 CDF
51 18 M Tibia 1B Osteoblastic NECO93) 0 WE+RP Low 10 15 DOD
52 13 F Femur B Osteoblastic NECO95) 1 WE+Prosthesis Low 100 100 CDF
53 1" M Tibia IB Chondroblastic  NECO93) 2 WE+RP High 121 121 CDF
54 12 F Tibia B Osteoblastic NECO95) 1 WE+Prosthesis High 14 114 CDF
55 24 M Femur IIB  Osteoblastic NECO95) 1 WE+Prosthesis Negative 79 79 CDF
56 14 F Humerus IIB Chondroblastic = NECO95) 1 WE+FVFG High 29 96 NED
57 26 M Tibia IIB Osteoblastic NECO95) 0 WE+Prosthesis High 89 89 CDF
58 17 M Radius 1B Osteoblastic NECO95) 1 WE+FVFG Low 84 84 CDF
59 18 F Femur 18 Chondroblastic  NECO95) 1 WE+Prosthesis High 17 69 DOD
60 15 M Femur 3] Osteoblastic NECO95) 2 WE+Prosthesis Low 75 75 CDF
61 17 M Femur 1] Osteoblastic NECO95) 2 WE+Prosthesis Low 74 74 CDF
62 13 M Femur 8 Osteoblastic NECO95) 2 WE+Prosthesis Low 72 72 CDF
63 1 F Femur 1B Osteoblastic NECOS95) 3 WE+Prosthesis Low 66 66 CDF
Tsukahara et al. Cancer Sci | February 2008 vol.99 | no.2 | 369
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Table 1. Continued
. . : Histological
Patients Age Gender Location Surgical  Histological Chemotherapy response Operation PBF. e Prognosis
stage type - expression (months) (months)

64 13 M Femur B Osteoblastic NECO95) 2 WE+Prosthesis High 65 65 CDF
65 13 M Femur 1B Osteoblastic NECO95) 2 WE+Prosthesis Negative 57 57 CDF
66 19 F Femur 1B Osteoblastic NECO95) 1 WE+Prosthesis High 54 54 CDF
67 24 M Tibia e Fibroblastic NECO95) 0 WE+Prosthesis Low 45 45 CDF
68 14 F Femur e Osteoblastic NECO95) 2 WE+Prosthesis High 48 48 CDF
69 15 F Femur 1B Osteoblastic NECO95) 1 WE+Prosthesis Low 7 18 DOD
70 19 M Radius IIB Osteoblastic NECO95) 1 WE+FVFG Low 27 35 NED
7 16 F Fibula 8 Osteoblastic NECO95) 2 WE+Prosthesis Low 33 33 CDF
72 10 M Tibia 1B Osteoblastic NECQ95) 2 Amputation High 12 32 AWD
73 1 M Femur IB Osteoblastic NECO95) 1 WE+FVFG Low 3 E i} CDF
74 29 F Fibula liB Osteoblastic NECOQ95) 1 WE High 25 25 CDF
75 10 M Femur 1B Chondroblastic  NECO95) 0 WE+Prosthesis High 9 20 DOD
76 8 M Femur B Osteoblastic NECO95) 1 WE+RP High 6 19 AWD
77 20 F Tibia IIB Ostecblastic NECO95) 2 Amputation High 16 16 CDF
78 12 M Femur IIB Osteoblastic NECO95) 3 WE+Prosthesis Low 15 15 CDF
79 65 M Tibia IIB Ostecblastic NECQ95)* (-)$ WE+Prosthesis  High 2 13 NED
80 20 M Femur IIB Osteoblastic NECO95) 2 WE+Prosthesis  High 12 12 CDF
81 16 M llium 1B Osteoblastic NECO95) 1 WE High 13 13 CDF
82 12 M Femur B Osteoblastic NECO95) 2 Amputation High 8 13 DOD
83 20 M Femur B Osteoblastic NECO95) 2 WE+Prosthesis  High 12 12 CDF

'Chemotherapy and operation were refused by the patient and her family. *Died of acute hepatitis B during postoperative chemotherapy. *Carbon
ion radiotherapy was chosen instead of operation. *Chemotherapy was instituted only postoperatively. AWD, alive with disease; CDF, continuously
disease free; DOC, death of other cause; DOD, death of disease; EFS, event-free survival; F, female, FVFG, free vascularized fibula graft; M, male;
NED, no evidence of disease; OS, overall survival; RP, rotational plasty; PBF, papillomavirus binding factor; WE, wide excision,

Survivorship analysis. Survivorship analysis was performed
for 78 patients with osteosarcoma who had completed the pro-
tocols consisting of pre- and postoperative chemotherapy and
underwent resection of the primary tumor with wide margin or
amputation (Table 1). Five patients excluded were due to refusal
(Patient 17) or incompletion of the chemotherapy (Patients 18,
19, and 79) and choice of non-surgical treatment (Patient 36).
There were 43 males and 35 females with an average age
of 17.9 years. Primary tumors were located in the femur
(41 patients), tibia (19 patients), humerus (8 patients), fibula
(4 patients), pelvis (3 patients), radius (2 patients) and rib
(1 patient). According to Enneking’s surgical staging system,"®
76 patients were stage IIB and 2 patients were stage I1IB.

370

Fig. 1. Immunohistochemical grading of
tumor specimens. Representative sections of
osteosarcoma specimens stained with an anti-
papillomavirus binding factor antibody are
shown (original magnification x200). Negative
indicates that less than 5% of tumor cells were
stained positively. Low indicates a positive tumor
cell number from 5% to 50%. High indicates a
positive tumor cell number of over 50%.

There were 53 osteoblastic, 12 chondroblastic, 12 fibroblastic
and 1 teleangiectatic osteosarcomas. Adjuvant chemotherapy
protocols comprised of high-dose methotrexate-based multidrug
regimen, including T-12,"™ NSH-7,%” CCCH2,*" NEC093J,**
and NEC(095J.%** The responses of the tumors to preoperative
chemotherapy were histologically graded according to the
classification of the Japanese Orthopaedic Association:™** Grade
0 (tumor necrosis <50%), 1 (£50% tumor necrosis <90%), 2
(tumor necrosis 290%), 3 (No viable tumor cells in the histo-
logical sections). These 78 patients were followed up for an average
of 65.0 months (range from 9 to 180 months).

The prognostic significance of the following variables overall
and in the event-free survival of patients with osteosarcoma was
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Table 2. Sequences and binding affinities of PBF-derived peptides
with HLA-A*2402 binding motif

Binding HLA-peptide

Peptide  Position Sequence score’ binding affinity*
(% MFl increase + 5D)

A24.1 84-93  WYGGQECTGL 200 -3.0+3.2
A24.2 145-153  AYRPVSRNI 84 119:2+73
A24.3 409-418  AYQALPSFQI 75 253+6.0
A24.4 254-263 GFETDPDPFL 30 26+103
A24.5 320-328 DFYYTEVQL 20 23+96
A24.6 118-127 RVEEVWLAEL 15.8 225+9.6
A24.7 254-262 GFETDPDPF 15 -1.2+59
A24.8 12-20 RSLLGARVL 12 142+5.8
A24.9 415-424  SFQIPVSPHI 10.5 TT27.9
A24.10 104-113  VTVWILEQKL 95 T E12
HIV RYLRDQQLLGI 41.2+9.3

'Binding score was determined by BIMAS HLA Peptide Binding
Predictions. ‘The affinity of each peptide was evaluated by a HLA class
| stabilization assay. BIMAS, bioinformatics and molecular analysis
section; HLA, human leukocyte antigen; MFI, mean fluorescence
intensity; PBF, papillomavirus binding factor; SD, standard deviation.

determined by univariate analysis using the generalized
Wilcoxon test: age (= 15), gender (male or female), stage (IIB
or IIIB), histological type (osteoblastic, chondroblastic or
fibroblastic), response to chemotherapy (Grades O and 1 or
Grades 2 and 3), and PBF expression status (negative, low or
high). The relationship between each variable and PBF expres-
sion status was determined by the chi-squared test. A probability
of less than 0.05 was considered statistically significant.

Cell lines. An osteosarcoma cell line, OS2000, and an Epstein—
Barr virus-transformed B cell line, LCL-OS2000, were
established previously from a 17-year-old patient."" Osteosarcoma
cell lines HOS and U20S, and the erythroleukemia cell line
K562 were purchased from American Type Culture Collection
(Manassas, VA, USA). 052000, HOS, U20S and K562 were
PBF' and LCL-OS2000 was PBF " The HLA genotypes of
osteosarcoma cell lines were as follows: OS2000, A*2402,
B*5502, B*4002, Cw*0102; HOS, A*0211, B*5201, Cw*1202;
U208, A*0201, A*3201, B*4402, Cw*0501, Cw*0704.

Design and synthesis of PBF-derived peptides. Based on the entire
amino acid sequence of PBF, peptides with the ability to bind to
HLA-A24 class | molecules were searched through the Internet
site, Bioinformatics and Molecular Analysis Section (BIMAS)
HLA Peptide Binding Predictions (http://bimas.cit.nih.gov/).”®
Based on the binding scores, 10 peptides were selected and
synthesized (Table 2).

HLA class | stabilization assay. The affinity of peptides for
HLA-A24 molecules was evaluated by cell surface HLA class-I
stabilization assay as described previously.”*" An HLA-
A*2401-binding HIV peptide (RYLRDQQLLGI) was used
for positive control. Assays were performed in triplicate.
The affinity of each peptide for HLA-A*2402 molecules was
evaluated by the percent mean fluorescence intensity (%MFI)
increase of the HLA-A*2402 molecules in the calculation:
%MFI increase: [(MFI with the given peptide — MFI without
peptide)/(MFI without peptide)] x 100,

Limiting dilution/mixed lymphocyte peptide culture. Prior to
frequency analysis and cytotoxicity assays, peripheral blood
mononuclear cell (PBMC) of patients were subjected to mixed
lymphocyte peptide culture under limiting dilution conditions
(LD/MLPC) according to the method described by Karanikas
et al.* with some modifications. For frequency analysis, peripheral
blood samples (20 mL) were collected from nine patients with
PBF* osteosarcoma (Patient 26, 36, 76, 78-83) (Table 1). PBMC
were suspended in AIM-V (Invitrogen Crop., Carlsbad, CA, USA)
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supplemented with 1% human serum (HS) and incubated for
60 min at room temperature with PBF A24.2 peptide (25 pg/mL).
Peptide-pulsed PBMC were seeded at 2 x 10° cells/200 pL/well
into round-bottom 96-microwell plates in AIM-V with 10%HS,
IL-2 (20 U/mL; a kind gift from Takeda Chemical Industries Ltd,
Osaka, Japan) and IL-7 (10 ng/mL; R & D Systems, Minneapolis,
MN, USA), and incubated. On day 7, half of the medium was
replaced by fresh AIM-V containing IL-2, IL-7 and the same
peptides. The cell cultures were maintained by adding fresh
AIM-V containing IL-2. On days 14-21, they were subjected to
tetramer-based frequency analysis.

For cytotoxicity assays, PBMC of Patient 36 were separated into
CD8* cells and CD8- cells using magnetic anti-CD8 microbeads
(Miltenyi Biotec, Gladbach, Germany). CD8" cells were pulsed
with the PBF A24.2 peptide for 60 min. Half of the CD8" cells
were cryopreserved at —80°C for the second stimulation. CD8*
cells (2.5 x 10°/well) and irradiated PBF A24.2 peptide-pulsed
CD8&" cells (5 x 10%/well) were cocultured in 37 wells of a 48-
well cell culture plate in 500 uL of AIM-V with 10%HS, IL-2
and IL-7. On day 7, the second stimulation was performed by
adding irradiated peptide-pulsed CD8" cells to each culture well
in 500 puL of freshly replaced AIM-V with 10%HS, IL-2 and
IL-7. On day 14-28, they were subjected to tetramer-based
cytotoxicity assays.

Tetramer-based frequency analysis. An fluorescein isothiocyanate-
conjugated HLA-A24/HIV tetramer (here termed the control
tetramer) and a phycoerythrin (PE)-conjugated HLA-A24/PBF
A24.2 tetramer (A24/PBF A24.2 tetramer) were constructed by
Medical & Biological Laboratories Co. Ltd. (Tokyo, Japan).
PBMC from patients were stimulated with the PBF A24.2 peptide
by LD/MLPC as described above. From each microwell containing
200 pL of the microculture pool, 100 uL. was transferred to a V-
bottom microwell and washed. On the spin-down pellets, the
control tetramer and A24/PBF A24.2 tetramer (10 nM in 25 pL
of phosphate-buffered saline (PBS)) were added in combination
and incubated for 15 min at room temperature. Then a PE-Cy5-
conjugated anti-CD8 antibody (eBioscience, San Diego, CA,
USA) was added (dilution of 1:30 in 25 uL of PBS containing
the control tetramer and A24/PBF A24.2 tetramer) and incubated
for another 15 min. The cells were washed in PBS twice, fixed
with 0.5% formaldehyde, and analyzed by flow cytometry using
FACScan and CellQuest software (Becton Dickinson, San Jose,
CA, USA). CD8* living cells were gated and the cells labeled
with the A24/PBF A24.2 tetramer and non-labeled cells with
the control tetramer were referred to as tetramer-positive cells.
The frequency of anti-PBF A24.2 CTLs was evaluated using the
following calculation: (number of tetramer-positive wells)/([numbers
of total tested wells] x [number of CD8* cells per well]).

Tetramer-based cytotoxicity assay. CTL-mediated cytolytic
activity was measured by a 6h-"'Cr release assay.”™”
Osteosarcoma cell lines (0S2000, HOS and U20S), EB-
transformed B cell line LCL-OS2000 and K562 were used as
the target cells. OS2000 was treated with and without 100 U/mL
interferon-gamma (R & D Systems, Minneapolis, MN, USA)
for 48 h. LCL-OS2000 was also treated with and without
peptides (25 pg/mL) for 2 h at room temperature before assay.
Target cells were labeled with 100 uCi of *'Cr for | h at 37°C.
The labeled target cells were suspended in Dulbecco’s modified
eagle’s medium containing 10% fetal calf serum and seeded to
microwells (2 x 107 cells/well). Patient 36-derived CD8* CTL
lines stimulated with the PBF A24.2 peptide by LD/MLPC were
used as the effector cells. Tetramer-positive CTL lines were
transferred to V-bottom microwells, suspended in AIM-V and
mixed with the labeled target cells. In cold-target inhibition assays,
a 100-fold excess of unlabeled PBF A24.2-pulsed target cells
was added as cold target cells. After a 6 h incubation period at
37°C, the release of the *'Cr level in the supernatant of the
culture was measured by quantification in an automated gamma
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Table 3. Univariate analysis of variables in event-free survial and overall survival

Event-free survival

Overall survival

Variables B {months in average) fealye {months in average) ERYIE

Age <15 41 49.6 0.215 66.8 0.949
>15 37 54.7 63

Gender Male 46 48.5 0.244 64.4 0.101
Female 32 57.1 70.8

Stage I8 76 53.4 0.006 66.3 0.062
e 2 0 16.5

Histological type Osteoblastic 53 521 0.052* 60.7 0.461*
Chondroblastic 12 38.2 <0.001* 67.7 0.105*
Fibroblastic 12 61.0 0.899* 78.3 0.665*
Teleangiectatic 1 103.4

Response to chemotherapy Grades 0,1 41 40.5 <0.001 60.2 0.007
Grades 2,3 37 64.7 70.3

PBF status Positive 72 49.2 0.025 63.3 0.091
Negative 6 85.2 85.2

*P-value was determined in comparison with the survival of patients with other subtypes.

Table 4. Clinical picture and frequency of anti-PBF A24.2 peptide CTLs in PBMC of patients with PBF-positive osteosacoma

Participarits Status of Cheticttisrapy Total number  Number of tetramer-  Number %CD8 Number of

tumor bearing of tested wells positive wells of PMBC CD8* cells per pool  Frequency'
Patient
26 (Y} underway 62 14 200 000 17 34 000 7x10°¢
36 P not done 194 6 210 000 23 48 000 6x107
76 P) underway 19 2 200 000 9 18 000 6x 106
78 (P) underway 62 1 200 000 15 30 000 5x 107
79 (P), M underway 28 0 200 000 15 30 000 <1 x10°"
80 (P) underway 160 15 290 000 20 58 000 2x10°®
81 (P) underway 149 5 200 000 3 6000 6x10°¢
82 (P) underway 132 3 200 000 4 8000 3x10¢
83 P underway 40 5 200 000 25 50 000 3 210+

"Frequency of anti-PBF A24.2 CTLs among CD8" cells. *Parentheses indicate that the tumor had been present previously but was free at the
time blood sample was taken. CTLs, cytotoxic T lymphocytes; M, metastatic tumor; P, primary tumor; PBF, papillomavirus binding factor;

PMBC, peripheral blood mononuclear cell.

counter, The percentage of specific cytotoxicity was calculated
as the percentage of specific *'Cr release: 100 x (experimental
release — spontaneous release)/(maximum release — spontaneous
release). The cytotoxicity rate to OS2000 was calculated as
(%cytotoxicity to each target cells)/(%cytotoxicity to OS2000).

Results

Expression of PBF protein in osteosarcoma. To determine the
prevalence of the osteosarcoma-derived antigen PBF protein in
osteosarcomas, we stained formalin-fixed paraffin-embedded
sections of 83 specimens with a polyclonal antibody against
PBF (Table 1 and Fig. 1). Of these, 76 specimens (92%) were
positively stained with the anti-PBF antibody, including 49
specimens (59%) with high-grade staining.

Prognostic impact of PBF expression in patients with
osteosarcoma. We then analyzed the prognostic significance of
several variables including expression of PBF, in 78 patients
with osteosarcoma who completed chemotherapy protocols
and had wide tumor excision (Table 1). As depicted in Table 3,
patients with chondroblastic type osteosarcoma showed
significantly poorer event-free survival rate than those with
other histological types. Forty-one patients with osteosarcoma
showing a poor response to preoperative chemotherapy (Grades
0 and 1) showed significantly more unfavorable event-free and
overall survival rates than 37 good responders (Grades 2 and 3).
With respect 1o PBF-expression status, 72 patients with positive

a7z

expression of PBF in the primary tumor were significantly more
unfavorable in event-free survival than six patients with PBF-
negative osteosarcoma (P = (.025). This finding was consistent
in subgroup analysis with 46 patients with high-grade PBF
expression and 26 patients with low-grade PBF expression
(P = 0.026 and 0.032, respectively). In contrast, age and gender
failed to have significant prognostic impacts on event-free and
overall survival rates of the patients.

Subsequently, we analyzed the relationship between the
PBF-expression status in osteosarcoma and other variables.
PBF-expression status was not significantly related to any
variables including age (P = 0.472), gender (P = 0.184), stage
(P = 0.694), histological type (P =0.743) and the response 1o
chemotherapy (P = 0.069).

Affinity of PBF-derived synthetic peptides to HLA-A*2402
molecules. To determine the immunogenicity of PBF in patients
with HLA-A24, we synthesized 10 peptides from the PBF
sequence in accordance with the BIMAS score for HLA-A24
affinity (Table 2). Subsequently, we evaluated the affinities of
these peptides to HLA-A24 molecules by the HLA class-I
stabilization assay. As shown in Table 2, peptide PBF A24.2
showed the highest MFI increases in the context of HLA-A24,

Frequency of anti-PBF A24.2 CTLs in HLA-A24' patients with
osteosarcoma. We then examined the frequency of peripheral CD8*
T-lymphocytes that recognized the PBF A24.2 peptide in 9 HLA-
A24" patients with PBF* osteosarcoma by LD/MLPC/tetramer
analysis. As depicted in Table 4 and representatively shown in Fig, 2(a),
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Fig. 2. Tetramer-based detection of anti-PBF (@)
A24.2 peptide CTLs in peripheral blood of patients

with osteosarcoma. (a) peripheral blood mono- f =
nuclear cell of Patient 26 were seeded into 62
microwells and stimulated with the papillomavirus
binding factor (PBF) A24.2 peptide by mixed
lymphocyte peptide culture under limiting dilution
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conditions (LD/MLPC). The resultant cytotoxic T
lymphocytes (CTL) pools were stained with the
phycoerythrin (PE)-conjugated A24/PBF A24.2
tetramer, fluorescein isothiocyanate-conjugated
control tetramer, and a PE-Cy5-conjugated anti-
CD8 mAb. Cells reacting with the anti-CD8 mAb
were gated. The reactivity of gated cells with the
A24/PBF A24.2 tetramer and the control tetramer
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are shown. The upper and middle columns display
six representative pools with positive reactivity
to the A24/PBF A24.2 tetramer. The cells labeled
with the A24/PBF A24.2 tetramer and non-labeled
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to be tetramer-positive cells and are boxed to
show their proportion among CD8* cells. The
bottom row shows three negative pools. (b) CD8'
cells (2.5 x 10° cells/well) of Patient 36 were seeded
into 37 wells of a 48-well culture plate and
stimulated with irradiated peptide-pulsed CD8
cells (5 x 10° cells/well) by LD/MLPC. Tetramer
analysis was performed on day 14. The results of
one of the four tetramer-positive CTL line (CTL

#034) in the 37 pools are shown. Cells reacting K562
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with the anti-CD8 mAb were gated. The tetramer-
positive cells are boxed to show their proportion
among CD8" cells. (c) The cytotoxicity of CTL #034
against allogeneic osteosarcoma cell lines (052000,
HOS, U20S), LCL-052000 and K562 was assessed
by a 6 h standard *'Cr release assay at the indicated
etfector:target ratios. 052000 was assayed in the
presence and absence of 48 h-interferon-gamma
pretreatment. (d) The cytotoxicity of CTL #034
against peptide-pulsed LCL-052000 and K562 was
assessed by a 6 h standard *'Cr release assay at
the indicated effector:target ratios. LCL-O52000
was pulsed with 25 pg/mL of PBF A24.2 peptide
or HIV control peptide for 2 h at room temperature
before labeling with 5'Cr. (e) Cold target inhibition
assay. The cytotoxicity of CTL #034 against
interferon-gamma-treated, *'Cr-labeled 052000
was assessed in the presence and absence of a
100-fold excess of PBF A24.2 peptide-pulsed,
cold LCL-052000 at a 10:1 effector-target ratio.
SICr-labeled LCL-052000 cells pulsed with the PEF
A24.2 peptide or HIV peptide were also used as
control target cells.
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anti-PBF A24.2 CTLs were detected as tetramer-positive cells in
eight of the nine patients with osteosarcoma. The frequencies of
anti-PBF A24.2 CTLs were between 5Sx 107 and 7 x 10°°
(4 x 10 in average) in eight tetramer-positive patients.
Tetramer-based cytotoxicity of anti-PBF A24.2 (TlLs against
osteosarcoma cell lines. Finally we assessed the cytotoxic activity
of tetramer-positive cells against allogeneic osteosarcoma cell
lines. We induced tetramer-positive anti-PBF A24.2 CTLs from
1 x 10" CD8* cells of Patient 36 by LD/MLPC using 48-well
culture plates. Irradiated peptide-pulsed CD8" cells were used as
stimulator cells. As a result, 4 of 37 tetramer-positive CTLs
were detected by tetramer analysis on day 14. Four tetramer-
positive CTLs contained 3.47%, 0.03%, 15.26% and 20.19%.
One of four CTL lines (CTL #034) was shown in Fig. 2(b).
The cytotoxicity against 0S2000 (PBF*, A24*), LCL-OS2000
(PBF, A24*), HOS (PBF', A24"), U20S (PBF*, A24") and
K562 (PBF", HLA class I loss) was comparatively assessed by
'Cr release assay. As depicted in Fig. 2(c), CTL #034 showed
specific cytotoxicity against OS2000 and the cytotoxicity was
enhanced by interferon-gamma pretreatment. In contrast, none
of these CTL lines exhibited cytotoxic activity against LCL-
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0852000, HOS, U208, or K562 cells. The other three tetramer-
positive CTL lines also showed specific cytotoxicity against
082000 (data not shown).

We subsequently determined the specificity of cytotoxicity
with the PBF A24.2 peptide by using peptide-pulsed LCL-OS2000.
As shown in Fig. 2(d), CTL #034 lyzed PBF A24.2 peptide-
pulsed LCL-OS2000 more than control peptide (HIV)-pulsed
LCL-OS2000 or K562 cells. Peptide-specific cytotoxicity of
CTL #034 was also assessed by cold-target inhibition assay
(Fig. 2e). Cytotoxicity against OS2000 pretreated with interferon-
gamma was inhibited by adding a 100-fold excess of cold
LCL-0S2000 pulsed with PBF A24.2.

Discussion

In the present study, we examined the distribution profile,
prognostic impact, and immunogenicity of the novel tumor-
associated antigen PBF in osteosarcoma. We found: (i) that 92%
of 83 osteosarcoma specimens expressed PBF protein; (ii) that
PBF-positive osteosarcomas conferred a significantly poorer
prognosis than those with negative expression of PBF in event-free
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survival of 78 patients who completed the standard treatment;
(iii) that CD8" T cells reacting with a PBF-derived HLA-A24-
binding peptide (PBF A24.2 peptide) were detected in eight out
of nine HLA-A24-positive patients with osteosarcoma at the
frequency from 5% 107 to 7 x 10% and (iv) that PBF A24.2
peptide induced CTL lines from an HLA-A24-positive patient,
which specifically killed an osteosarcoma cell line that
expresses both PBF and HLA-A24. These findings suggest
the oncogenic and antigenic role of PBF in patients with
osteosarcoma, especially those with HLA-A24. The proof of
immunogenicity of PBF has been limited to an HLA-B55-
positive patient with osteosarcoma."” Wide distribution of PBF
in osteosarcoma and the immunogenicity of PBF seen in patients
with HLA-A24 extended the possibility of PBF-targeted immuno-
therapy against osteosarcoma. Patients with negative expression
of PBF in osteosarcoma can be treated successfully by the
current chemotherapy-based treatment protocols.

To date, peptide-based immunotherapy in patients with bone
and soft tissue sarcomas has been reported only with the use of
fusion gene-derived peptides.®'** This approach has been available
for tumors in which specific chromosomal translocations have
been identified, including synovial sarcoma and Ewing sarcoma.
However, for other sarcomas including osteosarcoma, where
chromosomal translocation and a resultant fusion gene have
not been identified, novel tumor-associated antigens need to be
defined. With this aim, we developed autologous pairs of tumor
cells and CTLs from patients with sarcomas. Consequently, PBF
was identified from an autologous osteosarcoma-CTL pair, PBF
protein was defined in 89% of the various bone and soft tissue
sarcomas (Tsukahara er al. 2004, unpub. data). Therefore, the
PBF A24.2 peptide might be applicable to immunotherapy
against bone and soft tissue sarcomas without known chromo-
somal translocations, other than osteosarcoma.

Our univariate analysis revealed prognostic significance of
PBF in event-free survival. Such prognostic values need to be
verified by multivariate analysis. In this regard, all of the six
patients with PBF-negative osteosarcoma analyzed are con-
tinuously disease-free. Unfortunately, the disproportional profile
of these patients caused failure in multivariate analysis.
In contrast, poor response to chemotherapy and chondroblastic
subtype remained significant in the multivariate analysis
(Tsukahara et al. 2007, unpub. data), indicating the validity of
the patient population in the present analysis. The unfavorable
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