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Dickinson and Company (BD), NJ, USA). Lymphocytes prepared
from spleens were stimulated with TYRP-2 peptide (2 mg/mi) for
five days, then stained with APC-labeled TYRP-2-specific tetramer
and FITC-labeled CD8a mAb. Samples were analyzed by FACS
vantage using Cell QUEST software (BD). Lymphocytes were gated
on CD8"* cells. More than 10° events were acquired for each sample.

2.8. Cell proliferation assay

For assessment of the growth-inhibitory activities of NPr-4-S-
CAP and NPr-2-5-CAP, NIH3T3, B16F1, 70W and M1 cells were
dispensed at a density of 1.0 x 10° in 6-cm dishes and cultured for
24 h. Selected concentrations of NPr-4-S-CAP (0.5, 1.0, 2.0, and
3.0 mM), NPr-2-S-CAP (0.5, 1.0, 2.0, and 3.0 mM) or propylene
glycol (120 1) were added. After cells were cultured for 1 h, they
were washed and refed with fresh DMEM and cultured for 24 h.
The numbers of living cells that were not stained by trypan blue
were counted and the average of 6 dishes was determined.

2.9. Flow cytometric analysis

B16F1, NIH3T3, RMA and TXM18 cells were cultured in the NPr-
4-S-CAP-containing medium (1 mM) or propylene glycol for 1 h,
they were washed in PBS and cultured for 24 h. For the positive
control of apoptosis, TNF-related apoptosis-inducing ligand
(TRAIL)/Apo2L (Wako, 2.0 pg/ml) was added and the cells were
cultured for 24 h. Next, adherent and floating cells were collected
together, washed in PBS, dehydrated in 70% cold ethanol and
stored on ice for 2 h. They were then rehydrated in cold PBS and
incubated in the presence of RNaseA (100 pg/ml) (Invitrogen) at
37 °C for 30 min. After incubation, the cells were rinsed twice in
cold PBS and suspended in 2.0 ml of PBS containing 10 p.g/ml
propidium iodide (Wako) at 4 °C for 2 h. Sub G1, G1, S, and G2/M
populations were quantified with a FACS Calibur flow cytometer
(BD) using the Cell QUEST program.

2.10. Caspase enzyme assay

For this assay, 1.5 x 10* B16F1, NIH3T3, RMA and TXM18 cells
were seeded in 96-well plates. After 24 h, the medium was
replaced by one containing NPr-4-S-CAP or propylene glycol at the
indicated concentrations followed by incubation for 1 h at 37 °C
and washing with PBS. For positive control, cells were cultured in
the presence of TRAIL/Apo2L and cultured for 24 h. After medium
containing Caspase-Glo3/7 Assay kit solution (100 ul, Promega,
Madison, WI) was added and the cells were cultured for 2 h,
activity of caspase 3/7 was measured using a Wallac 1420 ARVO
series multilabel reader (Perkin Elmer, MA, USA).

2.11. TUNEL assay

In order to assess the apoptosis in NPr-4-S-CAP mediated
melanoma tumors, TUNEL assay was performed with an apoptosis
detection kit (Takara Bio, Shiga, Japan). Tumors in group III and
control groups processed according to Protocols 1 and 3 were
harvested on day 22 as described above and fixed in formalin (4%,
w/v) overnight. Samples were then dehydrated and embedded
with paraffin. The staining was operated according to the
manufacturer’s instructions.

2.12. Fluorescence microscopy

Using a confocal fluorescence microscope (Radiance 2000MP,
BIO-RAD, CA, USA), we studied the morphologic features of cell
death induced by NPr-4-S-CAP. For this, 1.5 x 10* B16F1 and
NIH3T3 cells were separately seeded on round glass coverslips that

were coated with Atelo Cell IPC-30 (Koken Co. Ltd., Tokyo, Japan)
and put into 12-well plates. They were cultured for 24 h with 5%
FBS at 37 °Cin a 5% CO, atmosphere. Cells were stained with 5 uM
5-(and-6)-chloromethyl-2’,7-dichlorodihydro-fluorescein diace-
tate, acetyl ester (CM-H,DCFDA, Invitrogen) for 30 min. They
were then cultured in the medium containing NPr-4-S-CAP
(1.0 mM) or propylene glycol (40 wl) for 1 h. After being cultured
for 24 h, they were stained with a Rab pAb to Active Caspase 3
(Abcam, Cambridge, MA, USA), stained with Hoechst 33342 (10 w.l
per dish, Wako, Japan) and analyzed under a confocal microscope.
The difference between apoptosis and necrosis was determined
according to a previous report [15]; cells with nuclei showing
aggregation and deformation were considered to be apoptotic and
those with round nuclei to be necrotic.

2.13. Detection and analysis of intracellular ROS

After non-pigmented melanoma TXM18 and SK-mel-24 cell
lines and pigmented melanoma B16F1, 70W, M-1 and G361 cells
were cultured in medium containing 5 .M CM-H,DCFDA (DCF,
Invitrogen) for 30 min at 37 °C, they were washed with PBS, refed
with medium containing NPr-2-S-CAP (1, 3, 6 mM) or NPr-4-S-CAP
(0.5, 1, 2, 3, or 6 mM). After they were cultured for 1 h, they were
washed in PBS and cultured for 24 h. For the positive control with
exposure to ROS, the cells were cultured with H,0, (0.5, 1, 2,3 mM)
for 24 h. Next, adherent and floating cells were collected together
and processed for flow cytometry to quantify the M2 fraction using
the Cell QUEST program (BD).

2.14. Statistical analyses

The data were analyzed by one- or two-way analysis of variance
(ANOVA) and then differences in experimental results for tumor
growth were assessed by Sheffe’s test to compare all the
experimental groups, or Dunnett’s test for the experimental
groups vs. the control group. For multiple comparisons the data
were assessed by the log-rank test with Bonferroni correction.
Differences in survival rates were analyzed by the Kaplan-Meier
method. The level of significance was P < 0.05 (two-tailed). All
statistical analyses were performed using StatView J-5.0 (SAS
Institute Inc., Cary, NC, USA).

3. Results
3.1. NPr-4-S-CAP induces apoptotic cell death of B16F1 cells

B16F1, 70W and M-1 melanoma and NIH3T3 fibroblast cells
were separately cultured in media containing different concentra-
tions of NPr-4-S-CAP (0-3.0 mM) and NPr-2-S-CAP (0-3.0 mM).
After a 24 h-incubation period, the anti-proliferative effect was
assessed by cell-counting assay. Fig. 1 shows the effects of different
concentrations of NPr-4-S-CAP and NPr-2-S-CAP on melanoma and
NIH3T3 cells. The results indicated that NPr-4-S-CAP had a dose-
dependent antiproliferative effect on B16F1, 70W and M-1 cells
(P < 0.05, 51.6% of the relative cell number at the concentration of
3.0 mM in B16F1 cells) but not on NIH3T3 cells (83.7% at 3.0 mM).
Conversely, NPr-2-S-CAP, an inactive form of CAP, did not have
antiproliferative effects on B16F1 or NIH3T3.

To examine the mechanism of the cell death induced by NPr-4-
S-CAP, these cells were subjected to flow cytometric analysis,
caspase 3 assay and TUNEL staining. The sub-G1 fraction was
increased in the NPr-4-S-CAP-treated B16F1 cells, comparable to
TRAIL-exposed B16F1, but not in the NPr-4-S-CAP-treated non-
melanoma cells (NIH3T3, RMA) or non-pigmented melanoma cells
(TXM18) (Fig. 2A). The luminescent assay detected caspase 3/7
activity in the NPr-4-S-CAP-treated B16F1 cells remarkably
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Fig. 1. NPr-4-S-CAP, but not NPr-2-S-CAP, suppresses growth of melanoma cells. The number of cells cultured in the medium containing NPr-4-S-CAP or NPr-2-S-CAP was
counted as described in Section 2. All data are presented as mean + standard deviation. Growth of B16F1, 70W and M-1 melanoma, but not NIH3T3 fibroblast cells, was

suppressed by NPr-4-S-CAP (P < .05, Dunnett’s test).

increased (35.8-fold) compared to that in the non-treated cells
(Fig. 2B). NIH3T3, RMA and TXM18 cells treated with TRAIL
showed 10.6, 7.1 and 5.8-fold increases of caspase 3/7 activation
compared to the control, respectively, whereas those with NPr-4-
S-CAP showed increases of 4.1, 1.4 and 1.8-fold, respectively
(Fig. 2B). As shown in Fig. 2C, the number of TUNEL-positive cells
was significantly increased only in the B16F1 tumor treated with
NPr-4-S-CAP. This increase was not observed in the B16F1 tumor
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Control NPr-4-S-CAP TRAIL

Sub-G1 G2+M Sub-G1 G2+M Sub-G1 G2+M
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without NPr-4-5-CAP or in RMA tumors with or without NPr-4-S-
CAP. These findings suggested that NPr-4-S-CAP induces apoptotic
cell death selectively in pigmented melanoma cells.

3.2. NPr-4-S-CAP produces ROS

Melanoma cells produce ROS in the process of melanogenesis,
possibly resulting in their degradation with disruption of cell

B P B Control
g4 NPr-4-S-CAP
Z O TRAIL
Z 30 -
L
3
=
o 20
3
5o
o
§ 10
N
\
0 N
B16F1  NIH3T3
C

Fig. 2. NPr-4-S-CAP mediated apoptotic cell death of B16F1 melanoma cells. (A) Flow cytometric analysis of cellular DNA detected an increased sub-G1 fraction in NPr-4-5-
CAP-treated B16F1 (a), but not NIH3T3 (b}, RMA (c) or TXM18 (d). (B) Assay of caspase 3/7 in cells treated with NPr-4-S-CAP or TRAIL. Cells were cultured in the presence of
NPr-4-S-CAP, TRAIL, or propylene glycol in 96-well plates and then processed for measurement of caspases 3 and 7 using a Caspase-Glo3/7 Assay kit. (C) Apoptosis of B16F1
tumors induced by NPr-4-S-CAP was assessed by the TUNEL method. Samples were obtained from (a) B16F1 tumors injected with propylene glycol, (b) B16F1 tumors treated
with NPr-4-S-CAP, (c) RMA tumors injected with propylene glycol and (d) RMA injecteds with NPr-4-S-CAP. TUNEL-positive nuclei appear dark brown (200x).
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Fig. 3. Confocal microscopic observation of cells treated with NPr-4-S-CAP. B16F1 and NIH3T3 cells were stained with CM-H,DCFDA for ROS production, a Rab pAb for

activated caspase 3, and Hoechst 33342 for living nuclei.

membranes [16-18], but the molecular mechanism of NPr-4-S-
CAP-mediated cell death has not yet been elucidated. To analyze
the relations between NPr-4-S-CAP-mediated apoptosis and ROS
production in B16F1 cells, we examined ROS generation and
morphological changes using confocal fluorescent microscopy and
flow cytometer. When B16F1 cells were cultured in the medium
containing NPr-4-S-CAP, about half of their nuclei were aggregated
and deformed, which was associated with an increase of ROS and
caspase 3 in their cytoplasm (Fig. 3). NIH3T3 cells, however, did not
show any of these changes (Fig. 3). When pigmented (B16F1, 70W,
M-1 and G361) and non-pigmented (TXM18 and SK-mel-24)
melanoma cells were treated with NPr-4-S-CAP, ROS production
was selectively observed in the pigmented melanoma cell lines
(Fig. 4). These findings suggested that NPr-4-S-CAP selectively
produced ROS in pigmented melanoma cells such as B16F1 and
that ROS played an important role in the NPr-4-5-CAP-associated
apoptosis.

3.3. NPr-4-5-CAP suppresses growth of primary and secondary B16F1
tumors in mice

To examine whether NPr-4-S-CAP had an anti-melanoma effect,
syngeneic mice bearing B16F1 tumors were given NPr-4-S-CAP by

intratumoral injections and the volumes of tumors are measured
as described in Section 2. First, we compared the direct effects of
NPr-4-S-CAP and NPr-2-S-CAP on the transplanted B16F1 melano-
mas. Growth of tumors injected with NPr-4-S-CAP was remarkably
suppressed (P = .0247 by a Sheffe test), but those treated with NPr-
2-S-CAP, like control mice, were not affected (Fig. 5). The mice were
divided into four different groups, a non-treated control group, and
treated groups I, Il and III. Tumors in group Il (injected every other
day for a total of five times) and group Il (injected for five
consecutive days), especially, showed significant reductions in
their volumes compared to those of control mice by day 20
(P=.0163 and .0100, respectively, vs. control group, Fig. 6A). On
the other hand, NPr-4-S-CAP did not affect the tumor volume of
transplanted RMA T-cell lymphoma (Fig. 6B). These results
suggested that NPr-4-S-CAP had a selective chemotherapeutic
effect on B16F1 melanoma cells.

We then examined whether secondary B16F1 tumors trans-
planted on the opposite flank were suppressed after the treatment
of primary tumors with NPr-4-S-CAP. In all the treated groups (I, Il
and III), tumor growth after being re-challenged with secondary
B16F1 melanomas was suppressed (Fig. 6C). The tumor volumes of
groups II and Il were significantly reduced compared to those of
the control mice (P=.0321 and .0160, respectively, Fig. 6C).
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Fig. 4. Pigmented melanoma but not non-pigmented melanoma cells produce ROS in the presence of NPr-4-S-CAP. Cells were cultured in the presence of MDCF for 30 min,
washed twice with PBS, refed with medium containing NPr-2-5-CAP or NPr-4-S-CAP and cultured for a further 1 h. They were then harvested and processed for FACScan

analysis.

However, secondary RMA T-cell lymphoma tumors were not
suppressed when they were transplanted after the primary B16F1
tumors were removed (Fig. 6D). The survival periods and survival
rates of mice among the four groups were observed for as long as
120 days. Significant prolongations of survival were observed in
groups I, Il and III compared to the control group (P=.0177,.0024
and .0435, respectively, Fig. 7A).
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Fig. 5. NPr-4-S-CAP, but not NPr-2-S-CAP, suppresses growth of transplanted B16F1
tumors. The syngeneic mice bearing B16F1 tumors were given 24.4 umo! NPr-4-S-
CAP or NPr-2-S-CAP in five consecutive intratumoral injections and the volumes of
tumors were measured.

In the histopathological examination against primary and
secondary transplanted B16F1 or RMA tumors, a dense inflamma-
tory infiltrate including neutrophils, macrophages, plasma cells
and lymphocytes was observed around NPr-4-S-CAP treated B16F1
tumors which were harvested on day 22 (Fig. 8E and F).
Furthermore, we observed that numerous CD8" T cells were
infiltrated within these tumors (Fig. 8H). By contrast, inflammatory
cells were not detectable in the primary B16F1 tumors without
treatment or RMA tumors with or without treatment (Fig. 8A and B,
data not shown for RMA tumors). CD4" T cells were not infiltrated
in either these tumors (Fig. 8C and G). In the secondary B16F1
tumors, the inflammatory cells were infiltrated around the residual
tumor but the density of CD4" and CD8" T cells was not prominent
as the treated primary tumors (data not shown).

3.4. CD8" T cells mediate suppression of re-challenged B16F1
melanoma

Six weeks after the NPr-4-S-CAP injections, vitiligo (depig-
mented cutaneous lesions) or a change in hair color to white
appeared in two of the six mice in group Il in the areas of the body
distant from the injection points (Fig. 7B). This suggested that the
vitiligo was not generated by a direct effect of NPr-4-S-CAP but by
the induction of systemic tumor-specific T-cell immunity against
melanocytes. To analyze the mechanism of the anti-melanocyte
immunity induced by NPr-4-S-CAP, in vivo T cell depletion assay
was performed. When B16F1 melanoma-bearing mice were
injected with an anti-CD8 antibody i.p., tumor growth was not
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Fig. 6. NPr-4-S-CAP suppresses growth of primary and secondary rechallenge B16F1 melanomas. (A) Mice were transplanted with B16F1 cells and treated with NPr-4-S-CAP.
Tumor volumes of treated groups I, Il and Ill were suppressed. In particular, tumors in groups Il and 1l showed significant reductions in their volumes (P <.05). (B)
Transplanted RMA mouse T lymphomas were injected with NPr-4-S-CAP and tumor volumes were measured. (C) Tumor volumes of secondary B16F1 melanomas in mice
belonging to groups [, If and I1I. Growth of rechallenge melanomas on the opposite flanks was markedly suppressed in the mice of groups Il and IiI. (D) Growth of secondarily
transplanted RMA lymphomas was not inhibited in mice after the primary B16F1 tumors were removed.

suppressed. However, the growth of tumors remained significantly
suppressed (i.e., it was not further affected) after injection of an
anti-CD4 antibody or Rat IgG i.p. (P =.0167 vs. rat IgG group, Fig. 9).
This suggested that CD8* T cells participated in the NPr-4-S-CAP-
mediated anti-B16F1 immunity.

To analyze whether tumor-specific immunity had been
induced, CTL induction was examined by Cr-release assay and
tetramer assay. Spleen cells were obtained from the cured mouse
and mixed with B16F1 cells to detect their specific lyses. As shown
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in Fig. 10A, spleen cells showed cytotoxic activity to B16F1 cells but
not to the non-melanoma RMA cells. However, spleen cells from
the naive or RMA-challenged mice did not show cytotoxic activity
to either B16F1 or RMA cells. For the tetramer assay, splenocytes
were prepared from a naive mouse and from mice with B16F1 or
RMA tumors after treatment with NPr-4-S-CAP, and stimulated in
vitro with TYRP-2 peptide for five days.

Recovered splenocytes were stained with TYRP-2-specific
tetramer, and proportions of peptide-specific CD8" T cells were

B

Fig. 7. (A) The survival periods and survival rates of tumor-bearing mice. Kaplan-Meier survival curves over a period of 120 days after the tumor transplantation showed that
significant prolongations of survival were observed in groups I, Il and 1l compared to the control mice (P=.0177, P=.0024 and P=.0435, respectively, vs. control). (B)
Appearance of vitiligo on the treated mice. Six weeks after the NPr-4-S-CAP injection, vitiligo or white hair appeared at body sites distant from the injection point,
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Fig. 8. Dense inflammatory cells and CD8* T cells were infiltrated in NPr-4-S-CAP treated B16F1 tumors. The B16F1 tumors were harvested on day 22 and histopathological
features were analyzed by HE-staining (A, B, E, F) or an anti-mouse CD4 mAb (C, G) or CD8 mAb (D, H).

determined. As shown in Fig. 10B, 9.08% of the CD8" T cells in the
B16F1-challenged mice treated with NPr-4-S-CAP were specific for
the TYRP-2 peptide, compared with 2.66% or 2.96% in the naive or
RMA-challenged mice, respectively. In addition, lymphocytes
isolated from the regional lymph node of RMA or B16F1
transplanted into mice treated with NPr-4-S-CAP, were also
stained with TYRP-2-specific tetramer. As shown in Fig. 10B,
8.14% of the CD8" T cells in the B16F1-challenged mice treated with
NPr-4-5-CAP were specific for the TYRP-2 peptide, compared with
5.43% or 4.89% in the naive or RMA-challenged mice, respectively.
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Fig. 9. Suppression of secondary tumors is inhibited by an anti-CD8 antibody. After
the first challenge, the mice from group HI were injected with 0.2 mg of anti-CD4,
anti-CD8 or rat IgG i.p. on days 29 and 43, one week before and after the rechallenge
by B16F1 transplantation, respectively.

The results from the two independent CTL assays were highly
consistent, showing that the NPr-4-S-CAP treatment to B16F1
melanoma produced a functional CTL response.

4. Discussion

Although selective cytotoxicities and anti-melanoma effects of
cysteaminyl phenol derivatives have been reported, the mecha-
nisms of cell death induced by the compounds have not been
elucidated. Here, we demonstrated that NPr-4-S-CAP induced
apoptosis selectively in pigmented melanoma cells in association
with ROS production and caspase 3 activation. In addition, this is
the first report demonstrating that NPr-4-S-CAP can induce host T-
cell immune responses associated with rejection of in vivo
rechallenge with melanoma.

Tyrosinase inhibitors with simple skeletal structures similar to
phenol such as hydroquinone, kojic acid, arbutin and deoxyarbutin
have been used as skin whitening agents via topical application
[19]. Administration of a melanin precursor such as 4-S-
cysteaminylphenol to black mice resulted in depigmentation of
hair follicles, possibly by the selective disintegration of melano-
cytes in the hair bulb [10,14,20~22]. NPr-4-S-CAP exerts strong
cytotoxicity toward melanoma cells, in which melanin synthesis is
highly elevated [8,9,11]. When phenolic amine compounds are
oxidized by tyrosinase, melanin intermediates inhibit the activity
of SH enzymes such as thymidylate synthase, alcohol dehydroge-
nase and DNA polymerase by covalent binding through their
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Fig. 10. Splenocytes and/or lymphacytes of tumor-bearing mice contain CTL activity against B16F1 cells detectable by 3'Cr assay (A) and tetramer assay (B). (A) After the first
challenge, the spleen cells from naive mice (control) and B16F1- or RMA-challenged mice treated with NPr-4-S-CAP were harvested from the mice and cytotoxic activity of
effector cells against target cells (B16F1 and RMA) was determined by standard 'Cr assay. T, tumor B16F1 cells; E, effector spleen cells. (B) Splenocytes and lymphocytes from
naive mice (control), RMA- or B16F1-challenged mice treated with NPr-4-S-CAP were stained with APC-labeled TRP-2-specific tetramer together with FITC-labeled anti-CD8
mAb. The numbers shown represent the percentage of tetramer” cells within CD8" T lymphocytes.

cysteine residues, resulting in melanoma-specific cytotoxicity
[23-25].

In the present study, NPr-4-S-CAP suppressed growth of
cultured melanoma cells and induced apoptotic cell death
accompanied by ROS generation. Since pigmented melanoma cells
(B16F1, 70W, G361 and M-1), but not non-pigmented ones
(TXM18 and SK-mel-24), produced significant amounts of ROS
(Fig. 4) in the presence of NPr-4-S-CAP, it was suggested that
melanin biosynthesis was essential for NPr-4-S-CAP to produce
ROS. It has been reported that ROS-mediated apoptosis is initiated
via two pathways, the death receptor (Fas ligand—-Fas receptor) and
the mitochondria-mediated pathway in which the Trx/ASK1
complex acts as a redox switch to release cytochrome C [26,27].
Intracellular ROS mediate apoptotic cell death, which elicits a
strong host inflammation reaction and subsequent induction of
host immune responses [28]. Transcription factor NF-E2-related
factor 2 (Nrf2) is activated by ROS to induce cellular genes such as
glutathione-S-transferase, heme oxygenase and glucose-6-phos-
phodehydrogenase to protect cells from oxidative stress [29,30]. It
is possible that Nrf2-1 and/or its related genes could not be
induced to a level sufficient for the protection of melanoma cells
from oxidative stress.

In the mouse model of thermotherapy for B16 melanoma, it has
been suggested that HSPs, especially HSP70 and HSP72, are

involved in tumor-specific CTL responses [31,32]. We suggested in
a previous report that the CTL response against B16-OVA
melanoma induced by hyperthermia using NPrCAP/M (NPr-4-S-
CAP conjugated to magnetite) was associated with the release of
the HSP72-peptide complex from degraded tumor cells [33]. In the
present study, we therefore examined whether HSPs were induced
in and released from melanoma cells after injection of NPr-4-S-
CAP; however, Western blot analysis did not detect an increase of
HSP72 or HSP90 in the NPr-4-S-CAP-treated B16F1 cells {(data not
shown). Thus, although intracellular HSPs may play a role in the
induction of NPr-4-S-CAP-mediated antitumor immunity, the
induction of HSPs is not a prerequisite for the NPr-4-S-CAP-
mediated tumor-specific immune response.

Results of the in vivo T cell depletion assay using anti-CD8
antibodies, Cr-releasing assay and tetramer assay using B16F1 and
spleen cells from NPr-4-S-CAP-treated and cured mice suggested
that suppression of the primary tumor by NPr-4-S-CAP was able to
induce CD8" T cell immunity against component of B16F1
melanoma. Melanoma tumor antigens recognized by T lympho-
cytes are derived from melanocyte differentiation antigens
(tyrosinase, TYRP-1, TYRP-2 and gp100), tumor testis antigens
(NY-ESO-1, MAGE1 and MEGE3) and mutated cellular gene
products (B-catenin and p53). In mouse B16 melanoma model,
TYRP-2 is reported to be a strong melanoma rejection antigen since
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tolerance to TYRP-2 can be broken by TYRP-2 vaccination and
TYRP-2-specific CTCLs mediate anti-tumor immunity [34-36].
Although it is not clear which B16F1 tumor antigens were
presented on the dendritic cells for induction of CD8" T cells, in
comparison with the naive or RMA-transplanted mice, increased
frequency of CD8* T cells specific for the TYRP-2 peptide were
detected in B16F1-challenged mice treated with NPr-4-S-CAP. This
suggested that TYRP-2 was a part, but not all, of a tumor antigen
associated with rejection of B16 melanoma.

Recently, Westerhof et al. proposed the haptenation theory in
which increased intracellular H,0, could trigger the increased
turnover of elevated levels of surrogate substrates of tyrosinase,
resulting in melanocyte-specific T-cell responses [37,38]. Accord-
ing to this hypothesis, tyrosinase would be recognized as a
melanoma-specific tumor antigen in relation to the systemic
immune responses, This line of study may contribute to the clinical
application of NPr-4-S-CAP for therapy targeting malignant
melanoma.
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In the present study, we evaluated the safety and effectiveness
of SYT-SSX-derived peptide vaccines in patients with advanced
synovial sarcoma. A 9-mer peptide spanning the SYT-SSX fusion
region (B peptide) and its HLA-A*2402 anchor substitute (K9l)
were synthesized. In Protocols A1 and A2, vaccines with peptide
alone were administered subcutaneously six times at 14-day
intervals. The B peptide was used in Protocol A1, whereas the
K91 peptide was used in Protocol A2. in Protocols B1 and B2, the
peptide was mixed with incomplete Freund’s adjuvant and then
administered subcutaneously six times at 14-day intervals. In
addition, interferon-« was injected subcutaneously on the same
day and again 3 days after the vaccination. The B peptide and
K9l peptide were used in Protocols B1 and B2, respectively. In
total, 21 patients (12 men, nine women; mean age 43.6 years)
were enrolled in the present study. Each patient had multiple
metastatic lesions of the lung. Thirteen patients completed the
six-injection vaccination schedule. One patient developed intrace-
rebral hemorrhage after the second vaccination. Delayed-type
hypersensitivity skin tests were negative in all patients. Nine
patients showed a greater than twofold increase in the fre-
quency of CTLs in tetramer analysis. Recognized disease progres-
sion occurred in all but one of the nine patients in Protocols A1
and A2. In contrast, half the 12 patients had stable disease dur-
ing the vaccination period in Protocols B1 and B2. Of note, one
patient showed transient shrinkage of a metastatic lesion. The
response of the patients to the B protocols is encouraging and
warrants further investigation. (Cancer Sci 2012; 103: 1625-1630)

S ynovial sarcoma is a malignant tumor of soft tissue charac-
terized by biphasic or monophasic histology, specific chro-
mosomal translocation t(X;18), and its resultant SYT-SSX fusion
(1,2) . . .

genes. Reported 5-year survival rates of patients with syno-
vial sarcoma range from 64% to 77%.°~" In contrast, most met-
astatic or relapsed diseases remain incurable, indicating a need
for new therapeutic options other than conventional surgery,
radiotherapy, and chemotherapy.

Antl%g:n—spemﬁc peptide immunotherapy is one such
option.®~1? Previously, we demonstrated that SYT-SSX fusion

doi: 10.1111/].1349-7006.2012.02370.x
© 2012 Japanese Cancer Association

gene-derived peptides (wild type and agretope modified) are
recognized by circulating CD8" T cells in HLA-A24" patients
with synovial sarcoma and elicit human leukocyte antj 3g
(HLA)-restricted, tumor-specific cytotoxic responses.31¥
Subsequent to these preclinical studies, we started a pilot c11m~
cal trial with a wild-type SYT-SSX-derived peptide vaccine."
In the present study, we evaluated immunologic and clinical
outcomes of the vaccination trials using an agretope-modified
SYT-SSX peptide and a combination of the peptide vaccine
with adjuvant and interferon (IFN)-a.

Materials and Methods

Eligibility. The study protocol was approved by the Clinical
Institutional Ethical Review Board of the Medical Institute of
Bioregulation, Sapporo Medical University, Sapporo, Japan.
Eligible patients were those who: (i) had histologically and
genetically confirmed unresectable synovial sarcoma (SY7-
S§SX1 or SYT-SSX2 positive); (ii) were HLA-A*2402 positive;
(iii) were between 20 and 70 years of age; (iv) had Eastern
Cooperative Oncology Group (ECOG) performance status
between 0 and 3; and (v) provided informed consent. Exclu-
sion criteria included: (i) prior chemotherapy, steroid therapy,
or other immunotherapy within the previous 4 weeks; (ii) the
presence of other cancers that may influence prognosis;
(iii) immunodeficiency or a history of splenectomy; (iv) severe
cardiac insufficiency, acute infection, or hematopoietic failure;
(v) ongoing breast-feeding; and (vi) unsuitability for the trial
based on the clinical judgment of the doctors involved.

Peptide. A 9-mer peptide (Peptide B: GYDQIMPKK) span-
ning the SYT-SSX fusion region and its HLA-A*2402 anchor
substitute (Peptide K9I: GYDQIMPKI), in which lysine at
position 9 was substituted to isoleucine, were synthesized
under good manufacturing practice (GMP) conditions by Mul-
tiple Peptide Systems (San Diego, CA, USA). The identity of

'8To whom correspondence should be addressed.
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Fig. 1. Vaccination protocols. In Protocols A, vaccines with K9I
peptide were administered subcutaneously six times at 14-day inter-
vals. In Protocols B, a mixture of SYT-SSX B peptide and incomplete
Freund's adjuvant (IFA) was administered subcutaneously six times at
14-day intervals. In addition, interferon (IFN)-a was injected on the
same day as the vaccination and 3 days after the vaccination. The B
peptide was used in Protocols A1 and B1, whereas the K91 peptide
was used in Protocols A2 and B2.

the peptide was confirmed by mass spectral analysis, and it
was shown to have >98% purity when assessed by HPLC. The
peptides were delivered to us as sterile, freeze-dried white
powders. They were dissolved in 1.0 mL physiological saline
(Otsuka Pharmaceutical, Tokyo, Japan) and were stored at
—80°C until just before use. The affinity of the peptides to
HLA-A24 molecules and their antigenicity has been deter-
mined in previous studies.1>

Vaccination schedule. Four protocols were used (Fig. 1). In
Protocols Al and A2, vaccines with the peptide alone (0.1 or
I mg) were administered subcutaneously into the upper arm
six times at 14-day intervals. The SYT-SSX B peptide (0.1 or
1 mg) was used in Protocol Al, as reported previously,®
whereas the K9I peptide (1 mg) was used in Protocol A2. In
Protocols B1 and B2, 1 mL peptide was mixed with 1 mL
incomplete Freund’s adjuvant (IFA, Montanide ISA 51; Seppic
Inc., Fairfield, NJ, USA). The mixture was then administered
subcutaneously into the upper arm six times at 14-day inter-
vals. In addition, 3 x 10° U IFN-a (Sumiferon; Sumitomo
Pharmaceuticals, Osaka, Japan) was injected subcutaneously
into the upper arm on the same day together with the vaccina-
tion and again 3 days after vaccination. The B peptide (1 mg)
was used in Protocol B1, whereas the K9I peptide (1 mg) was
used in Protocol B2.

Delayed-type hypersensitivity skin test. A delayed-type hyper-
sensitivity (DTH) skin test was performed at the time of each
vaccination. The peptide (10 pg) solution in physiological
saline (0.1 mL) and the physiological saline itself (0.1 mL)
were separately injected intradermally into the forearm. A
positive reaction was defined as the presence of erythema
(diameter >4 mm) 48 h after injection.

Toxicity evaluation. Patients were examined closely for signs
of toxicity during and after vaccination. Adverse events were
recorded using the National Cancer Institute Common Termi-
nology Criteria for Adverse Events v3.0 (CTCAE; http://ctep.
cancer.gov/protocolDevelopment/electronic_applications/docs/
ctcaev3.pdf).

Tetramer-based frequency analysis. The frequency of peptide-
specific CTLs was determined by tetramer-based analysis.
The HLA-A24/peptide tetramers (HLA-A24/K9I, HLA-A24/B
and HLA-A24/HIV) were constructed as described previ-
ously.*'*19 The PBMCs were obtained prior to vaccina-
tion and then again 1 week after the first, third, and sixth
vaccinations.

In Protocols Al, A2, and B2, cells were stained with phyco-
erythrin (PE)-Cy5-conjugated anti-CD8 antibody (eBioscience,
San Diego, CA, USA), PE-conjugated HLA-A24/B tetramer or
HLA-A24/K91 tetramer, and FITC-conjugated HLA-A24/HIV
tetramer. The CD8* living cells were gated and cells labeled

1626

with the HLA-A24/B (or K9I) tetramer, but not the HLA-A24/
HIV tetramer, were referred to as tetramer-positive cells
(Fig. S1). Analysis of stained PBMCs was performed using a
FACS Caliber (Becton Dickinson, San Jose, CA, USA) and
CellQuest software (Becton Dickinson). The frequency of
CTLs was calculated as the number of tetramer-positive cells/
number of CD8* cells.!'”

In Protocol B1, cells were first stimulated by limited dilu-
tion/mixed lymphocyte peptide culture (LD/MLPC) in 96-well
plates, as described previously.!'5'” Cells were stained with
PE-Cy5-conjugated anti-CD8 antibody, PE-conjugated HLA-
A24/K9I tetramer, and FITC-conjugated HLA-A24/HIV tetra-
mer. Cells were analyzed by flow cytometry using FACS
Caliber and CellQuest. The CD8" living cells were gated and
cells labeled with the HLA-A24/K9I tetramer, but not the
HLA-A24/HIV tetramer, were referred to as tetramer-positive
cells. Wells containing tetramer-positive cells were referred to
as tetramer-positive wells. The frequency of CTLs was calcu-
lated as follows (see Fig. S2): (number of tetramer-positive
wells)/(total number of CD8" cells seeded).*>?

Evaluation of the clinical response. Physical and hematologi-
cal examinations were performed before and after each vacci-
nation. Tumor size was evaluated by computed tomography
(CT) scans before treatment, after three vaccinations, and then
at the end of the study period. A complete response (CR) was
defined as the complete disappearance of all measurable dis-
ease. A partial response (PR) was defined as at least a 30%
decrease in the sum of diameters of target lesions, taking as
reference the baseline sum diameters. Progressive disease (PD)
was defined as at least a 20% increase in the sum of diameters
of target lesions, taking as reference the smallest sum on study
or by the appearance of new lesions. Stable disease (SD) was
defined as the absence of matched criteria for CR, PR, or PD.

Results

In all, 21 patients were enrolled in the present study (Table lg.
The initial six patients (Protocol A1) reported previously'”
were included for reference. There were 12 men and
nine women in the study, with a mean age of 43.6 years
(range 21-69 years). Each patient had multiple metastatic
lesions of the lung.

A six-injection vaccination schedule was completed in 13
patients. Seven patients discontinued the vaccination regimen
because of rapid disease progression. One patient (Patient 16)
developed intracerebral hemorrhage after the second vaccina-
tion and discontinued thereafter. This patient had been on anti-
coagulation therapy (warfarin, cirostazol, and limaprost) - for
more than 2 years following vascular reconstruction surgery.
The international normalized ratio (INR) and platelet count at
the time of the second vaccination in this patient were 2.01
and 197 000/pL, respectively. The patient had no history of
hypertension or diabetes and blood pressure was 109/
65 mmHg at the time of vaccination. The intracranial hemor-
rhage was treated conservatively. One patient each in Protocols
Al and A2 and all six patients in Protocols B1 and B2 experi-
enced fever after vaccination. One patient (Patient 11) had ery-
thema on the vaccine injection site (Fig. 2).

The DTH skin test was negative in all patients. Tetramer-
based frequency analysis was performed in 19 patients. As
indicated in Table 2 and shown in Figure 3, three patients
(Patients 2, 4, and 6) in Protocol Al, one (Patient 7) in
Protocol A2 and three (Patients 16, 17, and 18) in Protocol
B2 exhibited a greater than twofold increase in the frequency
of CTLs.

Recognized disease progression occurred in all but one
(Patient 5) of the nine patients in Protocols A (Al and A2)
during the vaccination period (Table 1). In contrast, disease

doi: 10.1111/].1349-7006.2012.02370.x
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Table 1. Profiles of participants and clinical responses

Age Location of

No. Adverse

Evaluation Follow up

(years) Gender the metastatic tumor vaccination events of CT images (months) Status
Protocol A1
Patient 1 69 M Bil. lungs 1 — PD 1 DOD
Patient 2 32 M Bil. lungs 3 — PD 2 DOD
Patient 3 21 F Bil. lungs 6 — PD 5 DOD
Patient 4 21 M Bil. lungs 6 — PD 6 DOD
Patient 5 39 F Bil. lungs 6 Fever SD 12 DOD
Patient 6 26 M Bil. lungs 4 — PD 6 DOD
Protocol A2
Patient 7 30 M Bil. lungs, RP 6 Fever PD 8 DOD
Patient 8 63 F Bil. lungs 6 — PD 8 DOD
Patient 9 28 M Bil. lungs 2 —_ PD 1 DOD
Protocol B1
Patient 10 63 F Bil. fungs 6 Fever sD 10 DOD
Patient 11 28 F Bil. lungs 6 Fever sD 57 AWD
Patient 12 24 M Bil. lungs 6 Fever PD 14 DOD
Patient 13 60 M Bil. lungs 6 Fever SD 48 AWD
Patient 14 42 F Bil. lungs 6 Fever PD DOD
Patient 15 36 M Bil. lungs a4 Fever PD 1 DOD
Protocol B2
Patient 16 52 F Bil. lungs 2 Fever, ICH PD 3 DOD
Patient 17 66 M Bil. lungs 6 Fever sD 27 DOD
Patient 18 61 F Unilat. lung 6 Fever sD 16 AWD
Patient 19 57 M Bil. lungs 2 Fever PD 1 DOD
Patient 20 64 F Bil. lungs 2 Fever PD 1 DOD
Patient 21 34 M Unilat. lung 6 Fever sD 6 AWD

AWD, alive with disease; Bil., bilateral; DOD, death of the disease; ICH, intracerebral hemorrhage; NA, not available; PD, progressive disease; RP,

retroperitoneual space; SD, stable disease; Unilat., unilateral.

Fig. 2. Vaccination site in Patient 11. The patient received a vaccina-
tion in the right upper arm and erythema developed at the vaccination
site.

progression was noted in only half of the 12 patients in
Protocols B (B1 and B2; Fig. 4). The remaining six patients
had stable disease during the vaccination period. Of these, one
patient (Patient 17) exhibited transient shrinkage of a meta-
static lesion (Fig. 5).

Discussion

In the present study, we evaluated the safety and effectiveness
of SYT-SSX-derived peptide vaccines in 21 patients with

Kawaguchi et af.

Table 2. HLA-A24/peptide tetramer analysis

Before- After 1st After 3rd After 6th
vaccination vaccination  vaccination  vaccination
Protocol A1
Patient 1 NA NA NA NA
Patient 2 2 2 305 NA
Patient 3 42 49 52 62
Patient 4 6 41 36 47
Patient 5 50 52 9 3
Patient 6 2 15 8 NA
Protocol A2
Patient 7 4 3 14 9
Patient 8 3 1 2 6
Patient 9 0 0 NA NA
Protocol B1
Patient 10 0 0 0.01 0
Patient 11 0.12 0.04 0.09 0.06
Patient 12 0.07 0.01 0.06 0.02
Patient 13 0.13 0.13 0.13 0.13
Patient 14 0.21 NA NA 0.22
Patient 15 0.14 0.14 0.17 NA
Protocol B2
Patient 16 0 27 NA NA
Patient 17 8 1 25 34
Patient 18 7 24 13 39
Patient 19 NA NA NA NA
Patient 20 16 25 NA NA
Patient 21 24 22 18 1

For Protocols A1, A2, and B2, the data show the number of tetramer-
positive CD8* cells in a population of 10 000 CD8* cells. For Protocol
B1, the data show the number of tetramer-positive wells in a popula-
tion of 10 000 CD8* cells. NA, not available.

Cancer Sci | September 2012 | vol. 103 | no.9 | 1627
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Fig. 4. Computed tomography scans of the lung in Patient 12 before
vaccination on the day of the first vaccination and 4 and 6 weeks
after the first vaccination. Growth of metastatic tumors was seen

during the vaccination period.

6 weeks

Befare 4 weeks

Fig. 5. Computed tomography scans of the lung in Patient 17 before
vaccination on the day of the first vaccination and 4 and 6 weeks
after the first vaccination. A decrease in the size of a metastatic tumor
was seen during the first 6 weeks of the vaccination period.

advanced synovial sarcoma using four different protocols.
Vaccines were administered safely in 20 patients. However,
one patient in Protocol B2 (Patient 16; K91 peptide, IFA and
JFN-o) developed intracerebral hemorrhage during the vaccina-
tion period. To our knowledge, such adverse events have not
been reported previously in the literature of anticancer peptide
vaccination trials. In contrast, there have been a few reported
cases of 1ntracerebra1 hemorrhage associated with IFN
therapsy 20) These patients were either long-term users of

19 or had comorbidities of hypertension or diabetes, ?%
Interferon is known to cause thrombocytopenia.*1??
Nevertheless, Patient 16 was not a long-term user of IFN and
did not have any of those complications or thrombocytopenia.
However, the patient had been on anticoagulants for more than
2 years. Intracranial hemorrhage is a known complication of
anticoagulant therapy, w1th an estimated annual incidence in
the US of nearly 3000.°® In addition, approximately half
the cases of anticoagulant-associated intracranial hemor-
rhage occurred within or below the INR therapeutic range
(2.0-3.0).% 1t is therefore more likely that the intracranial

1628

Fig. 3. Frequency of CTLs analyzed by HLA-A24/
peptide tetramers in Patient 17.

hemorrhage in Patient 16 was associated with anticoagulants
rather than the peptide vaccine or IFN.

With regard to the efficacy of the protocols, the tumors
showed dormancy during the vaccination period in six of 12
patients (50%) in Protocols B1 and B2, including one patient
exhibiting transient shrinkage of a metastatic lesion. In con-
trast, only one (11%) of the nine patients who received the
peptide vaccine by itself showed such tumor dormancy. In
addition, a greater number of patients completed the six-injec-
tion vaccination regimen in Protocol B (80%) than in the pro-
tocols with the peptide itself. These findings indicate that the
adjuvant activity of IFA and IFN-a enhance the antitumor
effects of the peptide vaccine. Interferon-o is a cytokine with
various biological activities. In a murine model with antimel-
anoma peptide vaccination, administration of IFN-a enhanced
antigen presentation and promoted the effector function of pep-
tide-specific CTLs.?> This was attributed to the induction by
IFN-a. of dendritic cell maturation and expression of HLA
molecules on tumor cells. Such adjuvant activities of IFN -0
have also been seen in clinical vaccination trials.?® In
contrast, IFN-o itself has direct antitumor propemes.m)
Brodowicz et al.®” reported inhibitory effects of IFN-o on the
proliferation of a synovial sarcoma cell line in vitro. However,
no clinical studies have addressed direct the antitumor effects
of IFN-a on synovial sarcoma. Unless we evaluate a protocol
with IFN-a by itself or a protocol with only IFA and IFN-q, it
remains unclear whether the clinical responses seen in patients
in Protocol B are due to the effects of IFA and IFN-a or to
the synergistic effects of the peptide vaccine, IFA, and IFN-o.

The K9I peptide is an agretope-modified peptide in which an
HLA-A24 anchor residue of the B peptide (lysine at position 9)
is substituted to isoleucine.'” In a previous study,® this substi-
tution enhanced the affinity for HLA-A24 molecules and
improved the capacity of the peptide to induce synovial sar-
coma-specific CTLs in vitro. In the present study, a greater than
twofold increase in the frequency of CTLs was seen in three
patients (25%) in Protocols Al and B1 (B peptide) and in four
patients (44%) in Protocols A2 and B2 (K9I peptide). Although
the percentage of patients exhibiting tumor dormancy was 33%
in both the B peptide and K9I peptide groups, tumor shrinkage
was observed only in a patient treated with the K9I peptide (Pro-
tocol B2). These findings may reflect higher immunogenic
properties of the K91 peptide than the B peptide. Indeed, an agre-
tope-modlﬁed peptide has been used in a mixture with w11d -type
peptides in ber-abl fusion gene peptide vaccines for CML.GY

Analysis of peripheral blood lymphocytes using HLA-A24/
peptide tetramers revealed a greater than twofold increase in
the peptide-specific CTL frequency in seven patients. How-
ever, the immune responses had no relevance to the clinical
responses. One possible explanation for this is that analysis of
peripheral lymphocytes does not properly reflect the immuno-
logical environment at the tumor site. It remains unknown how
many vaccine-specific CTLs were recruited into the tumor site.
In addition, the cytotoxic function of CTLs may be suppressed

doi: 10.1111/j.1349-7006.2012.02370.x
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in the tumor site by certain mechanisms, such as downregula-
tion of Class I molecules and immunosuppressive effects of
regulatory T cells. A combination of tetramer analysis with
other monitoring assays, such as enzyme-linked immunospot
(ELISPOT), may provide more precise information about the
immunological status of patients.

Vaccination trials of fusion gene-derived pegtides have been
reported with EWS-FLII in Ewing’s sarcoma,®? PAX3-FKHR
in alveolar rhabdomyosarcoma, and BCR-ABL in
CML.®"*3739 Tumor regression was seen more frequently in
studies with CML than in those with sarcomas. One reason for
such differences in outcome is the additional use of Class II
peptide vaccines in the CML studies."'%'%37 Another possi-
ble explanation is the introduction of a highly effective therapy
for CML, such as the administration of imatinib, which
enables a reduction of the tumor mass prior to initiation of
peptide vaccination.

Apart from direct vaccinations of peptides into patients,
SYT-SSX-derived peptides have been used to stimulate dendritic
cells in adoptive immunotherapy for patients with synovial sar-
coma.®®* More recently, the T cell receptor was engineered to
recognize an NY-ESO-1-derived peptide and was transduced into
autologous T cells. Adoptive immunotherapy using these geneti-
cally engineered T cells conferred objective clinical responses
(PR) in four of six patients with synovial sarcoma.®? In contrast
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with adoptive immunotherapy, peptide vaccination would suit a
setting with small tumor burden or an adjuvant setting. In this
regard, an HER2-derived peptide vaccine has been used to
prevent recurrence from breast cancer in clinical trials,*!?

In conclusion, the present study is the first clinical trial of
SYT-SSX breakpoint peptide vaccines combined with IFA and
IFN-o.. The response of patients to Protocols B is encouraging
and warrants further investigation, ideally in an adjuvant setting.
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Human Endoplasmic Reticulum Oxidoreductin 1-Like « Regulates Immune Response of Cancer Celis Via Modulation
of Major Histocompatibility Complex Class I Expression and Oxidation: Kazuharu Kukita™', Yasuaki Tamura*2, Koichi
Oku-ya™', Keita Saito™", Goro Kutomi*', Noriyuki Sato*? and Koichi Hirata™! (*'First Dept. of Surgery, and **First Dept. of
Pathology, Sapporo Medical University)
Summary

The protein human endoplasmic reticulum oxidoreductin 1-like @ (hERO1-L a) is a hypoxia—inducible endoplasmic re-
ticulum resident oxidase that regulates the redox state of various proteins via protein disulfide isomerase. The major histo-
compatibility complex (MHC) class I molecule contains intramolecular disulfide bonds. hERO1~L & is expressed within
normoxic cells at very low levels, but may be induced in hypoxic cells such as tumor cells in response to low oxygen avail-
ability. We therefore examined whether hERO1-L « affects the oxidation state and expression level of MHC class I in the
colon cancer cell line SW480. We generated SW480 cells in which hERO1~-L. & was overexpressed or knocked down. The
surface expression of MHC class I molecule was upregulated in the hERO1-L a—overexpressing SW480 cells and down-
regulated in the hERO1-L a—knockdown SW480 cells. Moreover, the oxidized form of MHC class I was increased in the
hERO1-L a—overexpressing SW480 cells, and the hERO1~-L a—knockdown SW480 cells exhibited an impaired response to
cytotoxic T lymphocytes. These data suggest that hERO1-L « regulates immune response via modulation of MHC class I
expression and oxidation, and that hERO1-L o may act as a new predictive factor for cancer immunotherapy. Key words:
hERO1-L«, MHC class I
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We previously reported that 3"-sulfoquinovosyl-1-monoacylglyc-
erol (SQMG) effectively suppresses the growth of solid tumors,
likely via its anti-angiogenic activity. To investigate how SQMG
affects angiogenesis, we performed DNA microarray analysis and
quantitative real-time polymerase chain reaction. Consequently,
upregulation of thrombospondin 1 (TSP-1) in SQMG-treated
tumors in vitro and in vivo was confirmed. To address the mecha-
nisms of TSP-1 upregulation by SQMG, we established stable
TSP-1-knockdown transformants (TSP1-KT) by short hairpin RNA
induction and performed reporter assay and in vivo assessment
of anti-tumor assay. On the reporter assay, transcriptional upreg-
ulation of TSP-1 in TSP1-KT could not be induced by SQMG, thus
suggesting that TSP-1 upregulation by SQMG occurred via TSP-1
molecule. In addition, growth of TSP1-KT xenografted tumors
in vivo was not inhibited by SQMG, thus suggesting that anti-
angiogenesis via TSP-1 upregulation induced by SQMG did not
occur, as the SQMG target molecule TSP-1 was knocked down in
TSP1-KT transformants. These data provide that SQMG is a prom-
ising candidate for the treatment of tumor-induced angiogenesis
via TSP-1 upregulation. (Cancer Sci 2012; 103: 1546-1552)

Angiogenesis, the formation of new blood vessels, is a
fundamental process that is necessary for normal embry-
onic development and is also involved in the development of
pathological conditions such as cancer.™® Its importance in
solid tumor growth and metastasis has been widely recognized
by multiple studies.® A major pathway in tumor angiogenesis
involves the vascular endothelial growth factor (VEGF) family
of proteins and receptors.(3’4 Anti-angiogenic treatments are
promising therapies for the treatment of cancer: for example,
agents such as anti-VEGF antibodies that inhibit VEGF recep-
tor tyrosine kinase and result in effective inhibition of solid
tumor growth in vivo have been reported.®"

Endogenous angiogenesis through VEGF/VEGF-receptor sig-
naling is regulated by thrombospondin 1 (TSP 1). Expression
of TSP-1 leads to the inhibition of angiogenic responses such
as endothelial proliferation.”> = In addition, TSP-1 is involved
in several other anti-angiogenic responses, such as inhibition
of VEGF-stimulated VEGF receptor-2 (VEGFR-2) signal-
ing%!V and VEGF trapping by its heparin sulfate proteogly-
can domain.'?

We previously reported that the growth of human adenocar-
cinoma tumors treated with 3'-sulfoquinovosyl-1’-monoacyl-
glycerol (SQMG) was inhibited, and that these tumors showed
extensive hemorrhagic necrosis on histopathological examina-
tion. We also confirmed that only some tumor cell lines
were sensitive to SQMG, and that angiogenesis was reduced

Cancer Sci | August2012 | vol. 103 | no.8 | 1546-1552

in vivo in SQMGe-sensitive tumors, but not in SQMG-resistant
tumors.'> Moreover, although a significant difference in
VEGF gene expression was not detected in either SQMG-sen-
sitive or SQMG-resistant tumors, significant downregulation of
Tie2 gene expression was observed in all of SQMG-sensitive
tumors when compared with controls, but this downregulation
was not observed in SQMG-resistant tumors.'> These data
suggest that the anti-tumor effects of SQMG can be attributed
to the inhibition of angiogenesis.

Regardless of whether tumors are SQMG sensitive or resis-
tant, the induced blood vessels are considered to be biologi-
cally similar. However, differences in the amount of Tie2 gene
expression in the endothelial cells are observed. Therefore, fur-
ther investigation is necessary to understand the mechanisms
underlying the anti-angiogenic effects of SQMG. In this study,
we confirmed that SQMG treatment in vitro and in vivo results
in the upregulation of the TSP-I gene in SQMG-sensitive
tumors, but not in SQMG-resistant tumors, and that the effects
of SQMG are nullified in TSP-1 knockdown-sensitive tumors,
thus suggesting that the target for SQMG is TSP-I gene
expression.

Materials and Methods

Synthesis of SQMG. The chemical structure of the synthe-
sized  compound  3'-sulfoquinovosyl-1'-monoacylglycerol
(SQMG) containing fatty acid 18:1 (oleic acid: C18:1) is
shown in Figure 1(a). The procedure for the synthesis of
SQMG was described previously. s

Cell lines. Human breast adenocarcinoma MDA-MB-231 was
provided by the Japanese Cancer Research Resources Bank.
The cells were cultured with DMEM supplemented with 10%
FCS, 100 uni/mL penicillin, 100 pug/mL streptomycin, and
2 mM L-glutamine. Human esophagus squamous cell carci-
noma TE-8 was obtained from the Health Science Research
Resources Bank (Sendai, Japan). These cells were cultured
with RPMI 1640 supplemented with 10% FCS, 100 unit/mL
penicillin, 100 pg/ml. streptomycin -and 2 mM L-glutamine.

Establishment of stable transfectants. Total RNA derived from
human umbilical vein endothelial cells (HUVEC) (Cambrex,
Walkerville, MD, USA) was converted to cDNA by a Transcrip-
tor First Strand cDNA Synthesis Kit (Roche Applied Science,
Mannheim, Germany), which was used to obtain human TSP-1
c¢DNA by PCR amplification with the following primer sets: for-
ward primer, 5-GCACCAACAGCTCCACCATG-3' and reverse
primer, 5-GGGATCTCTACATTCGTATT-3'. The amplified
fragment was cloned using the pCR4-TOPO cloning vector
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Fig. 1. 3"-sulfoquinovosyl-1-monoacylglycerol (SQMG) structure and
in vivo assessment of SQMG for ¢cDNA microarrays study. (a) Structure
of SQMG. 3’-sulfoquinovosyl-1"-monoacylglycerol contains a single
fatty acid, R = C18:1. 10° tumor cells of MDA-MB-231 (b) or TE-8 ()
were subcutaneously injected into mice. When the solid tumors grew
10 30-40 mm® in tumor volume, mice were injected with SQMG at a
dose of 20 mg/kg (SQMG 20) or saline (control) daily for 14 days.
Tumor volume from each mouse is shown.

(Invitrogen, Carlsbad, CA, USA), and reconstructed with
pcDNA3.1 (Invitrogen) at the HindIIl/Xhol site. TE-8 cells were
transfected with TSP-1 ¢cDNA in the pcDNA3.1 vector, and
selected and cloned in a 0.5 mg/mL G418-containing medium
(Invitrogen). Several clones were established (TSP1-OT).

We designed five shRNAs and used the MissionRNA;
(Sigma-Aldrich, St. Louis, MO, USA) technology platform to
stably knockdown TSP-I gene expression in MDA-MB-231
cells. These sequences were as follows: sh-1, 5-CCGGAT-
CATCTGGTATACCATTGCCCTCGAGGGCAATGGTATAC-
CAGATGATTTTTTG-3, sh-2, 5-CCGGGTAACAGAAACT-
CGAGTTTCTGTTACATCACCAACGCITTTTG-3', sh-3, 5-CC-
GGCGATGACATCTGTCCTGAGAACTCGAGTTCTCAGGA-
CAGATGTCATCGTTTTTG-3!, sh-4, 5-CCGGCCTTGACA-
ACAACGTGGTGAACTCGAGTTCACCACGTTGTTGTCA-
AGGTTTTTG-3', sh-5, 5-CCGGCTCTCAAGAAATGGTGT-
TCTTCTCGAGAAGAACACCATTTCTTGAGAGTTTTITG-3".
The five shRNAs were cloned into the pLKO.1-puro shRNA
vector. Plasmid DNA, including non-targeting shRNA as a
control (sh-control), was transfected into the MDA-MB-231
cells along with Lentiviral Packaging Mix (Sigma-Aldrich),
which consists of an envelope and packaging vector to produce
lentivirus packed with shRNA cassettes, using the standard
procedure. After transfection, cells were cultured and cloned in
the presence of 5 pg/mL puromycin.

In vivo assessment of anti-tumor assay. Inbred female BALB/
¢ nu/nu mice (20-22 g, 7 weeks old) were obtained from
Japan SLC, Inc. (Shizuoka, Japan). All procedures were per-
formed in compliance with the guidelines of the Animal
Research Committee of Azabu University. Cells (10° cells/
mouse) suspended in phosphate-buffered saline (PBS) were
injected subcutaneously into the dorsal region of the mice.
After implantation, the tumor sizes were measured at 2-day
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intervals in each mouse. When the solid tumors grew to 30—
40 mm® in tumor volume (tumor volume = length x [width]
x 0.5), SQMG was administrated daily for 14 days, and tumor
growth was observed. Each type of tumor was divided ran-
domly into two groups (n = 1, 3, or 4 per group). Mice in the
control group were intraperitoneally injected with 0.2 mL of
saline solution, and mice in the test groups were intraperitone-
ally injected with SQMG at a dose of 20 mg/kg daily for
14 days. On the day after the last administration of SQMG,
the tumor size was measured, and the tumors were excised and
prepared for further study. The mean + SE of the tumor vol-
ume of each group (n =4 per group) was calculated. The
growth of each tumor was analyzed using Student’s z-test.

Immunohistochemical study. All of the tumors excised from
the mice (n = 4 per group) were embedded in Tissue-Tek O.C.
T. Compound (Sakura Finetek USA, Torrance, CA, USA) and
frozen. Acetone-fixed cryosections were stained with an anti-
mouse CD31 mAb, followed by anti-rat IgG conjugated with
AlexaFlour 488 (BD Bioscience Pharmingen, San Jose, CA,
USA) as a secondary antibody. Nuclei were counterstained
with propidium iodide (PI) (Vector Laboratories, Burlingame,
CA, USA). The CD31-positive/ring-form blood vessels in
500-mm” section areas of these samples were counted at 100x
magnification under a fluorescence microscope (Olympus
AX80, Olympus, Tokyo, Japan). The data are represented as a
mean + SE of four section areas from each group, and the
results were analyzed using Student’s f-test.

MTT assay. To investigate the cell growth of the transfectants,
the MTT assay was performed according to the methods
described previously.® Briefly, cells (5 x 10 cells per well)
were cultured in 96-well plates for 24 h and different amounts
of SQMG suspended in PBS were then added to the wells. After
cultivation for 48 h, 50 pg of MTT was added to the cells and
incubation was continued for 3 h. Next 4% HCI in 2-propanol
was added to each well and mixed using a pipette to disrupt the
cells. The absorbance of the contents in each well was measured
using a multiwell scanning photometer (Micro ELISA MR600;
Dynatech Laboratories, Alexandria, VA, USA) at a wavelength
of 570 nm. Results are represented as a mean + SE of triplicate
wells for one of three independent experiments.

Gene expression profiling using ¢cDNA microarrays. We iso-
lated total RNA from the xenografted solid tumors in mice in
accordance with protocols recommended by Affymetrix (Santa
Clara, CA, USA) for GeneChip experiments. Total RNA was
isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions, reverse-transcribed
to cDNA with a Transcriptor First Strand cDNA Synthesis Kit
(Roche Applied Science), and then labeled with a biotinylated
nucleotide analog (pseudouridine base). The labeled cDNA
products were fragmented, loaded on to the Human Genome
U133 Plus 2.0 Array (Affymetrix) and hybridized according to
the manufacturer’s protocol. The GeneChip array data were ana-
lyzed using the DNA Microatray Viewer, provided by Kurabo
Industries (Osaka, Japan), which is the authorized service pro-
vider of Affymetrix in Japan.

Quantitative real-time RT-PCR analysis. The quantitative mea-
surement of gene expression was performed using the Light-
Cycler system (Roche Applied Science). Quantitative real-time
RT-PCR analyses of human glucose-6-phosphate dehydrogenase
(G6PDH) and TSP-1 gene expression were performed using the
LightCycler FastStart DNA MasterPLUS SYBR Green I system
(Roche Applied Science) with the following primer sets: forward
primer, 5-CTGCGTTATCCTCACCTTC-3' and reverse primer,
5'-CGGACGTCATCTGAGTTG-3' for the detection of human
G6PDH; forward primer, 5-GATGGAGAATGCTGAGTTG-3'
and reverse primer, 5-“-TGAGGAGGACACTGGTAGAG-3' for
the detection of human 7:SP-1. PCR amplification of the house-
keeping gene, G6PDH, was performed for each sample as a
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control for sample loading and to allow for normalization among
the samples. To determine the absolute copy number of the tar-
get transcripts, the fragments of G6PDH or the target genes
amplified by PCR using the above described primer sets were
subcloned into the pCR4-TOPO- cloning vector (Invitrogen).
The concentrations of these purified plasmids were measured by
absorbance at 260 nm, and copy numbers were calculated from
the concentration of the samples. A standard curve was created
by plotting the threshold cycle (C,) versus the known copy num-
ber for each plasmid template in the dilutions. The copy numbers
for all unknown samples were determined according to the stan-
dard curve using LightCycler version 3.5.3 (Roche Applied Sci-
ence). To correct for differences in both RNA quality and
quantity between samples, each target gene was first normalized
by dividing the copy number of the target by the copy number of
G6PDH; therefore, the mRNA copy number of the target was
the copy number per the copy number of G6PDH. The initial
value was also corrected for the amount of G6PDH indicated as
100% to evaluate the sequential alteration of the mRNA expres-
sion level.

Assessment of TSP-1 expression in vitro. Cells were seeded
into six-well plates at a density of 2 x 10° cells/well and cul-
tured overnight. Then cells were cultured in the presence of
25 uM SQMG for 0, 1, 3, 6, 12, or 24 h and then harvested.
Total RNAs from these cells were prepared and 7SP-I gene
expression were performed using same methods for xenograft-
ed solid tumors in vivo.

TSP-1 promoter-reporter constructs and luciferase assay.
Human genomes were prepared from MDA-MB-231 cells
using the DNeasy Blood and Tissue kit (Qiagen) according to
the manufacturer’s instructions. A luciferase reporter plasmid
containing the —2220 to +750 region of the human TSP-1 gene
promoter was cloned from human genome by PCR system
using forward primer, S-CAACTGAAGTATCATGATAA-
GAG-3' and reverse primer 5-ATCCTGTAGCAGGAAGC-
ACAAG-3'". To ligate into pGL4.10 vector (Promega, Madison,
WI, USA), second PCR as template for first PCR product was
performed using forward primer; 5-GTACCGGTACCCAA-
CTGAAGTATCATGATAAGAG-3', which was added to 5'-
GTACCGGTACC-3' containing Kpnl site and reverse primer;
5'-ATATCCTCGAGATCCTGTAGCAGGAAGCACAAG-3,
which was added to 5-ATATCCTCGAG-3' containing Xhol
site. The PCRs were performed using GoTaq system (Pro-
mega). The second PCR product was digested with Kpnl and
Xhol and subcloned into a luciferase plasmid pGL 4.10 vector
(TSP1l-promoter pGLA4.1 plasmid), and their sequences were
confirmed by sequencing.

Thrombospondin 1-knocked down MDA-MB-231 cells
(TSP1-KD) or sh-control cells were seeded into 24-well plates
at a density of 5 x 10* cells/well and cultured overnight. Then
cells were transiently cotransfected using Lipofectamine LTX
(Invitrogen) with 40 ng pGLA4.74 plasmid (hRluc/TK; Pro-
mega) as an internal control, and 1 pg target plasmids, such as
SV40 promoter pGL 4.13 plasmid (luc2/SV40; Promega) as a
positive control, the promoterless pGL 4.10 plasmid as nega-
tive vector, or TSP1-promoter pGL 4.10 plasmid. After 24 h
of transfection, these cells were cultured with 25 pM SQMG
or not for 1, 3, 6, 12 or 24 h. Luciferase activities were
assayed using the dual-luciferase assay kit (Promega) accord-
ing to the manufacturer’s directions. The relative luciferase
activity for each cell was calculated relative to the activity of
the promoterless pGL 4.10 plasmid (negative control). The
results were analyzed using Student’s z-test.

Results

Gene expression profiling using cDNA microarrays. 3'-sulfoqui-
novosyl-1'-monoacylglycerol-sensitive MDA-MB-231 cells and
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SQMG-resistant TE-8 cells were subcutaneously injected into
mice. Mice bearing solid tumors that grew to 30-40 mm> were
then intraperitoneally injected with saline or SQMG daily for
14 days. As shown in Figure 1(b), the SQMG treatment in
mouse with MDA-MB-231 solid tumor resulted in inhibition
of tumor growth as compared with control mouse on the day
after the last injection. In contrast, mouse with TE-8 solid
tumor treated with SQMG showed no inhibition of tumor
growth as compared with control mouse on the day after the
last injection (Fig. 1c).

Four solid tumors were harvested, total RNA was prepared
and gene expression profiles were analyzed using cDNA
microarrays. A subset of the microarray results is shown in
Table 1. Genes that were upregulated after SQMG treatment
in the SQMG-sensitive tumor MDA-MB-231 samples, as com-
pared with controls, and that also showed no change in expres-
sion in the TE-8 sample, regardless of SQMG administration,
were identified. Given its known anti-angiogenic effects, we
chose to investigate TSP-1 as a potential target of SQMG."™
In order to confirm the upregulation of 7SP-I gene expression
in xenografted tumors in nude mice, we again performed
in vivo assessment and real-time PCR. Total RNAs derived
from four SQMG-sensitive MDA-MB-231 tumors treated with
SQMG and three SQMG-sensitive tumors treated without
SQMG, and from a total of eight SQMG-resistant TE-8 tumors
treated either with or without SQMG, were also harvested. As
shown in Figure 2(a), in the SQMG-sensitive MDA-MB-231
tumors, an increased tendency of TSP-I expression with
SQMG treatment was observed (P = 0.11). However, in the
SQMG-resistant TE-8 tumors, a difference in expression was
not observed (Fig. 2b). Therefore, we further investigated
whether SQMG treatment could induce upregulation of TSP-/
gene expression in MDA-MB-231 and TE-8 cells in vitro.
Consequently, an increase in TSP-1 gene expression in MDA-
MB-231 was observed from 3 to 12 h after SQMG treatment,
and this returned to baseline by 24 h, indicating that the dura-
tion of upregulation is short (Fig. 2c). On the other hand,
upregulation in TE-8 was not observed. These data suggest
that the upregulation of TSP-I1 gene expression is induced by
SQMG in SQMG-sensitive MDA-MB-231 cells in vitro and
that detection in xenografted solid tumors is difficult in vivo
because the duration of upregulation is short.

Table 1. Results of DNA micro array analysis (gene expression
SQMG treatment/control)
SQMG/control

MDA-MB-231 TE-8
ATP-binding cassette, sub-family F, 43 1
member 2
E2F transcription factor 7 4.3 0.9
Inhibitor of DNA binding 2, dominant 37 0.9
negative helix-loop-helix
Lysyl oxidase 3 0.9
Gap junction protein, alpha 1, 43 kDa 2.8 1
Egl nine homolog 3 (C. elegans) 28 0.9
Angiogenin 2.6 0.9
v-myc myelocytomatosis viral oncogene 2.5 1
homolog (avian)
Thrombospondin-1 1.7 0.9
Serpin peptidase inhibitor, clade B 0.1 0.9
(ovalbumin), member 5
Vitamin D (1,25- dihydroxyvitamin D3) 0.2 1
receptor
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