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Table 2 Frequency of WT1-specific CTLs and subpopulation analysis
Case Peripheral blood (%) Bone marrow (%)
Pre-vaccination Post-vaccination Pre-vaccination Post-vaccination
Total Subpopulation Total (day)® Subpopulation Total Subpopulation Total (day)® Subpopuilation
N CM EM E N CM EM E N CM EM E N CM EM E
1 013 ND ND ND ND 050(+224) 7.4 21 429 476 O o] Q 0 0 0.19(+350) 204 6.1 449 286
2 0.14 ND ND ND ND 1.26(+110) 528 0 0 472 O 0 0 0 0
210 (+306) 78 24 24 17 0.48 (+306) 87.5 O 0 125
3 0 0 0 Q 0 0.26(+118) 423 0 346 281 O 0 0 0 0 026118 162 2.7 243 56.8
0.85 (+154) 352 14 282 352 0.09(+154) ND ND ND ND

Abbreviations: CM, central memory; CTL, cytotoxic T lymphocytes; E, effector; EM, effector memory; N, naive; ND, not done (unable to acquire a

sufficient cells for analysis).
2Day after the start of vaccination.

0.5-2.1% in peripheral blood (PB) and from 0% to 0.19-0.29%
in BM (Tables 1 and 2). WT1-specific CTLs were detected in BM
of all cases after vaccination, but in none before vaccination. In
Case 2, who had the chimeric marker AML-MTG8 as MRD, the
decrease of WT1 mRNA correlated with the decrease of AML-
MTG8 after vaccination. Cases 1 and 2 have subsequently
received WT1 peptide vaccination once monthly and are still in
CR for 33.5 and 40.3 months from SCT (Table 2). In Case 3,
disease recurred again on day -+201 after 23 doses of
vaccination, whereas WT1-specific CTL frequency increased
further to 0.85% (Table 2). Surface HLA expression on leukemic
cells disappeared (data not shown), which implies occurrence of
immunological escape of the leukemic cells. T-cells have been
phenotypically classified into four differentiation stages: the
naive (N), the central memory (CM), the effector memory (EM)
and the terminal differentiated effector (E) stage.® The frequency
of WT1-specific CTLs and differentiation subpopulation analysis
in our cases are shown in Table 2. In healthy subjects
WT1-specific CTL frequencies in PB are usually <0.1%.*®
The proportion of E or EM subset in the CTLs in PB of Cases 1
and 3 after vaccination was higher than that of healthy donors.
In healthy donors, 80.0+8.4% (mean*s.d.) of the CTLs were
reported to be N-type cells.”® The origin of WT1-specific CTLs
was donor type. There were no systemic vaccination-related
adverse effects or exacerbation of GVHD.

WTT1 has recently been recognized as having a high potential
for immunotherapy by the National Cancer Institute Pilot
Project.9 However, the trials for childhood cancer are currently
limited to our previous study where we found that the effect of
WTT peptide vaccination might be insufficient in the presence
of gross residual disease.’® Taking this into consideration, we
conducted this study that was designed to prevent recurrence at
MRD after SCT.

One ALL patient (Case 1) had chemo-resistant relapse and
received SCT without remission. In the other two AML patients,
one patient had primary induction failure and the other had
AML M7 without Down syndrome, which has a poor prognosis.
Considering the disease history of each patient before vaccina-
tion, all three met the criteria for high risk of relapse.

Monitoring of MRD by WT1 mRNA measurement is applic-
able to almost all leukemias including pediatric leukemias.
Ogawa et al.'" reported that WT1 measurement is highly useful
for the prediction and management of relapse following
allogeneic SCT; the probability of relapse was significantly
increased according to the increase in WTT mRNA levels. In our
cases, WTT transcripts in BM were > 10 copies/ug/RNA before

allogeneic SCT, which is above the normal upper limit,*' and
therefore, predicted the patients’ poor prognosis.

WT1 transcripts in BM were elevated in all cases before
WT1 peptide vaccination. However, levels decreased after
vaccination to < 10° copies/pg RNA, indicating its effectiveness.
Case 2 had the chimeric marker AML-MTG8 as MRD. Tobal
et al'® have reported that patients in durable remission
had levels of AML/MTG8 transcripts <1 x 10> molecules/pg
RNA in BM, whereas those having >2.27 x 10® molecules/ug
RNA were at high risk of relapse. AML/MTGS8 transcript levels
in Case 2 were higher than this threshold. WT1 peptide
vaccination induced reduction of transcript levels of
AML/MTGS, as well as WT1, followed by a long-term CR,
which indicates strong evidence for the vaccine’s therapeutic
potential.

WT1-specific CTLs in PB were detected and increased after
vaccination in all cases (Table 2). Case 3 subsequently had
recurrence during WT1 peptide vaccination despite increased
frequencies of WT1-specific CTLs in PB. HLA expression
disappeared on the surface of leukemic cells, suggesting a
possibility that the cells had escaped from immunoreaction by
WT1 peptide. Combined usage of interferons, which upregulate
HLA expression on leukemic cells, may enhance the sensitivity
of the cells to WT1-specific CTLs. We also evaluated WT1-
specific CTL subpopulations. In Cases 1 and 2, the frequency of
CM and EM cells increased. The enhanced ability of CM and EM
T-cells to confer antitumor effects has been reported to be
correlated with their greater proliferative capacity.'

WT1-specific CTLs originated from donor cells that are
considered to be activated and differentiated by stimulation
with tumor cell-derived WT1 protein. Rezvani et al.'® have
reported that the loss of these CTLs is associated with relapse.
On the contrary, we found that the emergence of WT1-specific
CTLs was associated with a decrease in WTT mRNA, suggesting
a WT1-driven GVL effect.

In conclusion, we report the first three cases in a phase Ii
trial of WT1 peptide immunotherapy after SCT for pediatric
patients. Our results highlight the potential of WT1 vaccination
to boost the GVL effect. Larger studies are needed on the
application of WT1 vaccination to prevent recurrence after
pediatric SCT.
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High expression of BAALC in cytogenetically normal-acute
myeloid leukemia (AML) patients is associated with primary
resistant disease, shorter relapse-free, disease-free and overall
survival."™ However, there is no published data evaluating the
role of BAALC in the hematopoietic system. BAALC is located
on human chromosome 8¢22.3 and is highly conserved in
mammals. High BAALC expression levels were first identified in
a study of AML patients with trisomy 8 as a sole abnormality,
and was shown to correlate highly with MN1 expression,®”
a potent oncogene in leukemogenesis.® Several isoforms of
BAALC have been described with isoform 2 (also known as
1-6-8) being the most abundant in the brain and in AML
samples.®

Using retroviral gene transfer, bone marrow (BM) transplanta-
tion and expression analysis of BAALC and MNT in cytogeneti-
cally normal AML patients, we evaluated the role of BAALC in
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hematopoiesis. Details of materials and methods can be found
in the Supplementary information. In total, 140 newly diagnosed
adult AML patients with cytogenetically normal AML were
evaluated by real-time RT-PCR for BAALC and compared with
MNT transcript expression.”? BAALC expression was found to
correlate highly with MNT expression (R=0.71, Pearson’s
correlation, Figure 1a).

This finding stimulated us to further investigate whether
BAALC was upregulated as a consequence of MNT upregulation
or vice versa. Retroviral overexpression of human full-length
MNT in a murine model system induces rapid-onset AML.%° We
used murine BM cell lines immortalized by retroviral expression
of Hoxa9 or NUP98HOXD13, and co-transduced these cells
with full-length MNT or a control vector as described before."®
Baalc expression was not increased but rather decreased in
MNT1-expressing  NUP98HOXD13 cells as compared with
control transduced NUP98HOXD13 cells (Figure 1b). Baalc
expression decreased in BM cells that were freshly transduced
with MNT or Hoxa9 compared with control transduced BM cells
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Wilms’ tumor gene 1 (WT1) protein is a promising tumor-associ-
ated antigen. In patients with WT1-expressing malignancies, WT1-
specific CTLs are spontaneously induced as a result of an immune
response to the WT1 protein. In the present study, we performed
single cell-level comparative analysis of T cell receptor B-chain vari-
able region (TCR-BV) gene families of a total of 750 spontaneously
induced WT1426 peptide (amino acids 126-134, WT143¢)-specific
CTLs in both HLA-A*0201* patients with solid tumors and healthy
donors (HDs). This is the first report of direct usage analysis of 24
kinds of TCR-BV gene families of WT14,6-specific CTLs at the single
cell level. Usage analysis with single-cell RT-PCR of TCR-BV gene
families of individual FACS-sorted WT14,¢ tetramer™ CD8* T cells
showed, for the first time, that: (i) BVs 3, 6, 7, 20, 27, and 28 were
commonly biased in patients and HDs; (ii) BVs 2, 11, and 15 were
biased only in patients; and (iii) BVs 4, 5, 9, and 19 were biased
only in HDs. However, statistical analysis of similarity of individual
usage frequencies of 24 kinds of TCR-BV gene families between
patients and HDs indicated that the usage frequencies of TCR-BV
gene families in patients reflected those in HDs. These results
should provide us with a novel insight for a better understanding
of WT1-specific immune responses. (Cancer Sci 2012; 103: 408-414)

W ilms’ tumor gene (WI'l) encodes a zinc-finger transcrip-
tion factor and plays important roles in the regulation of
cell proliferation, differentiation, and apoptosis.“”” The WT1
gene was originally isolated as the gene responsible for a child-
hood renal neoplasm, namely Wilms’ tumor, and was first cate-
gorized as a tumor-suppressor ene.“> However, based on the
result of a series of studies,* we proposed that the wild-type
WT1 gene had an oncogenic rather than a tumor-suppressor
function in various kinds of hematological malignancies and
solid tumors. Indeed, the W7 gene is expressed at high levels
in acute myeloid leukemia (AML), acute lymphocytic leukemia,
chronic myelogenous leukemia, and myelodysplastic syndromes
(MDS), as well as in various types of solid tumors.®~'¥ Because
a correlation has been shown between WI'/ mRNA transcript
levels and the amount of minimal residual disease (MRD) in
the peri(l?heral blood (PB) or bone marrow of leukemia
patients,"">™'”’ measurement of WT'I mRNA transcripts is now
being used to monitor MRD in leukemia patients.

Cancer Sci | March 2012 | vol. 103 | no.3 | 408-414

Previous studies have reported that WT1-specific CTLs can
be generated from human PBMC in a human leukocyte anti-
gen (HLA) Class I-restricted manner and can lyse WT1-
expressin% tumor cells as well as WT1 peptide-pulsed target
cells."®! Mice immunized with WT1 peptide or WT1 plas-
mid DNA elicit WTI-specific CTLs and reject challenges by
WT1-expressing tumor cells.?**" Furthermore, WT1-specific
CTLs and antibodies are induced spontaneously in WTI-
expressing tumor-bearing patients.®** These results indicate
that the WT1 protein is highly immunogenic and a promising
target antigen for cancer immunotherapy. In fact, WT1 has
been rated as the most gromising cancer antigen of 75
tumor-associated antigens,®

On the basis of the results of these preclinical studies, clinical
studies of WT1 peptide vaccination were undertaken,**>% with
promising clinical effects, including a reduction in leukemic
blast cells and tumor size, as well as long-term stable disease,
being seen in association with an increase in the frequency of
WTI-specific CD8* T cells in PB.?%?7 In this context, analysis
of the clonality of the WT'1-specific CTLs is important to gain a
better understanding of the WTIl-specific CTL response in
WT1-expressing tumor-bearing patients and, further, to obtain
clues as to how to enhance WT1-specific CTL responses in
WT1 immunotherapy.

Recently, using single-cell RT-PCR analysis of the T cell
receptor B-chain variable region (TCR-BV) genes of individual
FACS-sorted WT1 tetramer® CD8* T cells, we demonstrated
biased usage of TCR-BV gene families of WTl,35 peptide
(amino acids 235~243)-specific CTLs in HLA-A*2402" patients
with AML or MDS, which reflected the biased usage in healthy
donors (HDs).®?

In the present study, we examined usage frequencies of
TCR-BV gene families of CTLs specific for WT1,6, an
HLA-A*0201-restricted CTL epitope, in both patients with
solid tumors and HDs and found biased usage for these
TCR-BV gene families in both the patients and HDs and that
the patterns of biased usage were very similar between the
two groups.
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Table 1. Characteristics of the patients and healthy donors Materials and Methods

Gender  P9e Disease  Clnical Prior therapy Samples of PB from patients with solid tumorsand HDs. Analysis
{years) stage of WT1 6-specific CTLs in PBMC was approved by the Institu-

Patients tional Review Board for Clinical Research, Osaka University
PT-1 M 33 GBM N/A Ope/RT Hospital. After written informed consent had been obtained, PB
PT-2 F 56 GBM N/A Ope/RT samples were obtained from six HLA-A*0201" patients with a
PT-3 M 28 GBM N/A Ope/RT/Chemo solid tumor (patient (PT)-1, -2, -3, -4, -5, and -6) and five HLA-
PT-4 M 18 PNET v Ope/RT/Chemo/ A*0201" HDs. Expression of WT1 protein in tumor cells was

auto-PBSCT determined by immunohistochemical analysis, as described else-

PT-5 F 53 Ovarian e Ope/Chemo where.®" The PBMC were separated by density gradient centri-

cancer fugation using Ficoll-Hypaque (Pharmacia, Uppsala, Sweden)

PT-6 F 73 Cecal v Ope/Chemo and cryopreserved in liquid nitrogen until use. Table 1 summa-
cancer rizes the characteristics of both the patients and HDs.

Healthy donors Flow cytometric analysis and single-cell sorting of WT1
HD-1 F 23 tetramer® CD8" T cells. Thawed PBMC were rested at 37°C for
HD-2 M 45 1.5 h in RPMI 1640 containing 10% FBS before being stained
HD-3 F 24 with phycoerythrin (PE)-labeled HLA-A*0201/WT1,5 tetra-
HD-4 E 25 mer (WT1 6 tetramer; MBL, Tokyo, Japan) in FACS buffer
HD-5 M 37 composed of PBS containing 5% FBS at 37°C for 30 min. The

PBMC were then stained with a panel of mAbs at 4°C for
auto-PBSCT, autologous peripheyal blood stem gel! transplantation; 25 min in the dark, washed three times with FACS buffer, and

Chemo, chemotherapy; GBM, glioblastoma multiforme; N/4, not finally resuspended in appropriate quantities of FACS buffer.

available; Ope, operation; PNET, primitive neuroectodermal tumor; . X .

RT, radiation therapy. The following mAbs were used: anti-CD4-FITC, anti-CD16-

FITC, anti-CD45RA-allophycocyanin (APC) (BioLegend, San
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Fig. 1. Frequencies of WT1,5¢ tetramer* CD8" T cells in peripheral blood of patients with a solid tumor and healthy donors and phenotypic
analysis of WT1136 tetramer® CD8" T cells. (a) Representative data of flow cytometric analysis using WT1;, tetramer. CD4~, CD14~, CD167, CD19",
CD567, and WT1,6 tetramer® CD8" T cells were defined as WT14,6 tetramer™ CD8" T cells. The percentages shown represent the frequencies of
WT1,,6 tetramer™ CD8* T cells among total CD3* CD8* T cells. (b) WT14,6 tetramer* CD8* T cells were classified into four distinct differentiation
stages according to the cell surface expression of CCR7 and CDA4SRA as follows: (i) CCR7* CD4SRA™ (naive) cells; (if) CCR7* CD45RA™ (central
memory) cells; (iii) CCR7™ CD45RA™ (effector memory) cells; and (iv) CCR7™ CD45RA* (effector) cells. Representative data from Patient 3 are
shown. () Frequencies of each subset of WT1;, tetramer™ CD8" T cells. Closed and open circles represent patients and healthy donors,
respectively. Bars indicate the median values of the frequencies.
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Diego, CA, USA); anti-CD19-FITC, anti-CCR7-PE-Cy7 (BD
Pharmingen, San Diego, CA, USA); anti-CD3-peridinin chloro-
phyIl protein (PerCP), anti-CD8-APC-Cy7, anti-CD14-FITC
(BD Biosciences, San Jose, CA, USA); and anti-CD56-FITC
(eBioscience, San Diego, CA, USA). In the present study, line-
age antigen (CD4, CD14, CD16, CDI19, and CD56)-negative,
CD3-, CDS8-, and WT1,,¢ tetramer-positive lymphocytes were
defined as WT1,,4 tetramer” CD8" T cells. The WT1;,4 tetra-
mer" CD8* T cells were single-cell sorted using a FACSAria
instrument (BD Biosciences), and data were analyzed using
FACSDiva software (BD Biosciences).

Synthesis of ¢cDNA from a single cell-sorted WT14,¢ tetramer®
CD8" T cell and determination of TCR-BV gene families. The
WT156 tetramert CD8™ T cells were directly single-cell sorted
into PCR tubes containing cDNA reaction mix, and cDNA syn-
thesis was performed as described previously.®” The ¢cDNA
was amplified using 24 kinds of TCR-BV gene family-specific
forward primers and a constant region-specific reverse
primer.®” Next, the PCR products were amplified by semi-
nested PCR for the screening of the BV gene family as follows:
the first PCR product was put into eight separate tubes, each of
which was filled with a reaction mix containing the reagents,
one of eight kinds of screening sets of BV gene family-specific
forward primers and the reverse primer. The eight kinds of
screening sets used in the present study were the same as those
used in a previous study.®” Each screening PCR product was
run on a 2% agarose gel to identify the positive reaction among
the eight kinds of screening sets. Finally, the TCR-BV gene
family was identified by the second round of PCR using an indi-
vidual TCR-BV gene family-specific forward primer, which was
contained in the positive screening set, and the reverse primer.
As a negative control, three PCR tubes without sorted cells were
prepared in each experiment and were subjected to the same
RT-PCR procedures.

A total of 750 WT1,,4 tetramer™ CD8" T cells were analyzed
in six patients (i.e. 59, 66, 46, 67, 88, and 73 cells from PT-1,
-2, -3, -4, -5, and -6, respectively) and five HDs (i.e. 53, 57, 77,
79, and 85 cells from HD-1, -2, -3, -4, and -5, respectively). The
International Immunogenetics Information System (IMGT) data-
base site (http://www.imgt.org/IMGT_vquest/vquest?livret=0
&Option=humanTcR, accessed 15 Nov 2011) was used to iden-
tify the human TCR-BV gene family.

Statistical analysis. The Mann-Whitney U-test was used to
evaluate differences in frequencies and subset compositions of
WTI,5 tetramer™ CD8" T cells and CD3* CD8" T cells
between patients and HDs. The significance of differences in
usage frequencies of the 24 kinds of BV gene families between
patients and HDs was also assessed using the Mann—Whitney U-
test. Analyses were performed with the Stat Flex statistical soft-
ware package (Artech, Osaka, Japan).

Results

Increase in WT1y,6 tetramer® CD8" T cells with effector
memory phenotype in HLA-A*0201* patients with solid
tumors. The CTL responses to an HLA-A*0201-restricted epi-
tope WT1 s of the WT1 protein were examined in HLA-
A#0201" patients with solid tumors. The PBMC were FACS
analyzed by using WT1,,¢ tetramer (Fig. 1), with Figure 1(a)
showing representative profiles of the FACS analysis of WT1;4¢
tetramer” CD8* T cells. The frequencies of WT1,,4 tetramer®
CD8* T cells in patients and HDs were 0.007-0.122% (median
0.039%) and 0.009-0.079% (median 0.016%), respectively.
Although there was a tendency for higher frequencies in patients
than in HDs, the differences failed to reach statistical signifi-
cance (data not shown).

Human CD3* CD8" T cells can be divided into four distinct
differentiation stages according to the cell surface expression of
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CCR7 and CD45RA as follows: (i) CCR7* CD45RA" (naive)
cells; (ii) CCR7* CD45RA™ (central memory) cells; (iii) CCR7™
CD45RA™ (effector memory) cells; and (iv) CCR7™ CD45RA"
(effector) cells.®?*3 These cell surface markers were used to
classify the differentiation stages of WT1,,¢ tetramer™ CD8* T
cells and a representative pattern from PT-3 is shown in Fig-
ure 1(b). The frequency of the naive phenotype of WT1,4 tetra-
mert CD8* T cells was significantly higher in HDs than in
patients (45.8-68.4% [median 55.6%] vs 3.4-37.9% [median
19.9%], respectively; P < 0.01), while the frequency of the
effector memory phenotype of WT1;,4 tetramer™ CD8* T cells
was significantly higher in patients than in HDs (30.3-58.6%
[median 49.0%] vs 15.8-34.4% [median 20.7%], respectively;
P < 0.01; Fig. 1c). In contrast, there were no significant differ-
ences in frequencies of the four subsets of the whole CD3*
CD8" T cells between patients and HDs (data not shown),
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Fig. 2. Frequencies of T cell receptor B-chain variable region (TCR-BV)
gene families used by T cell receptors (TCRs) in WT1,,¢ tetramer* CD8*
T cells. The usage frequencies were defined as the ratio of (the
number of a given TCR-BV gene family used)/(the total number of
WT 14,6 tetramer®™ CD8™ T cells analyzed). Closed columns indicate that
the usage frequency is higher than the mean value + 1SD.
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indicating that the phenotypic difference in CD3* CD8* T cells
between patients and HDs was restricted to WT1 5 tetramer™
CD8" T cells. These results demonstrate that WT1,,4 tetramer™
CD8" T cells exhibit more differentiated/activated phenotypes
in patients than in HDs.

Biased usage of TCR-BV gene families in WT1y56 tetramer*
CD8* T cells. In the present study, TCR-BV gene families in
WT1 56 tetramer™ CD8" T cells were investigated by using the
single cell-based RT-PCR technique for the six patients and five
HDs. Usage frequencies for a given BV gene family were
defined as the ratio of the number of WT1,4 tetramer™ CD8* T
cells with the usage of the BV gene family to the total number of
WT1,,4 tetramer™ CD8" T cells analyzed. When the usage fre-
quency of a given BV gene family was more than the mean
value + 1SD for the usage of 24 different kinds of BV gene fam-
ilies, the usage was defined as biased, as described previously.®®
As shown in Figure 2, the biased usage of the TCR-BV gene
families was as follows: BV2, in two of six patients; BV3, in one
of six patients and one of five HDs; BV4, in one of five HDs;
BVS5, in one of five HDs; BV6, in two of six patients and two of
five HDs; BV7, in three of six patients and three of five HDs;
BV9, in two of five HDs; BV11, in one of six patients; BV15, in
one of six patients; BV19, in two of five HDs; BV20, in two of
six patients and one of five HDs; BV27, in one of six patients
and two of five HDs; and BV28, in two of six patients and two of
five HDs.

The ratios of the number of patients or HDs with biased usage
of individual TCR-BV gene families in WT1 54 tetramer” CD8"
T cells to the number of patients or HDs studied are shown in
Figure 3. Nine TCR-BV gene families with biased usage were
detected in patients and 10 were detected in HDs. These results
show that: (i) BVs 3, 6, 7, 20, 27, and 28 are commonly biased
in patients and HDs; (ii) BVs 2, 11, and 15 are biased only in
patients; and (iii) BVs 4, 5, 9, and 19 are biased only in HDs.

The usage frequencies of TCR-BV gene families in patients
reflect those in HDs. The frequencies of 24 TCR-BV gene fami-
lies used by T cell receptors (TCRs) of WT1 44 tetramer™ CD8*
T cells were compared statistically between HLA-A*0201"
patients and HDs (Fig. 4). In all BV gene families, except BVs
5 and 19, the usage frequencies did not differ significantly
between patients and HDs, although the subset compositions of
WTls tetramer™ CD8* T cells were significantly different

Morimoto et al.

between the two groups (see Fig. Ic). These results strongly
indicate that the frequencies of TCR-BV families used by the
TCR of WT1 5 tetramer” CD8" T cells in patients with solid
tumors reflect those in HDs.

Discussion

Ratios of WT1;q6 tetramer”™ CD8" T cells with the effector
memory phenotype were significantly higher in HLA-A*0201*
patients with solid tumors than in HLA-A*0201" HDs, while
those with the naive phenotype were significantly lower in
patients than in HDs, indicating that WT1 56 tetramer™ CD8" T
cells were more activated and mature in patients than in HDs.
These results are basically compatible with those of our previous
study of WTl,ss tetramer”™ CD8* T cells in HLA-A*2402"
patients with myeloid malignancies and HLA-A*2402* HDs,
where the frequencies of WTl,35 tetramer™ CD8" T cells were
higher in patients than in HDs and WTly;s tetramer” CD8" T
cells were more activated and mature in patients than in
HDs.(?

In order to analyze TCR-BV gene family usage of the TCRs
of human tumor-associated antigen (TAA)-reactive T cells, two
methods are routinely used: (i) bulky lymphocyte populations
are FACS analyzed using a panel of mAbs directed against
individual TCR-BV gene family products; or (ii) the populations
are analyzed b;/ PCR using a panel of TCR-BV gene family-spe-
cific primers.®**® However, the former method does not cover
all the BV gene segments distributed in each BV gene family
and the latter does not guarantee that all the TCR-BV gene fami-
lies are amplified from the cDNA with equal efficiency. For
example, TCR-BV gene families of T cells that exist at very low
frequencies in I;Imphocytes are easily missed using this sort of
PCR method.“? In contrast, because the present study was per-
formed at the single cell level and because the amplification effi-
ciency of TCR-BV c¢DNA from a single WTl,,4 tetramer”
CD8" T cell was >80% (data not shown), our results are thought
to directly reflect TCR-BV gene family usage in WT1,¢ tetra-
mer” CD8™ T cells.

Regardless of a striking difference in WT1-specific CTL
responses between patients and HDs, the usage patterns of TCR-
BV gene families in patients were similar to those in HDs. That
is, patients and HDs shared biased usage of TCR-BV families 3,
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6, 7, 20, 27, and 28, while TCR-BYV families 2, 11, and 15 were
specifically biased in patients and TCR-BV families 4, 5, 9, and
19 were specifically biased in HDs. In total, six (3, 6, 7, 20, 27,
and 28) of ten TCR-BV families (3, 4, 5, 6, 7, 9, 19, 20, 27, and
28) with biased usage in HDs also exhibited biased usage in
patients. Three TCR-BV families (2, 11, and 15) newly emerged
as those with biased usage specific to patients. However, in all
BV gene families, except BVs 5 and 19, the usage frequencies did
not differ significantly between patients and HDs. Together, these
results led us to speculate that WT1-specific CTLs that had
existed predominantly prior to the onset of the solid tumor had
expanded and differentiated to maintain their dominance in
tumor-bearing patients, whereas a few WT1-specific CTL
populations with distinct TCR-BV families expanded in a tumor-
bearing patient-specific manner. Furthermore, it may be sug-
gested that WT1-specific CTLs with a dominant set of TCR-BV
families in HDs play an important role in immune surveillance
against tumors, and that the dominant populations continue to
expand due to stimulation of the tumor-derived WT1 protein in
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WT1-expressing tumor-bearing patients. The immune response
to WT1 may be unique, compared with other tumor-associated
antigens, in the sense that WT1-specific CTLs are retained in
healthy people at relatively higher levels, suggesting that precur-
sors of WT1-specific CTLs are not deleted by the thymus, pass
through it, and flow into the periphery. In fact, Pospori et al. v
demonstrated that after murine hematopoietic stem cells trans-
ducted with the TCR gene of human HLA-A*0201-restricted
WT1-specific CTLs had been transplanted into HLA-A*0201
transgenic recipients, surprisingly WT1-specific CTLs were not
impaired by central or peripheral tolerance and, instead, differen-
tiated into memory phenotype T cells. This suggests that precur-
sors of WT1-specific CTLs are not deleted by the thymus. Thus,
WT1-specific CTLs are likely to have some role in immune sur-
veillance against tumors in both healthy people and patients with
solid tumors. It appears reasonable that TCR-BV families that
were appropriately selected for immune surveillance against
tumors under healthy conditions were also preferentially used for
immune surveillance under tumor conditions.

doi: 10.1111/j.1349-7006.2011.02163.x
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The question as to whether different TCR-BV families are
used in distinct differentiation subsets of WTI,4s tetramer®
CD8" T cells was addressed in the present study. To resolve this
issue, we analyzed differences in the usage frequencies of indi-
vidual TCR-BV families between naive and effector memory
phenotypes, which are major and important phenotypes of
WT1 56 tetramer™ CD8* T cells. However, only PBMC from
HD-3 and -4 were available for this experiment because they
were relatively abundant, while those from the other HDs and
patients were too few in number to be analyzed. The WT1 54
tetramer” CD8" T cells were divided into four cell populations
of naive, central memory, effector memory, and effector accord-
ing to the cell surface expression of CCR7 and CD45RA, and
both naive and effector memory cell populations, which
included more cells for the analysis, were provided for analysis
of TCR-BV families. Eighteen naive and nine effector memory
cells from HD-3 and 26 naive and 29 effector memory cells
from HD-4 were FACS sorted and analyzed. As shown in Fig-
ure S1, available as Supplementary Material for this paper,
usage frequencies of individual TCR-BV families were analyzed
statistically between naive and effector memory cell popula-
tions. In HD-3, no significant differences in usage frequencies of
TCR-BV families were observed between naive and effector
memory cell populations. In addition, in HD-4, there were no
significant differences in usage frequencies in most (13 of 15) of
the TCR-BV families between the two cell populations,
although the usage frequencies of only two TCR-BV families
(i.e. BVs 12 and 19) were biased (P = 0.0292 and P = 0.0019,
respectively). These results indicate that the usage pattern of
TCR-BV families is similar between naive- and effector mem-
ory-typed WT1-specific CTLs. These results also suggest that
the patterns of biased usage of TCR-BV families does not
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change during the differentiation process from naive to effector
through central memory and effector memory.

In both patients and HDs, TCR-BV families 3, 6, 7, 20, 27
and 28 are preferentially used in WT1 54 tetramert CD8* T
cells. As for TCR-BV families of CTLs for other TAAs, it has
been reported that, in a melanoma patient, HLLA-A2-restricted
NY-ESO-1-specific CD8" T cells preferentially used TCR-BV
families 6, 9, and 12.9% Among these three TCR-BV families,
TCR-BV family 6 was also preferentially used by TCRs of
WT1 a6 tetramer™ CD8" T cells in patients and HDs in the pres-
ent study, while TCR-BV family 9 was preferentially used by
WT1 96 tetramer™ CD8* T cells in HDs. Thus, it is interesting to
observe the phenomenon that a given set of TCR-BV families
are preferentially used by certain TAA-specific CD8" T cells
and that some of these families are shared by different TAA-spe-
cific CTLs. However, the reason why dominant CTLs for differ-
ent TAAs (WTI1 and NY-ESO-1) shared the same TCR-BV
families 6 and 9 is difficult to explain at present. One explana-
tion may be that TAA-specific CTLs with TCR-BV families 6
and 9 have an important role in tumor immunity in the context
of HLA-A2 restriction. Further investigations are needed to
address this issue.
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WT1 Peptide Therapy for a Patient with
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Abstract. Wilms® tumor (WT1) protein is one of the most
promising target antigens for cancer immunotherapy. In fact,
clinical responses, such as growth stabilization or shrinkage of
tumor with immunological responses, have been reported in
patients vaccinated with WT1 peptide. Here, we performed WT'1
peptide-based immunotherapy for a patient with chemotherapy-
resistant salivary gland cancer, whose histologic type was
carcinoma ex pleomorphic adenoma. The patient with its
pulmonary metastasis, refractory to chemotherapy, was
intradermally injected with 3 mg of WI'1 peptide emulsified with
Montanide ISA51 adjuvant at one-week intervals for 12 weeks.
The considerably rapid growth of tumor was inhibited after
WT1 vaccination, and stable disease, lasting three months, was
achieved. Concomitantly, immunological responses, i.e. an
increase in frequencies of WT1 tetramer* CD8*T cells and
delayed type hypersensitivity response, were detected after the
vaccination. These results indicate the potential of WT'l peptide-
based immunotherapy for the treatment of chemotherapy-
resistant salivery gland cancer.

The Wilms® tumor gene WITI was first isolated and
categorized as a tumor suppressor gene that was inactivated
in Wilms’ tumor and mutated in the germline of children

Correspondence to: Professor Hamo Sugiyama, MD, PhD.,
Department of Functional Diagnostic Science, Osaka University
Graduate School of Medicine, 1-7, Yamada-Oka, Suita City, Osaka 565-
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Key Words: Wilms’ tumor protein, WT1, salivary gland cancer,
cancer immunotherapy, cancer vaccine.
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with genetic predisposition to Wilms’ tumor, a kidney
neoplasm of childhood (1). The WTI gene encodes a zinc
finger transcription factor, controls the expression of many

- genes associated with cell growth, cell differentiation, and
- apoptosis, and plays a role in mRNA splicing (1).

Our group and others have demonstrated high expression of
the WT'I gene and/or WT1 protein in leukemia and various
kinds of solid cancers (2). Based on a series of experimental
evidence, we proposed that the WI'l gene has an oncogenic
rather than a tumor-suppressive function in most malignant
diseases (1). These results indicated that the wild-type WT!

- gene product could be the most promising target antigen for

cancer immunotherapy (2). WT1 peptide or WI'l cDNA-
vaccinated mice rejected the challenge by WT1-expressing

‘tumor cells without damage to normal tissues that

physiologically expressed WT1 (2). Human WT1 protein-
derived peptides that were able to elicit human leukocyte
antigen (HLA)-class I-restricted WT1-specific cytotoxic T
lymphocyte (CTL) response were also identified by us and

‘other groups (2-5).

Based on these pre-clinical findings, we performed a
phasel clinical study of WT1 peptide vaccination for patients

‘with acute myeloid leukemia (AML), myelodysplastic

syndromes (MDS), lung cancer, and breast cancer (2, 6). In
this study, 0.3-3.0 mg of natural or modified 9-mer WT1
peptide emulsified with Montanide ISA51 adjuvant were
intradermally injected at biweekly intervals. This study
demonstrated that WT1 vaccination was able to induce WT1-
specific CTLs and cancer regression without damage to
normal tissues in the clinical setting (6). In the present study,
we report a case of chemotherapy- and radiotherapy-resistant
salivary gland cancer, histologically diagnosed as carcinoma
ex pleomorphic adenoma, in which WT1 peptide vaccination

1081




ANTICANCER RESEARCH 32: 1081-1086 (2012)

considerably inhibited rapid growth of the tumor, leadmg to
stable dxsease (SD) for three months

:Case Report

A 56-year-old man was dmwnosed as havmo“ salwary gland  ‘ ‘
cancer in February ’3004 The hxstolonlcal dmgnosxs was

carcinoma . ex pleomorphlc adenoma.* The tumor  was
estimated as ¢T3N2bM 1, and there

mediastinal lymph nodes Left neck dlSSﬁCthI’l n’u:}uchnty B
submandibulectomy, was performed in Pebmary 2004 ~
follcwed by postoperatzve rachotherapy, concu : en

nodes - and elevanon of tumor marl\er cyt()keratln 19

fragment(CYFRA) in Marc] ’?005 chemot rapy thh,

cisplatin and a-ﬁuorouracﬂ was performed for three courses.
However, since enlarszement of medxastma] lymph ncdcs and
fung tumor appe"tred aft;i:ry the three courses, chemotherapy

with nedaplatin and docetaxel was performed for four
courses. However, the disease eventually progressed with

- enlargement of mediastinal lymph nodes and lung tumor after
the four courses. Metastasis in the right frontal lobe of brain
was found in August 2006. The metastatic lesion in the brain
was  comipletely resected, followed by whole-brain
radiotherapy. Histological examination of the brain tumor was
compatible with metastasis of salivary gland cancer.-

Since the patient was HLA-A*2402-positive, and WT1

expression  of ‘cancer :tissue was proven by immuno-

hxstochemxca] examination (Figure 1) he was enrolled.into

this clinical study of WT1 ‘peptide vaccmatxon (7.8). The
clinical course and the immunological responses, including

frequencies of WTI1-Tetramer (Tet)” CD8* T-cells in

peripheral blood (PB) (Figure 2) and the WT1 peptide-
specific delayed type hypersensitivity (DTH), were evaluated
(8). During the month before the start of vaccination (weeks
-4 to 0), the tumor was considerably rapidly growing and a
small amount of pleural effusion at the right side appeared.
Representative data of the computed tomographic
examination from weeks -4 to 12 (the end of the clinical
study period) are shown in Figure 3. The CT examinations
revealed that the sum of the longest diameter (SLD) of target

lesions increased from 67% at week -4 to 100% at the -

vaccination start (week 0) (SLD at weck 0 was defined as
100%) (Figure 4, upper panel). :

The first injection .of WT1 vaccine was performed on
December 20, 2006. The WT1 vaccine was composed of
3 mg of a modified WT1 peptide (amino acids 235-243:
CYTWNQMNL) for HL.A-A*%2402 type and Montanide ISAS1
-adjuvant, and the vaccination was scheduled to be performed
12 times at weekly intervals (8). After WT1 vaccination was

begun, rapid growth of the tumor declined (Figure 4, upper -

panel). SLD slightly decreased from 100% at week 0 to
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th S"l;y', ‘

approxunately 90% at week 5, and was then stable for a further
7 weeks until the end of this chmml smdy period (week 12)

i (qure 4, upper panel) Furthermore necrotic lesion in the
- 'ﬁmmor was found on CT examination at week 12 (Figure 3,

- upper panel). The amount of pleural effusion, which appeared
{‘before the vaccination, dld not increase during the 12 weeks.

The panent s quahty of hfe ‘was also maintained (performance
 status: 0) and he was qble to cany out his daily life without any
: lmntanon during. the three months of this clinical study period.

‘Atthe end of t.‘ms clinical smdy (Week 12),the clinical response
~was, ascessed as stable (hsease (SD). As for adverse effects,
‘cnly local skm rythema '1& the injection sites of the WT1
L :vaccme was observed.

—type hypersensmvxty (DTH) skin test for WT1

. pepude Was performed for the monitoring of immunological
fresponse,,(Q 10) The DTH test was negative at the beginning
of WT vaccmanon but turned positive at weeks 5,9 and 13

(Fxgure 4. Frequencxes of WT1-Tet* CD8" T-cells among
CD8* T-cells was 0.098% before the vaccination, but
increased to 0,16% at week 4, and the increased percentage
was maintained at week 8 (Figure 4, lower panel).

Discussion

This report demonstrates the potential of WT1 vaccination
for the treatment of salivary gland cancer, histologically
diagnosed as carcinoma ex pleomorphic adenoma. WTI
peptide - vaccination for a patient with  recurrent,
chemotherapy-resistant, considerably ‘rapidly growing
submandibular gland cancer induced a cessation ‘of tumor
growth, followed by a slight decrease in tumor size (10%
decrease of SLD). The decrease in fumor size was revealed
with CT examination at week 4 and remained unchanged
until the end of this chmcal trial (week 12) (Figure 4).
Furthermore, necmtlc lesion in the tumor was found on CT
examination at week 12 (Figure 3, upper panel). Since the
tumor orowth was rqpxd before the beginning of WTI

~vaccination, it is reasonablc to consider that WT1 vaccination

mduced a clinical response to suppress tumor growth.
The frequency of WT1-Tet* CD8* T-cells in PB of the
patient before the vaccination was 0.098%, while the mean

‘value of those from healthy donors was 0.094%;, indicating
“that the frequency of WT1-Tet* CD8* T-cells in the PB of

the patient was at the same level as the ones of healthy
donors. However, the frequency of WT1-Tet* CD8* T-cells
increased after the vaccination from 0.098% at week 0 to
0.16% at week 4 (1.63-fold increase). We previously reported
a clear correlation between clinical response and 1.5-fold
increase in the frequency of WT1-Tet™ CD8* T-cells after
WTI1 vaccination (6). The change of DTH from negative to
positive reaction after the vaccination also supports the
elicitation of a WT1-specific immunological response by the
vaccination, Taken together, these data strongly suggest that
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Figure 1. Wilms® nmor (WT'1) protein expression of tunor tissue. This tissue was stained with anti-WT1 protein antibody. The majority of cancer cells

exhibit positive staining of WI'l protein, mainly in their cytoplasm.
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Figure 2: Detection of WI'l retramer® CD8* T-cells in the patient. CD4-, CD14-, CD16-, CD19- and CD36-positive cells were gated out from
peripheral blood mononuclear cells, and these marker-negative, CD8- and WI'I tetramer-positive cells were defined as WTl-specific cytotoxic
Iymphocytes.

a WT1 peptide vaccination-induced immunological response,
detected by tetramer assay (ex vivo immune monitoring) and
DTH reaction (in vivo immune monitoring), led to the
clinical response, i.e. stabilization of the disease.

Surgical resection, followed by local radiotherapy, when
needed, is a standard therapy for patients with stage I or IT
salivary gland cancer, and the prognosis is not so poor (11).

CcD8

However, the prognosis of patients with advanced stages of
the disease, such as patients with its distant metastasis, is
very poor (11). Carcinoma ex pleomorphic adenoma,
presented in this report, accounts for about 12% of salivary
malignancies and is a subtype of highly malignant tumor
(12). Although novel therapies, including a combination
therapy of trastuzumab and capecitabine, are being tested,
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Weeks :

Figure S.Re:presénzk
Arrows ‘indicate. tum
suppressed by WT1 va

standard therapy for pi ,
~has " not been -esta hshcd (1’) .o n ChlS
immunotherapies, mcludmg WTl pepnde ‘vaccine, may
become alternatives for the treatment of this disease. In the
course of the preparation of this manuscript, Sasabe ef al.
reported a case of pulmonary metastasis from adenoid
cystic carcinoma of salivary gland that was successfully
treated with WT1 peptide ‘'vaccination (13). Their report
along w vith the current study strongly suggest that WT1
peptide vaccination has therapeutic potential for salivary
gland cancer.
Besides salivary gland cancer, the favorable response of
WTI1 immunotherapy in various types of malignancies such
as AML, MDS, multiple myeloma, glioblastoma multiforme,
rhabdomyosarcoma, lung, breast, renal, ovarian cancers has
been previously reported which strongly  suggests “the
superiority of WT1 protein as a target antigen for cancer
immunotherapy (2-6, 8,10, 14-16). In fact, WT protein was
rated as the most promising target antigen in a recent review
article © (17). .On this basis,  “WT1 = peptide-based
immunotherapy is expected to become a novel treatment for
salivary gland cancer.
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Use of !'C-methionine PET parametric response map for
monitoring WT1 immunotherapy response in recurrent
malignant glioma
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Object. Immunotherapy targeting the Wilms tumor 1 (WT1) gene product is a promising treatment modality for
patients with malignant gliomas, and there have been reports of encouraging results. It has become clear, however, that
Gd-enhanced MR imaging does not reflect prognosis, thereby necessitating a more robust imaging evaluation system
for monitoring response to WT1 immunotherapy. To meet this demand, the authors performed a voxel-wise parametric
response map (PRM) analysis of !'C-methionine PET (MET-PET) in WT1 immunotherapy and compared the data with
the overall survival after initiation of WT1 immunotherapy (OSyr).

Methods. Fourteen patients with recurrent malignant glioma were included in the study, and OSy,y, was com-
pared with: 1) volume and length change in the contrast area of the tumor on Gd-enhanced MR images; 2) change
in maximum uptake of ''C-methionine; and 3) a more detailed voxel-wise PRM analysis of MET-PET pre- and post-
WT1 immunotherapy.

Results. The PRM analysis was able to identify the following 3 areas within the tumor core: 1) area with no
change in '"C-methionine uptake pre- and posttreatment; 2) area with increased 'C-methionine uptake posttreatment
(PRM*ET); and 3) area with decreased ''C-methionine uptake posttreatment. While the results of Gd-enhanced MR
imaging volumetric and conventional MET-PET analysis did not correlate with OSy; (p = 0.270 for Gd-enhanced
MR imaging length, p = 0.960 for Gd-enhanced MR imaging volume, and p = 0.110 for MET-PET), the percentage
of PRM*MET area showed excellent correlation (p = 0.008) with OSy,.

Conclusions. This study describes the limited value of Gd-enhanced MR imaging and highlights the potential of
voxel-wise PRM analysis of MET-PET for monitoring treatment response in immunotherapy for malignant gliomas.
Clinical trial registration no.: UMIN000002001.

(http:/ithejns.orgldoilabs/10.3171/2011.12.JNS111255)

Key Worps ¢ glioma ¢ UYC-methionine PET ¢ WTI1 immunotherapy -
parametric response map ¢ oncology

ALIGNANT glioma remains a devastating intracra-
M nial neoplasm. In particular, patients with newly

diagnosed GBM have a median overall survival
of only 14.6 months, even when treated with chemothera-
peutic agents such as temozolomide.'” On the other hand,
the products of the WT/ gene have been shown to be
overexpressed in malignant gliomas,'>!* and this makes

Abbreviations used in this paper: GBM = glioblastoma multi-
forme; MET-PET = ''C-methionine PET; OS,;; = overall survival
after initiation of Wilms tumor 1 immunotherapy; PRM = paramet-
ric response map; RECIST = Response Evaluation Criteria in Solid
Tumors; ROI = region of interest; WT1 = Wilms tumor 1.
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the WT1 antigen an attractive target for immunotherapy
against malignant glioma.

The results of WT1 immunotherapy have been previ-
ously reported for the initial 21 patients participating in
an ongoing Phase II clinical trial of WT1 vaccination for
patients with recurrent malignant glioma, and the safety
and efficacy of WT1 vaccination have been described
(Phase I/II clinical trial of WT1 peptide-based vaccine for
the patients with malignant tumors. UMIN0O00002001).°

This article contains some figures that are displayed in color
online but in black and white in the print edition.
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The median overall survival time after initiating WT1
immunotherapy was 36.7 weeks. In that report, the anti-
tumor effect of the treatment was assessed by determin-
ing the response of the target lesions using MR imaging
12 weeks after initiating WT1 vaccination. The tumor
length, corresponding to the contrast-enhanced area on
Gd-enhanced MR images, was measured and analyzed
according to RECIST version 1.0, with results reported
as complete response, partial response, stable disease,
and progressive disease.

In that analysis, however, the long-term survivors
were assessed as having progressive disease at 12 weeks
after WT1 vaccination initiation, suggesting that evalu-
ation by contrast-enhanced Tl-weighted MR imaging is
not suitable for assessing the treatment response to WT1
immunotherapy. The fact that morphological imaging of-
ten does not adequately reflect the underlying tumor biol-
ogy’ imposes a considerable demand to develop alterna-
tive biological markers for therapeutic response. Recently,
a voxel-wise PRM has been developed to overcome the
above-mentioned issue in other treatment modalities for
malignant glioma.>-*

The present report focuses on the results in 14 pa-
tients who were enrolled in the same trial but were not
included in the previous report. In this study, we have at-
tempted to apply the voxel-wise PRM method to MET-
PET in the setting of WT1 immunotherapy against recur-
rent malignant glioma and compare its clinical value with
conventional analytical methods based on MR imaging
and PET.

Methods
WTI Immunotherapy

Patients received intradermal injections of 3.0 mg of
modified 9-mer WT1 peptide emulsified with Montanide
ISA51 adjuvant. The WT1 vaccinations were given week-
ly for 12 consecutive weeks. Twelve weeks after the ini-
tial vaccination, the response was evaluated by means of
both MR imaging and MET-PET. Our local internal re-
view board approved this treatment and written informed
consent was obtained from all patients. Details of the
procedures and protocol have been reported elsewhere >

Patient Selection

Between 2004 and 2010, 66 patients with recurrent
malignant glioma were treated with WT1 immunother-
apy as described above as part of an ongoing clinical
trial (UMINO00002001). Nineteen of these 66 patients
underwent evaluation by means of MET-PET. These pa-
tients were not included in our previous report.’ Five of
these 19 patients—2 patients with intratumoral hematoma
and 3 patients whose tumor volume was 2 cm? or less as
measured by MET-PET—were excluded from the current
analysis. All 14 patients whose data were analyzed for
this study underwent MR imaging and MET-PET before
(pre-WT1) and 12 weeks after (post-WT1) WT1 vaccina-
tion. Detailed information pertaining to these 14 patients
is listed in Table 1. The overall survival was measured
from WT1 immunotherapy initiation, denoted as OSyr,.
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Magnetic Resonance Imaging

All MR images were obtained using a 3.0-T whole-
body MR scanner (Signa, GE Medical Systems) with an
acquisition time of approximately 3 minutes. After intra-
venous administration of Gd-diethylenetriamine penta-
acetic acid (Gd-DTPA; 0.1 mmol/kg body weight), axial
T1-weighted images were obtained using standard pro-
cedures. Those images were stored in 512 x 512 x 23 or
216 anisotropic voxels, with each voxel being 0.43 x 0.43
x 6.0 or 1.0 mm.

MET-PET Scans

All PET studies were performed using the Eminence
PET system (Shimadzu Corp.). "C-methionine (111-222
MBq, 3-6 mCi), synthesized according to the method
of Berger et al.,! was injected intravenously. Tracer ac-
cumulation was recorded over 15 minutes in 99 trans-
axial slices from the entire brain. Total activity from 20
to 35 minutes after tracer injection was used for image
reconstruction. The images were stored in 256 x 256 x 99
anisotropic voxels, with each voxel being 1 x 1 x 2.6 mm.

Tumor Length and Volume Measurement

Tumor length, corresponding to the contrast-en-
hanced area on T1-weighted MR images, was measured
and analyzed according to RECIST version 1.0, us-
ing the ImageJ software from the National Institutes of
Health (http://rsb.info.nih.gov/ij/).

Tumor volume was measured by performing a 3D
threshold-based volume-of-interest analysis in all patients
for contrast-enhanced lesions on Gd-enhanced MR im-
ages, using the Image] software. The contrast-enhanced
area in each slice image was measured by manual track-
ing of the tumor boundaries, and the sum of the enhanced
areas or high-uptake areas was multiplied by the slice
interval.

Image Fusion and Registration

The MET-PET data were registered onto pre-WT1
contrast-enhanced T1-weighted standard anatomical im-
ages using normalized mutual information with the VINCI
image analyzing software from the Max Planck Institute
for Neurological Research in Cologne (http:/www.nf.mpg.
de/vinci/). Registration of the images was confirmed visu-
ally. The reported registration error for normalized mutual
information is less than 1 mm.” After image registration
was completed, all image sets, including the standard ana-
tomical MR images (pre-WT1) and MET-PET data (pre-
and post-WT1), were converted into 256 x 256 x 256 iso-
tropic, 1 x 1 x 1 mm images enabling further voxel-wise
analysis of the images (Fig. 1).

Data Processing and ROI Selection

Three data sets (standard anatomical images and
MET-PET data) were exported to in-house software writ-
ten in MATLAB 7.6 (MathWorks) for further analysis.
Regions of interest were selected as follows: for normal
brain tissue, the contralateral hemisphere of the tumor
was selected, including both the gray and white matter;
for tumor, contrast-enhanced lesions were selected.
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TABLE 1: Summary of clinical and demographic characteristics of 14 patients*

Case No. Age (yrs)t Sex ECOGPS  Diagnosis

Response per RECIST  OSy; {wks)f  Tumor Vol by MET-PET (cm?®)§

1 43, M 2 GBM
2 64, M 1 GBM
3 76, M 1 GBM
4 60, F 0 GBM
5 20,F 0 GBM
6 64, F 1 AA
7 29, M 2 GBM
8 28, M 1 GBM
9 62, M 0 gliosarcoma
10 36, F 1 AA
1 44, M 0 GBM
12 62, F 1 GBM
13 51, M 0 GBM
14 39,F 1 GBM

SD 871 31.2
PD 144.7 63.8
SD 144.6 29

SD 617 58.1
PR 29.3 249
SD 65.0 51

PD 209 15.4
SD 57.7 9

SD 770 115
SD 60.3 338
PD 481 13.2
PD 18.7 5

PD 35.0 393
PD 276 16.2

* AA = anaplastic astrocytoma; ECOG PS = Eastern Cooperative Oncology Group Performance Status; PD = progressive dis-

ease; PR = partial response; SD = stable disease.
t Mean 48.4 years.

1 Median 59.0 weeks.

§ Median 26.5 cm?,

91 The patient in Case 9 was alive as of this writing.

Parametric Response Map Calculation Algorithm

As in Fig. 1, post-WT1 !C-methionine uptake was
plotted as a function of pre-WT1 !"C-methionine uptake
in both normal brain and Gd-enhancing lesions. A linear
regression fitting was applied to the data obtained by the
ROI placed at the normal brain (Fig. 1, blue line), which
can be expressed as follows: post-WT1 MET-PET = pre-
WT1 MET-PET, where “post-WT1 MET-PET” and “pre-
WTI1 MET-PET” are the tumor/normal tissue (T/N) ratio
of pre- and post-WT1 UC-methionine PET.

Next, the magnitude of deviation of each data point
(i) from the expected linear regression fitting was calcu-
lated as follows:

deviation; = [(post-WT1 MET-PET), — (pre-WT1 MET-
PET)]/V2

The parametric response map (PRM) of each data
point was defined as follows:
PRM, = deviation, — u / p
where p and p are the mean and standard deviation of
deviation; within the ROI placed at the normal brain. In
other words, PRM is identical to the z-score of each data

point in the lesion from the expected linear regression
line calculated for normal brain.

Statistical Analysis

Statistical analyses were carried out using a Kaplan-
Meyer survival analysis with the log-rank test if not
specified otherwise. A p value < 0.05 was considered sta-
tistically significant, and all statistical computation was
performed using Prism 5 (GraphPad Software, Inc.) or
JMP 9.0 (SAS Institute, Inc.).
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Results

Applying the PRM Calculation to WT'1 Immunotherapy
Patients

The PRM calculation, described above and in Fig. 1,
was successfully performed in all 14 cases. The actual
process that was performed is described below by pre-
senting 2 representative cases, one (Case 2) in which the
patient had a relatively long OSyq, of 144.7 weeks and
was considered a treatment responder, and another (Case
7) in which the patient had a relatively short OSy, of 20.9
weeks and was considered a treatment nonresponder.

Representative Treatment Responder. A representative
case involving a treatment responder (Case 2) is illustrat-
ed in Fig. 2. First, a voxel-wise analysis was performed in
normal brain tissue (Figs. 1 and 2). As shown in Fig. 2,
pre- and post-WT1 'C-methionine uptake showed good
positive linear correlation in normal brain tissue. A linear
regression line and the = 2 SD distribution range were
calculated. Subsequently, the same analysis was per-
formed in a tumor lesion. A contrast-enhanced area was
selected as the ROI for analysis. In this particular case,
most voxels were distributed in the -2 SD area, suggest-
ing that "C-methionine uptake decreased after WT1 im-
munotherapy (Fig. 2). This area is presented as PRM-MET
(PRM with reduced methionine uptake).

This patient survived for 144.7 weeks after initiation
of WT1 immunotherapy, although the contrast-enhanced
area increased after WT1 immunotherapy, categorizing
this patient as having progressive disease in the Gd-en-
hanced MR imaging—based RECIST analysis.
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Fic. 1. Image processing procedures. "C-methionine PET data obtained before and 12 weeks after WT1 immunotherapy
initiation were fused and registered onto conventional contrast-enhanced MR images. All 3 images were converted into a 256 x
256 x 256, 1-mm isotropic image matrix. Post-WT1 ""C-methionine uptake was plotted as a function of pre-WT1 "C-methionine
uptake. After calculating the linear regression line with the = 2 SD distribution range in contralateral normal brain tissue, an ROI
was set at the contrast-enhanced pre-WT1 immunotherapy lesion. The obtained plots were categorized into the following 3 areas:
1) area of no change in ""C-methionine uptake pre- and posttreatment, 2) area with increased "C-methionine uptake posttreat-
ment (PRM*ET), and 3) area with decreased "'C-methionine uptake posttreatment (PRM-ET), These areas were reconstructed
in images for visual inspection (PRM*¥ET in red and PRM-ET in blue).

Representative Treatment Nonresponder. A represen-
tative case in which the patient had only a short OSy,
(Case 7) is illustrated in Fig. 3. The same analysis as
described above was performed. In this particular case,
most voxels were distributed in the +2 SD area (PRM
with increased methionine uptake [PRM*ET]), suggest-
ing that 'C-methionine uptake increased after WT1 im-
munotherapy. This patient survived for 20.9 weeks after
initiation of WT1 immunotherapy.

Correlation of Treatment Response Assessment and OSy,

Magnetic Resonance Imaging—Based Assessment. To
assess the validity of evaluating the response to WT1 im-
munotherapy using contrast-enhanced MR imaging, the
changes in length and volume of the tumor before and
12 weeks after initiating WT1 immunotherapy were cal-
culated. As in Fig. 4A and B, both methods using Gd-
enhanced MR imaging failed to show positive correlation
with OSy, (p = 0.270 and 0.960, respectively).

Conventional MET-PET Analysis. To assess the valid-
ity of evaluating the response to WT1 immunotherapy us-
ing MET-PET, the changes in maximum ""C-methionine
uptake assessed using the tumor/normal tissue ratio (T/N
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max) before and 12 weeks after initiating WT1 immu-
notherapy were calculated. Change of T/N max failed to
show any statistically significant correlation with OSg,,
(p = 0.110) (Fig. 4C).

Parametric Response Map Analysis. Finally, correla-
tion of the proposed voxel-wise PRM of MET-PET with
OSy, was investigated. Each voxel of contrast-enhanced
area on the pretreatment MR images was categorized as
a no-change area, PRM*™MET, or PRM-MET, according to no
change, increase, or decrease, respectively, in methionine
uptake 12 weeks after initiation of WT1 immunotherapy.
The percentage of the 3 categories was calculated 3-di-
mensionally and correlated with OSy,p, (Fig. 5). While
the percentage of the PRM™ET area showed moderate
correlation with OSy, (p = 0.100) (Fig. 5 left), the per-
centage of the PRM*MET area showed excellent correlation
with OSyr, (p = 0.008) (Fig. 5 right). A threshold of 5%
for PRM*™ET yielded the best performance for discrimi-
nating WTI immunotherapy responders from nonre-
sponders (Fig. 5 right). When a Cox proportional hazard
model was applied, adjusted by age (cutoff 50 years of
age) and performance status (0 or 1 and 2), a threshold
of 5% for PRM*MET gtill remained as the only statistically
significant factor (p = 0.01).
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Fic. 2. Case 2. A representative treatment responder with recurrent GBM (0S,,;, 144.7 weeks). Images were analyzed as in
Fig. 1. Voxel-wise PRM analysis revealed that most of the contrast-enhanced lesion was within the PRM-¥E area. Although the
0S,,;, was 144.7 weeks, conventional MR imaging evaluated the response as progressive disease. Gd-MRI = Gd-enhanced MR

imaging; T/Nr = T/N max.

Discussion

Conventionally, MR imaging is used to evaluate re-
sponse to treatment in glioma patients. The maximum
length of the contrast-enhanced area is measured and
the effect of treatment is analyzed according to RECIST.
This method is based on previous reports showing RE-

CIST to be useful in determining objective responses of
contrast-enhancing brain tumors to therapy. Moreover,
those reports showed that use of RECIST was comparable
to volumetric methods.>!® On the other hand, problems
with using MR imaging—based tumor measurement as an
indicator of treatment response have been reported. For
example, temozolomide-based chemoradiotherapy for
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Fic. 3. Case 7. A representative treatment nonresponder with recurrent GBM (0S,; 20.9 weeks). Images were analyzed as
in Fig. 1. Voxel-wise PRM analysis revealed that most of the contrast-enhanced lesion was within the PRM*ET area, suggesting

that the patient was not responsive to WT1 immunotherapy.
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Fic. 4. Correlation of 0S,,y, with changes in tumor length and volume using contrast-enhanced MR imaging and the T/N max
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initiation) on Gd-enhanced MR imaging—measured tumor length (A), volume (B), and T/N max of MET-PET (C) are presented.
The correlations were not statistically significant (p = 0.270, 0.960, and 0.110, respectively; 14 cases).
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newly diagnosed GBM results in a transient increase in
tumor enhancement on MR imaging in 20%-30% of pa-
tients (pseudoprogression), which is difficult to differenti-
ate from true tumor progression.? Similarly, in the pres-
ent study, changes in tumor length and volume measured
by contrast-enhanced MR imaging after WT1 immuno-
therapy did not correlate with OSyy, (Fig. 4), suggesting
that contrast-enhanced MR imaging is inappropriate for
evaluating the clinical outcome of WT1 immunotherapy.
Unlike chemotherapy or radiotherapy, immunotherapy
causes an inflammatory reaction in the tumor, which re-
sults in infiltration of inflammatory cells, dilation of cap-
illary vessels, and increased capillary permeability. Thus,
it is possible that contrast enhancement does not reflect
the tumor activity but rather represents the immune reac-
tion in situ.

On the other hand, MET-PET provides high-resolu-
tion metabolic information about the tumor in vivo,' in-
formation that is impossible to obtain using MR imaging.
Previous studies have shown that the ratio of the maxi-
mum "C-methionine uptake in tumor compared with the
contralateral normal brain (T/N max) reflects progno-
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sis.»!! However, gliomas are heterogeneous in nature and
have heterogeneous uptake of "'C-methionine. In fact, we
have previously demonstrated that ''C-methionine uptake
correlates with tumor cell density by comparing MET-
PET images with stereotactically sampled tissue.!> Thus,
instead of analyzing T/N max, which could result in com-
parisons between different locations within the tumor, a
better method is to analyze the change in '"C-methionine
uptake in each anatomical location to elucidate the global
change in 'C-methionine uptake within the tumor. To sat-
isfy this need, a voxel-wise PRM analysis®-® was used in
the present study and produced excellent correlation be-
tween OSyy, and the percentage of PRM™ET (Fig. 5). This
method showed far better correlation with OSyy, than
changes in T/N max by MET-PET, suggesting that the
voxel-wise PRM is the most suitable method for assessing
the treatment response of gliomas. Moreover, although
the number of cases analyzed was small, a threshold of
5% for PRM*MET was the best indicator for discriminating
WT1 immunotherapy responders from nonresponders in
terms of survival time (Fig. 5 right). A similar method has
already been applied for diffusion or perfusion MR im-
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Fic. 5. Correlation of OSy,y, with PRM-ET and PRM*¥ET, Correlations between OS,y, and percentage areas of PRM-ET (left)
and PRM*¥T (right) are presented. The percentage of PRM*ET within the contrast-enhanced lesion before WT1 immunotherapy

initiation correlated best with OS,; (p = 0.008; 14 cases).
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