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indicating that the phenotypic difference in CD3* CD8" T cells
between patients and HDs was restricted to WT1 54 tetramer™
CDS8"* T cells. These results demonstrate that WT1 54 tetramer™
CD8" T cells exhibit more differentiated/activated phenotypes
in patients than in HDs.

Biased usage of TCR-BV gene families in WT1,,¢ tetramer*
CD8* T cells. In the present study, TCR-BV gene families in
WTI1 6 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
WT1,5 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;
BV3, 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,,4 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: (1) 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,,4 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
WT126 tetramert CD8" T cells were significantly different
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between the two groups (see Fig. lc). 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 54 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 4 tetramert 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 WTly5 tetramert CD8% T cells in HLA-A%*2402%
patients with myeloid malignancies and HLA-A%2402* HDs,
where the frequencies of WT1,35 tetramer™ CD8* T cells were
higher in patients than in HDs and WTl,35 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 b3y 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 lymphocytes 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 cDNA from a single WTl,ys tetramer”
CDS8™ T cell was >80% (data not shown), our results are thought
to directly reflect TCR-BV gene family usage in WT1 54 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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Fig. 4. Statistical comparison of usage frequencies of individual T cell receptor B-chain variable region (TCR-BV) gene families in WT1,5
tetramer® CD8" T cells between patients (PTs) and healthy donors (HDs). The significance of differences was assessed using the Mann-Whitney U-

test. NS, not significant.

6, 7, 20, 27, and 28, while TCR-BV 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
BYV gene families, except BVs 5 and 19, the usage frequencies did
not differ significantly between patients and HDs. Together, these
results Jed 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 WTl-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.“"
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 WTI-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
© 2011 Japanese Cancer Association



The question as to whether different TCR-BV families are
used in distinct differentiation subsets of WT1,,¢ 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 96 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 WT154
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 WT1,44 tetramer* CD8* T
cells. As for TCR-BV families of CTLs for other TAAs, it has
been reported that, in a melanoma patient, HLA-A2-restricted
NY-ESO-1-specific CD8" T cells preferentially used TCR-BV
families 6, 9, and 12.%> Among these three TCR-BV families,
TCR-BV family 6 was also preferentially used by TCRs of
WT1,4 tetramer” CD8" T cells in patients and HDs in the pres-
ent study, while TCR-BV family 9 was preferentially used by
WT1 56 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 (WT1 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 HLLA-A2 restriction. Further investigations are needed to
address this issue.
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1. Introduction

ABSTRACT

To induce and activate tumor-associated antigen-specific cytotoxic T lymphocytes (CTLs) for cancer
immunity, itisimportant not only to select potent CTLepitopes but also to combine them with appropriate
immunopotentiating agents. Here we investigated whether tumor immunity induced by WT1 peptide
vaccination could be enhanced by IFN-B. For the experimental group, C57BL/6 mice were twice pre-
treated with WT1 peptide vaccine, implanted with WTT-expressing C1498 cells, and treated four times
with WT1 peptide vaccine at one-week intervals. During the vaccination period, IFN-3 was injected three
times a week. Mice in control groups were treated with WT1 peptide alone, IFN-3 alone, or PBS alone.
The mice in the experimental group rejected tumor cells and survived significantly longer than mice in
the control groups. The overall survival on day 75 was 40% for the mice treated with WT1 peptide + IEN-f3,
while it was 7, 7, and 0% for those treated with WT1 peptide alone, IFN-f3 alone or PBS alone, respectively.
Induction of WT1-specific CTLs and enhancement of NK activity were detected in splenocytes from mice
in the experimental group. Furthermore, administration of IFN-f3 enhanced expression of MHC class |
molecules on the implanted tumor cells. In conclusion, our results showed that co-administration of
WT1 peptide +IFN-f3 enhanced tumor immunity mainly through the induction of WT1-specific CTLs,
enhancement of NK activity, and promotion of MHC class I expression on the tumor cells. WT1 peptide
vaccination combined with IFN- administration can thus be expected to enhance the clinical efficacy of
WT1 immunotherapy.

© 2011 Elsevier Ltd. All rights reserved.

sufficiently induce and activate the TAA-specific CTLs. Furthermore,
if the co-administered agents not only help induction/activation of

Induction and activation of tumor-associated antigen (TAA)-
specific cytotoxic T lymphocytes (CTLs) is essential for cancer
immunotherapy. For this purpose, it is important to co-administer
appropriate immunopotentiating agents, including adjuvants or
cytokines, together with a TAA-derived peptide that serves as
a CTL epitope, because injection of a CTL epitope alone cannot
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tion, Culture, Sports, Science and Technology and the Ministry of Health, Labor, and
Welfare, Japan.
* Corresponding author. Tel.: +81 6 6879 2593; fax: +81 6 6879 2593.
E-mail address: sugiyama@sahs.med.osaka-u.acjp (H. Sugiyama).
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the CTLs but also activate other effector cells such as NK cells, this
may further enhance anti-tumor responses.

The Wilms’ tumor gene WT1 was originally isolated as a gene
responsible for Wilms' tumor, a pediatric renal cancer [1,2]. This
gene encodes a zinc finger transcription factor involved in organ
development, cell proliferation and differentiation, as well as
apoptosis. The WT1 gene product regulates the expression of var-
ious genes either positively or negatively, depending upon how
it combines with other regulatory proteins in different types of
cells. Although WT1 was categorized at first as a tumor suppres-
sor gene [3], we have proposed that the wild-type WT1 gene
plays an oncogenic rather than a tumor-suppressor gene func-
tion in leukemogenesis/tumorigenesis on the basis of the following
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findings: (i) the wild-type WT1 gene was highly expressed in
leukemias and solid cancers [4-17]; (ii) high expression levels
of WT1 mRNA correlated with poor prognosis in leukemia and
several kinds of solid cancer [4]; (iii) growth of WT1-expressing

leukemia and solid cancer cells was inhibited by treatment with

WT1 antisense oligomers in vitro [18]; and (iv) in wild-type
WT1 gene-transfected myeloid progenitor cells, differentiation was
blocked but proliferation was induced in response to granulo-
cyte colony-stimulating factor [19,20]. These findings indicate
that WTT over-expression and leukemogenesis/tumorigenesis may
be closely related, which suggests that the wild-type WT1 gene
product could be a promising tumor rejection antigen for can-
cer immunotherapy. In fact, we [14-17,21] and others [22,23]
have generated human WT1-specific CTLs in vitro, and we were
able to show that mice immunized with MHC class I-restricted
WT1 peptide or with WT1 plasmid DNA elicited WT1-specific
CTLs and rejected the challenge of WTI-expressing cancer cells
in vivo [14-17,24,25], while the induced CTLs did not damage
normal tissue cells that physiologically expressed WT1, includ-
ing kidney podocytes and bone marrow (BM) stem/progenitor
cells. Furthermore, we demonstrated that WT1 peptide vaccina-
tion combined with Mycobacterium bovis bacillus Calmette-Guérin
cell wall skeleton (BCG-CWS) [26], which was injected one day
previously at the same site as the WT1 peptide was more effec-
tive for eradication of WT'1-expressing tumors than treatment with
WT1 peptide alone or BCG-CWS alone [27]. BCG-CWS strongly acti-
vated dendritic cells (DCs) of the injection sites, i.e. activated of
innate immunity, and also induced/activated of TAA (WT1)-specific
CTLs.

Interferon-f3 (IFN-B) is a Type | interferon, and is known for
its various immunopotentiating properties: (i) enhancement of
the expression of many surface molecules that are essential for
binding and/or activation of CTLs, in particular the major histo-
compatibility complex (MHC) class I as well as the receptors B7-1
(CD80) and intercellular adhesion molecule-1 (ICAM-1) [28,29],
on antigen-presenting cells (APCs) or cancer cells; (ii) activa-
tion of NK, B, and T cells [30,31]; (iii) a direct anti-proliferation
effect on cancer cells by promoting cell cycle arrest at the
G1 phase [32]; (iv) induction of apoptosis of cancer cells [33];
and (v) inhibition of angiogenesis [34]. In fact, it was reported
in mouse models that type [ interferon was essential in the
induction of CTL and eradication of EG-7 tumors expressing
ovalbumin in mice by vaccination with CpG-adjuvanted oval-
bumin [35], and that type I interferon augmented induction of
CTL through DNA-based vaccination [36]. Furthermore, IFN-3 has
already been in use for cancer immunotherapy in clinical settings
[37-40}, and the mechanism for the enhancement of immunity
against cancer has been thoroughly investigated. The results show
that IFN-f should be considered as one of the most promising
immunopotentiating agents for use with TAA-directed cancer vac-
cines.

We examined whether WT1 peptide vaccination combined with
IFN-B administration leads to greater enhancement of tumor cell
rejection than WT1 peptide vaccination alone in a mouse model
and we tried to elucidate the mechanisms of enhancement of WT1
immunity by the co-administration of [FN-[3.

2. Materials and methods
2.1. Mice

Male C57BL/6 (H-2DP) mice were purchased from Clea Japan,
Inc. (Tokyo, Japan), maintained in a specific pathogen-free (SPF)

containment facility in accordance with the guidelines of Osaka
University, and used for experiments at 6-8 weeks of age.
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Fig. 1. In vivo tumor cell challenge and vaccination schedule. Mice were intrader-
mally (i.d.) and abdominally pre-immunized with 100 ug WT1 peptide emulsified
in incomplete Freund's adjuvant (IFA, Montanide ISA51) on day ~14 and -7, Con-
comitantly, 50,000 units of murine IFN-3 was intraperitoneally (i.p.) injected three
times per week during the two weeks before tumor cell implantation. On day 0,
mice were subcutaneously implanted with 3 x 10° mWT1-C1498 cells in 100 ul of
PBS. This was followed by abdominal injection of 100 j.g WT1 peptide emulsified
in IFA on days 1, 8, 15 and 22. In addition 50,000 units of murine IFN- was also
i.p. injected three times per week until day 26 (WT1 peptide + IFN-8 group). Mice in
the control groups were injected with WT1 peptide emulsified in IFA and PBS (WT1
peptide alone group), PBS emulsified in IFA and IFN-B (IFN-f alone group), or PBS
emulsified in IFA and PBS (non-treated group).

2.2. Reagents

An MHC class 1 (H-2DP)-binding peptide, Db126 peptide
(a.a.126-134 RMFPNAPYL), was synthesized by SIGMA Genosys
(Ishikari, Japan) [24]. The peptide was dissolved in PBS and stored
at —20°C until use. Murine IFN-f3 was kindly donated by Toray
Industries (Tokyo, Japan). Montanide ISA 51, an incomplete Fre-
und’s adjuvant (IFA), was purchased from Seppic S.A. (Orsay,
France). Anti-CD8 and anti-NK1.1 mAbs for cell depletion were pro-
duced by 53-6.7.2 and PK136 hybridoma clones, respectively. Both
hybridoma were obtained from American Type Culture Collection
(ATCC, Rockville, MD, USA).

2.3. Cells

C1498, a WTI1-nonexpressing murine leukemia cell line of
C57BL/6 origin, was obtained from ATCC (Rockville, MD, USA).
WT1-expressing murine WT1-C1498 (mWT1-C1498) was gener-
ated by transduction of C1498 cells with CMV promoter driven
murine WT1 17AA(+)KTS(+) isoform full length cDNA that was
inserted into pcDNA3.1(+) mammalian expression vector (Invitro-
gen, Tokyo, Japan). YAC-1 cells that were used as target cells for
NK activity were obtained from ATCC. RMAS, a TAP-deficient sub-
line of RMA (Rauscher leukemia virus-induced lymphoma cell line
of C57BL/6 origin), was kindly provided by Dr. K. Karre (Karolin-
ska Institute, Sweden) through Dr. H.-G. Rammensee (University of
Tiibingen, Germany) [24].

2.4. Invivo tumor cell challenge and vaccination schedule

The implanted dose of the tumor cells was optimized by pre-
liminary experiments in which more than 90% of the non-treated
mice transplanted with the tumor cells died within two months
due to tumor development. We therefore adopted an observation
period of 75 days after the tumor cell implantation (day 0). Tumor
implantation and vaccination schedule are shown in Fig. 1. Mice
were intradermally (i.d.) pre-immunized with an abdominal injec-
tion of 100 g WT1 peptide emulsified with IFA on days —14 and
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—7. During the same period, 50,000 units of murine IFN-3 was
intraperitoneally (i.p.) injected three times per week. On day 0,
mice were subcutaneously (s.c.) implanted with 3 x 10° mWT1-
1498 cells in 100 ! of PBS, followed by abdominal i.d. injection
of 100 pg WT1 peptide emulsified with IFA on days 1, 8, 15, and
22. In addition, 50,000 units of murine IFN-f3 was also injected
i.p. three times per week until day 26. Mice in control groups
were vaccinated with WT1 peptide + [FA + PBS (WT1 peptide alone
group); PBS +IFA +IFN-3 (IFN-f alone group); and PBS +IFA+PBS
(non-treated group). Tumor growth was monitored by measuring
the longest diameter of the palpable mass.

For the assessment of immunological effector cells, we per-
formed in vivo experiments independently from those for the
assessment of survival. Splenocytes and bone marrow cells from
mice immunized as shown in Fig. 1 were recovered on day 30 (8
days after the last vaccination) and used for 1Cr release cytotox-
icity assay (CTL and NK activities) and colony assay, respectively.
Furthermore, the resected tumors were used for analysis of MHC
class | expression.

2.5. 51Cr release cytotoxicity assay and mice treatment schedule
for the assay

Splenocytes were stimulated with the 5 pg/ml WT1 peptide
and cultured in complete medium containing 10% heat-inactivated
FCS, 45% RPMI1640 medium, 45% AIM-V medium, 1x non-essential
amino acid (Gibco), 25ng/ml 2-mercaptoethanol, 501U/ml peni-
cillin and 50pug/ml streptomycin. Two and four days later,
recombinant interleukin-2 (riL-2; kindly donated by Shionogi
Biomedical Laboratories, Osaka, Japan) was added to the culture at
a concentration of 201U/ml. After six days of culture, a > Cr release
cytotoxicity assay was performed against WT1 peptide-pulsed or
-unpulsed RMAS cells for WT1-specific CTL activity, and against
YAC-1 cells for NK cell activity, as described previously [24]. Target
cells (1 x 10% cells) labeled with 1Cr were added to wells contain-
ing varying numbers of effector cells in 96-well plates. After 4 h of
incubation at 37 =C, cell lysates were centrifuged and 100 pl of the
supernatant was collected and measured for radioactivity. The per-
centage of specific lysis (% specific lysis) was calculated as follows:
percentage of specific lysis=(cpm of experimental release - cpm
of spontaneous release)/(cpm of maximal release — cpm of sponta-
neous release) x 100. Radioactivity of the supernatant, either of the
target cell cultures without effector cells, or of the target cells that
were completely lysed by the treatment with 1% Triton X-100 was
used for spontaneous and maximal release, respectively.

2.6. Analysis of MHC class I expression

Tumors were resected from the tumor-bearing mice on day
30, and tumor cell suspensions were prepared with the tissues in
the center of the tumor mass. The resected tissues contained only
tumor mass with the naked eye. The cells were stained with FITC-
conjugated anti-mouse H-2DP monoclonal antibody (KH-95, BD
Biosciences, Franklin Lakes, NJ, USA) and analyzed with the FACSort
(BD). Live cells were determined by means of FSC and SSC gating.

2.7. Colony assay

For CFU-GM (colony-forming-unit granulocyte-macrophage)
assay, bone marrow cells were recovered from mice on day 30,
plated at 1 x 104 cells/plate in methylcellulose medium containing
10 ng/ml IL-3, 10 ng/ml IL-6, 50 ng/ml SCF, and 3 U/ml erythropoi-
etin (EPO) (Methocult M3434; Stem Cell Technologies, Vancouver,
BC, Canada), and cultured at 37 °C in a humidified incubator under
5% CO,. Colonies with more than 50 cells were counted on days 8
and 12.
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Fig. 2. Effect of WT1 peptide vaccination combined with IFN-B administration on
rejection of implanted tumor cells. (A) Time course of size of tumors developed
in individual mice of the four groups. Tumor sizes represent the longest diame-
ters. (B) Overall survival curves of the four groups. Solid black, broken, dotted, and
solid gray lines represent overall survival curves of mice treated with WT1 pep-
tide vaccine + IFN-8, WT1 peptide vaccine alone, IFN-f3 alone, and non-treated mice,
respectively.

2.8. Invivo CD8" T and NK cell depletion experiments

Mice were implanted with 3 x 105 mWT1-C1498 cells and
treated with WT1 peptide vaccine + [FN-f3 as shown Fig. 1. The WT1-
and IFN-§3- treated mice were injected with PBS or 200 p.g of anti-
CD8 and/or 200 g of anti-NK mAbs on days —15, -8, -1,4,7, 11,
14, 18, 21 and 25 [35,41].

2.9. Statistical analysis

Significant differences in overall survivals among experimental
groups were evaluated with the Logrank test. The Student’s t-test
was used to calculate the differences in the expression levels of
H-2DP on tumor cells in mice among experimental groups.
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Fig. 3. Induction of WT1-specifc CTLs and enhancement of NK activity by treatment with WT1 peptide vaccine +IFN-B. Eight days after the last vaccination, splenocytes
from the mice in each group were stimulated in vitro with WT1 peptide-pulsed synergistic splenocytes. WT1-specific CTL and NK cell activities were assayed in triplicate
as cytotoxic activities against WT1 peptide-pulsed, -unpulsed RMAS or YAC-1 cells, respectively, at the indicated E/T ratio. (A) WT1-specific CTL activity. Closed and open
circles represent cytotoxic activities against WT1 peptide-pulsed or -unpulsed RMAS, respectively. (B) NK activity. NK activity is shown as cytotoxic activities against YAC-1

cells. Bars indicate standard errors.

3. Results
3.1. IFN-B promotes efficacy of WT1 peptide vaccination

To investigate whether IFN-f3 promoted tumor cell rejection
by WT1 peptide vaccination, mice were twice immunized with
Montanide ISA51-emulsified WT1 peptide with or without IFN-
[3 administration before transplantation of WT1-expressing tumor
cells (mWT1-C1498) and then repeatedly WT1-immunized, fol-
lowed by assessment of the tumor growth and their survival (Fig. 1).
Optimization of cell number and determination of the observation
period are described in Section 2.

Nine of the 15 mice treated with WT1 peptide vaccine +IFN-3
developed tumors and died, while the remaining 6 mice were alive
without tumors on day 75 (Fig. 2A). In contrast, 14 of the 15 mice
treated with WT1 peptide vaccine alone, 14 of the 15 mice treated
with IFN-$ alone and all of the 15 non-treated mice had died of
tumor growth by day 75. Overall survival rates on day 75 were 40%
for mice treated with WT1 peptide vaccine + IFN-8, but 7, 7 and 0%
for mice treated with WT1 peptide vaccine alone or IFN-3 alone or
for non-treated mice, respectively. The overall survival rates of mice
treated with WT1 peptide vaccine + IFN-3 were significantly higher
than those of the other three groups (WT1 peptide vaccine +IFN-
B versus WT1 peptide vaccine alone, IFN-3 alone or non-treated:
p<0.05, p<0.05, and p <0.0005, respectively). The overall survival
rates of mice treated with WT1 peptide vaccine alone or [FN-£ alone
were significantly higher than those of non-treated (WT1 peptide
vaccine alone versus non-treated, IFN-f alone versus non-treated:

p<0.05 and p<0.005, respectively). There was no significant differ-
ence in survival rate between WT1 peptide vaccine alone and IFN-f3
alone (Fig. 2B).

3.2. WTT peptide vaccine + [FN-f enhances induction of
WT1-specific CILs and activates NK cell activity

In order to analyze immune responses, tumor-bearing mice
treated with WT1 peptide vaccine+IFN-8 as shown in Fig. 1
were sacrificed on day 30. The splenocytes of each mouse were
stimulated in vitro with WT1 peptide and assayed for WT1 peptide-
specific CTL activity against WT1 peptide-pulsed and -unpulsed
RMAS cells and for NK activity against YAC-1 cells. Representa-
tive data are shown in Fig. 3. Splenocytes from mice treated with
WT1 peptide vaccine + IFN-3 showed the strongest WT1 peptide-
specific cytotoxic activity while splenocytes from non-treated mice
showed the weakest activity. WT1-specific cytotoxic activity was
in the following order: WT1 peptide vaccine +IFN- > WT1 peptide
vaccine alone > IFN-3 alone > non-treated. These findings convinc-
ingly showed that WT1-specific CTL activity was higher in the two
groups with WT1 peptide vaccine than in the two groups without it.
It appeared that the WT1-specific CTL activities in splenocytes from
IFN-B-treated or non-treated mice were endogenously induced as
a result of immunological stimulation by WT1-expressing tumor
cells implanted.

Next, NK cell activity was examined (Fig. 3B). Mice of all four
groups were sacrificed on day 30 and their splenocytes were ana-
lyzed for their NK cell activity. NK cell activity was higher in both
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WT1 peptide vaccine +IFN-[3 and IFN-f3 alone groups. These results
suggested that NK activity was endogenously induced in WT1-
expressing tumor-bearing mice and that this activity was enhanced
by administration of IFN-3, which is a potent enhancer of NK activ-
ity.

Taken together, these results indicated that the strongest rejec-
tion of implanted tumor cells in the mice treated with WT1 peptide
vaccine +FN- resulted from the generation of the highest levels
of both WT1-specific CTLs and NK cells.

3.3. WT1 specific CTLs and NK cells play crucial roles in the
treatment by WT1 peptide vaccine +IFN-f

To confirm that WT1-specific CTLs and NK cells played crucial
roles in the tumor rejection, in vivo depletion of CD8* T and/or NK
cells was performed. Mice that were implanted with mWT1-C1498
cells and vaccinated with WT1 peptide vaccine +IFN-f8 as shown
in Fig. 1 were treated with both or either of anti-CD8 and anti-NK
mADbs.

Tow of five mAb-non-treated mice developed tumors and
died, while the remaining three survived without development
of tumors. In contrast, all of the mice that were treated with
both or either of anti-CD8 and anti-NK mAbs and vaccination-non-
treated mice died of tumor development. it should be noted that
appearance of tumors in mice treated with both or either anti-CD8
and anti-NK mAbs was earlier than that in mAb-non-treated mice
(Fig. 4).

These results strongly indicated that both WT1-specific CD8*
CTLs and NK cells played crucial roles in the rejection of tumor
cells.

3.4. Enhancement of MHC class I (H-2D") expression on
transplanted tumor cells by the administration of IFN-f

Since WT1 (Db126) peptide is produced from WT1 protein
through processing in tumor cells and presents on the cell surface
in association with MHC class I (H-2Db) [29,32], H-2D® expres-
sion levels of target cells are thought to exert a major influence
on the susceptibility of the cells to attack by vaccination-induced
WT1 (Db126)-specific CTLs. For this reason, the H-2DP expres-
sion levels on the transplanted tumor cells (WT1-expressing C1498
cells) were examined. Tumor-bearing mice were sacrificed 30 days
after tumor cell implantation, the tumors were resected, and the
tumor cells were stained with anti-H-2DP antibody (Fig. 5). The
expression levels of H-2DP on tumor cells was significantly higher
in mice treated with WT1 peptide vaccine +IFN-f3 or IFN-(3 alone
than in those treated with WT1 peptide vaccine alone or non-
treated mice (p < 0.05) (Fig. 5B). These results indicated that IFN-
administration enhanced the expression of H-2DY on tumor cells,
which should make tumor cells more susceptible to attack by WT1-
specific CTLs.

3.5. No inhibition of colony-forming ability of bone marrow cells
from mice immunized with WT1 peptide vaccine + IFN-f

WTT1 is expressed in some tissues of normal adult mice, includ-
ing hematopoietic stem/progenitor cells, podocytes of kidney
glomeruli, gonads and mesothelial structures. To evaluate the risk
of induction of autoimmunity by immunization with WT1 peptide
vaccine + IFN-f3, the colony-forming ability of bone marrow cells,
as shown by the numbers of CFU-GM colonies, were examined.
No differences in numbers of CFU-GM colonies were found among
the five groups (WTT1 peptide vaccine +1FN-3, WT1 peptide vaccine
alone, IFN-$3 alone, tumor-bearing non-treated, and non-tumor-
bearing non-treated) (Fig. 6). These results showed that induced
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Fig. 4. Cancellation of tumor rejection by WT1 peptide vaccine+IFN-§ by the
administration of anti-CD8 and/or anti-NK mAbs,. Mice were implanted with 3 x 10°
mWT1-C1498 cells and treated with WT1 peptide vaccine +IFN-f as shown in Fig, 1.
The WT1- and IFN-B- treated mice were injected with PBS or 200 pg of anti-CD8
and/or 200 p.g of anti-NK mAbs on days —15, ~8,~1,4,7, 11, 14, 18, 21 and 25. Time
course of size of tumors developed in individual mice from the five groups. Tumor
sizes represent the longest diameters.

WT1-specific CTLs did not recognize normal cells that physiologi-
cally expressed WTT1.

4. Discussion

In the study presented here, we demonstrated that co-treatment
with WT1 peptide vaccine (Db126; CTL epipope) + IFN-3 enhanced
rejection of WTI-expressing tumor cells in a mouse model.
Enhanced induction of WT1-specific CTLs and NK cell activity was
considered to be largely responsible for the successful rejection
of the implanted tumor cells. The important roles of WT1-specific
CD8* T cells and NK cells in the tumor rejection were confirmed by
depletion experiments using anti-CD8 and/or anti-NK mAbs.

The most likely mechanism for the induction of the strongest
WT1-specific cytotoxic activity in mice treated with WT1 pep-
tide vaccine+IFN-f3 is the following: IFN-f activates NK cells
[30,42,45], which generate IFN-y, which in turn activates DCs and
T cells [42-44]. Furthermore, IFN-f can also activate T cells directly
[30]. These conditions lead to a more efficient induction of WT1-
specific CTLs by the WT1 peptide vaccine. The WT1 peptide-specific
cytotoxic activity observed in tumor-bearing non-treated mice
may be due to the spontaneous induction of WT1-specific CTLs
as a result of immune stimulation by implanted WT1-expressing
tumors. Enhancement of NK cell function induced by in vivo
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Fig. 5. IFN-B enhanced MHC class | (H-2DP) expression of tumor cells in vivo. (A) H-2D® expression levels of tumor cells recovered from mice. Solid black, broken, dotted,
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non-treated mice, respectively. (B) The mean fluorescence intensity (MFl) of H-2DP expression of tumor cells from mice.

administration of IFN-B contributed to a high rejection rate of
tumors in the present experiment system. However, the exact
mechanism of the enhancement was not addressed in this study,
while a series of investigations regarding the effect of IFN-3 on NK
cells were reported, including that IFN-[3 upregulated TRAIL on NK
cells [45] and enhanced production of IFN-y from NK cells. Besides
NK cells, NKT cells might also have important roles in enhancement
of tumor rejection in the present experiment system, considering
that it was reported that IFN-f3 enhanced up-regulation of CD1d
on DCs, which leads to NKT cell activation [46]. Further studies are
needed to address the mechanism of enhancement of NK and NKT
cell function by IFN-f in the context of tumor immunity.

At least two merits of IFN-B administration could be confirmed.
One was that, as shown in Fig. 3B, greater enhancement of NK
cell activity was observed in mice treated with WT1 peptide vac-
cine +IFN-B or with IFN-f alone than in the other two groups.
This indicates that IFN- activated NK cells in vivo, and that the
enhanced NK activity contributed to eradication of MHC class
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Fig. 6. No inhibition of colony-forming ability of bone marrow cells from mice
immunized with WT1 peptide vaccine +IFN-B. Numbers of colonies generated by
CFU-GM (colony-forming-unit granulocyte-macrophage) from mouse bone marrow
cells on day 30. Values represent the means of the results from four mice in each
group. Bars indicate standard errors,

I-negative tumor cells or those with low MHC class 1 expression.
Another merit was that MHC class | expression on the WT1-
C1498 leukemia cells was enhanced. WT1 peptides were generated
through intracellular processing of the WT1 protein in tumor cells
and presented on the surface of these cells in association with MHC
class I molecules, followed by the recognition of the WT1 pep-
tide/MHC class I complex by WT1-specific CTLs. Consistent with
previously reported findings [28,29], MHC-class | expression on
the WT1-C1498 leukemia cells was enhanced in mice treated with
WT1 peptide vaccine + IFN-3 or IFN-3 alone. Higher expression of
MHC class I molecules contributes the recognition and attack by
CTLs [29]. It is possible that in mice treated with WT1 peptide vac-
cine +IFN-f3 MHC class | expression on the WI'1-C1498 leukemia
cells was enhanced, resulting in a heightened vulnerability to attack
by WT1-specific CTLs. Taken together, it seems likely that target
cells (mWT1-C1498 cells), of which the MHC class I expression was
enhanced by IFN-B, were efficiently killed by WT1-specific CTLs,
while the remaining target cells with negative or low MHC class |
expression were efficiently killed by NK cells whose activity was
enhanced by IFN-3. IFN-« is another type 1 IFN and has the sim-
ilar structure and function to IFN-B [31-36,45,47]. Furthermore,
both IFN-o and IFN-3 were approved for human use [30,37-40,48].
Therefore, it would be interesting to examine, using this experi-
ment system, whether IFN-a, as well as IFN-, is effective in the
context of a combined use with WT1 peptide vaccine for the treat-
ment of malignancies.

Other functions of [FN-f in tumor rejection enhancement, that
is, non-immunological mechanisms such as direct anti-tumor and
anti-angiogenesis effect [32-34] may also have contributed to such
rejection.

Although WT1 is physiologically expressed in some type of
normal cells, including hematopoietic stem/progenitor cells and
kidney glomeruli, WT1 vaccination combined with IFN-§ treat-
ment did not diminish the GM colony-forming ability of BM cells
(Fig. 6), which is in agreement with previous reports [25,27].
These findings indicate that WT1-specific CTLs did not recognize
normal cells that physiologically expressed WT1. The reason for
this lack of recognition appears to be that WT1-specific CTLs can
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discriminate only between WT1-expressing tumor cells and physi-
ologically WT1-expressing normal cells, resulting in the selective
killing of tumor cells with no damage to normal tissues. These
results suggested that the mechanisms involved in processing of
WTT1 protein and/or presentation of WT1 peptide might be different
between tumor and normal cells, resulting in no or weak presenta-
tion of the WT1 peptide on the cell surface of normal cells. Further
studies to address this issue are clearly warranted.

Immunopotentiating agents play a key role in the success of
cancer immunotherapy, because injection of CTL epitope peptide
alone cannot sufficiently induce and activate the TAA-specific CTLs.
Co-administration of CTL epitope peptides and immunopotenti-
ating agents proved to be effective for induction and activation
of the CTLs and/or activation of other effector cells such as NK
cells. We previously reported that the WT1 peptide vaccine com-
bined with M. bovis bacillus Calmette-Guérin cell wall skeleton
(BCG-CWS), which activates DCs through TLRs 2 and 4, had a syn-
ergistic effect on tumor rejection in mice [27]. In the current study,
we could demonstrate the immunopotentiating activities of IFN-
{3 leading to the enhancement of WT1-specific CTLs, NK cells, and
MHC class I expression. It is anticipated that WT1 peptide vaccina-
tion combined with both IFN-f3 and BCG-CWS will be more effective
for tumor rejection. The combination of CTL epitope vaccine with
some immunopotentiating agents with various mechanisms for
enhancement of anti-tumor immunity can be expected to become
part of effective strategies for the cancer immunotherapy. Clini-
cal trials of WT1 peptide cancer vaccine have already been started,
and WTT1 peptide vaccination was shown to have good potential for
the treatment of cancer [14-17,49-54]. So far, we have performed
immunization using WT1 peptide with Montanide ISA 51 adjuvant,
and another group used KLH and GM-CSF [55]. Since the safety
and toxicity of IFN-f have been confirmed to a considerable extent
[37-40], WT1 peptide vaccination combined with I[FN-f should be
ready for use in the clinical settings in the near future.
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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,1; 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*MET); 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 OSyr,-

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://thejns.org/doi/abs/10.3171/2011.12 JNS111255)

Key Worps ¢ glioma ¢ !"C-methionine PET ¢ WT1 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 WTI 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; OSyy, = 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. UMIN000002001).°

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 T1-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
WT1 Immunotherapy

Patients received intradermal injections of 3.0 mg of
modified 9-mer WT1 peptide emulsified with Montanide
ISAS51 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 OSy,.
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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
MBgq, 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 ImagelJ 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 ImageJ 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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PET monitoring of immunotherapy response

TABLE 1: Summary of clinical and demographic characteristics of 14 patients*

Case No. Age (yrs),t Sex ECOGPS Diagnosis

Response per RECIST  OS,,r; (wks)t  Tumor Vol by MET-PET (cm?®)§

1 43, M 2 GBM
2 64, M 1 GBM
3 7%6,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
91 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 1447 63.8
SD 144.6 29

SD 61.7 58.1
PR 29.3 24.9
SD 65.0 51

PD 20.9 15.4
SD 57.7 9

SD 770 1.5
SD 60.3 3.8
PD 481 13.2
PD 18.7 5

PD 35.0 39.3
PD 276 15.2

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

ease; PR = partial response; SD = stable disease.
1 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-
WT1 MET-PET” are the tumor/normal tissue (T/N) ratio
of pre- and post-WT1 !'C-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 WT1 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 OS,;, of 144.7 weeks and
was considered a treatment responder, and another (Case
7) in which the patient had a relatively short OS,,1, 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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Fie. 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 ROl
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-¥E"). These areas were reconstructed
in images for visual inspection (PRM*#7 in red and PRM-¥ET in blug).

Representative Treatment Nonresponder. A represen-
tative case in which the patient had only a short OSyr,
(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 OSyy,

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

838

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 OSy,,
(p = 0.110) (Fig. 4C).

Parametric Response Map Analysis. Finally, correla-
tion of the proposed voxel-wise PRM of MET-PET with
OSyr, 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,r; (Fig. 5). While
the percentage of the PRM™ET area showed moderate
correlation with OSy,r, (p = 0.100) (Fig. 5 left), the per-
centage of the PRM™ET area showed excellent correlation
with OSy,r, (p = 0.008) (Fig. 5 right). A threshold of 5%
for PRM*MET yielded the best performance for discrimi-
nating WT1 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 stil] remained as the only statistically
significant factor (p = 0.01).
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Fie. 2. Case 2. A representative treatment responder with recurrent GBM (OS,,y, 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-ET area. Although the
OSr1 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-

Pre-WT1

Post-WT1

Gd-MRi

Met-PET

o

PRM analysis

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

RO selection

Post-WT1 Met-PET (T/Nr)

Pre-WT1 Met-PET (T/Nr)

Parametric Response Map

Fie. 3. Case 7. A representative treatment nonresponder with recurrent GBM (OS,,1, 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 OS,,;; with changes in tumor length and volume using contrast-enhanced MR imaging and the T/N max
of MET-PET. Correlations between OS;, and changes (from before WT1 immunotherapy to 12 weeks after immunotherapy
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).

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 OSyq, (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 (IT/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 OSyr; and the percentage of PRM*ET (Fig. 5). This
method showed far better correlation with OSy,1, 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, with PRM-ET and PRM*¥E7, Correlations between OS,,;, and percentage areas of PRM-MET (left)
and PRM*VET (right) are presented. The percentage of PRM*MET within the contrast-enhanced lesion before WT1 immunotherapy

initiation correlated best with OSy,1, (p = 0.008; 14 cases).
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aging analysis in glioma treatment using temozolomide
and radiation therapy and has been suggested as an early
biomarker for treatment response.5-® The main difference
between voxel-wise PRM analysis and conventional im-
aging analysis is that voxel-wise PRM analysis allows us
to identify the location and extent of areas that responded
to therapy, rather than comparing the maximum values
of the pre- and posttreatment evaluation modality, which
could be comparing different locations.

There are, however, limitations that should be noted.
Because pre- and posttreatment !'C-methionine uptake
is registered and compared, this method cannot be used
when the shape or size dramatically change during ther-
apy due to cyst formation or intratumoral hemorrhage. A
more advanced method that could correct for tissue de-
formation is required to compensate for these changes.
As the images compared were obtained 12 weeks apart,
it is necessary to investigate the possibility of comparing
images obtained in shorter intervals. Another limitation
of this study is the retrospective nature of the data analy-
sis and the limited sample size. Although a 5% cutoff of
PRM*MET yields the best result for the survival analysis, a
prospective study with a much larger sample size will be
necessary to obtain the most suitable cutoff value. More-
over, other modalities, such as perfusion or diffusion MR
images should also be investigated in a similar manner to
elucidate whether these modalities could also be used for
evaluating immunotherapy for malignant gliomas.

Conclusions

We performed a voxel-wise PRM analysis of MET-
PET before and 12 weeks after WT1 immunotherapy
initiation to evaluate the clinical responses to WT1 im-
munotherapy in recurrent malignant glioma patients.
This method holds promise for evaluating the dynamics
of immunotherapy, which can be difficult to assess using
conventional Gd-enhanced MR imaging.
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