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We previously evaluated Wilms’ tumor gene 1 (WT1) peptide vaccination in a large number of patients with leukemia or solid
tumors and have reported that HLA-A*24:02 restricted, 9-mer WT1-235 peptide (CYTWNQMNL) vaccine induces cellular immune
responses and elicits WT1-235-specific cytotoxic T lymphocytes (CTLs). However, whether this vaccine induces humoral
immune responses to produce WT1 antibody remains unknown. Thus, we measured IgG antibody levels against the WT1-235
peptide (WT1-235 IgG antibody) in patients with glioblastoma multiforme (GBM) receiving the WT1 peptide vaccine. The WT1-
235 IgG antibody, which was undetectable before vaccination, became detectable in 30 (50.8%) of a total of 59 patients dur-
ing 3 months of WT1 peptide vaccination. The dominant WT1-235 IgG antibody subclass was Th1-type, IgG; and 1gGs. WT1-
235 IgG antibody production was significantly and positively correlated with both progression-free survival (PFS) and overall
survival (0S). Importantly, the combination of WT1-235 IgG antibody production and positive delayed type-hypersensitivity
(DTH) to the WT1-235 peptide was a better prognostic marker for long-term OS than either parameter alone. These results
suggested that WT1-235 peptide vaccination induces not only WT1-235-specific CTLs as previously described but also WT1-
235-specific humoral immune responses associated with antitumor cellular immune response. Our results indicate that the
WT1 IgG antibody against the WT1 peptide may be a useful predictive marker, with better predictive performance in combina-
tion with DTH to WT1 peptide, and provide a new insight into the antitumor immune response induction in WT1 peptide
vaccine-treated patients.
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What’s new?

WT1 antibody as a predictive marker for WT1 vaccine

The Wilms’ tumor gene 1 (WT1) antigen is a promising target for immunotherapeutic strategies against glioblastoma multi-
forme (GBM), a brain tumor with poor survival rates. The present study shows that vaccination with WT1-235 peptide can
induce WT1-235-specific humoral immune responses in GBM patients. WT1-235 IgG antibody production was significantly
associated with prolonged progression-free survival and overall survival. Survival times were significantly longer in GBM
patients with positive delayed-type hypersensitivity (DTH) responses to WT1 peptide. Thus, in WT1 vaccine-treated GBM
patients, especially those exhibiting positive DTH responses, WT1-235 IgG antibody production can predict long-term survival.

Immunotherapies that enhance antitumor
immune responses represent an attractive therapeutic
approach for cancer treatment. One of the most promising
targets of tumor-associated antigen (TAA)-targeting cancer
immunotherapy is the Wilms’ tumor gene 1 (WT1), which
was ranked as the top antigen among a total of 75 in the
National Cancer Institute pilot project to prioritize cancer
antigens.! Although WT1 was originally isolated as a tumor
suppressor gene responsible for Wilms' tumor, a pediatric
neoplasm,” wild-type WTI is overexpressed in human leuke-
mia,” particularly in leukemia stem cells* as well as a variety
of solid tumors such as lung,® colon,® breast,”® and pancre-
atic cancer’ and astrocytic tumors.'” Numerous studies lend
support for an oncogenic rather than a tumor suppressor
role for WTI based on its functional roles such as the pro-
motion of growth,""'* induction of resistance to cell death,'?
promotion of DNA damage repair,"* inhibition of differentia-
tion,'>'® induction of cytoskeletal changes,'” and promotion
of tumor angiogenesis.'®'* Moreover, the WT1 protein elicits
humoral®*™** and cellular immune responses in vitro™> >
in vivo*® Based on these studies, WTl-targeting cancer
Immunotherapies, such as peptide-based vaccines,”” > WTI
mRNA-electroporated dendritic cell (DC) therapy,”® and
WT1 peptide-pulsed DC therapy”' have been developed with
clinical efficacy in various malignant tumor types.

Glioblastomas, a World Health Organization (WHO)-
defined grade IV astrocytoma, are the most common primary
malignant brain tumor in adults. Despite current treatment
modalities that typically include surgical resection, radiation,
and systemic chemotherapy, almost all patients experience
tumor progression or recurrence. The median survival of
patients diagnosed with glioblastoma multiforme (GBM)
remains at 12-15 months, with 2- and 5- year survival rates of
26-33% and <5%, respectively.”>>* We have previously
reported the results of a phase II clinical trial of a WT1 peptide
vaccine for recurrent GBM.”> WT1 peptide vaccine was well
tolerated and induced clinical responses with 57.1% disease
control rate (partial response [PR] in two patients and stable
disease [SD] in 10 patients among 21 cases). The median
progression-free survival (PFS) time was 20.0 weeks, and the 6-
month PFS rate was 33.3%. Based on these promising results,
38 additional patients were recruited to the clinical trial.

The primary aim of immune monitoring during clinical
trials for TAA-targeted immunotherapy is to assess the

pre-existing

and

correlation between the induction of TAA-specific cellular
immune responses and clinical antitumor efficacy of immunother-
apy.”® In previous WT1 peptide vaccine clinical trials with
immune monitoring to assess the induction of WT1 epitope-
specific cellular immune responses, the association of both delayed
type hypersensitivity (DTH) to the WT1 peptide and WT1 pep-
tide/MHC multimer (WT1-tetramer) with clinical outcomes have
been reported.’”*® However, whether WT1 peptide vaccine indu-
ces humoral immune responses to produce IgG antibodies against
the WT1 peptide and whether WT1 IgG production is associated
with clinical outcomes remain undetermined.

In this study, humoral immune responses to the WT1
peptide (aa 235-243) were investigated in patients with GBM
who were treated with the modified 9-mer WT1-235 peptide
that was identified as an antigenic peptide for HLA-A*24:02.
The serum levels of the WT1-235 IgG antibody were meas-
ured by enzyme-linked immunosorbent assay (ELISA), and
its association with clinical outcomes was analyzed.

Materials and Methods

WT1 peptide vaccine immunotherapy

WT1 peptide vaccine immunotherapy was performed under
the approval by the Ethical Review Board of Osaka Univer-
sity Faculty of Medicine as described previously.’® This trial
was registered at the UMIN Clinical Trials Registry as
Umin000002001. In brief, the Good Manufacturing Practice
(GMP)-grade, 9-mer modified WT1 peptide (aa 235-243,
CYTWNQMNL; Peptide Institute, Ibaraki, Osaka, Japan and
Multiple Peptide Systems, San Diego, CA, USA), in which Y
was substituted for M at the second amino acid position (the
anchor position) of the natural WT1 peptide to improve
binding to HLA class I, HLA*A24:02, was used for immuni-
zation. Patients who met the criteria for the clinical study
were intradermally injected with 3 mg of 9mer-WT1 peptide
emulsified with Montanide ISA51 adjuvant (Sepic, Paris,
France) once a week for 12 consecutive weeks. The antitumor
effect of the vaccine was assessed by determining the
response of target lesions on magnetic resonance imaging
(MRI) scans according to the Response Evaluation Criteria in
Solid Tumors (RECIST) criteria (Fig. 1a).”> When slowing or
inhibition of tumor progression was observed during the first
3 months, WT1 peptide vaccination was further continued at
1- to 4-week intervals. All patients were given the best sup-
portive care after dropout from the WT1 peptide vaccine
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Figure 1. Induction of WT1-specific humoral immune responses by WT1 peptide vaccination. (a) Vaccination and sampling schedules during
WT1 peptide immunotherapy. (b) Increased serum WT1-235 IgG antibody levels during vaccination with WT1 peptide. Serum WT1-235 IgG
antibody levels were determined by ELISA at the indicated time points and presented as values of absorbance at 440 nm. ***p < 0.001.
(¢) Two-dimensional plot of the ratio of Th1- to Th2- type WT1-235 IgG subclasses. Serum levels of WT1-235 IgG, 1gGs, and IgG, antibodies
were measured by ELISA using subclass-specific secondary antibodies, and the ratio of absorbance of WT1-235 IgG; or IgGs antibody to
that of WT1-235 IgG, antibody for each patient sample was plotted. (d) The levels of WT1 peptide IgG antibody subclasses. Data from two
representative cases (patients 17 and 21) are shown.
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Table 1. Patient characteristics: A. Characteristics at baseline

Characteristics N (%)
Age (years)

Median 51
Range 20-79
Sex

Male 37 (62.7)
Female 22 (37.3)
KPS

~70 17 (28.8)
80 7 (11.9)
90 20 (33.9)
100 9 (15.3)
Unknown 6 (10.2)
Time to entry (days)

Median 459.5
Range 89-5,116
Number of chemotherapy

None 10 (16.9)
1 36 (61.0)
=2 13 (22.0)
Number of surgery

1 38 (64.4)
=2 21 (35.6)
Number of radiotherapy

1 44 (74.6)
=2 15 (25.4)

KPS; Karnofsky performance status score, time to entry; days from

diagnosis to entry to the trial.

B. WT1-specific immune responses and clinical responses

Responses N (%)
Production of WT1-235 IgG antibody*

Positive 28 (56.0)
Negative 22 (44.0)
Delayed type hypersensitivity (DTH) to WT1 peptide skin test"
Positive 30 (60.0)
Negative 18 (36.0)

NE 2 (4.0
Response during the first 3 months of vaccination
PR 2 (3.4)

SD 20 (33.9)

PD 36 (61.0)

NE 1(1.7)

Best response

CR 2 (3.4)

PR 2 (3.4)

WT1 antibody as a predictive marker for WT1 vaccine

Table 1. Patient characteristics: A. Characteristics at baseline
(Continued)

B. WT1-specific immune responses and clinical responses

Responses N (%)

SD 18 (30.5)

PD 36 (61.0)

NE 1(1.7)

PFS (days)

Median 83

Range 24-2,583+

0S (days)

Median 252

Range 35-2,583+
Frequencies of WT1-specific CD8* CTLs before vaccination (%)
Median: 0.49

Range: 0.052-1.95
Frequencies of WT1-specific CD8* CTLs at 1 month (%)
Median 0.27

Range 0.085-1.01
Frequencies of WT1-specific CD8* CTLs at 3 months (%)
Median 0.31

Range 0.085-1.07

Positivity at 3 months of vaccination in patients who underwent 12 or
more vaccinations, NE; not evaluated. Frequencies of WT1-specific
CD8™ CTLs were obtained from 15 patients including 10 responders
and five nonresponders.>”

clinical trial. The PFS time was calculated from the day of
the first WT1 vaccination to the day of the last MRI prior to
the detection of disease progression. The OS period after
WTI vaccination and OS period after tumor recurrence in
WT1-vaccinated patients were also calculated. The character-
istics of patients are summarized in Table 1.

Sera samples

Sera were obtained from 59 patients with recurrent or pro-
gressive GBM who provided informed consent and were
treated with WT1 peptide vaccine immunotherapy at Osaka
University Hospital at the indicated time points. Samples
were stored at —80°C until use.

WT1 DTH skin test

WT1 DTH skin test was performed as previously reported.”
Briefly, 10 pg of WT1 peptide in saline and saline alone were
intradermally injected in the forearm of the skin. DTH-positivity
was defined as erythema =2 mm in diameter measured after 48 h.

WT1 peptide/HLA-a*24:02 tetramer assay for WT1-specific
cytotoxic T lymphocytes

The frequency of WTI-specific CD8" cytotoxic T lympho-
cytes (CTLs) was determined by the WT1 peptide/HLA-
A*24:02 tetramer assay, as previously described.”
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ELISA for WT1-235 IgG antibody levels

The WT1 aa 235-252 (CMTWNQMNLGATLKGVAA) pep-
tide was synthesized as the capture antigen for WT1-235 IgG
antibody by PH Japan (Hiroshima, Japan) at a purity of
>75%. For ELISA, briefly, 0.2 pg peptide was covalently
linked to each well of 96-well plates using the peptide coating
kit from Takara (Shiga, Japan) according to the manufac-
turer’s instructions. Plates were blocked with Blocking One
(Nacalai Tesque, Kyoto, Japan) diluted with distilled water at
a 1:5 ratio at room temperature for 2 h and washed with
tris-buffered saline with 0.05% Tween® 20 (TBST). Patient
sera were diluted at 1:100 with the blocking buffer included
in the peptide coating kit, and 100 pl of diluted sera were
added to each well for overnight incubation at 4°C. All sam-
ples were measured in duplicate wells. Plates were then
washed with TBST and incubated with horse radish peroxi-
dase (HRP)-conjugated rabbit antihuman IgG antibody
(Santa Cruz Biotechnology, TX, USA) diluted at 1:1,000 in
blocking buffer included in the Peptide Coating kit at room
temperature for 2 h. After washing with TBST, the plates
were incubated with HRP-conjugated goat antirabbit IgG
antibody (Santa Cruz Biotechnology) diluted at 1:1,000 in
TBST at room temperature for 2 h. Bound WT1-235 IgG
antibody was colorimetrically detected using 50 pl TMB sub-
strate (KPL, Baltimore, MD, USA) per well, and the reaction
was stopped with the addition of 100 pl of 1IN HCI. The
absorbance at 450 nm was measured using a MTP-310Lab
microplate reader (Corona Electric, Ibaraki, Japan). Rabbit
anti-WT1-235 peptide antibody®® was used as a positive
control.

For measurement of IgG subclass-specific WT1-235 IgG
antibody levels, IgG subclass-specific mouse anti-human
IgG;, 1gG,, IgGs, and IgG, monoclonal antibodies (IgGi:
#9052-05, IgGy: #9070-05, IgGs: #9210-05, and IgG: #9190-
05; Southern Biotech, Cambridge, UK) were used as second-
ary antibodies, and HRP-conjugated goat anti mouse IgG
antibody (#W4028, Promega, Madison, WI, USA) was used
as the third antibody.

Cell lines

U373 MG and U-87 MG glioblastoma cells were cultured in
Dulbecco’s modified essential medium supplemented with
10% fetal bovine serum (FBS). Parent T2 cells and T2 cells
overexpressing HLA-A24:02 (T2-2402)*' were cultured in
RPMI1640 medium supplemented with 10% FBS. The cell
lines were authenticated by STR analysis.

Flow cytometry

U373 MG and U-87 MG cells (1 X 10° cells) were incubated
first with anti-WT1 monoclonal antibody (6F-H2; Dako
Cytomation, Golstrup, Denmark) for 1 h, followed by incuba-
tion with fluorescein isothiocyanate (FITC)-conjugated anti-
mouse IgG antibody for 1 h. T2 and T2-2402 cells
(1 X 10° cells) were incubated in RPMI1640 medium

1395

containing 1 pg/ml of WTI1-235 peptide (aa 235-243,
CYTWNQMNL) for 2 h. The cells were then incubated in
RPMI1640 medium containing 1/100 volume of patient sera
for 1 h, followed by incubation with FITC-conjugated antihu-
man IgG antibody for 1 h. Cells were resuspended in PBS
containing 2% FBS and analyzed for binding of antibody to
cell surface using FACS Calibur flow cytometer (Becton Dick-
inson, San Jose, CA, USA).

Statistical analysis

WT1-235 IgG antibody production was analyzed by unpaired
t test. Association of intermediate markers with survival time
was analyzed by log-rank test. Association of serum WT1-
235 IgG level with the frequencies of WT1-specific CD8"
CTLs and DTH response to WT1 were analyzed by the Fish-
er’s exact probability test and the y* for independence test,
respectively. The difference in antibody binding to cells was
analyzed by unpaired ¢ fest.

Results

ELISA for measurement of WT1-235 IgG antibody

We first validated the ELISA developed to measure WT1-235
IgG antibody in patient sera and determined that it was
reproducible with a coefficient of variation of 10.2% from
five independent assays using one postvaccination serum
sample (Patient 10, collected at 3 months after the initiation
of WT1 peptide vaccination). In this patient, serum WT1-
235 IgG antibody level was increased compared to the pre-
vaccination sample. To determine the cutoff level for positiv-
ity for WT1-235 IgG antibody, the prevaccination sample
that showed similar or lower absorbance than the sample
that had only dilutant was used as the negative control. The
cutoff level for increase in WT1-235 IgG antibody was deter-
mined as an increase of 0.05 in absorbance from the mean
absorbance (0.041) + 2 standard deviations (SDs) in the neg-
ative control sample, as determined from five independent
assays.

WT1-235 IgG antibody production in response to WT1
peptide vaccination

In this study, WT1 peptide vaccine was administered weekly
in 59 patients with GBM (Fig. 1a). Of those, 50 patients
received a minimum of 12 WT1 vaccinations, whereas the
remaining nine patients dropped out due to disease progres-
sion. Measurement of sera collected prior to WT1 vaccina-
tion and at 1, 2, and 3 months after the initiation of WT1
vaccination indicated that serum WT1-235 IgG antibody lev-
els were below the cutoff level before WT1 vaccination in all
cases but reached over the cutoff level in 30 (50.8%) out of
59 cases during the first 3 months of WT1 peptide vaccina-
tion (Fig. 1b). These results indicated that WT1-specific
humoral immune responses were elicited that led to WT1-
235 IgG antibody production in response to WT1 peptide
vaccination.
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Thi-type and WT1-specific humoral immune responses in
vaccinated GBM patients

To examine whether the WTIl-specific immune response
against WT'1-235 peptide was Thl-type, dominant subclasses of
WT1-235 IgG antibody were analyzed in randomly selected 19
patient sera among 30 cases with increased levels of WT1-235
IgG antibody. All subclasses of IgG were detected in 14 of these
19 samples, whereas three subclasses except for IgG, were
detected in the remaining five samples. IgG; and IgG; are
known as Thl-type IgG subclasses, whereas I1gG, is considered
as a Th2-type IgG subclass. Thus, using the ratio of IgG;/IgG,
or IgGs/IgGy of >1 as indicative of Thl-type WT1-specific
humoral immune response, we determined that 18 (94.7%) out
of 19 cases exhibited Thl-type WT1-specific responses, whereas
the remaining one case was non-Thl-type (Fig. 1c). These
results indicated that Thl-type WT1-specific humoral immune
responses were induced in the majority of the tested subjects.
Figure 1d shows the levels of WT1-235 IgG subclasses in two
representative cases, patients 17 and 21; IgG, and IgG; were
the predominant subclasses in sera obtained at 3 months after
vaccination initiation in these cases.

WT1-235 IgG antibody production was associated with

good PFS and 0S

We next examined the association of intermediate markers such
as WT1-235 IgG antibody, DTH to WT1 peptide, and tumor
regression with survival time in GBM patients treated with
WTI1 peptide vaccine. WT1-specific immune responses and
clinical responses during WT1 peptide vaccination were sum-
marized in Table 1. First, of those patients who received 12 or
more WT1 vaccinations, the PFS and OS times were compared
between the patients with WT1-235 IgG antibody production
(n = 28) and those without IgG antibody response (n = 22)
during the initial 3 months of WT1 vaccination. Both the PFS
and OS times in patients with WT1-235 IgG antibody produc-
tion were significantly longer than those who did not exhibit
IgG production (p = 0.028 and 0.001, respectively) (Fig. 2a).

Next, we analyzed the difference in survival time between
patients with (n = 30) and without (n = 18) positive DTH
to WT1 peptide during the first 3 months after the initiation
of WT1 peptide vaccination. Our analysis revealed that both
the PFS and OS times were significantly longer in patients
with positive DTH to WT1 peptide compared to those with-
out positive DTH-type response (p = 0.008 and p = 0.030,
respectively) (Fig. 2b).

Among 50 patients who underwent 12 or more WT1 vacci-
nations, 49 had MRI data in the initial 3 months of vaccination
for tumor regression assessment according to the RECIST crite-
ria. Two (4.0%), 20 (40.8%), and 27 (55.1%) patients had PR,
SD, and progressive disease (PD), respectively, at 3 months after
WT1 vaccination initiation. The complete response (CR) + PR
rate was 4.0% with a disease control rate (CR + PR + SD) of
44.9%. When the difference in survival time was analyzed
among patients who achieved PR, SD, or PD during the initial

WT1 antibody as a predictive marker for WT1 vaccine

3 months of WT1 vaccination, both the PES and OS times
were the longest in patients who achieved SD among the three
groups (p < 0.001) (Fig. 2c). Unexpectedly, both the PFS and
OS times in patients who achieved PR were shorter than those
in patients with SD and were not significantly different from
those in patients with PD (Fig. 2c¢). One patient with PR at
3 months after vaccination experienced PD and dropped out at
5 months. The other patient with PR at 3 months of vaccina-
tion developed a new tumor surrounding the cervical spinal
cord and dropped out at 6 months. These results indicated that
both WT1-235 IgG antibody production and positive DTH to
WT1 peptide were associated with prolonged survival times in
GBM patients who were vaccinated with WT1 peptide and that
they could be used as predictive markers for survival rates dur-
ing WT1 peptide immunotherapy.

Association between WT1-235 IgG antibody production
and WT1-specific CTL induction
In our previous report, we observed that the higher frequen-
cies of WT1-specific CTLs in the peripheral blood (PB) of
patients before WT1 vaccination were associated with favor-
able clinical outcomes.’> We herein examined the correlation
between the frequencies of WT1-specific CTLs and WT1-235
IgG antibody production during the initial 3 months of WT1
vaccination in 15 cases that had available data on WT1-
specific CTLs. As seen in Table 2, the frequencies of PB WT1-
specific CTLs before WT1 vaccination were significantly asso-
ciated with increased serum WT1-235 IgG antibody levels.
Next, we determined whether DTH to WT1 peptide was
associated with WT1-235 IgG antibody production in 48
patients who received a minimum of 12 WT1 vaccinations
and had available data on DTH responses. Albeit a correla-
tion between positive DTH to WT1-235 peptide and WT1-
235 IgG antibody production was observed, it did not reach
statistical significance (p = 0.0837) (Table 2).

Combination of serum WT1-235 IgG antibody production

and positive DTH was a better predictor of survival in WT1-
vaccinated GBM patients

As positive DTH to WT1-235 peptide was not significantly
correlated with WT1-235 IgG antibody production, survival
time was analyzed in the following four groups that were
stratified according to WT1-235 IgG antibody production
and DTH response to WT1-235 peptide: (1) elevated WT1-
235 IgG/positive DTH [IgG-up/DTH(+), n = 17], (2) ele-
vated WT1-235 IgG/negative DTH [IgG-up/DTH(-),
n = 11], (3) nonelevated WT1-235 IgG/positive DTH [IgG-
non/DTH(+), n = 13], and (4) nonelevated WT1-235 IgG/
negative DTH [IgG-non/DTH(—), n = 7]. The PFS time was
significantly longer in the IgG-up/DTH(+) group compared
to the other three groups (Fig. 3a). In addition, 1-year PES
rate was 35.3% in the IgG-up/DTH(+) group, whereas it was
0% in the other three groups. Furthermore, the OS time was
the longest in the IgG-up/DTH(+) group, and this was stat-
istically significant. Finally, there were no significant
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Figure 2. Association of WT1 IgG antibody production with prolonged survival. Association of intermediate markers, such as serum WT1-
235 1gG levels (a), delayed-type hypersensitivity (DTH) response to WT1 peptide (b), and clinical responses according to the Response Eval-
uation Criteria in Solid Tumors (RECIST) criteria (c), with progression-free survival (PFS) and overall survival (OS) was analyzed by the log-
rank test. (a) Red and gray lines represent elevated (WT1 ab up) and nonelevated (WT1 ab non) serum WT1-235 IgG antibody levels,
respectively. (b) Red and gray lines represent positive and negative WT1-DTH, respectively. () Red, gray dotted, and gray solid lines repre-
sent stable disease (SD), partial response (PR), and progressive disease (PD), respectively. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

differences in the OS times between the IgG-non/DTH(+)
and IgG-up/DTH(—) groups, whereas the OS time was the
shortest in the IgG-non/DTH(—) group (Fig. 3). These
results indicated that production of WT1-235 IgG antibody
and positive DTH to WT1 peptide as a combination corre-
lated with longer OS times. Indeed, the 2-year OS rate was
52.3% in the IgG-up/DTH(+) group, whereas it was 0% in
the other three groups. These results clearly showed that,
when in combination, serum WT1-235 IgG antibody produc-
tion and positive DTH to WT1-235 peptide demonstrated

better predictive performance for clinical outcomes in GBM
patients receiving WT1 peptide immunotherapy.

Undetectable binding of WT1-235 IgG antibody to WT1
protein on cell surface

The results demonstrating that the production of WT1-235
IgG antibody was significantly associated with favorable clini-
cal outcomes raised the possibility that WT1-235 IgG anti-
body might be involved in inhibition of tumor growth. Given
that the binding of WT1-235 IgG antibody to tumor cell
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surface is essential for its direct action, we assessed whether
this occurred in two glioblastoma cell lines. Flow cytometric
analysis using an anti-WT1 monoclonal antibody (clone 6F-
H2) did not detect WT1 protein on the cellular surface in

Table 2. Serum WT1-235 IgG levels associates with other markers

Serum WT1-235 IgG level Up Non Sum
(A) Frequencies of WT1-CTLs
High 9 3 12
Low 0 3 3
Sum 9 6 15
(B) DTH to WT1 peptide
Positive 17 13 30
Negative 11 7 18
Sum 28 20 48

(A p = 0.0045, (B) p = 0.0837.

Association of elevation of serum WT1-235 IgG levels in the initial

3 months of WT1 peptide vaccine treatment and either frequencies of
WT1-specific CTLs before vaccination (A) or positive DTH to WT1-235
peptide in the initial 3 months of WT1 peptide vaccine treatment (B)
was analyzed by Spearman’s correlation coefficient by rank test. Cutoff
value for frequencies of WT1-CTLs was determined as 0.16% which
was mean + 2SD in 15 healthy control individuals.

PFS

Survival rate

WT1 antibody as a predictive marker for WT1 vaccine

U87MG and U373MG glioblastoma cell lines (data not
shown). Because T cell receptor-like antibody, ESK 1 has
been reported,” we examined whether WT1-235 IgG anti-
body could recognize WT1 peptide-HLA class I complex that
were presented on cell surface. After incubation with the
WT1-235 peptide, T2 or T2-2402 cells were incubated with
pre- or postvaccination sera from 10 patients in whom WT1-
235 IgG antibody increase was detected in response to vacci-
nation. However, flow cytometric analysis showed that WT1-
235 IgG antibody did not bind to WT1 peptide-HLA class I
complex that were presented on the cell surface at detectable
levels (data not shown).

Persistent production of serum WT1-235 antibody in long-
term survivors

The vaccination interval in this trial was 1 week in the first
3 months, which was then extended to 2, 3, and 4 weeks. To
examine whether serum WT1-235 antibody induction was being
maintained during WT1 vaccination despite extended vaccina-
tion intervals, serum WT1-235 antibody levels were analyzed at
the indicated time points in sera from two representative
patients in whom tumor growth was being suppressed by WT1
vaccination for more than 1 year (Fig. 4). Serum WT1-235

up/(+) vs up/(-), p=0.0139

up/(+) vs non/(+), p=0.0251

up/(-) vs non/(+), p=0.6481  \WT1-235 IgG/DTH
up/(-) vs non/(-), p=0.5283
non/(+) vs non/(-), p=0.3297 ==non/(-)
=—non/(+)
—up/()

up/(+) —up/(+)

0 500 1000

1500 2000 2500 3000

Observation time (days)

0S 0 ; up/(+) vs up/(-), p=0.0044

2 up/(+) vs non/(+), p=0.0026
0.8 4 up/(-) vs non/(+), p=0.9626
0.7 1 up/(-) vs non/(-), p=0.0631  WT1-235 IgG/DTH
0.6 non/(+) vs non/(-), p=0.1107 =—=non/(-)
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0 500 1000 1500 2000 2500 3000

Observation time (days)

Figure 3. Combination of WT1-235 IgG production and DTH to WT1 peptide is a better predictor of favorable prognosis. Progression-free sur-
vival (PFS) and OS were analyzed in the following four groups: elevated WT1-235 IgG antibody/positive DTH [up/(+), red lines], elevated
WT1-235 IgG antibody/negative DTH [up/(—), green lines], nonelevated WT1-235 IgG antibody/positive DTH [non/(+), blue lines], and non-
elevated WT1-235 IgG antibody/negative DTH [non/(—), gray lines]. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 4. Persistent production of WT1-235 IgG antibody during long-term WT1 vaccination. Serum WT1-235 IgG antibody was measured at
the indicated time points in two GBM patients in whom tumor was controlled for more than 1 year. Intervals of WT1 peptide vaccination
were 1 week in 3 months after the start of WT1 peptide vaccination, which was then gradually extended to 2, 3, and 4 weeks.

antibody production was maintained even after the incremental
extension of vaccination interval from 1 to 4 weeks.

Discussion
In this study, we present three important findings based on
the analysis of WT1-specific immune responses in GBM
patients who were vaccinated with WT1 peptide. First,
humoral immune responses against WT1-235 peptide (aa
235-243) were elicited in the majority of the GBM patients,
and IgG-isotype WT1-235 antibody response was detected in
50.8%. Second, WT1-235 IgG antibody production was sig-
nificantly associated with prolonged PES and OS times, sug-
gesting that it might be a useful predictive marker for WT1
peptide vaccine-treated GBM patients. Third, combination of
WT1-235 IgG antibody production and positive DTH to
WT1 peptide was a better predictor of long-term survivors.
The production of WT1-235 IgG antibody relies on the
survival and proliferation of B cells that recognize WT1-235,
their differentiation into plasma cells, and class switching from
IgM to IgG* thus, WT1-235 IgG antibody production
observed in our patients was likely associated with the activa-
tion of WT1-235 specific helper T (Th) cells. In a Th-
dependent response to antigenic challenge, CD4" Th cells that
recognize the antigenic peptide in complex with an HLA class
II molecule aid B cells in cytokine secretion via the CD40-
CD40L system.** Therefore, WT1-235 IgG antibody produc-
tion detected in our GBM patients indicated that HLA-
A*24:02 (class I)-restricted, 9-mer WT1 peptide induced
WT1-specific CD4" Th cells. However, stimulation of antigen-
presenting cells (APCs) by HLA class II-restricted, WT1 helper
epitopes (peptides) is needed to induce WT1-specific CD4"
Th cells. Thus, immunoglobulin class switching from IgM to
IgG by WT1-specific CD4" Th cells that were induced by the
class I-restricted WT1 peptide in our patients was an impor-
tant and intriguing finding. The most plausible explanation for

this outcome is the repeated immunization with WT1-235
peptide, which could in turn activate APCs to induce WT1-
235-specific CTLs, subsequently leading to overall induction of
immune responses. This could subsequently promote the pre-
sentation of HLA class Il-restricted, WT1 helper peptides
endogenously and abundantly expressed in patients with
WT1-expressing GBM, with the resultant induction of WT1-
specific CD4" Th cells. We previously reported that the clini-
cal efficacy of WT1 vaccination with the WT1 peptide used in
this study was significantly correlated with the spontaneous
induction of WT1-332 helper peptide (KRYFKLSHLQMHSR)-
specific CD4™ Th cells at 4 weeks post-WT1 vaccination,*® an
outcome that lends support to the abovementioned mecha-
nism. Thus, we propose that repeated immunization with
HLA-A*24:02 (class I)-restricted, 9-mer WT1-235 peptide acti-
vates WT1-specific Th cells that can support the production
of WT1-235 IgG antibody in GBM patients.

Our results also indicated that WT1-235 IgG antibody
was produced in the majority of vaccinated GBM patients
and that both IgG, and IgG; subclasses were dominant.
Based on previous reports showing that class switching from
IgM to IgG; and IgG; was promoted by immunity-enhancing
cytokines such as IL-21,*® WT1-235 IgG, and IgG; antibody
production observed in this study indicated a similar mecha-
nism as a contributor to the favorable clinical outcomes
observed in GBM patients vaccinated with WT1 peptide.

The association of WT1-235 IgG antibody production
with favorable outcomes could alternatively be attributable to
its inhibitory effect on tumor growth during vaccination.
However, transport of IgG molecules across the blood-brain
barrier is limited.*” In addition, WT1 protein was not
detected on the cell surface of glioblastoma cells in our study,
and binding of WT1-235 IgG antibody to the WT1 peptide-
MHC class I complex was undetectable. Therefore, WT1-235
IgG antibody was unlikely to directly inhibit tumor growth.
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It is possible that WT1-235 IgG could bind to WT1-235 pep-
tide used for vaccination, acting indirectly as an opsonin.
Reportedly, opsonization of cancer antigen MAGE-A3 with
an antibody promoted its uptake by DCs. The induction of
CD8" T-cell response rather than CD4™ T-cell response was
favored by naive T cells stimulated with antibody-opsonized
MAGE-A3 protein, indicating the existence of an uptake
route-dependent mechanism by which the subsequent
immune responses were modulated.*® In addition, the efficacy
of uptake could vary according to the subclass of opsonizing
IgG antibody. Goh et al. generated humanized antibodies
that shared identical antigen-binding V-regions with constant
regions from different IgG subclasses and analyzed opsoniz-
ing activities of these IgG antibodies on the Salmonella enter-
ica OmpA surface protein. Opsonization with all tested I1gG
subclasses increased Salmonella uptake by human phagocytes;
however, the efficacy of uptake varied across different sub-
classes.”” In our study, the dominant WT1-235 peptide IgG
subclasses were IgG; and IgG; that act as ligands for the
major activating FCy receptor I on APCs.”® Thus, based on
our and previously reported findings, we propose that the
opsonizing effects of WT1 peptide IgG antibody may lead to
promotion of peptide uptake by DCs with more effective
induction of WT1-specific cellular immune responses.

As discussed above, WT1-235 IgG antibody production
with WT1-specific CD4" Th cell induction and subsequent
enhancement of WT1-specific CTLs by Th cells likely
resulted in improved clinical outcomes, as reflected in pro-
longed PFS and OS times. Interestingly, the combination of
WT1-235 IgG antibody production and positive DTH to
WT1 peptide was a better predictor of prolonged PFS and
OS times, compared to either alone. These findings indicated
that immune responses as determined by either WT1-235
IgG antibody production or positive DTH to WT1 peptide
were distinct. Whereas WT1-235 IgG antibody production
suggested WT1-specific CD4" Th induction, the determina-
tion of immune mechanisms underlying the association
between positive DTH to WT1 peptide and improved out-
comes are more challenging. However, positive DTH
response to WT1 peptide was previously reported to correlate
with higher frequencies of WT1-specific CTLs in patients
with advanced pancreatic cancers vaccinated with the same
WTI peptide.”” Thus, the improved utility of the combina-
tion of these markers for predicting clinical outcomes might
be partially explained by simultaneous assessment of the
induction of both CTLs and Th cells.

WTI1 IgM and IgG antibodies against WT1 protein frag-
ments have been previously reported in hematological malig-
nancies?®*"*! and nonsmall cell lung cancer (NSCLC).*? In
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myelodysplastic syndrome (MDS), in which transformed
malignant cells expressed WT1 at high levels, the majority of
patients spontaneously produced WT1 IgM and IgG antibod-
ies against WT1 protein fragments. Intriguingly, in these
patients, immunoglobulin isotype class switching from IgM to
IgG occurred along with progression of MDS from refractory
anemia to preleukemia, suggesting that spontaneously induced
WT1-specific CD4" Th cells drove this class switching. In
NSCLC patients, higher titers of WT1 IgG antibody against
WT1 protein fragment were a predictable marker for long PFS
after complete surgical tumor resection, suggesting that spon-
taneous induction of WT1-specific CD4" Th cells contributed
to improved prognosis. Interestingly, antibodies against WT1-
235 peptide were not spontaneously produced regardless of
spontaneous production of WT1 antibodies against WT1 pro-
tein fragments. These findings suggested that WT1-235 pep-
tide was originally a hidden epitope within WT1 protein that
was not recognized by the immune system, resulting in the
lack of spontaneous production of antibodies against it. As
WT1-235 IgG antibody was undetectable prior to WT1 pep-
tide vaccination in our patients, detection of WT1-235 IgG
antibody was a direct evidence of immune responses to vacci-
nation. Thus, measurement of WT1-235 IgG antibody was an
easy and efficient method to determine whether WT1 peptide
vaccination induced immune responses.

To obtain long-term control of tumor, not only the induc-
tion but also the maintenance of antitumor immune responses
is required. Serum WT1-235 IgG antibody levels were main-
tained at higher levels during repeated WT1 vaccination despite
gradual extension of WT1 vaccination intervals over time; both
GBM patients, 08 and 17, were in CR on days 2,583 and 2,212,
respectively. These results suggested that WT1-specific CD4 "
Th cell induction was sustained during WT1-235 peptide vacci-
nation and was contributing to the achievement and mainte-
nance of CR in cooperation with WT1-specific CTLs.

In conclusion, induction of humoral immune responses
with 9-mer WTI1 peptide vaccination was associated with
prolonged survival in recurrent GBM patients. In addition,
serum WT1-235 IgG antibody may be a useful immune
monitoring marker, with better predictive performance in
combination with DTH to WTI1 peptide, of WT1 peptide
vaccine immunotherapy.
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