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ABSTRACT: Humoral immune responses against tumor-associated antigens
(TAAs) or cancer/testis antigens (CTAs) aberrantly expressed in tumor cells
are frequently observed in cancer patients. Recent clinical studies have
elucidated that anticancer immune responses with increased levels of anti-
TAA/CTA antibodies improve cancer survival rates. Thus, these antibody
levels are promising biomarkers for diagnosing the efficiency of cancer
immunotherapy. Full-length antigens are favored for detecting anti-TAA/CTA
antibodies because candidate antigen proteins contain multiple epitopes
throughout their structures. In this study, we developed a methodology to

Multi-Plex Beads

Water-soluble full-length
S-cationized antigen _,

prepare purified water-soluble and full-length antigens by using cysteine

sulthydryl group cationization (S-cationization) chemistry. S-Cationized antigens can be prepared from bacterial inclusion bodies,
and they exhibit improved protein solubility but preserved antigenicity. Anti-TAA/CTA antibodies detected in cancer patients
appeared to recognize linear epitopes, as well as conformational epitopes, and because the frequency of cysteine side-residues on
the epitope—paratope interface was low, any adverse effects of S-cationization were virtually negligible for antibody binding.
Furthermore, S-cationized antigen-immobilized Luminex beads could be successfully used in highly sensitive quantitative-
multiplexed assays. Indeed, patients with a more broadly induced serum anti-TAA/CTA antibody level showed improved
progression-free survival after immunotherapy. The comprehensive anti-TAA/CTA assay system, which uses S-cationized full-
length and water-soluble recombinant antigens, may be a useful diagnostic tool for assessing the efliciency of cancer

immunotherapy.

B INTRODUCTION

In recent years, an increasing number of studies have shown
that cancer patients produce antibodies against tumor-
associated antigens (TAAs) that are detectable in the
blood,'™* suggesting that these antibodies might be used as
biomarkers for cancer screening and as diagnostics for cancer
therapy. Within the TAA categories, the cancer/testis antigens
(CTAs), a heterogeneous group of proteins typically expressed
in the testis with little or no expression in most somatic tissues,”
are now considered attractive targets for cancer immunother-
apy.°”® In addition, immune responses to CTAs are utilized as
biomarkers to predict prognosis or response to therapy.()’lo To
date, more than 150 CTAs have been identified and their
expression studied in numerous cancer types; this information
has been incorporated in the cancer/testis (CT) database.'’ In
cancer immunotherapy, notable serum antibody responses to
several TAAs or CTAs, known as antigen spreading, have been
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shown to correlate with improved overall survival.>'* Thus,
quantitative and high-throughput analysis systems to assess
antibodies against TAAs or CTAs are desired for cancer
diagnosis. In addition to the conventional enzyme-linked
immunosorbent assay (ELISA) approaches,"”'* protein micro-
array”~"7 and multiplex bead techniques'® have been applied
for measurement of antibodies to TAAs or CTAs.

In order to design reliable antibody detection systems, we
should take account of antigen protein properties. The
functions of most CTAs, unlike those of many TAAs, are
poorly understood even though their overexpression is
frequently associated with advanced disease and poorer
prognosis.”” Bioinformatics approaches have helped predict
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that a majority of CTAs are intrinsically disordered proteins
(IDPs).”® These IDPs, or IDP regions, lack rigid tertiary
structure under physiological conditions in vitro; however, they
can adopt a fixed three-dimensional structure after binding to
target macromolecules. This conformational flexibility is
presumed to be a functional advantage of IDPs that enables
them to undergo disorder-to-order transitions upon binding to
their biological target and interact with a broad range of binding
partners in cells.”’ Indeed, most CTAs are predicted to occupy
hub positions in protein—protein interaction networks.”**
Consistent with the propensity of IDPs to function in
transcriptional regulation and/or cellular signaling, CTAs
appeared to function by regulating protein networks to express
uncontrolled cancer cellular growth.*’

Either recombinant proteins or synthetic peptides can be
used as antigens to detect serum antibodies. Traditionally,
antibody epitopes in proteins are classified further into one of
two categories: linear epitopes, which are segments composed
of continuous polypeptide chains, or conformational epitopes,
which are constituted by several sequentially discontinuous
segments on the surface of structurally ordered native
antigens.” Studies have shown that 90% of B-cell epitopes
on native proteins are conformational rather than linear.”**®
Despite this, a number of epitope analyses of anti-CTA
antibodies in patient’s sera have successfully identified linear
epitopes using overlapping peptides,”'>*® probably because
most CTAs have little rigid ordered conformation alone.
Overlapping peptides covering the entire protein as a panel of
linear epitopes were successfully utilized to evaluate the
immunological potential of each individual patient.”' Taken
together, these findings suggest that recombinant full-length
CTA proteins containing comprehensive linear epitopes are
preferable antigens to detect polyclonal anti-CTA antibodies.

A physical property of disordered recombinant proteins is
their tendency to aggregate during expression, purification, and
storage mainly because of hydrophobic intermolecular inter-
actions. Along with this protein aggregation, intermolecular
disulfide bond formations are often observed. As most CTAs
possess reactive Cys residues in their sequence, suppression of
disulfide bond formation is needed to prevent aggregation.

Chemical modification of Cys residues with cationic charges
through disulfide bonds or S-alkylation has been demonstrated
as a powerful strategy to improve the water solubility and
storage stability of disordered proteins.”” For instance,
reversible cationization by S-alkyldisulfidation with [3-
(trimethylammonium)propyl] methanethiosulfonate (TAPS-
sulfonate) has been successfully applied to a variety of protein
purifications, especially from bacterial inclusion bodies. After
purification of TAPS-cationized recombinant proteins in an
aqueous buffer, TAPS-proteins can be refolded into biologically
active conformations in appropriate redox buffers.”®™""
Furthermore, TAPS-cationized intracellular proteins could be
internalized into living cells by adsorption-mediated endocy-
tosis and simultaneously fold into a biologically active structure
under the reducing conditions of the cytoplasm.””** This in-cell
folding technique can be applied to various transcription factor
protein transductions in living cells. Protein cationization with
irreversible S-alkylation with (3-bromopropyl) trimethylammo-
nium bromide (TAP-Br) is also useful for protein chemical
analysis such as peptide mapping and proteomic analysis for
poorly soluble proteins.”

In this study, we describe a diagnostic system based on a
high-throughput Luminex technique for multiplex assays”* to
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detect serum antibodies by using water-soluble and full-length
Cys sulfhydryl group cationized (S-cationized) antigens. Prior
to the experiments, we were concerned about the adverse
effects of antigen chemical modification on specific binding to
antibodies. However, recent structural knowledge-based and in
silico analyses of antigen—antibody interface properties have
revealed that Cys is the least frequent amino acid residue
responsible for antibody—epitope interactions.”> ™ Indeed, we
have successfully demonstrated highly sensitive and specific
detection of autoantibodies with S-cationized antigens. As S-
cationized antigens are highly water-soluble and show little
aggregation, even after long storage, these full-length
polypeptides will be a valuable tool for clinical and research-
based studies.

B RESULTS AND DISCUSSION

Preparation of Water-Soluble S-Cationized Antigens.
In this study, six different human recombinant full-length
antigens with N-terminal His-tags were expressed in Escherichia
coli by using the pET system. XAGE-1b (GAGED2a, CT12.1a),
NY-ESO-1 (CT6.1), pS3, WT-1, and gpl00 were expressed as
inclusion bodies. After solubilization and reduction of inclusion
body proteins in 6 M guanidine hydrochloride (GdnHCI) with
30 mM dithiothreitol (DTT), Cys residues were chemically
modified with TAPS-sulfonate (Figure 1A). MAGE-A4
(CT1.4) was expressed in soluble fractions and purified with
an immobilized metal ion affinity chromatography (IMAC)
column. A part of the purified MAGE-A4 protein was also
subjected to chemical cationization with TAPS-sulfonate. All S-
cationized proteins were successfully recovered in an aqueous
phase after dialysis against pure water (Figure 1B).
Furthermore, cationized proteins were purified to a single
sharp peak by reversed-phase HPLC (Figure 1C). After
lyophilization of the purified peak fraction, S-cationized
proteins were solubilized with pure water (Figure 1D). Twelve
more different S-cationized antigens (Table S1) were prepared
using the same procedure.

Specific Binding of Antibody to S-Cationized Anti-
gens. To develop an antibody assay system, we evaluated the
effect of protein conformation and chemical modification for
specific antibody—antigen interactions. As shown in Figure 2,
anti-NY-ESO-1 antibodies in the serum of cancer patients who
received the NY-ESO-1 vaccine were successfully detected
using recombinant NY-ESO-1 protein-immobilized ELISA
plates. Although the binding intensities for the TAPS-cationized
NY-ESO-1 antigen were somewhat higher than those for the
reduced antigen, both antigens showed distinctly different
antibody binding activity between healthy subjects and cancer
patients. As structurally disordered S-cationized antigens
possess a linear epitope rather than a conformational epitope,
most of the anti-NY-ESO-1 antibodies appeared to recognize
linear epitopes. These results are consistent with the numbers
of discovered linear epitopes for anti-CTA antibodies that were
determined using overlapping peptides. Two of the identified
linear epitopes of NY-ESO-1 (regions 61—78 and 163—180)
possess Cys residues (Cys 75, 76, 78, and 165);” full-length Cys
S-cationized NY-ESO-1 showed comparable binding to that of
reduced NY-ESO-1. These results imply that the side-chain of
Cys in epitopes does not exist on an epitope—paratope
interface. The binding specificity of serum antibodies was also
confirmed by competitive displacement with S-cationized
excess antigen by using Western blotting (Figure S1).
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Figure 1. Preparation of S-cationized water-soluble antigens for
antibody detection. (A) Schematic procedure to prepare TAPS-
modified proteins from denatured and reduced proteins. (B) SDS-
PAGE analysis along with purification steps of recombinant NY-ESO-
1. Equivalent amount (100 uL culture of E. coli) of total cellular Iysate
(TC), soluble fraction (S), or inclusion body (IB) after cell lysis with
sonication, and precipitate (P) and soluble (S) fractions of TAPS-
modified NY-ESO-1 were loaded after dialysis against water. (C)
Purification of water-soluble TAPS-modified NY-ESO-1 on reversed-
phase HPLC by linear gradient elution of acetonitrile. (D) Six different
S-cationized recombinant antigens of NY-ESO-1 (lane 1), XAGE-1b
(lane 2), MAGE-A4 (lane 3), gp100 (lane 4), WT-1 (lane S), and pS3
(lane 6) were analyzed using SDS-PAGE stained with Coomassie
Brilliant Blue (CBB) or Western blot analysis using anti-His-tag
antibody.

Sensitive and Quantitative Detection of Autoanti-
bodies by S-Cationized Antigens on Luminex Beads.
Studies have shown that the numbers of anti-TAAs and anti-
CTAs antibodies increase durmg the actlvatlon of antitumor
immune responses. This “antigen spreading”® could be a
critical biomarker of cancer therapy; thus, comprehensive
antibody assay systems are preferable for the evaluation of
cancer immunity. In order to develop an antigen-spreading
monitoring system, the multiplexed Luminex bead assay system
is an attractive platform because it gives precise results with
lower sample volumes in a high-throughput format.** As shown
in Figure 3A, serum antibodies raised in cancer patients were
successfully detected with high sensitivity using S-cationized
antigens immobilized on cross-linked beads by single-plex
assays. While 1/100 to 1/1600 dilution of serum is suitable for
ELISA (Figure 2), 1/400 to 1/6400 dilution is sufficient for
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performing the bead assay (Figure 3). Similar highly sensitive
antibody detection for NY-ESO-1, XAGE-1b, MAGE-A4,
gpl00, WT-1, and p53 was demonstrated by six different
multiplex assays with S-cationized antigen-immobilized beads
(Figure 3B). This sensitive multiplexed antibody detection is
valuable for clinical tests. According to the standard assay
protocol, just 25 uL of diluted serum is required for each assay.
If a 10-plex Luminex assay is designed by using X1600 diluted
serum, more than 640 antigens could theoretically be examined
with only 1 uL of the patient’s serum.

Analysis of Antigen Spreading on Clinical Samples.
To test the potency of immunotherapy by evaluating antitumor
immune responses, serum anti-CTA (NY-ESO-1, XAGE-1b,
and MAGE-A4) antibodies were analyzed with S-cationized
antigen cross-linked beads. Following autologous yd T-cell
transfer therapy,” an increase in several antibody responses
were observed in some patients (Figure 4; Pts 3, S, and 7), but
others showed virtually no response (Figure 4; Pts 1, 8, and 9).
Although some samples did not show linearity with the X400
diluted serum, reasonable signals were obtained with the X1600
diluted serum. Therefore, we extended the panel of antigens to
16 (BORIS, DPPA2, SPEF2, HSPB9, LY6K, MAEL, MAGEA3,
MAGEA4, MAGEAG6, NXF2, NY-ESO-1, SSX4, XAGE2, WT1,
XAGE-1b, and CEPSS) and evaluated the correlation between
antibody levels and clinical responses in 14 lung cancer
patients. Human serum albumin (HSA) was also conjugated to
the beads and used as control. Sera from 14 evaluable patients
with advanced lung cancer (10 male and 4 female patients, aged
37—85 years) were examined.” Serum antibodies for all 16
antigens, except for the control HSA, were detected in some
patients; many of them produced antibodies against multiple
antigens. However, the pattern of antibody response varied
across patients. As shown in Table S1, the antibody titer of the
post-treatment serum was divided by that of the pretreatment
sera to obtain a ratio. The average and SD values for HSA in 14
patients were 0.991 and 0.047, respectively. Therefore, we
considered the antibody titer increased when the ratio was
higher than 1.1 (>mean + 2 X SD of control) and the number
of antibodies whose titer at X1600 dilution increased more than
1.1-fold were counted. The 14 patients were divided into two
groups: high (n = 7) and low (n = 7) antibody responders in
whom the increased antibody production was detected against
more than or less than five antigens (median number of
positive antigens), respectively (Table S1). As shown in Figure
S, progression-free survival (PFS) of high antibody responders
was longer than that of low antibody responders (median PFS
was 237 days in high responders and 120 days in low
responders; p 0.0223). Although no antibody against
particular antigens was correlated with patient survival as a
single agent, the patients whose antibody production increased
after autologous y6 T-cell transfer therapy displayed better
prognosis. The prognosis was not correlated with antibodies
against particular antigens. Moreover, no correlation between
the affinity of antibodies toward their antigen and the patients’
survival could be observed. Because the amount of antigens
conjugated with beads was fixed and sufficient for detecting few
antibodies in the serum, the affinity of antibodies to individual
antigens cannot be analyzed using this system. These results
indicate that multiplex assays for antibody production might be
a biomarker for evaluating patient immunological potential or
therapeutic benefit.

Recent studies have elucidated that immunosuppressive
networks and immune checkpoints control antitumor immun-
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Figure 2. Evaluation of the effects of S-cationization on the binding specificity of anti-NY-ESO-1 antibody by ELISA. The sera from cancer patients
(Pts A and B) and a healthy donor (HD) from NY-ESO-1f peptide vaccine studies were used for the ELISA. The OD values (490 nm) for the NY-
ESO-1 protein and TAPS-NY-ESO-1 with/without DTT at indicated dilutions of sera are shown. Standard deviations of each value were less than
0.02. The experiments were performed at least 3 times with similar results.
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Figure 3. Antibody detection by S-cationized antigen-immobilized beads. (A) Single-plex antibody assay with serially diluted serum from cancer
patients. The sera from Pts A and B were the same as those used in Figure 2, and were incubated with a single antigen-immobilized bead. (B) Six
antigen-multiplexed antibody assays from cancer patients (Pts D—F) and healthy donors (HD 1—3). Sera from Pts D, E, and F on clinical trials were
screened for positivity for NY-ESO-1, XAGE-1b, and MAGE-A4 by using ELISA. Anti-NY-ESO-1-positive sera from patient D, anti-MAGE-A4-
positive sera from patient E, anti-XAGE-1b-positive sera from patient F, and sera from three healthy donors were analyzed in a multiplexed antibody
assay with the mixture of TAPS-modified NY-ESO-1-, XAGE-1b-, MAGE-A4-, gp100-, WT-1, and p53-immobilized beads.
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Figure 4. Clinical application of the multiplexed antibody detection
system for the analysis of antigen spreading. The sera from lung cancer
patients who received autologous yd T-cell transfer therapy were
analyzed using the multiplexed antibody assay with a mixture of TAPS-
modified NY-ESO-1 (O), XAGE-1b (A), and MAGE-A4 (O)
immobilized beads. The antibody titers before (white symbols) and
after the treatment (black symbols) were compared.
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Figure S. Progression-free survival (PFS) of lung cancer patients who
received autologous ¥ T-cell transfer therapy. The titers of antibodies
against 17 antigens were compared before and after yd T-cell transfer
therapy. The number of antibodies whose titer increased by 1.1-fold
were counted (Table S1). The PFS of patients in whom increased
antibody production was detected against more than five antigens
(+Ab > S, blue) and less than five antigens (+Ab < S, red) was
compared.

ity, and that their blockage is a successful immunotherapeutic
modality against cancer.”’ ** Furthermore, tumor immunoge-
nicity is known to vary greatly between cancers of the same
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type in different individuals and between different types of
cancer.” Therefore, to develop effective immunotherapies,
reliable biomarkers that can predict which patients can benefit
from corresponding immunotherapy are desired. Comprehen-
sive multiplexed antibody detection systems will serve as
powerful tools for monitoring antitumor immune responses
during therapy and can help evaluate the efficacy of cancer
immunotherapies.

Stability of S-Cationized Antigen-Immobilized Lumi-
nex Beads. The enhanced storage stability of antigen-
immobilized Luminex beads also contributes to their availability
for diagnostic use. Analysis of the Luminex multiplex assay is
based on the principles of flow cytometry; therefore, the assay
detector gathers fluorescence intensity from only single beads
and does not read data from aggregated beads. As shown in
Figure 6A, Cys-protected TAPS-MAGE-A4 significantly sup-
pressed bead aggregation during longer storage compared to
native MAGE-A4 immobilized beads. Native MAGE-A4
immobilized on the beads appeared to induce aggregation,
probably because of intermolecular disulfide bond formation or
higher hydrophobicity along with the denaturation of native
conformations (Figure 6B). The S-cationized protein solubili-
zation technique presented in this study is a powerful tool not
only for preparing water-soluble full-length CTAs, but also for
improving the storage stability of antigen-immobilized Luminex
beads. Because 156 different CTAs, only 5 do not, possess Cys
residues in their sequence, the S-cationization strategy is
broadly applicable.

Prospective Diagnostic Use of the Multiplexed Anti-
body Assay for Cancer Immunity. Recently, to develop
novel cancer therapies, regulatory authorities require com-
panion diagnostics that provide information essential for the
safe and effective use of a corresponding drug or biological
product.”>** A simple blood test for determining the levels of
antitumor immune response has potential to serve as a
companion diagnostic for cancer therapy. In this study, we
have successfully demonstrated that changes in the serum level
of anti-TAAs/CTAs antibodies could be a useful biomarker for
clinically effective antitumor immune response (Figure 7).
Recently, improved understanding of cancer immunology has
given rise to new treatments by combining immunotherapy
with standard therapies, such as surgery, radiation therapy,
chemotherapy, and molecular targeted therapy.”” Because
clinically measurable immune-mediated antitumor effects
generally occur over weeks to months after initial immuno-
therapy, monitoring immune responses with a simple blood test
is valuable for diagnosis during cancer treatments.

Advantages of S-Cationized Antigen for Antibody
Detection. A number of soluble structurally ordered protein
tags,* such as glutathione S-transferase or maltose-binding
protein, are now widely used to improve recombinant protein
solubility. In contrast to this current methodology, we
employed chemical cationization techniques to enhance the
water solubility of disordered proteins. Since this cationization
reaction is accompanied by the protection of reactive sulfhydryl
groups, S-cationized proteins are favored to maintain water
solubility without forming disulfide-linked polymers.

The S-cationized water-soluble full-length antigens are a
preferable resource for multiplexed Luminex beads. Cost-
efficient overexpressed recombinant proteins in the form of
bacterial inclusion bodies are the best material for preparing S-
cationized antigens (Figure 1A), and these are easy to purify
(Figure 1B,C). As for their ability to detect specific antibodies
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Figure 7. Summary of antitumor immune response involved in TAAs/
CTAs. Along with tumor regression effects with cytotoxic T
lymphocytes (CTLs), aberrantly expressed TAAs/CTAs are recog-
nized as antigens. Because anti-TAA/CTA antibodies are induced by
humoral immune response in vivo, these antibody levels are potential
biomarkers that reflect antitumor immune response.

in cancer patients, S-cationized conformationally flexible
polypeptides successfully worked as antigens, probably because
most antibodies recognize linear epitopes without including
side residues of Cys in the epitope—paratope interface (Figure
2). Highly sensitive multiplexed antibody assays and higher
storage stability were successfully demonstrated with S-
cationized antigen-immobilized Luminex beads (Figures
3—6). All these advantages make this system an ultimate
diagnostic tool to monitor cancer immunity.
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B EXPERIMENTAL PROCEDURES

Expression of Recombinant Proteins. The cDNAs for
antigens encoding XAGE-1b/CT12.1 (Uniprot: Q9HD64),
NY-ESO-1/CT6.1 (Uniprot: P78358), pS3 (Uniprot: P04637),
WT-1 (Uniprot: J3KNN9), HR-gp100** (Uniprot: P40967),
MAGE-A4/CT1.4 (Uniprot: P43358), BORIS/CTCFL/CT27
(Uniprot: Q8NIS1), CEPSS/CT111 (Uniprot: QS3EZ4),
DPPA2/CT100 (Uniprot: Q7Z7]S), HSPB9/CTS1 (Uniprot:
QYBQS6), LY6K/CT97 (Uniprot: Q17RY6), MAEL/CT128
(Uniprot: Q96JY0), MAGE-A3/CT1.3 (Uniprot: P43357),
MAGE-A6/CT1.6 (Uniprot: P43360), NXF2/CT39 (Uniprot:
QYGZY0), SPEF2/CT122 (Uniprot: Q9C093), SSX4/CT5.4
(Uniprot: 060224), and XAGE2/CT12.2 (Uniprot: Q96GT9)
were cloned into pET28b vectors (Novagen) to express as N-
terminal His-tag fused proteins. These plasmid DNAs were
used for transformation of chemically competent E. coli T7
Express cells (NEB). The freshly prepared colonies were
inoculated into small aliquots of lysogeny broth (LB) in the
presence of S0 ug/mL kanamycin at 37 °C with shaking.
Exponentially growing cells were transferred to a larger volume
of terrific broth (TB) and incubated at 37 °C with shaking until
an ODgy, of 0.8. Protein synthesis was then induced with 0.5
mM isopropyl f-p-thiogalactopyranoside (IPTG). Cells ex-
pressing each antigen were then incubated with shaking at 37
°C for 3 h. After cultivation, cells were harvested by
centrifugation, and the pellets were stored at —80 °C.

Recombinant Protein Purification and Solubilization
by S-Cationization. Frozen cells expressing recombinant
antigens were resuspended in lysis buffer (20 mM Tris-HCl
[pH 7.5], 50 mM NaCl, S mM MgSO,, and 0.2% Tween-20)
and disrupted on ice with a sonicator (Branson, Sonifire250);
then Benzonase endonuclease (Novagen) was added. After the
lysate was incubated at room temperature for 30 min to digest
bacterial nucleic acids, the insoluble fraction was collected by
centrifugation for 15 min at 10000 X g. To purify proteins
expressed as inclusion bodies, the pellets were resuspended in
Milli-Q water using a sonicator, and then collected by
centrifugation. Insoluble proteins were solubilized in 6 M
GdnHCI containing 0.1 M Tris-HCl (pH 8.0) and 1 mM
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EDTA. After degassing and purging with nitrogen gas, all Cys
residues were reduced with 30 mM of DTT by incubation for 1
h at 37 °C. To prepare the S-cationized protein, 70 mM of
TAPS-sulfonate (Katayama Chemical) was added to the
mixture, and incubated for 30 min at 37 °C. After addition of
0.1 volume of acetic acid and 0.1% of polyethylenimine (PEI;
average molecular mass of 600, Wako Chemicals), the mixtures
were extensively dialyzed against Milli-Q_ water. Precipitated
protein and bacterial nucleic acids complexed with PEI were
removed by centrifugation, and S-cationized proteins were
recovered in an aqueous phase. The S-cationized proteins were
further purified with a reversed-phase HPLC column
(COSMOSIL Protein-R, Nacalai Tesque) using an acetonitrile
linear gradient elution procedure in the presence of 0.1% HCL
The collected peak fraction was lyophilized and stored at —20
°C until use. Soluble MAGE-A4 recombinant protein was
purified with an IMAC column, and then subjected to S-
cationization.

Patients and Sera. Peripheral blood was drawn from
patients who were enrolled in the NY-ESO-1f peptide vaccine
clinical trial (UMIN-CTR ID: UMIN000001260)° or autolo-
gous y8 T-cell transfer therapy trial (UMIN-CTR ID:
C000000336)*” and three healthy donors. The participants
provided written informed consent under the permission of the
ethics committees of The University of Tokyo (Protocol ID:
10044). Sera were stored in a—80 °C freezer until use.

ELISA. Each recombinant protein (1 gg/mL) in a coating
buffer (15 mM Na,CO; and 30 mM NaHCO; [pH 9.6]) was
adsorbed onto a 96-well plate (PolySorp immunoplates, Nunc,
Roskilde, Denmark) and incubated overnight at 4 °C. After
washing with PBS, plates were blocked with 200 uL per well of
5% FCS/PBS for 1 h at room temperature. Then, 100 uL of
serially diluted serum was added to each well and incubated for
2 h at room temperature. After extensive washing, horseradish
peroxidase-conjugated goat anti-human IgG (Medical &
Biological Laboratories, Nagoya, Japan) was added to the
wells, and the plates were incubated for 1 h at room
temperature. After washing and development, the absorbance
at 490 nm was read.

Preparation of S-Cationized Antigen-Immobilized
Luminex Beads. Purified S-cationized antigens were immo-
bilized to Bio-Plex Pro Magnetic COOH Beads (Bio-Rad)
using an amine coupling kit (Bio-Rad) according to the
manufacturer’s instructions. Briefly, carboxyl groups on the
beads were activated by EDC/sulfo-NHS to form active esters,
and the beads were then conjugated to S-cationized proteins by
amide bonds. Using a 100 yL suspension of beads (1.25 X 10°
beads) and 11 ug of S-cationized proteins, more than 70% of
immobilized beads were recovered, and more than 90% of the
beads showed monodispersion under microscopic observation.
Native human serum albumin (HSA, Wako Chemicals)
immobilized beads were also prepared as a control.

Bead Assay. Antigen-immobilized beads were blocked with
a solution of Block Ace (DS Pharma Biomedical) and washed
with Bioplex wash buffer (WB) (Bio-Rad). Block Ace solution
was further diluted four times with PBS and used as the dilution
buffer (DB). For multiplex analysis, each antigen on
immobilized beads was mixed in DB beforehand. The serum
was serially diluted in DB; 25 pL of the diluted serum was
incubated with 25 pL of 1000 beads for each antigen on
immobilized beads in the wells of a 96-well microassay plate
(Greiner Bio-One) for 1 h. After extensive washes with WB, 50
uL of a 1/200 dilution of biotin-conjugated anti-human IgG
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(Vector Laboratories) was added to the wells and incubated for
30 min. A 1/200 dilution of streptavidin-PE (Vector
Laboratories) in DB was added to the wells and incubated
for 10 min at room temperature. Analysis was performed with
MAGPIX xPONENT 4.2 System (Merck Millipore) and the
mean fluorescence intensity (MFI) values for each dilution
reflected the antibody levels. Before each assay run, the system
was calibrated with a MAGPIX Calibration Kit (Luminex) and
validated with a MAGPIX Performance Verification Kit
(Luminex). MAGPIX Drive Fluid (Luminex) served as the
delivery medium for the samples.

Storage Stability of Antigen-Immobilized Luminex
Beads. Both native and S-cationized MAGE-A4 immobilized
beads in storage buffer (Bio-Rad) at pH 7.1 were stored at 4 or
37 °C, and counted on a hemocytometer under microscopic
observation. Beads that gathered more than three beads were
counted as aggregated, and calculated the aggregation tendency
by divided by total number of beads.
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