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Serum autoantibody to cancer/testis antigens (CTASs) is a critical biomarker that reflects the
antitumor immune response. Quantitative and multiplexed anti-CTA detection arrays can
assess the immune status in tumors and monitor therapy-induced antitumor immune
reactions. Most full-length recombinant CTA proteins tend to aggregate. Cysteine residue-
specific S-cationization techniques facilitate the preparation of water-soluble and full-length
CTAs. Combined with Luminex technology, we designed a multiple S-cationized antigen-
immobilized bead array (MUSCAT) assay system to evaluate multiple serum antibodies to
CTAs. Reducible S-alkyl-disulfide-cationized antigens in cytosolic conditions were
employed to develop rabbit polyclonal antibodies as positive controls. These control
antibodies sensitively detected immobilized antigens on beads and endogenous antigens
in human lung cancer-derived cell lines. Rabbit polyclonal antibodies successfully confirmed
the dynamic ranges and quantitative MUSCAT assay results. An immune monitoring study
was conducted using the serum samples on an adenovirus—mediated REIC/Dkk—3 gene
therapy clinical trial that showed a successful clinical response in metastatic castration-
resistant prostate cancer. Autoantibody responses were closely related to clinical
outcomes. Notably, upregulation of anti-CTA responses was monitored before tumor
regression. Thus, quantitative monitoring of anti-CTA antibody biomarkers can be used
to evaluate the cancer-immunity cycle. A quality-certified serum autoantibody monitoring
system is a powerful tool for developing and evaluating cancer immunotherapy.

Keywords: autoantibody, biomarker, protein engineering, cancer-immunity cycle, immune monitoring, cancer/
testis antigens

INTRODUCTION

Growing evidence shows that many patients with cancer benefit from immunotherapy (1). The
immune system can eliminate cancer cells by recognizing cancer antigens expressed in malignant
cells. This cancer immunosurveillance concept is now clearly described by a seven-step cancer
immunity cycle (2). Most cancers adopt strategies to evade the immune system after a long struggle
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between malignant cells and the immune system (3-5). Thus,
reactivation of the antitumor immune response and upregulation
of the cancer-immunity cycle are critical to ensure improved
clinical response. Immune checkpoint inhibitors are currently
the most promising treatment for upregulating the cancer-
immunity cycle; however, their clinical responses vary from
patient to patient due to the complexity of tumor-immune
interactions (6). Recent analysis of the mechanisms of immune
suppression in cancer revealed that different steps in the cancer-
immunity cycle by which tumors escape immunosurveillance are
likely to differ among patients (7, 8). Therefore, cancer
immunotherapy needs to be personalized to identify the rate-
limiting steps in individual patients, and a combination of
strategies should be used to overcome these hurdles. To realize
personalized precision cancer immune therapy, a technique that
can monitor the cancer-immunity cycle will be a powerful tool
for treatment.

The immunogenicity of cancer cells is determined by antigen
peptides present on MHC class I, and CD8" cytotoxic lymphocytes

Peripheral blood

eliminate cells by recognizing this complex (9). Cancer antigens can
be classified into two groups: aberrantly expressed tumor-
associated antigens (TAAs) (10) and cancer/testis antigens
(CTAs) (11, 12), or neoantigens derived from mutated gene
products (13, 14). Both TAAs and CTAs are known as shared
antigens that are universally detectable in different patients. In
contrast, somatic mutation-derived neoantigens show patient-
specific individual variations (15).

During the cancer-immunity cycle activation, antigens released
from cancer cells are then captured by dendritic cells, but not all
the TAA- or CTA-derived peptides can present on MHC class 1.
However, these aberrantly expressed antigens could be involved in
the humoral immune response. Hence, serum autoantibodies to
cancer antigens reflect the current immune response level
associated with tumor volume and antigenicity (Figure 1). Once
cancer cells are destroyed, many cancer antigens are released from
them, captured by antigen-presenting cells, and induce T and B
cell immune responses. The activation of the antitumor immune
response is accompanied by an increase in the number of
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FIGURE 1 | Anticancer immunity is enhanced by the cancer-immunity cycle, and cytotoxic T-lymphocytes (CTLs) eliminate cancer cells. Along with activating the
cancer-immunity cycle, antibodies against cancer antigens upregulate by stimulation of released antigens from the cancer cells. Most intracellular cancer antigens
suggest easy to denature and decompose after release from cancer cells due to their unstable physical properties. Antibody-producing cells that bind to denatured
cancer antigens proliferate, so anti-cancer antigen IgGs recognizing the amino acid sequence of linear epitopes increase preferentially.
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autoantibodies against various cancer antigens, referred to as
antigen spreading (16-22) which could be a critical
pharmacodynamic biomarker for the clinical outcome of cancer
immunotherapy (18, 22-26). Accumulating evidence indicates
that antibody-antigen immune complex uptake through Fcy
receptors on antigen-presenting cells induces cross-presentation,
stimulating long-term antitumor cellular immunity (27). Thus, a
simple blood test-based evaluation of antigen spreading with
cancer-immunity cycle activation could predict systemic
cancer immunity.

The diagnosable set of cancer antigens requires a comprehensive
array because the expression pattern, antigenicity, and epitopes vary
in individual patients (23, 28, 29). Full-length cancer antigen
preparation is favored for monitoring antigen spreading based on
these requirements. However, many recombinant CT'As appear to
show an aggregation-favored unstable property (30). This property
is consistent with the bioinformatics prediction of the structure of
CTAs, which shows that the majority of CTAs are intrinsically
disordered proteins (IDPs) (31). These IDPs, or IDP regions, lack
rigid tertiary structures under physiological conditions in vitro;
however, they can fold after binding to target macromolecules in
vivo (32). Thus, recombinant CTA proteins in a disordered
conformation frequently form inclusion bodies in host cells (33).

In order to quantitatively evaluate antigen spreading, we
designed a multiple S-cationized antigen-immobilized bead
array (MUSCAT) assay system (33). S-cationization techniques
are employed as a powerful solubilization tool by conjugation of
cationic moieties in sulthydryl groups in denatured protein
(34-36). Full-length and water-soluble S-cationized antigens
were covalently immobilized onto Luminex magnetic beads via
the activated carboxylic acid of the COOH radical group (33, 37).
Although immobilized S-cationized antigen on beads modified
all Cys residues and limited amino-groups employed for
immobilization, specific antibodies raised in cancer patients
were quantitatively detected by the Luminex assay with high
sensitivity. This MUSCAT assay system can detect polyclonal
antibodies recognizing the linear epitope. Epitope-mapping
study of anti-CTA autoantibodies in patient sera revealed that
these antibodies are polyclonal and recognize individually
different linear epitopes (28). Most CTAs are predicted to have
no rigid ordered conformation (31), so antibodies recognizing
conformational epitopes are most likely rare. Furthermore,
recent knowledge-based and in silico analyses of linear epitopes
showed that Cys is a minor frequent amino acid residue (38).
Chemically modified Cys has minimal effect on the antibody
binding efficiency. Thus, the MUSCAT assay system is a
powerful strategy for quantifying antigen spreading to diagnose
cancer immunotherapy.

Monitoring antigen spreading by the level of autoantibody
biomarker requires validated positive control to ensure diagnostic
accuracy. This study demonstrated that water-soluble reversibly S-
cationized CTAs can be employed in both antigens recognized by
serum antibodies on the MUSCAT assay and antigens to
immunize rabbits to develop antibody-positive controls.
Subsequently, this quality-certified serum autoantibody
monitoring system also demonstrated successful immune

monitoring using clinical samples. In a clinical trial, adenovirus
—-mediated REIC/Dkk-3 (Ad-REIC) gene therapy has shown a
successful clinical response in metastatic castration-resistant
prostate cancer (39-41). Ad-REIC is known to induce cancer
cell-specific apoptosis (42) and activate the antitumor immune
response (43, 44), so this serum sample was used to evaluate the
MUSCAT assay system in the current study. It was confirmed that
the elevated autoantibody biomarker closely related to the clinical
response showed potential to assist clinical decisions by
monitoring the level of the cancer-immunity cycle.

MATERIALS AND METHODS

Preparation of Recombinant Antigens

The cDNAs for antigens encoding the full-length and mature
form of NY-ESO-1/CT6.1 (Uniprot: P78358), MAGE-A4/
CT1.4 (Uniprot: P43358), XAGE-1b/CT12.1 (Uniprot:
Q9HD64), MAGE-C2/CT10 (Uniprot: QO9UBF1), DDX53/
CT-26 (Uniprot: Q86TM3), WT-1 (Uniprot: J3KNN9),
CEP55 (Uniprot: Q53EZ4), LY6K/CT97 (Uniprot: Q17RY6),
PSG8 (Uniprot: Q9UQ74), and ZNF165/CT53 (Uniprot:
P49910) were cloned into pET28b vectors (Novagen) to
express a His-tag (MGSSHHHHHHSSGLVPRGSH) on the
N-terminus, and StrepTagll (GPGWSHPQFEK) on the
carboxyl terminus. An expression vector for enhanced green
fluorescent protein (EGFP) was designed using the same
procedure. All recombinant proteins were expressed in
Escherichia coli BL21(DE3). MAGE-A4, MAGE-C2, and
EGFP expressed as soluble fractions were purified by
immobilized metal affinity chromatography (IMAC). The
other eight recombinant proteins expressed as insoluble
inclusion bodies were solubilized by reversible S-cationization
using [3-(trimethylammonium)propyl]-methanethiosulphonate
(TAPS-sulfonate, Katayama Chemical, Osaka, Japan), as
described previously (33-35). Antigens, containing degraded
impurities, were further purified by a reversed-phase HPLC
column (COSMOSIL Protein-R, 4.6 mm 1.D. x 150 mm, Nacalai
Tesque Inc.) using an acetonitrile linear gradient elution procedure,
in the presence of 0.1% HCI (Supplementary Figure 1).

Immunization and Purification of
Polyclonal Antibody

Antiserums against ten recombinant antigens were prepared by
Cosmo Bio (Tokyo, Japan) by immunizing rabbits with native
MAGE-A4 or nine TAPS-antigens. The IgG fraction was
precipitated using 40% ammonium sulfate and dialyzed against
PBS. The sample was then diluted three times with 60 mM
acetate buffer (pH 4.8), and 6.8% caprylic acid was added to
precipitate fibrinogen (45). After dialysis against PBS, anti-
HisTag and anti-StrepTagll antibodies were captured using
HisTag-EGFP-StrepTagll protein-immobilized NHS-sepharose
(GE Healthcare). Specific antibodies against each antigen were
purified using each antigen-immobilized column from the pass-
through fractions described above.
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Cell Culture

Human lung cancer-derived cell lines (NCI-H1299, NCI-H1975,
and A549), a cervical cancer-derived cell line (HeLa S3), and an
ovarian cancer-derived cell line (SK-OV-3) were obtained from
the American Type Culture Collection (Manassas, VA, USA).
The cells were maintained at 37°C with 5% CO,. All cell lines
were cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum and penicillin/streptomycin (Wako, Osaka,
Japan). DNA demethylation was demonstrated by the addition of
5 UM 5-aza-2’-deoxycytidine (decitabine, DAC, LC Laboratories,
Woburn, MA, USA) to the cell culture (46).

Western Blot Analysis

Cultured tissue cells were lysed in lysis buffer supplemented
with a protease inhibitor cocktail and disrupted on ice using a
sonicator. The protein concentration of cell lysates was assessed
using the Bradford protein assay (Bio-Rad Laboratories,
Hercules, CA, USA) with bovine serum albumin as a
standard. Each cell lysate (20 pg) was subjected to SDS-PAGE
using a 5-20% gel (Wako, Osaka, Japan) and transferred to a
PVDF membrane. After blocking with PVDF-blocking reagent
(Toyobo, Osaka, Japan), 1 pg/mL of purified polyclonal
antibody for each antigen in Can Get Signal 1 (Toyobo) were
incubated with the membrane. Immunoreactive antigens were
detected using anti-rabbit IgG HRP-linked antibody (Cell
Signaling Technology, Tokyo, Japan) and Western Lightning
Plus ECL (PerkinElmer, Waltham, MA, USA). The control
monoclonal antibodies to MAGE-A4 (clone: E701U, Cell
Signaling Technology, Tokyo, Japan) and XAGE-1b (clone:
USO9-13) (47) were employed for the validation of the
specificity of polyclonal antibodies. The membrane was
reprobed with an anti-B-tubulin antibody (Wako).

Reverse Transcription (RT)-PCR

Total RNA was isolated from cultured tissue cells using the
ISOSPIN Cell & Tissue RNA kit (Nippon Gene, Tokyo, Japan).
First-strand cDNA was synthesized from 500 ng of total RNA
using PrimeScript' " IV 1st strand cDNA Synthesis Mix (Takara
Bio, Shiga, Japan). Gene expression of antigens was evaluated by
PCR using primer pairs for NY-ESO-1 (F: 5'- ACATACTGACT
ATCCGACTGAC-3"; R: 5'- AGGCTGAGCCAAAAACAC-3'),
MAGE-A4 (F: 5-AAACCAGCTATGTGAAAGTCC-3’; R: 5'-
ACTCCCTCTTCCTCCTCTAAC-3’), and XAGE-1b (F: 5'-
GAGCCCCAAAAAGAAGAACC-3’; R: 5'-GCTCTTGCAG
ATCACCTTCC-3"). Housekeeping gene expression was
confirmed using the PCR primer pair for B-actin (F: 5-AGAG
CTACGAGCTGCCTGAC-3'; R: 5-AGCACTGTGTTGG
CGTACAG-3').

Immunostaining of Endogenous CTAs

Sub-confluent cells on a glass-base dish (Iwaki Glass, Shizuoka,
Japan) were fixed with 4% paraformaldehyde phosphate bufter
solution (Wako) and permeabilized with 0.1% Triton X-100 in PBS
for 30 min. Intracellular antigens were reacted with 5 pg/mL of
purified polyclonal antibody for each antigen in PBS for 1 h at
room temperature. Immunoreacted antigens and nuclei were

stained with 2 pug/mL of goat anti-rabbit IgG, Alexa Fluor488
conjugated antibody (Life Technologies), and DAPI (Dojindo
Laboratories, Kumamoto, Japan), respectively. Fluorescent images
were acquired using a BC43 confocal microscope (Oxford
Instruments, Abingdon, UK). Immunostaining of MAGE-C2 in
tissue sections was performed using commercially available
antibodies (HPA062230, Atlas Antibody, Stockholm, Sweden).

Validation of Luminex Beads and

Beads Assay

Eight TAPS-antigens and two native antigens, certified for their
purity, were immobilized to Bio-Plex Pro™ Magnetic COOH
Beads (Bio-Rad) designed on a 10-plex assay panel (color-code:
#27,35,37,43,45,46,53,55,62,64), according to the manufacturer’s
instructions. Beads assay for patient sera and titration assay by
affinity-purified polyclonal antibodies designed as a positive
control for the 10-plex assay were performed as described
previously (33). Briefly, serially diluted antisera in Block Ace
(DS Pharma Biomedical, Osaka, Japan) were incubated with
1000 beads for each antigen-immobilized bead in a 96-well
microplate (Greiner Bio-One, Tokyo, Japan). After washing
with Bio-Plex Pro wash station (Bio-Rad), antibodies on beads
were detected by biotin-conjugated, either anti-human IgG or
anti-rabbit IgG (Vector Laboratories) and labeled with
streptavidin-PE (Vector Laboratories). Analysis was performed
with Bio-Plex200 (Bio-Rad), and the mean fluorescence intensity
(MFI) was determined from the values for 50 events (beads) per
antigen at a minimum.

Immune Monitoring Study

A 63-year-old man with metastatic castration-resistant prostate
cancer, who had shown promising results by Ad-REIC gene
therapy, was chosen for the case study (39). Frozen serum
samples from a clinical trial on metastatic castration-resistant
prostate cancer treated with Ad-REIC (UMIN-CTR ID:
UMINO000004929) (39, 40) were used for antibody monitoring.
The participants provided written informed consent under
institutional review board permission at Okayama University
Hospital. The prostate-specific antigen (PSA) level in serum was
used from previous data. Control human serum from ten healthy
donors (five male and five female, ages 19 to 64), and pooled
serum from ten donors (five male and five female, ages 19 to 49)
were obtained from Tennessee blood services (TN, USA).

RESULTS

Characterization of Rabbit

Antibody Immunized by Reversibly
S-Cationized Antigen

Specific antibodies recognizing human CTAs or TAAs are useful
as positive controls to validate quantitative antibody detection
arrays. Most recombinant CTAs/TAAs are expressed as
insoluble inclusion bodies in the E. coli expression system; S-
cationization techniques allow for the preparation of water-
soluble antigens. Several antigens required purification by
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reversed-phase HPLC because degraded products were also
solubilized during the preparation of S-cationized protein
(Supplementary Figure 1). All recombinant antigens used in
this study were verified by SDS-PAGE (Figure 2). In this study,
the native conformation of MAGE-A4 as well as reversibly S-
cationized TAPS-NY-ESO-1 and TAPS-XAGE-1b were used to
confirm the availability of the antigens for immunization of
rabbits (Figure 3). These antisera showed high sensitivity to
detect the endogenous level of intracellular antigens in western
blotting and immunofluorescence staining (Figures 4A, B).
Although both NY-ESO-1 and XAGE-1b were immunized as
alkyldisulfide-modified forms, antibodies raised in rabbits
specifically recognized linear epitopes in denatured antigen
(Figure 4A), as well as epitopes in the native conformation
(Figure 4B). The antigen specificity between purified polyclonal
antibodies and monoclonal antibodies was almost comparable.
Antibody response patterns for XAGE-1b are complicated because
there are multiple variants (Supplementary Figure 2). The nuclear
localization of the granular-like pattern of XAGE-1b in NCI-H1975
cells was consistent with previous immunohistochemical results in
lung cancer tissues and cells (17, 48). This specific antibody is also
detectable in the epigenetically regulated expression of CTAs. SK-
OV-3 cells treated with DNA-methylation inhibitor of decitabine
(DAC) showed induction of NY-ESO-1, MAGE-A4 and XAGE-1b
as determined by measuring mRNA and protein expression levels
(Figures 4C, D).

Validation of MUSCAT Assay Panel

The specific binding of purified rabbit polyclonal anti-CTA
antibodies was confirmed using both single-plex and 10-plex
bead assays (Figure 5A). After purification of each specific
antibody using an antigen-immobilized column, linearity and
dynamic range of antibody detection in the MUSCAT assay
were successfully confirmed in both single and 10-plex assays.
The MFI values, calculated from more than 50 beads events in

single and 10-plex assays, were highly correlated (Figure 5B). The
detection ranges for NY-ESO-1(0.32-231 ng/mL), MAGE-A4
(0.12-489 ng/mL), and XAGE-1b (0.08-50 ng/mL) indicated the
high sensitivity of these specific antibodies. Although every
antigen was designed to possess HisTag and StrepTagll, no
cross-reactivity was observed with the purified antibodies. Using
this procedure, the preparation of all sets of specific antibodies will
be an excellent tool for certifying the specificity and sensitivity of
the MUSCAT assay inter-assay or preparation lot.

Monitoring of Activation of Cancer-
Immunity Cycle by Autoantibodies
To evaluate the potency of the MUSCAT assay system, changes in
serum autoantibody levels were evaluated in one patient
successfully treated with Ad-REIC cancer gene therapy (39).
Intratumoral injection of Ad-REIC into metastatic lymph nodes
induces ER stress-mediated apoptosis by overexpression of REIC,
which is then extracellularly secreted where it upregulates immune
reactions. Thus, tumor regression is thought to be related to
activation of the cancer-immunity cycle. As shown in
Figure 6A, drastic upregulation of anti-MAGE-C2 and anti-
DDX53 was observed during the therapy. Other antibodies for
WT-1, ZNF165, MAGE-A4, and PSG8 also increased along with
the therapy, typically representing antigen spreading. One of the
drastically induced anti-MAGE-C2 antibodies was confirmed to
induce immune responses in tumor microenvironments because
MAGE-C2 was detected in pretreatment biopsy (Figure 6B).
This clinical trial succeeded in complete regression of
metastatic castration-resistant prostate cancer by repeating 17
intratumoral injections of Ad-REIC for more than two years
(39). Notably, the earlier detection (approximately day 170) of
increased autoantibody level before the PSA level decreasing is
an important aspect of clinical use of the MUSCAT assay. In
addition to the remission of cancer by Ad-REIC, autoantibodies
were also reduced. The disappearance of antigen stimulation
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seems to be closely related to antibody levels. The detection of
moderate activation of the cancer-immunity cycle by a small
aliquot of a blood sample will be an excellent value for the
decision of treatment course.

DISCUSSION

A recent oncological study revealed that cancer is heterogeneous
(49). Heterogeneity in cancer is not only limited to different
patients but also occurs within a single patient (50). Certain
tumors can be analyzed by molecular profiling yielding clinically
relevant diagnostic and prognostic results (49). However,
intrapatient or intratumoral heterogeneity remains a significant
challenge for deciding the course of clinical cancer treatment. As
such, activating the cancer-immunity cycle is a reasonable strategy
to overcome this heterogeneity issue (49). The death of the
heterogeneous population of cancer cells can be a trigger for
priming naive T cells by newly exposed antigens, resulting in the
activation of the cancer-immunity cycle. Antigen exposure from
cancer cells also enhances pre-existing memory T and B cells.
Upon induction of these immune responses, T cell-mediated

cellular immunity targeting various tumor antigens may help
regress heterogeneous cancer. Humoral immune responses also
increase during the cancer-immunity cycle activation (Figure 1);
therefore, anti-CTA/TAA IgGs are biomarkers that can reflect this
anticancer immunity. The IgG autoantibody biomarker is superior
in physicochemical aspects because IgGs in peripheral blood are
relatively stable proteins (51). Furthermore, the bias in sampling or
storage conditions are nearly negligible.

The preparation of a comprehensive array set of CTAs/TAAs is
preferable for reliable evaluation of antigen spreading. Each
antigen-specific antibody assay must be validated for its
specificity and sensitivity for clinical use. In this study, the
water-soluble full-length reversibly S-cationized TAPS-antigen
was demonstrated to employ both antigens to capture specific
antibodies in assay and antigens to develop the antibody in the
immunized animals. Purified antibodies reliably validated control
in the MUSCAT assay system. Most CTAs have unstable and
aggregation-favored properties (30); therefore, S-cationization is a
powerful technique to prepare highly purified and water-soluble
antigens. We are currently preparing comprehensive sets of CTAs/
TAAs and each specific antibody for use as a validation tool using
these procedures.
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The preparation of CT A-specific antibodies also allowed us to
gain an understanding of the structural properties of the CTAs
(Figure 4). TAPS-CTAs are fully denatured, so antibodies
immunized by them recognize linear epitopes. However, these
antibodies also recognize intracellular endogenous CTAs under
non-denaturing conditions. This strongly suggests that the
conformation of CTAs has no rigid conformation in cells.
CTAs are originally found in testicular cells and are predicted
to form a cooperative structure (31). However, aberrantly
expressed CTAs in cancer lack this cooperative expression.
Therefore, the CTAs released from apoptotic cancer cells are
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FIGURE 4 | Specific binding of control IgGs developed by TAPS-antigen immunization was confirmed by the binding study of endogenous antigens. (A) Detection
of intracellular antigens in cell lysates lane 1, NCI-H1299; lane 2, NCI-H1975; lane 3, A549; lane 4, HelLa S3 cells. Cell lysates were analyzed by western blotting with
monoclonal antibodies or polyclonal antibodies (upper). MRNA expression levels of each antigen were evaluated by RT-PCR (lower). (B) Immunofluorescence
staining of NCI-H1299, NCI-H1975, A549, and Hela S3 cells for nucleus (blue) and intracellular antigens (green). (C) Detection of induced CTAs expression protein
in SK-OV-3 cells treated with 5 uM DAC. Samples were collected after three or six days of cultivation with DAC. The upper panel is western blotting, the lower panel
is RT-PCR. (D) Immunofluorescence staining of SK-OV-3 cells treated with 5 uM DAC for nucleus (blue) and intracellular NY-ESO-1 (green).

supposed to be easy to denature or decompose. Antibody-
producing cells proliferate that bind to cancer antigens released
from dead cancer cells; thus, most anti-CTAs bind to the
denatured form of protein. A class switch from IgM to IgG
also requires antigen binding and cytokine stimulation (52). This
mechanism explains why anti-CTAs are recognized preferably in
linear epitopes (Figure 1).

Many CTAs, including MAGE-A4, NY-ESO-1, and XAGE-
1b, are located on the X chromosome and are epigenetically
regulated. Lack of X chromosome inactivation in cancer cells
induces aberrant epigenetic changes and CTAs expression.
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Highly immunogenic cancer cells, expressing CTAs, tend to be
targeted by the host immune system; thus, suppression of CTAs
by DNA methylation could be a mechanism of immune escape in
cancer (53, 54). DNA methylation inhibitor treatment, to
upregulate the immunogenicity of tumors, would therefore
facilitate targeting by the host immune system (55). Ovarian
cancer cell line SK-OV-3, has been reported as a model for
reactivation of NY-ESO-1 by DAC (56). Increased levels of CT As
after DAC treatment were detected using anti-CTAs antibodies
(Figures 4C, D). The polyclonal antibodies, immunized full-
length CTAs, detected endogenous antigens and their transcript
variants. Interestingly, XAGE-1b includes various
uncharacterized immune reactive variants (Supplementary
Figure 2). Determination of these target antigens is crucial for
enhancing the accuracy of the immune monitoring system.

As discussed above, both antigen exposure by inducing
apoptosis in cancer cells and releasing immune-suppressing
machinery is critical to upregulate the cancer-immunity cycle.
Intratumoral injections of Ad-REIC therapy are potent in
inducing both effects (39). In this therapy, Ad-REIC was
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FIGURE 5 | The validation study used purified rabbit polyclonal anti-CTAs antibodies in the single-plex and 10-plex beads assay. (A) The solid line represents the
10-plex assay, and the dotted line indicates the single-plex assay. (B) Correlation analysis between single-plex and 10-plex assay.

injected into the metastatic lymph nodes. This strategy may
contribute to the upregulation of the cancer immunity cycle
because the released antigens from apoptotic cells exist in lymph
nodes and stimulate T and B cells efficiently (Figure 1 and
Figure 6). Although the validation of the MUSCAT assay has not
yet been completed by positive control of antibodies, this panel
showed successful immune monitoring by detecting
upregulation of several antibodies in the high responders by
Ad-REIC cancer gene therapy. It is crucial for the diagnostic use
of the MUSCAT assay that antigen spreading be observed before
tumor regression. Baseline analysis of these autoantibodies
showed individual variations in ten healthy donors
(Figure 6A) although it is unclear whether these variations
reflect the immune history of the individuals. However,
monitoring autoantibody changes during therapy will evaluate
the generation of cancer-immunity cycle and autoimmune
responses. The concept of immunologically “hot” or “cold”
from the outcome of immune checkpoint inhibitor therapy is
widely accepted today, and the drug discovery to achieve “cold-
to-hot” tumor conversion is a great challenge (57). Thus, a tool to

Frontiers in Oncology | www.frontiersin.org

May 2022 | Volume 12 | Article 869393


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Miyamoto et al.

Immune Monitoring by MUSCAT Assay

A
Ad-REIC 1 5 3 4 56 7 8 9 101112 13 14 15 16 17
Injecion y v vy v YV Vv VYOvT Y | | ! T
6000 7 | FL - 60
— 5000 F 50
o -
1) 4000 1 r40
Q =)
< 3000 — L 30 £
< 2000 T L 20 &
i \‘\\ o
= 1000 {10
H'I-I-—-—--I-'-I"'H----—l"" 0
N RPO-NDTIRO R DO
TOOOMUNIDTMWULNOD~— I ©
LOLOVLOOWOOONMNMMNMNNODO
I MAGE-C2 10000
H DDX53 l 8000
[ | [ wT-1 6000 T
17 VR
PSGS | 2000
LY6K 0
CEP55
NY-ESO-1
XAGE-1b
Y Y v vy vvyy (@A N
T T T T T T T T 1
X
5 S PO Ka »\qu’q,"!«“ qf)q' {9&%@ {bpga 'bQ’b‘ N %@\
Day
B
Anti-MAGE-C2
Positive Ctrl (testis) Pretreatment biopsy
FIGURE 6 | Demonstration of immune monitoring by MUSCAT assay panel on a single, patient-derived clinical sample. (A) The line graph represents anti-MAGE-C2
antibodies and PSA changes. The heat map shows changes in the levels of 10 different serum autoantibodies. The dilution ratio of serum autoantibodies was
adjusted to 80,000-fold dilution for high titer, 16,000-fold dilution for middle antibodly titer, and 1,600-fold for low titer samples. Autoantibody levels in ten healthy
donor individuals and a pooled sample. (B) Detection of MAGE-C2 protein in the tumor tissues. Scale bar represents 100 pm.

monitor this conversion is critical. A highly accurate and
quantitative autoantibody monitoring system will be an
excellent tool for developing a therapeutic strategy to overcome
refractory cancer.
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