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Robust induction of cancer-antigen-specific CD8+ T cells is essential for the success of
cancer peptide vaccines, which are composed of a peptide derived from a cancer-specific
antigen and an immune-potentiating adjuvant, such as a Toll-like receptor (TLR) agonist.
Efficient delivery of a vaccine antigen and an adjuvant to antigen-presenting cells in the
draining lymph nodes (LNs) holds key to maximize vaccine efficacy. Here, we developed
S-540956, a novel TLR9-agonistic adjuvant consisting of B-type CpG ODN2006 (also
known as CpG7909), annealed to its complementary sequence oligodeoxynucleotide
(ODN) conjugated to a lipid; it could target both a cancer peptide antigen and a CpG-
adjuvant in the draining LNs. S-540956 accumulation in the draining LNs and activation of
plasmacytoid dendritic cells (pDCs) were significantly higher than that of ODN2006.
Mechanistic analysis revealed that S-540956 enhanced the induction of MHC class I
peptide-specific CD8+ T cell responses via TLR9 in a CD4+ T cell-independent manner. In
mice, the therapeutic effect of S-540956-adjuvanted with a human papillomavirus (HPV)-
E7 peptide vaccine against HPV-E7-expressing TC-1 tumors was significantly better than
that of an ODN2006-adjuvanted vaccine. Our findings demonstrate a novel adjuvant
discovery with the complementary strand conjugated to a lipid, which enabled draining LN
targeting and increased ODN2006 accumulation in draining LNs, thereby enhancing the
adjuvant effect. Our findings imply that S-540956 is a promising adjuvant for cancer
peptide vaccines and has a high potential for applications in various vaccines, including
recombinant protein vaccines.
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INTRODUCTION

Despite the large number of clinical trials of cancer peptide
vaccines, no human cancer peptide vaccine has been approved to
date (1). To eliminate tumor cells, robust induction of prime and
recall T cell-mediated immune responses is essential for cancer
peptide vaccines, and secondary lymphoid organs are crucial for
orchestrating immune responses (2). Typical components of
cancer peptide vaccines include a major histocompatibility
complex (MHC)-I-restricted peptide(s) and an adjuvant(s),
where the adjuvants act as key players for enhancing CD8+ T
cell responses. Previous reports indicated that efficient delivery of
adjuvants to draining lymph nodes (LNs) increased antigen-
presenting cell (APC) activation and robust T cell responses,
without increasing systemic toxicity (3, 4).

CpG oligodeoxynucleotides (ODNs) are synthetic single-
stranded DNA fragments containing unmethylated CpG motifs
that mimic bacterial DNA (5, 6). CpG ODNs can strongly
activate plasmacytoid dendritic cells (pDCs) and B cells via the
Toll-like receptor 9 (TLR9)-signaling pathway and promote the
establishment of adaptive immunity (7). The efficacy and
tolerability of CpG ODNs have been demonstrated in a large
number of clinical trials (8); therefore, CpG ODNmodification is
a promising approach for developing effective and safe cancer
peptide vaccines. Interestingly, a CpG ODN combined with an
amphiphilic tail has been reported to enhance the accumulation
of draining LNs via albumin-hitchhiking and increase CD8+ T
cell responses, which can maximize the anti-tumor effects of
cancer peptide vaccines (3). In fact, the enhanced adjuvant effect
provided by combining CpG ODN with amphiphilic tails has
also been demonstrated when mixed with a severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) spike-2
receptor binding domain protein (9). Albumin is intrinsically
transferred to draining LNs, and thus, molecules that bind
albumin are effectively delivered to draining LNs (10). This
albumin-hitchhiking strategy prompted us to further develop
and characterize CpG ODNs capable of targeting draining LNs
similar to a previous study that directly conjugated cholesterol,
or a lipid, to the 5′ end of a CpG ODN and added an ODN to the
5′ end (3). Similarly, a mouse-specific CpG ODN has been
evaluated in murine tumor model, however a similar human
TLR9-selective CpG ODN has not been previously investigated
for cancer peptide vaccines in mice. In addition, the
immunological mechanisms have not been fully investigated to
identify key players in the adjuvanticity of draining LN-targeting
CpG ODNs. However, a previous structure–activity relationship
study demonstrated that the agonistic activities of CpG ODNs
for TLR9 were altered by modifying the 20-mer oligonucleotide
sequence (11). Hence, the direct modification can potentially
alter the immunostimulatory effects of CpG ODNs and may
cause an unpredictable immunotoxicity.

Therefore, to develop a novel draining LN-targeting adjuvant,
we synthetized modified CpG ODNs using different chemical
approaches, based on a previous report (3). Specifically, we
developed S-540956, which was synthesized by annealing a
single complementary DNA strand with an amphiphilic chain
unit to ODN2006 without modifying ODN2006 itself (12, 13).
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We then investigated the delivery and immunological
characteristics of S-540956 as a potential cancer peptide
vaccine adjuvant.
MATERIALS AND METHODS

Compounds
S-540956, a compound composed of a double-stranded
oligodeoxynucleotide, was synthesized by solid-phase synthesis
using a typical phosphoramidite method, as described previously
(14). Briefly, CpG ODN2006 (5′-TCGTCGTTTTGTCGTTTTG
TCGTT-3′) and complementary strands were synthesized using
an automated nucleic acid synthesizer (ns-8-II; Ajinomoto-
Biopharma Services, Osaka, Japan); lipid ligands were attached
to the complementary strand. The complementary strand with
the lipid ligands was named C-540956. The nucleotides of
ODN2006 and C-540956 were linked via phosphorothioate
and phosphodiester bonds, respectively. Individually purified
ODN2006 and C-540956 were hybridized after briefly heating
them to 65°C and subsequently cooling to 20-27°C. The purity of
the hybridized oligonucleotides was analyzed using liquid
chromatography-mass spectrometry. CpG1018 (B-type CpG)
and ODN1826 (B-type CpG specific for murine TLR9) were
also synthesized by the automated nucleic acid synthesizer (ns-8-
II; Ajinomoto-Biopharma Services). ODN1826 was annealed
with the complementary strand attached to the lipid ligands:
these were synthesized using the same methods as that for S-
540956. Alexa Fluor 647-labeled ODN2006 (ODN2006 AF647)
was synthesized by Ajinomoto-Biopharma Services. Alexa Fluor
647-labeled S-540956 (S-540956 AF647) was composed of
ODN2006 AF647 hybridized with C-540956. Polyinosinic-
polycytidylic acid (polyI:C) was purchased from In vivoGen
(Toulouse, France).

Animals
Six-to eight-week-old female C57BL/6J mice were purchased
from CLEA Japan, Inc. (Tokyo, Japan). Tlr9-/- mice were
purchased from Oriental BioService, Inc. (Kyoto, Japan).
Tap1-/- and Cd4-/- mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). All animal studies were
conducted following appropriate guidelines and with the
approval of the National Institutes of Biomedical Innovation,
Health, and Nutrition, as well as the Shionogi Animal Care and
Use Committee (Osaka, Japan).

TLR9 Reporter-Gene Assay
Secreted embryonic alkaline phosphatase (SEAP) reporter HEK-
Blue™-hTLR9 cells (expressing human TLR9 and NF-kB-
inducible SEAP) and HEK-Blue™-Null1 cells (expressing only
NF-kB-inducible SEAP) were purchased from In vivoGen. After
activation by treatment with different compounds, secreted
SEAP levels were measured using QUANTI-Blue medium
(In vivoGen), and the absorbance was measured at 540 nm
using a Varioskan Flash multimode reader (Thermo Fisher
Scientific, Waltham, MA).
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Surface Plasmon Resonance Analysis
Interactions between S-540956 and human or mouse serum
albumin (HSA or MSA, respectively) were analyzed using a
B IACORE S51 sy s t em (GE Hea l thca r e UK Ltd . ,
Buckinghamshire, UK), according to a previously reported
method (15). The sensorgrams for the S-540956 interaction
with HSA or MSA were analyzed by curve fitting using
numerical-integration analysis. The data were fitted globally by
simultaneously fitting the S-540956 sensorgrams obtained at six
different concentrations using BI evaluation software (version
4.1). The equilibrium dissociation constant (KD) values were
evaluated by applying linear or nonlinear fitting algorithms to
the binding data using the 1:1 Langmuir binding model.

In Vivo Imaging System (IVIS)-Imaging
Analysis
Mice were subcutaneously or intramuscularly injected with 5
nmol of S-540956 AF647 or ODN2006 AF647. After injection,
the animals were sacrificed, and the draining LNs and spleens
were collected at each sampling time. Fluorescence in the
collected organs was analyzed using the IVIS imaging system
(Perkin Elmer, Waltham, MA).

Immunofluorescence (IF) Imaging
Mice were intramuscularly injected with 5 nmol of S-540956
AF647, and then the draining LNs were excised after 24 h. The
draining LNs were frozen in optimum cutting temperature
compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan).
Embedded 8 mm cryostat sections were fixed in cold acetone
for 5 min. Anti-CD3 (clone SP7; Nichirei Corporation, Tokyo,
Japan), anti-B220 (clone RA3-6B2; BioLegend, San Diego, CA),
anti-CD169 (clone 3D6.112; BioLegend), and anti-plasmacytoid
dendritic cell antigen-1 ([PDCA-1], JF05 1C2.4.1; Miltenyi
Biotech Bergisch Gladbach, Germany) antibodies were used as
primary antibodies. AF488-conjugated goat anti-rabbit IgG H&L
(Abcam, Cambridge, UK) was used to detect the anti-CD3
antibody, and AF488-conjugated goat anti-rat IgG (minimal
cross-reactivity; BioLegend) was used to detect the anti-B220,
anti-CD169, and anti-PDCA1 antibodies. After staining the cells,
the tissue sections were analyzed using a fluorescence
microscope with 10 × and 60 × lenses (BX51; Olympus,
Tokyo, Japan). Imaging data were processed using Adobe
Photoshop CS2 (Adobe Systems Inc., San Jose, CA).

Imaging-Stream Analysis
To detect macrophages and pDCs, fluoresceine isothiocyanate
(FITC)-conjugated ant i -CD11b (c loneM1/70) , and
phycoerythrin (PE)-conjugated anti-Siglec-H (clone551) were
purchased from BioLegend. Imaging-stream analysis was
performed as previously described (16). Briefly, mice were
intramuscularly injected with 5 nmol of S-540956 AF647 or
ODN2006 AF647. Cells collected from draining LNs were
stained with FITC anti-CD11b and PE anti-Siglec-H for
30 min at room temperature. Imaging data were obtained
using Amnis™ ImageStreamX (Luminex, Austin, TX) and
analyzed using IDEAS software (version 6.2; Luminex).
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Splenomegaly Analysis
Mice were intramuscularly injected with 1, 2, or 4 nmol of S-
540956 or ODN2006 on day 0, 2, and 4. Three days after the
third injection, the mice were sacrificed, and the spleens were
collected. The weight of each spleen was measured using an
electronic balance.

Cytokine Measurements
Mice were intramuscularly injected with 5 nmol of S-540956 or
ODN2006. Plasma samples were collected 3 and 24 h after
injection. The plasma concentrations of TNF-a, IL-6, IFN-g,
and IP-10 were measured using a MILLIPLEX MAP Mouse
Cytokine/Chemokine Magnetic Bead Panel-Immunology
Multiplex Assay (Merck Millipore, Billerica, MA).

Immunization and Subsequent Evaluation
of Cellular and Humoral Immune
Responses
A TRP2180-188 peptide (SVYDFFVWL-NH2), an OVA257-264

peptide (SIINFEKL-NH2), and an HPV16-E749-57 peptide
(RAHYNIVTF-NH2) were synthesized by Sigma-Aldrich Japan
K.K. (Tokyo, Japan). Montanide ISA-51 is an incomplete
Freund’s adjuvant (IFA) that was purchased from Seppic, Inc.
(Fairfield, NJ). OVA protein with low endotoxin level was
purchased from FUJIFILM Wako Pure Chemical Co., Ltd.
(Osaka, Japan). To evaluate peptide-specific CD8+ T cell
responses, mice were subcutaneously immunized with 100 µg
of TRP2, OVA, or HPV16-E7 peptide mixed with 5 nmol of S-
540956 or ODN2006, or 50 µL of Montanide ISA51 on days 0
and 7. Peripheral blood mononuclear cells (PBMCs) were
collected 14 days after the first immunization. To evaluate
OVA protein-specific CD8+ T cell and antibody responses,
mice were subcutaneously immunized with 10 mg of OVA
protein mixed with 5 nmol of S-540956 or ODN2006 on days
0 and 14. The PBMCs and plasma were collected 21 and 28 days
after the first immunization, respectively.

Flow Cytometric Analysis
FITC-conjugated anti-CD86 (clone GL1, BD Pharmingen, San
Diego, CA), brilliant violet (BV)-421-conjugated anti-F4/80
(clone T45-2342 BD Pharmingen), PE-conjugated anti-Siglec-
H (clone 551 BL), and BV-605-conjugated anti-CD11b (clone
M1/70, BioLegend) antibodies were used to detect CD86
expression in pDCs and macrophages. To analyze cytokine-
expressing cells, allophycocyanin–cyanine (Cy)7-conjugated
anti-CD-3ϵ (clone 2C11), BV-510-conjugated anti-CD4 (clone
RM4-5), BV-570-conjugated anti-CD8a (clone 53-6.7), PE-
conjugated anti-IL-2 (clone JES6-5H4), and PE-Cy7-
conjugated anti-TNFa (clone MP6-XT22) antibodies were
purchased from BioLegend, and an FITC-conjugated anti-
IFN-g (clone XMG1.2) antibody was purchased from BD
Pharmingen. For peptide-specific T cell receptor detection,
TRP2180-188 peptide, OVA257-264 peptide, or HPV16-E749-57
peptide loaded PE-labeled tetramers were purchased from
Medical & Biological Laboratories, Co. Ltd. (Nagoya, Japan).
To detect CD107a expression, BV786-conjugated anti-CD107a
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antibody was used (clone 1D4B, BD Biosciences, Franklin Lakes,
NJ). For tetramer staining, the collected PBMCs were incubated
with PE-labeled tetramers and antibodies for 30 min at room
temperature. For intracellular cytokine-staining assays, the
collected PBMCs were stimulated with cognate peptides for
6 h; next, Golgi-Plug and Golgi-Stop were added, and the
PBMCs were incubated for 30 min at room temperature. The
cells were fixed and permeabilized using a Cytofix/Cytoperm Kit
(BD Biosciences). Dead cells were excluded by LIVE/DEAD™

Fixable Aqua Dead Cell Stain Kit (Thermo Fisher). Data were
collected using an LSRII flow cytometer (BD Biosciences) and
analyzed using FlowJo software (version 9.8.2; Tree Star,
Ashland, OR).

Measurement of Antibody Titers
Total plasma anti-OVA IgG, IgG1, and IgG2c titers were
determined by performing enzyme-linked immunosorbent
assays (ELISAs) as described previously (17), with the
following modifications. Briefly, 384-well plates were coated
with 10 mg/mL OVA antigen solution (FUJIFILM Wako Pure
Chemical Co., Ltd, Osaka, Japan) overnight at 4°C. The plates
were washed and incubated for 1 h with blocking buffer
(phosphate-buffered saline [PBS] containing 1% bovine serum
albumin). After blocking, the plates were washed and incubated
with 5-fold serially diluted plasma for 2 h. To detect the bound
antibodies, the plates were washed and incubated for 1 h with
horseradish peroxidase-conjugated anti-mouse total IgG, IgG1,
or IgG2c Ab (Bethyl Laboratories, Inc., Montgomery, TX). After
the plates were washed, 1-Step Ultra TMB-ELISA solution
(Thermo Fisher) was added to each well to initiate the color
reaction. The reaction was stopped after 5 min by the addition of
1 M sulfuric acid, and the optical density at 450 nm (OD450) was
measured using SpectraMax® iD3 device (Molecular Devices,
LLC, San Jose, CA). The titer was defined as the highest dilution
factor with an OD value of > 0.1.

Depletion of pDCs, CD4+ Cells, CD8+ Cells,
and Macrophages
An intraperitoneal injection with 500 µg of anti-PDCA1 (clone
927, BioLegend) or intravenous injection with 100 µg of anti-
CD4 (clone GK1.5, BioLegend) was performed to deplete pDCs
or CD4+ cells 1 day before immunization with the vaccine. To
deplete CD8+ cells, an intraperitoneal injection with 100 µg of
anti-CD8a (clone 2.43, Bio X cell, Lebanon, NH) was performed
at 15, 17, 19, and 21 days after the inoculation of tumor. To
deplete macrophages, 200 µL of clophosome-A (FormuMax
Scientific, Inc., Sunnyvale, CA) was intravenously administered
on days 1 and 6 before immunization with the vaccine.

Tumor Model
B16F10 melanoma cells expressing TRP2 (2 × 105 cells) or TC-1
tumorigenic cells expressing HPV16-E6 and E7 (3 × 105 cells)
were subcutaneously inoculated into the flanks of mice. Tumor-
bearing mice were subcutaneously immunized twice with 100 µg
of TRP2180-188 or HPV16-E749-57 peptide mixed with 5 nmol of
S-540956 or ODN2006. Tumor sizes were measured using an
electronic scale and calculated using the following formula:
Frontiers in Immunology | www.frontiersin.org 4
tumor size = tumor length × tumor width^2/2. Two-tailed
Student’s t-test was used for two-group comparisons. For
groups of three or more, one-way analysis of variance
(ANOVA) followed by Tukey’s test was used. Statistical
significance was set at a P value of < 0.05. Statistical analysis
was performed using GraphPad Prism 9 (San Diego, CA).
RESULTS

The Complementary Strand With an
Amphiphilic Chain Unit Increases
ODN2006 Accumulation in the Draining
LNs
Direct binding of the amphiphilic chain to CpG ODNs has been
reported to enhance its accumulation in draining LNs by binding
to albumin after injection, leading to APC activation and
increased T cell responses in draining LNs (3). In this study,
we designed an amphiphilic chain bound to the complementary
strand of ODN2006 (B-type CpG ODN), and its efficacy and
safety profiles have been confirmed in clinical trials (8). The
ODN2006-annealed complementary strand with an amphiphilic
chain unit was named S-540956 (Figure 1A). The in vitro effect
of S-540956 on the activity of the TLR9 signaling pathway was
compared with that of ODN2006 using HEK-Blue™ hTLR9
cells, which stably express the TLR9 gene. The half-maximal
effective concentration values of S-540596 and ODN2006 were
300 and 180 nM, respectively (Figure S1A). C-540956,
comprised of a complementary strand with an amphiphilic
chain unit, did not activate the TLR9 signaling pathway (data
not shown). TLR9-independent stimulation was not observed in
HEK-Blue™-Null1 cells after incubation with S-540956,
ODN2006, or C-540956 (Figure S1B). The mean at OD 620
nm of the positive control (tumor necrosis factor-a [TNF-a])
and negative control (buffer) samples were 2.60 and 0.11,
respectively. These results suggest that the hybridization of the
complementary strand with the amphiphilic chain to ODN2006
did not alter the in vitro effect of ODN2006 on TLR9 signaling.
Interactions between S-540956 and HSA or MSA were analyzed
by performing surface plasmon resonance (SPR) assays. The KD

values for the binding of S-540956 to HSA and MSA were 186
nM and 330 nM, respectively (Figure 1B). In contrast, a
measurable KD value could not be determined for the
interactions between ODN2006 and HSA or MSA. The data
from the SPR assays supported the concept of a delivery system
for S-540956, based on the kinetics of albumin for efficient
delivery to the draining LNs. To investigate the draining LN-
targeting profile of S-540956, we examined S-540956
accumulation in the draining LNs using the IVIS imaging
system. AF647-conjugated S-540956 or AF647-conjugated
ODN2006 was injected via intramuscular, subcutaneous, or
intravenous routes. S-540956–AF647 accumulated in the
draining LNs at statistically higher levels than did ODN2006–
AF647 following an intramuscular or subcutaneous injection,
from 24 to 48 h post-injection (P < 0.05, Figures 1C, D). AF647
fluorescence was not detected in the draining LNs after
December 2021 | Volume 12 | Article 803090
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intravenous injection of S-540956–AF647 or ODN2006–AF647
(data not shown). To examine the systemic distribution of S-
540956, the accumulation of S-540956–AF647 in the spleen was
also assessed after an intramuscular injection. S-540956–AF647
accumulation in the spleen was significantly lower than that of
ODN2006–AF647 (P < 0.01, Figures S2A, B). The systemic
distribution after a subcutaneous injection was consistent with
that following an intramuscular injection (Figures S2C, D). A
low systemic distribution profile is associated with reduced
systemic toxicity (3). To assess the systemic toxicity of S-
540956, splenomegaly was investigated after three repeated
injections of S-540956 at 0, 2, and 4 days post-injection. The
spleen weights of S-540956-injected mice were significantly
Frontiers in Immunology | www.frontiersin.org 5
lower than that of ODN2006-injected mice at a dose of 4 nmol
(P < 0.01, Figures S2E, F). Systemic proinflammatory cytokine
responses were measured in plasma samples after the
intramuscular injection. The concentrations of TNF-a and IP-
10 in S-54056-injected mice were significantly lower than those
in ODN2006-injected mice at 3 h after injection (P < 0.05,
Figures S3A, D). No statistical differences between S-540956-
and ODN2006-injected mice were observed in terms of the TNF-
a, IL-6, IFN-g, and IP-10 concentrations at 24 h after injection
(Figures S3A–D). The splenomegaly and cytokine-response data
suggest that the draining LN-targeting profile of S-540956 did
not increase the systemic toxicity of ODN2006 in mice.

TLR9 is expressed in DCs, macrophages, and B cells in mice,
and these APCs orchestrate innate immune responses and
contribute to the establishment of adaptive immunity (5, 7).
Next, we focused on cells that incorporated S-540956 in the
draining LNs. The distribution of S-540956 in the draining LNs
was analyzed by IF imaging focusing on B cells (B220+),
macrophages (CD169+), pDCs (Siglec-H+), and T cells (CD3+).
The majority of S-540956–AF647 signal was detected on the
surface of draining LNs and distributed to the B cell zone,
localized to macrophages and pDCs (Figure 1E). We next
examined the incorporation of S-540956–AF647 by
macrophages or pDCs in the draining LNs by flow cytometry
and ImageStreamX software. S-540956–AF647 was incorporated
by pDCs and macrophages at higher levels, when compared to
ODN2006 (Figure 1F and Figure S4), and S-540956–AF647 was
detected in pDCs and macrophages, as determined by
ImageStreamX software (Figures 1G, H). Taken together, the
intrinsic property of albumin to translocate to the draining LNs
(10) and our findings of the albumin binding and the enhanced
accumulation of ODN2006 in the draining LNs by annealing the
complementary strand with the amphiphilic chain unit suggest
that S-540956 (injected into the muscle or subcutaneous tissue)
translocated to the lymph vessels after binding albumin at the
injection site and efficiently accumulated in the draining LNs.

The Draining LN-Targeting Profile Shows
That ODN2006 Enhances pDC Activation
in Draining LNs
Imaging analysis revealed that S-540956 was incorporated into
macrophages and pDCs after an injection. Next, we focused on
macrophages (F4/80+, CD11b+) and pDCs (CD11c+, Siglec-H+)
in the draining LNs to further dissect the differences between S-
540596 and ODN2006 in terms of their abilities to activate APCs.
CD86 expression in both macrophages and pDCs was measured
by flow cytometry to evaluate the effects of S-540956 on their
maturation. The results showed that the number of macrophages
in S-540956 injected mice was higher than that in ODN2006
at 18 h after injection (Figure 2A). The number of pDCs
was not increased after injection of S-540956 (Figure 2B).
S-540956 enhanced CD86 expression in both macrophages
and pDCs (Figures 2C, D, Figure S4) and that CD86
expression in pDCs from S-540956-injected mice was
significantly higher than that in ODN2006-injected mice (P <
A B

D

E

F

G H

C

FIGURE 1 | Delivery of S-540956–AF647 to the draining LNs. (A) Schematic
representation of S-540956. (B) Measurements of S-540956- and ODN2006-
binding to immobilized HSA and MSA using the BIACORE S51 system. KD

values were calculated. (C, D) Mice were intramuscularly injected with S-
540956–AF647 or ODN2006–AF647. Draining LNs were collected and
analyzed at 2, 24, 72, and 168 h after injection (N = 3–5). The images shown
represent draining LNs at 24 h after the intramuscular injection (C). The
fluorescence intensities of the draining LNs were measured using the IVIS
spectrum system (D). (E) T cells (CD3+), B cells (B220+), macrophages
(CD169+), and pDCs (PDCA+) in the draining LNs were analyzed by
immunofluorescence imaging at 24 h after the intramuscular injection of S-
540956–AF647. (F) Incorporation of S-540956–AF647 or ODN2006–AF647
by CD11b+ F4/80+cells (macrophages) or Siglec-H+ CD11c+ cells (pDCs) in
the draining LNs was analyzed by flow cytometric analysis at 2, 4, and 18 h
after the intramuscular injection (N = 4–6). (G, H) Localization of S-540956–
AF647 in CD11b+ cells or Siglec-H+ cells in draining LNs was imaged using
ImageStreamX software at 4 h after the intramuscular injection of S-540956–
AF647. (D, F) The data shown indicate the mean ± standard error (SE). *P <
0.05 or **P < 0.01, versus ODN2006–AF647; Student’s t-test. Data are
representative of two independent experiments.
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0.01, Figure 2D). These data suggest that S-540956 strongly
promoted pDC activation (rather than macrophage activation)
in draining LNs.

The Draining LN-Targeting Profile Reveals
That ODN2006 Enhances the Induction of
CD8+ T Cell Responses to MHC Class I-
Restricted Cancer Peptides
The complementary strand with an amphiphilic chain unit
enhanced ODN2006 accumulation in the draining LNs and
pDC activation. Activated pDCs carrying antigens can promote
robust priming and T cell differentiation in LNs (18). This
evidence prompted us to evaluate S-540956 as a vaccine
adjuvant. Both humoral and cellular responses were
investigated after immunization with a recombinant OVA
antigen or peptide, mixed with S-540956. Both OVA-specific
antibody levels (Figures S5A–C) and CD8+ T cell responses
(Figure S5D) were elevated after the addition of S-540956, and
the adjuvanticity of S-540956 was statistically higher than that of
ODN2006 (Figures S5A, C, D; P < 0.01, Figure S5B; P < 0.05).
The adjuvant effect of S-540956 was also compared with that of
CpG1018, which is contained in HEPLISAV-B launched as a
hepatitis B vaccine (19). The OVA-specific CD8+ T cell response
Frontiers in Immunology | www.frontiersin.org 6
enhanced by S-540956 was statistically higher than that by
CpG1018 (Figure S5E; P < 0.01). Consistent with the results
obtained with the recombinant OVA protein, S-540956 adjuvant
enhanced the induction of CD8+ T cell responses to TRP2
peptide (Figure S6, P < 0.001), and the adjuvanticity of S-
540956 was statistically higher than that of ODN2006 (P <
0.05). Each TRP2, OVA, or HPV-E7 peptide-specific CD8+ T
cell responses induced by S-540956 was higher than that by IFA
or ODN2006 (Figures 3A, C, E). To evaluate the versatility of
our chemical approach, we synthesized ODN1826 annealed with
the complementary strand with an amphiphilic chain unit
(ODN1826-C1826). TRP2 peptide-specific CD8+ T cell
responses were measured after immunization with ODN1826-
C1826-adjuvanted vaccine. The complementary strand with an
amphiphilic chain unit enhanced the adjuvanticity of ODN1826
to induce TRP2 peptide-specific CD8+ T cell responses (Figure
S7). Polyfunctional effector CD8+ T cells are thought to secrete
multiple cytokines and cytotoxic markers and are associated with
effective anti-tumor effects in humans (20, 21). To evaluate the
quality of the CD8+ T cells, the polyfunctionality of CD8+ T cells
was also investigated. The ratios of double- (IFN-g/IL-2, IFN-g/
TNF-a, and IL-2/TNF-a) and triple- (IFN-g/IL-2/TNF-a)
positive CD44+ CD8+ T cells among cytokine-positive CD44+

CD8+ T cells specific to TRP2, OVA, and HPV-E7 peptides in the
S-540956-adjuvanted vaccine groups were higher than those in
the IFA-adjuvanted vaccine groups (Figures 3B, D, F). In
addition, the peptide-specific CD107a+ CD8+ T cell responses
in S-540956-adjuvanted vaccine groups were higher than those
of ODN2006-adjuvanted vaccine groups (Figures S8A–C). No
significant differences were observed in the ratios of double- and
triple-positive CD44+ CD8+ T cells among cytokine-positive
CD44+ CD8+ T cells between mice treated with S-540956 or
ODN2006. These data suggest that draining LN targeting
enhanced the adjuvant effect of ODN2006 to induce CD8+ T
cell responses but did not alter the quality of the CD8+ T cells.

S-540956 Enhances CD8+ T Cell
Responses to the Cancer Peptide Vaccine
in a pDC-Dependent Manner
Activation of the TLR9-signaling pathway by CpG ODNs can
enhance the induction of antigen-specific CD8+ T cell responses
(22). To provide insights into how S-540956 strongly induced
CD8+ T cell responses, we next investigated the mechanisms
involved in the adjuvanticity of S-540956. Tlr9-/- mice were
immunized with a TRP2 peptide mixed with S-540956. CD8+

T cell responses induced by S-540596 decreased in Tlr9-/- mice,
suggesting that the mechanisms that induced CD8+ T cell
responses were not altered by the addition of complementary
strands with amphiphilic chain units and that other signaling
pathways were not involved in the induction of CD8+ T cell
responses (Figure 4A). To further understand which cells acted
as key players in the adjuvanticity of S-540956, pDCs and CD4+

T cells were depleted by injection of anti-PDCA-1 and anti-CD4
antibodies, respectively, and macrophages were depleted using
clophosome-A (Figures 4B–D and Figures S9A, B, D). CD8+ T
cell responses were reduced by depleting pDCs (Figure 4B) or
A B

DC

FIGURE 2 | S-540956 activated APCs in draining LNs. Mice were
intramuscularly injected with S-540956–AF647 or ODN2006–AF647, and then
draining LNs were collected at 18 h after an injection (N = 4–6). The numbers of
(A) macrophages and (B) pDCs and (C) CD86+ AF647+ macrophages (F4/80+,
CD11b+) or (D) CD86+ AF647+ pDCs (CD11c+, Siglec-H+) in the draining LNs
were measured by flow cytometry. The data shown indicate the mean ± SE.
*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001; one-way ANOVA. Data are
representative of two independent experiments. not statistically significant (n.s.).
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macrophages (Figure 4D). Depleting CD4+ T cells did not affect
CD8+ T cell induction by S-540956 (Figure 4C). Collectively,
these results suggest that the immunological mechanisms
whereby S-540956 enhanced the induction of MHC class I-
restricted peptide-specific CD8+ T cell responses were not
altered by the addition of complementary strands with
amphiphilic chain units and that CD4+ T cells were not
required for inducing MHC class I-restricted peptide-specific
CD8+ T cell responses.

The Therapeutic Effect of the Cancer
Peptide Vaccine Is Significantly Enhanced
by S-540956 in a CD4+ T Cell-Independent
Manner
Our immunological analysis suggested that S-540956 strongly
enhanced the anti-tumor effect of the MHC class I-restricted
cancer peptide vaccine, when compared to ODN2006
(Figures 3A–F) and polyI:C (Figure 4A), which have been
previously used as cancer peptide vaccines (8, 23). The anti-
tumor effect of the S-540956-adjuvanted peptide vaccine was
evaluated in TRP2-expressing B16F10 melanoma cell- or HPV-
E7-expressing TC-1 tumor cell-grafted mice. The anti-tumor
effect of the TRP2 peptide vaccine was significantly enhanced by
the addition of S-540956, and the adjuvanticity of S-54095 was
Frontiers in Immunology | www.frontiersin.org 7
statistically higher than that of ODN2006 (Figure 5A, P < 0.05).
S-540956 alone did not show anti-tumor effect in this model
(Figure 5B). Consistent with the results in mice administered
B16F10 melanoma cells, the anti-tumor effect of the HPV-E7
peptide vaccine was enhanced by S-540956, and the adjuvant
effect of S-540956 was statistically higher than that of ODN2006
(Figure 5C, P < 0.01). The anti-tumor effect of the S-540956-
adjuvanted vaccine was significantly reduced in Tap1-/- mice
(Figure 5D). In addition, the depletion of CD8+ T cells and not
CD4+ T cells reduced the anti-tumor effect of S-540956-
adjuvanted vaccine (Figures 5E and Figures S9C, D). These
results strongly suggest that the anti-tumor effect of the S-
540956-adjuvanted vaccine depends on MHC class I peptide-
specific CD8+ T cells.
DISCUSSION

Cancer peptide vaccines represent one of the strategies used to
control cancers by inducing robust MHC class I-restricted
peptide-specific CD8+ T cells with long-lasting responses to
overcome the tumor-immunosuppressive environment. To
eradicate tumor cells with high specificity, peptides are
designed by exploring tumor-associated antigens, tumor-
A B

D

E F

C

FIGURE 3 | S-540956 enhanced MHC class-I-restricted cancer peptide-specific CD8+ T cell responses. Mice were intramuscularly immunized with peptide/S-
540956, ODN2006, or Montanide ISA-51 on days 0 and 7 (N = 8–9). (A, C, E) TRP2, OVA, or HPV-E7 peptide-specific CD8+ T cells among PBMCs and (B, D, F)
polyfunctional CD8+ cells in splenocytes were analyzed by flow cytometry on day 14. (A, C, E) The data shown indicate the mean ± SE. (B, D, F) The bar graphs
indicate the mean, and the pie charts show the ratios of different cytokines expressed by CD44+ CD8+ cells. n.s., not statistically significant, *P < 0.05, **P < 0.01, as
determined by one-way ANOVA. Data are representative of two independent experiments.
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specific antigens, and neoantigens important for interactions
between tumor cells and immune responses (2). Recently, in
addition to monotherapy with cancer peptide vaccines, cancer
peptide vaccines have been investigated for combination therapy
with immune-checkpoint inhibitors (ICIs) with the objective of
improving the clinical outcomes of ICIs (24). Adjuvants are
crucial components of cancer peptide vaccines as they promote,
prime, and recall peptide-specific CD8+ T cell responses (25). To
enhance the adjuvanticity, LN-targeting adjuvants have been
explored by directly modifying TLR7/8 or TLR9 ligands (3,
26) . These chemica l mod ifica t ions may a l t e r the
immunostimulatory effects of ligands, however, it is difficult to
predict the immunotoxicity that may be attributable to the
modified chemical structures in humans, based on pre-clinical
research. Therefore, we elected to not modify the ligands and
instead developed S-540596 by annealing complementary
strands with amphiphilic chain units to ODN2006, one of the
most commonly used adjuvants for cancer peptide vaccines in
clinical trials (27, 28). Improved immunogenicity was confirmed;
Frontiers in Immunology | www.frontiersin.org 8
however, ODN2006-adjuvanted cancer peptide vaccines did not
exhibit significant induction of cytotoxic T lymphocytes (CTLs)
in patients, and no ODN2006 adjuvanted cancer peptide vaccine
has been approved for clinical use till date. These clinical studies
indicate the necessity of improving the adjuvanticity of
ODN2006 for developing more effective cancer peptide
vaccines. In this study, S-540956 exhibited more potent
adjuvanticity than ODN2006 when evaluating the efficacies of
cancer peptides against HPV-E7-expressing TC-1 tumors in
mice. This promising result suggests that the S-540956-
adjuvanted cancer peptide vaccine will show greater efficacy
than ODN2006 against tumor cells in clinical settings.

TLR9 can recognize single-stranded DNA (ssDNA) and
activate related signaling pathways originating from endosomes
(6). Comparable stimulation of TLR9 signaling was observed
between the double-stranded DNA (dsDNA) molecule, S-
540956, and the ssDNA molecule, ODN2006, in HEK-Blue
TLR9 cells. In this study, the nucleotides in ODN2006 are
connected by a phosphorothioate linkage based on a previous
report (29). The use of phosphorothioate nucleotides enhances
the resistance of CpG ODNs to DNases when compared with the
phosphodiester bond-linked nucleotides, which are components
of native DNA (30). The nucleotides of the complementary
strand (C-54056) for S-540956 were joined by phosphodiester
linkage. A recent study indicated that DNase II in endosomes
digests a phosphodiester linker of CpG ODN, in which the
nucleotides at the center were joined by phosphodiester
linkages with a phosphorothioated backbone at both ends, and
the digested CpG ODN activates TLR9 (31). Hence, C-540956 is
considered to be digested by DNase II in the endosomes, and the
released ODN2006 stimulated TLR9 signaling pathway.

pDCs and conventional DCs are heterogeneous subsets of
DCs that orchestrate innate and adaptive immune responses.
pDCs can sense ssDNA via TLR9 and have diverse functions,
which promote the establishment of optimal cellular immunity
by presenting antigens to T cells (32). The delivery of antigen-
targeting pDCs in combination with TLR agonists can enhance
the induction of CD8+ T cell responses (33). Our immunological
analysis revealed differences between S-540956 and ODN2006 in
terms of adjuvant incorporation by pDCs and activation of pDC,
and the adjuvanticity of S-540956 diminished after the pDCs
were depleted. A large number of DCs and CD8+ T cells are
considered to reside in LNs, when compared to those in
peripheral tissues, and the transportation of antigens and
adjuvants from the injection site to LNs is important for
enhancing vaccine efficacy (34, 35). TLR9 is expressed in both
mouse and human pDCs (36); therefore, we expect that S-540956
shows potent adjuvanticity in humans. Our immunological
analysis indicated that the efficient activation of pDCs in LNs
after the high accumulation of S-540956 is a critical innate
immune response that enables S-540956 to induce more robust
cellular-immune responses than ODN2006.

Some adjuvants can induce excessive proinflammatory
cytokine responses related to cytokine storms and systemic
inflammation (37). Excess systemic immune responses induced
by frequent injections of CpG ODN cause splenomegaly, which
A B
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FIGURE 4 | S-540956 enhanced TRP2-specific CD8+ T cell responses in
TLR9- and pDC-dependent manners. (A) Wild-type (WT) or Tlr9-/- mice were
subcutaneously immunized with TRP2 peptide/S-540956 or TRP2 peptide/
PolyI:C on days 0 and 7 (N = 4). TRP2 peptide-specific CD8+ T cells were
measured by flow cytometry using a TRP2 tetramer, on day 14. (B) pDCs or
(C) CD4+ T cells were depleted by administering an anti-PDCA1 or anti-CD4
antibody (N = 4–5) to WT mice immunized with TRP2 peptide/S-540956, and
TRP2 peptide-specific CD8+ T cells were measured as described in (A). (D)
Macrophages were depleted by administering clophosome-A to WT mice
immunized with TRP2 peptide/S-540956, and TRP2 peptide-specific CD8+ T
cells were measured as described in (A). The data shown indicate the mean
± SE. n.s., not statistically significant, *P < 0.05, **P < 0.01, as determined
by Student’s t-test or one-way ANOVA. Data are representative of two
independent experiments.
December 2021 | Volume 12 | Article 803090

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


Nakagawa et al. S-540956, a Cancer Vaccine Adjuvant
is mainly due to erythroid and myeloid expansion in the red
pulp, and consequently lead to extramedullary hematopoiesis
(38, 39). Although proinflammatory cytokine responses were
observed in the blood after the S-540956 injection, each
induction level was not statistically higher than that of
ODN2006. In addition, splenomegaly induced by frequent
injections of S-540956 was lower than that induced by
ODN2006. ODN2006 is a well-known safe adjuvant that has
been use in a large number of clinical trials (8). For instance,
ODN2006 has been used as a vaccine adjuvant for the
recombinant AMA1-C1/alhydrogel malaria vaccine. This
addition of ODN2006 was found to significantly enhance the
humoral immune responses; however, local and systemic adverse
events were also increased (40). It is, therefore, necessary to
reduce the number of adverse events induced by the adjuvant,
particularly for preventive vaccines. The targeting of LNs by S-
540956 might decrease the number of adverse events and
thereby, regulate the severity of adverse event, especially
systemic adverse effects. Therefore, we expect that S-540956
poses a low risk for inducing systemic inflammation and
splenomegaly in humans.

Collectively, our data supports the conclusion that the
targeting LN profile of S-540956 can elicit potent adjuvanticity
without inducing excess systemic inflammation and
Frontiers in Immunology | www.frontiersin.org 9
immunotoxicity. However, future investigations into the safety
profile of S-540956 via clinical trials are expected to further
confirm the benefit of an LN-targeting profi le as a
vaccine adjuvant.

In conclusion, the results of this study demonstrated a
chemical approach for discovering a novel adjuvant in which
the complementary strand was conjugated to a lipid for draining
LN targeting, which increased ODN2006 accumulation in the
draining LNs and consequently enhanced the adjuvant effect,
without elevating systemic inflammation.
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FIGURE 5 | Adjuvant effect of S-540956 with a cancer peptide vaccine against tumors in mice. (A) Mice were subcutaneously immunized with TRP2 peptide alone,
TRP2 peptide/ODN2006, or TRP2/S-540956 on days 0 and 7 after the first immunization (N = 8). The mice were subcutaneously inoculated with TRP2-expressing
B16F10 melanoma cells on day 14. (B) Mice were subcutaneously inoculated with TRP2-expressing B16F10 melanoma cells. The mice were subcutaneously
immunized with PBS (–), S-540956, or TRP2/S-540956 at 7 and 14 days after inoculation (N = 9–10). (C) Mice were subcutaneously inoculated with HPV-E7-
expressing TC-1 tumor cells. The mice were intramuscularly immunized with PBS (–) or HPV-E7 peptide mixed with S-540956 or ODN2006 at 9 and 16 days after
inoculation (N = 8). (D) Tap1+/- or Tap-/- mice were subcutaneously inoculated with TC-1 tumor cells. The mice were subcutaneously immunized with PBS (–) or
HPV-E7/S-540956 at 7 and 14 days after inoculation (N = 3–5). (E) Mice were subcutaneously inoculated with HPV-E7-expressing TC-1 tumor cells. The mice were
intramuscularly immunized with PBS (–) or HPV-E7 peptide mixed with S-540956 at 7 and 14 days after inoculation. CD4+ cells or CD8+ cells were depleted by
administrating anti-CD4 antibody or anti-CD8 antibody (N = 6–8). Tumor sizes were measured using a vernier caliper. The data shown indicate the mean ± SE. *P <
0.05, **P < 0.01, ****P < 0.001, as determined by one-way ANOVA. Data are representative of two independent experiments.
December 2021 | Volume 12 | Article 803090

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


Nakagawa et al. S-540956, a Cancer Vaccine Adjuvant
AUTHOR CONTRIBUTIONS
TN, TT, ST, TK, and YI designed and conducted the experiments,
performed the data analysis, interpreted the results, and wrote the
manuscript. TN and MO performed the data analysis, interpreted
the results, and wrote the manuscript. TN, TI, AK, KK, TY, MN,
and KI conceived the project, designed the experiments,
interpreted the results, and revised the manuscript. All authors
contr ibuted to the manuscr ipt and approved the
submitted version.

FUNDING
This work was supported by Shionogi & Co., Ltd., and in part by
NIBIOHN, Core Research for Evolutional Science and
Technology (CREST)/Japan Science and Technology Agency
(JST), and Japan Agency for Medical Research and
Development (AMED).
Frontiers in Immunology | www.frontiersin.org 10
ACKNOWLEDGMENTS

We thank Akiko Okabe, Mariko Nakamura, and Miyoko
Kawatsu for their excellent technical assistance with animal
husbandry and genotyping, as well as the members of K.J.I.’s
laboratories for their valuable comments and help. We also thank
Shinya Omoto, Masako Onishi, and Takeo Kamakura, scientists
at Shionogi & Co., Ltd. for their expert comments about
this study.
SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2021.803090/
full#supplementary-material
REFERENCES

1. Bezu L, Kepp O, Cerrato G, Pol J, Fucikova J, Spisek R, et al. Trial Watch:
Peptide-Based Vaccines in Anticancer Therapy. Oncoimmunol (2018) 4:
e974411. doi: 10.1080/2162402X.2018.1511506

2. Hollingsworth RE, Jansen K. Turning the Corner on Therapeutic Cancer
Vaccines. NPJ Vaccines (2019) 4:7. doi: 10.1038/s41541-019-0103-y

3. Liu H, Moynihan KD, Zheng Y, Szeto GL, Li AV, Huang B, et al. Structure-
Based Programming of Lymph-Node Targeting in Molecular Vaccines.
Nature (2014) 507:519–22. doi: 10.1038/nature12978

4. Hanson MC, Crespo MP, Abraham W, Moynihan KD, Szeto GL, Chen SH,
et al. Nanoparticulate STING Agonists Are Potent Lymph Node-Targeted
Vaccine Adjuvants. J Clin Invest (2015) 125:2532–46. doi: 10.1172/
JCI79915

5. Klinman DM, Verthelyi D, Takeshita F, Ishii KJ. Immune Recognition of
Foreign DNA. Immunity (1999) 11:123–9. doi: 10.1016/s1074-7613(00)80087-4

6. Klinman DM. Immunotherapeutic Uses of CpG Oligodeoxynucleotides. Nat
Rev Immunol (2004) 4:249–58. doi: 10.1038/nri1329

7. Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, et al. A Toll-Like
Receptor Recognizes Bacterial DNA. Nature (2000) 408:740–5. doi: 10.1038/
35047123

8. Karapetyan L, Luke JJ, Davar D. Toll-Like Receptor 9 Agonists in Cancer.
Oncol Targets Ther (2020) 13:10039–60. doi: 10.2147/OTT.S247050

9. Steinbuck MP, Seenappa LM, Jakubowski A, McNeil LK, Haqq CM, DeMuth
PC. A Lymph Node-Targeted Amphiphile Vaccine Induces Potent Cellular
and Humoral Immunity to SARS-CoV-2. Sci Adv (2021) 7(6):eabe5819.
doi: 10.1126/sciadv.abe5819

10. Faries MB, Bedrosian I, Reynolds C, Nguyen HQ, Alavi A, Czerniecki BJ.
Active Macromolecule Uptake by Lymph Node Antigen-Presenting Cells: A
Novel Mechanism in Determining Sentinel Lymph Node Status. Ann Surg
Oncol (2000) 7:98–105. doi: 10.1007/s10434-000-0098-6

11. Jurk M, Kritzler A, Debelak H, Vollmer J, Krieg AM, Uhlmann E. Structure-
Activity Relationship Studies on the Immune Stimulatory Effects of Base-
Modified CpG Toll-Like Receptor 9 Agonists. ChemMedChem (2006) 1:1007–
14. doi: 10.1002/cmdc.200600064

12. Cooper CL, Davis HL, Morris ML, Efler SM, Krieg AM, Li Y, et al. Safety and
Immunogenicity of CPG 7909 Injection as an Adjuvant to Fluarix Influenza
Vaccine. Vaccine (2004) 22:3136–43. doi: 10.1016/j.vaccine.2004.01.058

13. Krieg AM, Efler SM, Wittpoth M, Al Adhami MJ, Davis HL. Induction of
Systemic TH1-Like Innate Immunity in Normal Volunteers Following
Subcutaneous But Not Intravenous Administration of CPG 7909, a
Synthetic B-Class CpG Oligodeoxynucleotide TLR9 Agonist. J Immunother
(2004) 27:460–71. doi: 10.1097/00002371-200411000-00006

14. Akira K. Nucleic Acid Derivative Having Immunostimulatory Activity. Osaka,
Japan. SHIONOGI & CO., LTD. Patent No WO2017/057540 Al. (2017).
15. Onishi R, Watanabe A, Nakajima M, Sekiguchi M, Kugimiya A, Kinouchi H,
et al. Surface Plasmon Resonance Assay of Binding Properties of Antisense
Oligonucleotides to Serum Albumins and Lipoproteins. Anal Sci (2015)
31:1255–60. doi: 10.2116/analsci.31.1255

16. Momota M, Lelliott P, Kubo A, Kusakabe T, Kobiyama K, Kuroda E, et al.
ZBP1 Governs the Inflammasome-Independent IL-1a and Neutrophil
Inflammation That Play a Dual Role in Anti-Influenza Virus Immunity. Int
Immunol (2019) 32:203–12. doi: 10.1093/intimm/dxz070

17. Kobiyama K, Aoshi T, Narita H, Kuroda E, Hayashi M, Tetsutani K, et al.
Nonagonistic Dectin-1 Ligand Transforms CpG Into a Multitask
Nanoparticulate TLR9 Agonist. Proc Natl Acad Sci USA (2014) 111:3086–
91. doi: 10.1073/pnas.1319268111

18. Eisenbarth SC. Dendritic Cell Subsets in T Cell Programming: Location
Dictates Function. Nat Rev Immunol (2019) 19:89–103. doi: 10.1038/
s41577-018-0088-1

19. Eng NF, Bhardwaj N, Mulligan R, Diaz-Mitoma F. The Potential of 1018 ISS
Adjuvant in Hepatitis B Vaccines: HEPLISAV" Review. Hum Vaccines
Immunother (2013) 9:1661–72. doi: 10.4161/hv.24715

20. Wimmers F, Aarntzen EHJG, Duiveman-deBoer T, Figdor CG, Jacobs JFM,
Tel J, et al. Long-Lasting Multifunctional CD8+ T Cell Responses in End-Stage
Melanoma Patients can be Induced by Dendritic Cell Vaccination.
Oncoimmunology (2016) 5:e1067745. doi: 10.1080/2162402X.2015.1067745

21. De Groot R, Van Loenen MM, Guislain A, Nicolet BP, Freen-Van Heeren JJ,
Verhagen OJHM, et al. Polyfunctional Tumor-Reactive T Cells Are Effectively
Expanded From Non-Small Cell Lung Cancers, and Correlate With an
Immune-Engaged T Cell Profile. Oncoimmunology (2019) 8:e1648170.
doi: 10.1080/2162402X.2019.1648170

22. Krieg AM. Therapeutic Potential of Toll-Like Receptor 9 Activation. Nat Rev
Drug Discovery (2006) 5:471–84. doi: 10.1038/nrd2059

23. Ammi R, De Waele J, Willemen Y, Van Brussel I, Schrijvers DM, Lion E, et al.
Poly(I:C) as Cancer Vaccine Adjuvant: Knocking on the Door of Medical
Breakthroughs. Pharmacol Ther (2015) 146:120–31. doi: 10.1016/
j.pharmthera.2014.09.010

24. Zhao J, Chen Y, Ding ZY, Liu JY. Safety and Efficacy of Therapeutic Cancer
Vaccines Alone or in CombinationWith Immune Checkpoint Inhibitors in Cancer
Treatment. Front Pharmacol (2019) 10:1184. doi: 10.3389/fphar.2019.01184

25. Khong H, Overwijk WW. Adjuvants for Peptide-Based Cancer Vaccines.
J Immunother Cancer (2016) 4:56. doi: 10.1186/s40425-016-0160-y

26. Lynn GM, Sedlik C, Baharom F, Zhu Y, Ramirez-Valdez RA, Coble VL, et al.
Peptide–TLR-7/8a Conjugate Vaccines Chemically Programmed for
Nanoparticle Self-Assembly Enhance CD8 T-Cell Immunity to Tumor
Antigens. Nat Biotechnol (2020) 38:320–32. doi: 10.1038/s41587-019-0390-x

27. Scheiermann J, Klinman DM. Clinical Evaluation of CpG Oligonucleotides as
Adjuvants for Vaccines Targeting Infectious Diseases and Cancer. Vaccine
(2014) 32:6377–89. doi: 10.1016/j.vaccine.2014.06.065
December 2021 | Volume 12 | Article 803090

https://www.frontiersin.org/articles/10.3389/fimmu.2021.803090/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.803090/full#supplementary-material
https://doi.org/10.1080/2162402X.2018.1511506
https://doi.org/10.1038/s41541-019-0103-y
https://doi.org/10.1038/nature12978
https://doi.org/10.1172/JCI79915
https://doi.org/10.1172/JCI79915
https://doi.org/10.1016/s1074-7613(00)80087-4
https://doi.org/10.1038/nri1329
https://doi.org/10.1038/35047123
https://doi.org/10.1038/35047123
https://doi.org/10.2147/OTT.S247050
https://doi.org/10.1126/sciadv.abe5819
https://doi.org/10.1007/s10434-000-0098-6
https://doi.org/10.1002/cmdc.200600064
https://doi.org/10.1016/j.vaccine.2004.01.058
https://doi.org/10.1097/00002371-200411000-00006
https://doi.org/10.2116/analsci.31.1255
https://doi.org/10.1093/intimm/dxz070
https://doi.org/10.1073/pnas.1319268111
https://doi.org/10.1038/s41577-018-0088-1
https://doi.org/10.1038/s41577-018-0088-1
https://doi.org/10.4161/hv.24715
https://doi.org/10.1080/2162402X.2015.1067745
https://doi.org/10.1080/2162402X.2019.1648170
https://doi.org/10.1038/nrd2059
https://doi.org/10.1016/j.pharmthera.2014.09.010
https://doi.org/10.1016/j.pharmthera.2014.09.010
https://doi.org/10.3389/fphar.2019.01184
https://doi.org/10.1186/s40425-016-0160-y
https://doi.org/10.1038/s41587-019-0390-x
https://doi.org/10.1016/j.vaccine.2014.06.065
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Nakagawa et al. S-540956, a Cancer Vaccine Adjuvant
28. Krieg AM. Development of TLR9 Agonists for Cancer Therapy. J Clin Invest
(2007) 117(5):1184–94. doi: 10.1172/JCI31414

29. Hartmann G, Weeratna RD, Ballas ZK, Payette P, Blackwell S, Suparto I, et al.
Delineation of a CpG Phosphorothioate Oligodeoxynucleotide for Activating
Primate Immune Responses. In Vitro In Vivo J Immunol (2000) 164:1617–24.
doi: 10.4049/jimmunol.164.3.1617

30. Mutwiri GK, Nichani AK, Babiuk S, Babiuk LA. Strategies for Enhancing the
Immunostimulatory Effects of CpG Oligodeoxynucleotides. J Control Release
(2004) 97:1–17. doi: 10.1016/j.jconrel.2004.02.022

31. Chan MP, Onji M, Fukui R, Kawane K, Shibata T, Saitoh SI, et al. DNase II-
Dependent DNA Digestion Is Required for DNA Sensing by TLR9. Nat
Commun (2015) 6:4–6. doi: 10.1038/ncomms6853

32. Swiecki M, Colonna M. The Multifaceted Biology of Plasmacytoid Dendritic
Cells. Nat Rev Immunol (2015) 15:471–85. doi: 10.1038/nri3865

33. Loschko J, Schlitzer A, Dudziak D, Drexler I, Sandholzer N, Bourquin C, et al.
Antigen Delivery to Plasmacytoid Dendritic Cells via BST2 Induces Protective
T Cell-Mediated Immunity. J Immunol (2011) 186:6718–25. doi: 10.4049/
jimmunol.1004029

34. Thomas SN, Vokali E, Lund AW, Hubbell JA, Swartz MA. Targeting the
Tumor-Draining Lymph Node With Adjuvanted Nanoparticles Reshapes the
Anti-Tumor Immune Response. Biomaterials (2014) 35:814–24. doi: 10.1016/
j.biomaterials.2013.10.003

35. Bachmann MF, Jennings GT. Vaccine Delivery: A Matter of Size, Geometry,
Kinetics and Molecular Patterns. Nat Rev Immunol (2010) 10:787–96.
doi: 10.1038/nri2868

36. Iwasaki A, Medzhitov R. Toll-Like Receptor Control of the Adaptive Immune
Responses. Nat Immunol (2004) 5:987–95. doi: 10.1038/ni1112

37. Sauder DN, Smith MH, Senta-McMillian T, Soria I, Meng TC. Randomized,
Single-Blind, Placebo-Controlled Study of Topical Application of the
Immune Response Modulator Resiquimod in Healthy Adults. Antimicrob
Agents Chemother (2003) 47:3846–52. doi: 10.1128/AAC.47.12.3846-
3852.2003

38. Heikenwalder M, Polymenidou M, Junt T, Sigurdson C, Wagner H, Akira S,
et al. Lymphoid Follicle Destruction and Immunosuppression After Repeated
Frontiers in Immunology | www.frontiersin.org 11
CpG Oligodeoxynucleotide Administration. Nat Med (2004) 10:187–92.
doi: 10.1038/nm987

39. Sparwasser T, Hültner L, Koch ES, Luz A, Lipford GB, Wagner H.
Immunostimulatory CpG-Oligodeoxynucleotides Cause Extramedullary
Murine Hemopoiesis. J Immunol (1999) 162:2368–74.

40. Mullen GED, Ellis RD, Miura K, Malkin E, Nolan C, Hay M, et al. Phase 1
Trial of AMA1-C1/Alhydrogel Plus CPG 7909: An Asexual Blood-Stage
Vaccine for Plasmodium Falciparum Malaria. PloS One (2008) 3(8):e2940.
doi: 10.1371/journal.pone.0002940

Conflict of Interest: TN, TT, MO, ST, TK, YI, TI, AK, KK, and MN are employees
of Shionogi & Co., Ltd.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

The authors declare that this study received funding from Shionogi & Co., Ltd.
The funder had the following involvement in the study: study design, collection,
analysis, interpretation of data, the writing of this article or the decision to submit
it for publication.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Nakagawa, Tanino, Onishi, Tofukuji, Kanazawa, Ishioka, Itoh,
Kugimiya, Katayama, Yamamoto, Nagira and Ishii. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
December 2021 | Volume 12 | Article 803090

https://doi.org/10.1172/JCI31414
https://doi.org/10.4049/jimmunol.164.3.1617
https://doi.org/10.1016/j.jconrel.2004.02.022
https://doi.org/10.1038/ncomms6853
https://doi.org/10.1038/nri3865
https://doi.org/10.4049/jimmunol.1004029
https://doi.org/10.4049/jimmunol.1004029
https://doi.org/10.1016/j.biomaterials.2013.10.003
https://doi.org/10.1016/j.biomaterials.2013.10.003
https://doi.org/10.1038/nri2868
https://doi.org/10.1038/ni1112
https://doi.org/10.1128/AAC.47.12.3846-3852.2003
https://doi.org/10.1128/AAC.47.12.3846-3852.2003
https://doi.org/10.1038/nm987
https://doi.org/10.1371/journal.pone.0002940
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	S-540956, a CpG Oligonucleotide Annealed to a Complementary Strand With an Amphiphilic Chain Unit, Acts as a Potent Cancer Vaccine Adjuvant by Targeting Draining Lymph Nodes
	Introduction
	Materials And Methods
	Compounds
	Animals
	TLR9 Reporter-Gene Assay
	Surface Plasmon Resonance Analysis
	In Vivo Imaging System (IVIS)-Imaging Analysis
	Immunofluorescence (IF) Imaging
	Imaging-Stream Analysis
	Splenomegaly Analysis
	Cytokine Measurements
	Immunization and Subsequent Evaluation of Cellular and Humoral Immune Responses
	Flow Cytometric Analysis
	Measurement of Antibody Titers
	Depletion of pDCs, CD4+ Cells, CD8+ Cells, and Macrophages
	Tumor Model

	Results
	The Complementary Strand With an Amphiphilic Chain Unit Increases ODN2006 Accumulation in the Draining LNs
	The Draining LN-Targeting Profile Shows That ODN2006 Enhances pDC Activation in Draining LNs
	The Draining LN-Targeting Profile Reveals That ODN2006 Enhances the Induction of CD8+ T Cell Responses to MHC Class I-Restricted Cancer Peptides
	S-540956 Enhances CD8+ T Cell Responses to the Cancer Peptide Vaccine in a pDC-Dependent Manner
	The Therapeutic Effect of the Cancer Peptide Vaccine Is Significantly Enhanced by S-540956 in a CD4+ T Cell-Independent Manner

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


