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Abstract

Cancer immunotherapy has fewer side effects and higher efficiency than conventional methods. Dendritic cell (DC)-based
vaccine, a cancer immunotherapeutic, is prepared by processing mature DCs and pulsing with tumor antigen peptide ex vivo,
to induce the activation of tumor-specific T lymphocytes followed by tumor clearance in vivo. Unfortunately, clinical trials
of this method mostly failed due to low patient response, possibly due to the absence of novel adjuvants that induce DC
maturation through Toll-like receptor (TLR) signals. Interestingly, immune checkpoint inhibitor (ICI) therapy has shown
remarkable anti-tumor efficacy when combined with cancer vaccines. In this study, we identified 60S acidic ribosomal protein
P2 (RPLP2) through pull-down assay using human cancer cells derived proteins that binds to Toll-like receptor 4 (TLR4).
Recombinant RPLP2 induced maturation and activation of DCs in vitro. This DC-based vaccine, followed by pulsing with
tumor-specific antigen, has shown to significantly increase tumor-specific CD8TIFN-y* T cells, and improved both tumor
prevention and tumor treatment effects in vivo. The adjuvant effects of RPLP2 were shown to be dependent on TLR4 using
TLR4 knockout mice. Moreover, ICIs that suppress the tumor evasion mechanism showed synergistic effects on tumor treat-
ment when combined with these vaccines.

Keywords Cancer immunotherapy - DC-based vaccine - Toll-like receptor 4 - Immune checkpoint inhibitor - 60S acidic
ribosomal protein P2 (RPLP2)

Introduction essential to the innate immune response, and that recognize

pattern-associated molecular patterns (PAMPs) or damage-

Antigen-presenting cells (APCs), including dendritic cells
(DCs), are immune cells that uptake and present antigens to
CD8+T cells, aiding in tumor clearance [1]. DCs express
various pattern recognition receptors (PRRs), which are
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associated molecular patterns (DAMPs) [2]. There are four
types of PRRs, including C-type lectin receptors (CLRs),
RIG I-like receptors (RLRs), NOD-like receptors (NLRs),
and Toll-like receptors (TLRs) [3]. DCs express TLRs that
recognize various ligands (e.g., DNA, RNA, and proteins),
activate intracellular signaling pathways, and produce pro-
inflammatory cytokines [4]. Among the different TLRs, the
TLR4 is known to induce a strong immune response after
recognizing ligands such as lipopolysaccharide (LPS), a
component derived from the cell walls of Gram-negative
bacteria [5]. Moreover, HMGBI is also drawing attention,
because it is released from dead cells as DAMPs that stimu-
late TLR4 to activate an immune response [6].

Surgery, chemotherapy, and/or radiotherapy are com-
monly used for the treatment of tumors [7]. However, these
treatments often lead to side effects, including damage to
normal cells or tumor metastasis and recurrence [8]. In a pre-
vious case report, immunotherapy through T-cell immunity
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was shown to be a possible efficient and safe strategy for
cancer treatment [9]. As mediators between innate and adap-
tive immunity, immature DCs can be stimulated by ligands
binding to TLRs, resulting in their activation and maturation.
In lymph nodes, mature DCs interact with naive T cells to
present tumor-specific antigens, leading to the cells’ acti-
vation [10]. Subsequently, educated tumor-specific CD8"
T cells can infiltrate tumors and attack malignant cells by
secretion of granzyme B and perforin [11].

Among the various types of cancer vaccines, DC-based
vaccines using mature DCs that can induce the secretion
of pro-inflammatory cytokines, increase the expression of
co-stimulatory molecules, and present tumor-specific anti-
gens to tumors can lead to effective T-cell immune responses
[12]. As an example, Provenge (Dendreon Pharmaceuticals;
CA, USA) is an FDA-approved DC-based cancer vaccine
drug for the treatment of prostate cancer [13]. Despite the
potential of DC-based vaccines for effective tumor clear-
ance, there is an important limitation: tumors expressing
immune checkpoint proteins, such as PD-L1, can induce
effective T cells into a state of energy. Immune checkpoint
inhibitors, which block these proteins, could be a promising
strategy to overcome this limitation in DC-based vaccines
[14]. The combination of immunotherapy, including DNA
vaccines, RNA vaccines, or DC-based vaccines, with ICIs’
therapy has been studied for its synergistic anti-tumor effect;
however, the adequate timing and the reliable resources like
adjuvants still warrant further investigation [15, 16].

For vaccination of mature DCs, an adjuvant that can
induce the cells’ activation and maturation is required, such
as tumor lysates that stimulate immune receptors (e.g.,
TLRs) [17]. For example, LPS is a strong stimulator of
TLR4, exerting a significant effect through the MyD88 and
TRIF signaling pathways. However, LPS is not appropriate
for use in humans because of its toxicity [18]. Instead, the
other ligands of TLRs such as TLR3 ligand I:C or TLR9
ligand CpG are commonly used, but these ligands need to
be expressed at sufficiently high levels to induce maturation
and activation of DCs [19]. Therefore, a new adjuvant that
can bind to TLRs and effectively induce DC maturation is
needed.

In our previous studies, intracellular proteins in human
tumor cells were screened through a pull-down assay to iden-
tify an efficient adjuvant that binds to TLR4 [20]. About 20
TLR4-binding proteins were found, half of which belonged
to ribosomal protein families. Among these proteins, 60S
acidic ribosomal protein P2 (RPLP2) was purified and tested
for its ability to induce maturation and activate DCs, and it
was identified as a possible adjuvant for DC-based vaccines.
RPLP2, located in cytoplasm, is a component of the 60S
subunit of ribosomes. RPLP2 is acidic, unlike most ribo-
somal proteins, which are basic, and it plays an important
role in the elongation step of protein synthesis. RPLP2, a
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Fig.1 The association of TLR4 with the recombinant RPLP2. a»
Identification of TLR4-binding proteins using silver staining. b
Coomasie Brilliant Blue (CBB) staining and western blotting results
showing the purification of recombinant RPLP2 protein. ¢ NF-xB
activity of TLR4-MD2 expressing HEK293 cells treated with RPLP2
(1.5 pg/mL), GFP (5 pg/mL), or LPS (100 ng/mL). d BLITZs anal-
ysis of binding affinity of RPLP2 protein or LPS with TLR4. All
experiments were performed three times. Data are represented as
mean +SD. ¥*P <0.01, **P <0.05, ***P <0.001

housekeeping gene, is safe for use in humans, unlike LPS.
Moreover, RPLP2 is known to be associated with autophagy;
the absence of RPLP2 leads to accumulation of ROS, induc-
ing ER stress [21]. Moreover, this study revealed that RPLP2
has a newly found adjuvant effect.

In this study, we screened out TLR4-binding proteins
from human tumor cells and identified RPLP2 as a novel
ligand. We examined the effects of RPLP2 on the matura-
tion and activation of DCs. Furthermore, DC vaccination
using RPLP2 and tumor-specific peptides confirmed the util-
ity of RPLP2 as an adjuvant. In addition, we showed that
the adjuvant effects of RPLP2 were dependent on TLR4. In
conclusion, the tumor treatments were effective and survival
rates of vaccinated mice were higher when mature DCs were
injected together with ICIs as compared with the injection
of DC-based vaccination alone.

Materials and methods
Mice

C57BL/6 mice were purchased from Orient Bio (Seongnam,
South Korea). TLR4 knockout mice (C57BL/10ScNF) were
purchased from Jackson Laboratories (Maine, USA). Female
mice were used in the experiments at 6—8 weeks of age and
kept under specific pathogen-free conditions, following the
animal care guidelines approved by the Institutional Animal
Care and Use Committee (IACUC) of Konkuk University
(KU18083).

Cells

HEK?293 cells expressing hTLR4-MD2-CD14 were used in
the experiments following the protocol provided by Invi-
voGen (CA, USA). Mouse monocytes were isolated from
bone marrow (BM) and differentiated in culture medium
RPMI-1640 supplemented with 10% fetal bovine serum,
50 U/mL penicillin—streptomycin, 1000 uM 2-mercaptoe-
thanol (Gibco, MA, USA), recombinant mouse IL-4, and
granulocyte—macrophage colony-stimulating factor JW Cre-
aGene, Seongnam, South Korea). On day 6, DCs from the
bone marrow of mice (BMDCs) were differentiated. Culture
medium was replaced with fresh medium every 2 days. For
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«Fig.2 The activation and maturation of dendritic cell and down-
stream of TLR4 signaling pathways. BMDCs were treated with PBS,
GFP (5 pg/mL), RPLP2 (1.5 pg/mL), or LPS (100 ng/mL) for 16 h.
a After collecting the supernatant of culture cells, ELISA was per-
formed to assess the level of pro-inflammatory cytokines (TNF-a,
IL-1pB, IL-6, IL-10, and IL-12p70) and IFN-B. b Expression of co-
stimulatory molecules (CD40, CD80, CD86, and MHC I) on cells
was assessed by flow cytometer. ¢ DCs were treated with RPLP2
for 0, 20, 40, 60 min and downstream MAPKs (EKR, P38, and
JNK), AKT, and IkB-a, were detected by western blotting. p-actin,
expressed equally in cells, was used to confirm loading control. All
experiments were performed three times. Data are represented as
mean + SD. *P<0.01, **P<0.05, ***P <0.001

the experiments, DCs were gated as CD11c + through flow
cytometry. TC-1 is a transformed mouse lung epithelial cell
expressing the HPV-16 E7 gene, highly expressed in cervi-
cal cancer cells. The EG.7 cell line, mouse lymphoma EL4
cells transfected with the OVA ¢cDNA, was obtained from
the Korean Cell Line Bank. Culture cells were incubated
in RPMI-1640, DMEM, or IMEM (Biowest, France), sup-
plemented with 10% fetal bovine serum (Biowest, Rue de la
Caille, France) and 50 U/mL penicillin—streptomycin (Bio-
west, Rue de la Caille, France) at 37 °C and 5% CO,. Human
monocytic THP-1 cells were differentiated by treating with
PMA (200 pg/mL) (Sigma, Missouri, USA).

Purification of recombinant RPLP2

For the construction of the RPLP2 expression vector,
cDNA derived from the human pancreatic adenocarcinoma
CFPAC-1 cell line was used as a template. The insert DNA
was amplified by PCR using the following primers: forward,
5"-ATGCGCTACGTCGCCTCCTAC-3"; reverse, 5'-TTA
ATCAAAAAGGCCAAATCCCATGTCA-3’. The ampli-
fied DNA was inserted into the pET28b bacterial expression
vector. The pET28b-RPLP2 plasmid was transformed into
Escherichia coli BL21 competent cells. E. coli BL21 bacte-
rial cells expressing RPLP2 protein were incubated at 37 °C
for 5 h, followed by the addition of 1 mM IPTG (isopropyl
f-p-1-thiogalactopyranoside, BioBasic, Markham, Canada).
The cells were then incubated at 25 °C for 12 h, followed by
centrifugation at 6000 rpm for 10 min. The pellet of E. coli
was lysed with SoluLyse pH 7.4 (Genlantis, CA, USA), 5
U/mL deoxynuclease I (BioBasic, Markham, ON, Canada),
50 pg/mL lysozyme (BioBasic, Markham, ON, Canada), and
5 mM DTT (BioBasic, Markham, ON, Canada) at 20 °C
for 2 h. The lysed E. coli was centrifuged at 12,000 rpm
for 20 min. The supernatant was filtered with 0.45 pm and
purified by Ni-NTA agarose beads through FPLC. The puri-
fied protein was mixed with Triton X —114 Surfact-Amps
solution (Thermo Scientific, Massachusetts, USA) to remove
endotoxin until its level was less than 0.1 EU/mg using LAL
assay kit (Lonza, Basel, Swiss). The purification of RPLP2

was confirmed by SDS-PAGE, gel stained with Coomassie
Brilliant Blue, and western blotting detected by anti-RPLP2
antibody (Novus, Colorado, USA) and anti-His antibody
(MBL, MA, USA).

The purification of GFP was performed by transforming
the pET28a-GFP plasmid into E. coli BL21(DE3) competent
cells (NEB, MA, USA). The rest of the processes were the
same as those described above for the purification of the
recombinant RPLP2.

Pull-down assay

A total of 50 pL of Ni-NTA beads (Qiagen, Hilden, Ger-
many) and 10 pg of h"TLR4-His (Sino, New Jersey, USA)
were added to 50 pg of SKOV3 lysate. For negative control,
50 pL of Ni-NTA beads were added to 50 pg of SKOV3
lysate. The resin was washed out five times with 1 XPBS
buffer (pH 6.0). The proteins were stained with silver stain
assay after electrophoresis on 12% SDS-PAGE gel. The
TLR4-binding proteins were identified and analyzed using
the MALDI-TOF MS analysis system and the MASCOT
search program (Korea Basic Science Institute, Daejeon,
South Korea).

Luciferase assay

For the assay, 293/hTLR4A-MD2-CD14 (2 X 10*/well)
cells were seeded in a 96-well white plate (SPL, Pocheon,
Korea). The pGL4.32[luc2P/NF-kB-RE/Hygro] vector (Pro-
mega) and the pRL-TK vector (Promega) were transfected
into 293/hTLR4A-MD2-CD14 cells. NF-kB activity was
assessed using the Dual-Glo Luciferase Assay System (Pro-
mega, Wisconsin, USA). RPLP2 (5 pg/mL), GFP (5 pg/mL),
or LPS (100 ng/mL) were added to the cells and incubated
for 2 h. Firefly luminescence, measuring NF-«xB activity, and
Renilla luminescence, measuring the normalization value,
were assessed according to the assay kit protocol (Promega).
Luciferase activity was presented by the ratio of firefly lumi-
nescence to Renilla luminescence for each well.

Enzyme-linked immunosorbent assay (ELISA)

Mouse BMDCs were treated with RPLP2 (5 pg/mL), GFP
(5 pg/mL), or LPS (100 ng/mL), and the supernatant was
collected after 16 h for assessment of the cytokine levels.
The levels of cytokines secreted by mouse BMDCs were
measured using assay kit according to the manufacturer’s
instructions for mouse TNF-a, IL-1p, IL-6, IL-10, IL-12p70
(ebioscience, MA, USA), and IFN-f (pbl, NJ, USA).
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Flow cytometry analysis
The wild type or TLR4™~ Mouse BMDCs were treated with

RPLP2 (5 pg/mL), GFP (5 pg/mL), or LPS (100 ng/mL) for
16 h. Cells were stained with the surface markers for 1 h
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and washed out with PBS; FITC labeled anti-CD11c, PE
labeled anti-CD40, PE labeled anti-CD80, and PE labeled
anti-MHC-I (BioLegend). The maturation of BMDCs
was analyzed through an FACsCaliber flow cytometer
with CELLQuest (Becton Dickinson, New Jersey, USA).
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«Fig.3 In vivo study showing the generation of tumor-specific CD8"
T cells and tumor prevention effects by DC-based vaccines using
RPLP2 protein as an adjuvant. In in vivo experiments, vaccination
groups were the following: no vaccination, PBS-treated BMDCs,
PBS-treated BMDCs loaded with tumor antigen peptides (OVA or
E7), RPLP2 (5 pg/mL) treated BMDCs, RPLP2 (5 pg/mL) treated
BMDCs loaded with tumor antigen peptides (OVA or E7), and LPS
(100 ng/ml) treated BMDCs loaded with tumor antigen peptides
(OVA or E7). a, b The generation of tumor-specific CD8* T cells in
the animals’ spleen was assessed by flow cytometry after DCs were
injected into the footpads twice in 1 week. ¢, d Tumor-free mice
were observed after tumor cells (EG.7 or TC-1) were subcutaneously
injected, followed by DC vaccines. All experiments were performed
three times. IBM SPSS Statistics Base 22.0 was used as a statisti-
cal method to analyze differences between experimental groups.
*P<0.01, ##P <0.05, ***P <0.001

Splenocytes were isolated from wild type or TLR4 ™'~ vac-
cinated mice and stained with PE labeled anti-CD8a and
FITC labeled anti-IFN-y (BioLegend). While FITC labeled
anti-IFN-y staining, intracellular staining was performed for
30 min according to the assay kit (BC Bioscience). After
staining, the generation of CD8" T cells in vivo was assessed
by FACs analysis.

Western blotting

The wild type or TLR4~'~ mice BMDCs were treated with
RPLP2 (5 pg/mL) over a time course (0, 20, 40, and 60 min).
Cells were harvested and lysed using RIPA buffer (0.5%
NP-40, 1 mM EDTA, 50 mM Tris—Cl pH 8.0, 120 mM
NaCl, protease inhibitor cocktail, and 100 mM PMSF, 0.5 M
NaF) on ice for 1 h. The concentration of protein was deter-
mined by the Bradford protein assay and distributed equally
with SDS loading buffer (250 nmol/L Tris—HCI, pH 6.8,
0.5 mol/L DTT, 10% SDS, 0.5% bromophenol blue, and 50%
glycerol). Protein was separated by 12% SDS-PAGE and
transferred to polyvinylidene difluoride membranes (Roche,
Ltd). The membrane was first probed with antibodies against
ERK, p-ERK, JNK, p-JNK, p38, p-p38, AKT, —AKT, IxB-«
(Cell Signaling Technology), and B-actin (Sigma) diluted
to 1:1000 in 5% bovine serum albumin, followed by anti-
body anti-mouse IgG (Abbiotec) conjugated to horseradish
peroxidase. Bands were visualized by immunoreaction with
chemiluminescence using LAS 4000 (Luminescent Image
Analyzer).

Antigen uptake quantification

Phagocytic activity was performed as described by Jung
et al. [22]. Briefly, 2 x 10° BMDCs were equilibrated at
37 °C or 4 °C for 45 min and then pulsed with 1 mg/ml
of FITC-conjugated dextran (40,000 Da; Sigma-Aldrich).
The reaction was stopped by cold staining buffer and
washed by PBS several times. The cells were stained with

PE-conjugated anti-CD11c for 1 h and analyzed using flow
cytometry.

In vivo experiments

Mice were vaccinated with 2x 10° of wild type or
TLR4~'~ BMDCs on the footpad two times in a week. In
each experiment, mice were separated into groups; no vac-
cination, PBS-treated BMDCs, BMDCs loaded with tumor
antigen peptide, RPLP2-treated BMDCs, RPLP2-treated
BMDCs loaded with tumor antigen peptide, and LPS-treated
BMDCs loaded with tumor antigen peptide. The tumor-
specific antigen peptides were OVA (SIINFEKL) and E7
(RAHYNIVTE), purchased from Anygen (Gwangju, Korea).
For generation of CD8*IFN-y™ T cells, splenocytes from
each vaccination group were isolated 1 week after last injec-
tion and incubated with 1 pg/mL OVA or E7 peptide and
1 pl/mL GolgiPlug (BD Cytofix/Cytoperm Kit) for 16 h.
After staining, CD8TIFN-y* T cells were analyzed by the
FACSCalibur flow cytometer. For the tumor prevention
experiment, mouse cancer cells (1x 10°® EG.7 cells and
2% 10° TC-1 cells) were injected subcutaneously 7 days
after last vaccination. For the tumor treatment experiments,
mouse BMDCs were vaccinated 3 days after subcutane-
ous injection of mouse cancer cells (1 x 10° EG.7 cells
and 2x10° TC-1 cells). Tumor size was measured every
2-3 days and the tumor mass was calculated by the formula
(Iength x width?)/2. Mice were sacrificed when tumor diam-
eter was over 2 cm. To assess the combination of therapeu-
tic effects in treatment experiments, first vaccination was
delivered 5 days after cancer cells (1 x 10° EG.7 cells and
2x10° TC-1 cells) were subcutaneously injected. A total of
200 pg anti-PD-1 and 200 pg anti-PD-L1 antibodies were
administered via intraperitoneal injection a day before the
second vaccination, at 2 day intervals.

Statistical analysis

T test represents statistical significance as shown as
*P<0.01, ¥*P <0.05, ***P <0.001.

Results

The human tumor cell-derived-RPLP2 binds
to Toll-like receptor 4

To select the candidate, SKOV3 lysate was pulled down with
recombinant TLR4 (Fig. 1a) and BMDCs were treated with
different ribosomal family proteins, to measure their activ-
ity. The 60S acidic ribosomal protein (RPLP2) was selected
in our experiments, because it induced the activation and
maturation of BMDCs. The recombinant RPLP2-His protein
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was purified from E. coli and confirmed by Coomasie Bril-  (Fig. 1c). To confirm the binding affinity between RPLP2
liant Blue (CBB) staining and western blotting detected  and TLR4, the BLITZ assay was performed, and the KD
with RPLP2 or histidine antibody (Fig. 1b). The activity of  value was significantly lower compared to the KD value of
NF-kB was increased in TLR4-MD?2 expressing HEK293  the interaction between BSA and TLR4 (Fig. 1d). LPS was
cells after treatment with RPLP2 compared to a control  used as a positive control. It is concluded that RPLP2, one of
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«Fig.4 In vivo study showing the tumor treatment effects of DC-
based vaccines using RPLP2 as an adjuvant. The vaccination groups
in in vivo experiments were as follows: no vaccination, PBS-treated
BMDCs, PBS-treated BMDCs loaded with tumor antigen peptides
(OVA or E7), RPLP2 (5 pg/mL) treated BMDCs, RPLP2 (5 pg/mL)
treated BMDCs loaded with tumor antigen peptides (OVA or E7), and
LPS (100 ng/mL) treated BMDCs loaded with tumor antigen peptides
(OVA or E7). Tumor cells (EG.7 or TC-1) were injected subcutane-
ously in mice. After 3 days, when tumor mass was measurable, DCs
were injected into footpads of mice two times in 1 week. a, b The
tumor mass was measured until diameter was over 2 cm or mice died
(left panel) and the survival of mice was observed for up to 30 days
(right panel). All experiments were performed three times. IBM
SPSS Statistics Base 22.0 was used as a statistical method to ana-
lyze differences between experimental groups. *P <0.01, **P <0.05,
4P <0.001

the ribosomal family proteins, resides in all cells and binds
to TLR4.

The recombinant RPLP2 induces activation
and maturation of BMDCs and activation of TLR4
downstream signaling pathways

To confirm the effects of RPLP2 on BMDCs expressing
TLR4, mice BMDCs were treated with PBS, GFP, RPLP2,
or LPS. The supernatant was collected for ELISA assess-
ment and cells were analyzed by flow cytometry. The level
of pro-inflammatory cytokines and IFN-f was increased
after BMDCs were treated with RPLP2, compared to PBS
treatment (Fig. 2a). LPS was used as a positive control. In
addition, RPLP2 induced IL-10 secretion at a lower rate
than LPS, which is known to characterize immune sup-
pression in tumor microenvironment. The expression of co-
stimulatory molecules on BMDCs was also increased after
treatment with RPLP2 compared to PBS (Fig. 2b). It was
confirmed that RPLP2 induces the maturation of BMDCs as
much as LPS. To identify the activation of TLR4, BMDCs
were treated with RPLP2 in a time course. The downstream
of TLR4 signaling pathways was activated for 20—40 min
and IkB-a was degraded as NF-kB was activated (Fig. 2c).
p-actin was used as a loading control, as it is expressed in
all cells. To examine whether the RPLP2 has an equivalent
functional activity against human cells, we used THP-1 that
is human monocyte (Supplementary Fig 3). These results
suggested that RPLP2 can induce the activation and matura-
tion of DCs and activate TLR4 signaling pathways.

DC-based vaccines using RPLP2 as an adjuvant lead
to the generation of tumor-specific CD8* T cells
and tumor prevention and treatment effects in vivo

We next assessed the effects of DC-based vaccines, follow-
ing DC ex vivo maturation by RPLP2, namely if the activa-
tion of T-cell immunity and tumor prevention were achieved.

Before injection in mice, 2 x 10 BMDCs were treated with
either RPLP2 or LPS and pulsed with tumor-specific anti-
gen peptides (OVA or E7). Pre-activated BMDCs were then
injected into footpads of mice two times. After a week from
last injection, the spleen of each animal was isolated and
the number of IFNy* CD8* T cells was measured by flow
cytometric analysis. As shown in Fig. 3a, b, the number of
IFNy* CD8* T cells was significantly increased in the group
vaccinated with BMDCs treated with RPLP2 and pulsed
with OVA or E7 peptide, compared to that of the group
vaccinated with immature BMDCs. Next, we assessed the
tumor prevention effects of the DC-based vaccines. After
a last vaccination with 2 x 10 BMDCs, the mice received
a subcutaneous injection of 1x 10® EG.7 or 2x 10° TC-1
cells. The animals vaccinated with BMDCs treated with
RPLP2 and pulsed with either OVA or E7 peptide remained
all tumor-free, while tumors were formed in mice vaccinated
with immature BMDCs (Fig. 3c, d).

Next, we assessed the tumor treatment effects of DC-
based vaccines using RPLP2 as an adjuvant and tumor-
specific antigen peptide (OVA or E7). After 1 x 10° EG.7
or 2x 10° TC-1 cells were injected subcutaneously in mice,
immature or mature BMDCs pulsed with or without peptide
were injected into the footpads of mice on day 3 after the
tumor mass was formed. Tumor growth was suppressed and
the long-term survival improved in mice vaccinated with
BMDC:s treated with RPLP2 and pulsed with either OVA
or E7 peptide (Fig. 4a, c). In contrast, tumor growth was
not suppressed and long-term survival did not improve in
mice vaccinated with immature BMDCs or mature BMDCs
without pulsing with a peptide. The number of IFNy" CD8*
T cells was significantly increased in the group vaccinated
with BMDCs treated with RPLP2 and pulsed with OVA or
E7 peptide, compared to that of the group vaccinated with
immature BMDCs (Fig. 4b, d). Overall, DC-based vaccines
using RPLP2 as an adjuvant for DC maturation were seen
to have great effects on boosting T-cell immunity, tumor
prevention, and tumor treatment.

The activation and maturation effects of RPLP2
as an adjuvant are dependent on TLR4 expression

We then examined that if the RPLP2 effects on the activa-
tion and maturation of BMDCs, followed by suppression
of the tumor growth and longer survival of mice, were
dependent on TLR4. BMDCs were differentiated from
monocytes isolated from the bone marrow of wild type or
TLR4~~ mice. To identify the activation and maturation,
wild type or TLR4~~ BMDCs were treated with RPLP2
and incubated for 16 h. The level of the pro-inflammatory
cytokines (TNF-a, IL-1f, IL-6, IL-10, and IL-12p70) was
significantly increased in wild-type BMDCs treated with
RPLP2, but not in TLR4~~ BMDCs (Fig. 5a). Also, the
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expression of co-stimulatory molecules (CD40, CD8O0,
CD86, and MHC I) on wild-type BMDCs was increased
after treatment with RPLP2, but this increase was not
observed in TLR4~~ BMDCs (Fig. 5b). In addition, the
signaling pathways in TLR4 ™'~ BMDCs were not activated
even after treatment with RPLP2. On the other hand, in
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wild-type BMDCs, downstream proteins were phosphoryl-
ated and IkB-a was degraded (Fig. 5¢). Next, DC-based
vaccines were injected into the footpads of mice after
wild-type BMDCs or TLR4™~ BMDCs were treated with
RPLP2 and pulsed with E7 tumor-specific antigen peptide.
The generation of tumor-specific IFNy* CD8" T cells was
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«Fig.5 The TLR4-dependent activity of RPLP2 in vitro and in vivo.
Monocytes isolated from wild type or TLR4™~ mice were differenti-
ated and treated with RPLP2 (1.5 pg/mL), GFP (5§ pg/mL), or LPS
(100 ng/mL). After collecting supernatant, (a) the levels of pro-
inflammatory cytokines (TNF-a, IL-1pB, IL-6, IL-10, and IL-12p70)
were assessed by ELISA assay. b The expressions of co-stimulatory
molecules (CD40, CD80, CD86, and MHC I) were assessed by
flow cytometry. ¢ DCs were treated with RPLP2 in a time course
(0, 20, 40, and 60 min) and downstream MAPKs (EKR, P38, and
JNK), AKT, and IkB-a, were detected by western blotting. p-actin,
expressed equally in cells, was used to confirm loading control. In
in vivo, (d) the generation of tumor-specific CD8" T cells in the ani-
mals’ spleen was assessed by flow cytometer, after RPLP2-treated
BMDCs (wild type or TLR4™") loaded with the E7 peptide were
injected into the footpads of mice two times in 1 week. e Tumor
mass was measured and survival rates were observed. After TC-1
cells were injected subcutaneously on mice, RPLP2-treated BMDCs
(wild type or TLR4™") loaded with the E7 peptide were injected
into the footpads. All experiments were performed three times. IBM
SPSS Statistics Base 22.0 was used as a statistical method to ana-
lyze differences between experimental groups. *P <0.01, **P <0.05,
*#%P <0.001

increased in mice vaccinated with wild-type BMDCs, but
this increase was not observed in mice vaccinated with
TLR4~~ BMDCs (Fig. 5d). In addition, tumor treatment
effect and survival were decreased in mice vaccinated
with TLR4~~ BMDCs compared to mice vaccinated with
wild-type BMDCs (Fig. Se). To exclude a possibility of an
intrinsic defect in TLR4-deficient DCs, we used poly I:C,
a stimulator for TLR3 for activation of TLR4~'~ BMDCs
(Supplementary Fig. 2). In conclusion, RPLP2 induced
the activation and maturation of BMDCs through TLR4.
Moreover, the adjuvant effect of RPLP2 on DC-based vac-
cines, specifically the generation of IFNy* CD8* T cells
and tumor treatment effects, is dependent on TLR4.

DC-based vaccines are synergistically effective
in tumor treatment when used with ICls.

In these studies, we proposed that DC-based vaccines and
ICIs therapy would have a synergistic effect on tumor treat-
ment. After 1 X 10° EG.7 or 2x 10° TC-1 cells were injected
subcutaneously in mice, immature or mature BMDCs pulsed
with or without peptide were injected into the footpads of
mice. To identify the different effects of DC-based vaccines
with ICIs therapy and DC-based vaccines only, DCs were
injected on day 5 when tumor mass was measurable com-
pared to tumor mass on day 3. Then, anti-PD-1 or anti-PD-
L1 was injected intraperitoneally every third day. The tumor
growth was significantly suppressed and long-term survival
was observed in the mice vaccinated with BMDCs treated
with RPLP2 and pulsed with OVA or E7, together with anti-
PD-1 or anti-PD-L1, compared to DC-based vaccines only
(Fig. 6a, c). The number of IFNy* CD8" T cells was sig-
nificantly increased in the group vaccinated with BMDCs
treated with RPLP2 and pulsed with OVA or E7 peptide,

together with anti-PD-1 or anti-PD-L1, compared to DC-
based vaccines only (Fig. 6b, d). In conclusion, DC-based
vaccines could be an effective therapy against tumor growth,
more so in combination with ICIs.

Discussion

Cancer vaccines, a type of immunotherapy that harnesses
the strength of our own immune system stimulates a strong
immune reaction via the activation of T-cell immunity,
which induces an anti-tumor response. However, there are
limitations to this treatment, such as low efficiency due to
tumor cells’ ability to counteract the function of T cells with
inhibitory checkpoint molecules. To overcome this, ICIs
have been developed and shown to have significant effi-
ciency even in monotherapy. Moreover, several trials show
that cancer vaccines combined with ICIs have synergistic
effects in the treatment of cancer patients. In particular, DC-
based vaccines can stimulate the significant generation of
functional T cells, leading to an anti-tumor immune response
potentiated by ICIs that suppress inhibitory checkpoint mol-
ecules expressed on tumors [23]. Furthermore, the activation
of DCs might be extended by blocking inhibitory ICIs like
PD-L1, which is also known to be expressed in DCs [24].
Indeed, in our study, the combination of DC-based vaccines
with ICIs showed synergistic therapeutic effects on the pre-
vention and treatment of tumors.

For DC-based vaccines, DCs undergo maturation and
activation ex vivo and then induce the generation and acti-
vation of CD8* T cells in vivo following vaccination. In fact,
multiple clinical trials have been carried out targeting differ-
ent cancers using DC-based vaccines, despite the overall low
responses of cancer patients [25]. One of the problems is the
absence of a promising adjuvant to stimulate TLR signals in
DCs and increase the activation and migratory capacity of
CDS8™ T cells to lymph nodes, leading to anti-tumor immu-
nity. For example, poly I:C is a mimic of virus RNA that
induces immune response through TLR3 signaling; however,
it is well-known that immune response through TLR4 sign-
aling is much stronger. Even though LPS is a well-known
stimulator for TLR4 that induces strong immune response,
it is not appropriate for human, because it is endotoxin from
cell wall of Gram-negative bacteria. Here, we sought to find
a new adjuvant from human cell-derived proteins that would
stimulate TLR4 signals. After extraction from human cancer
cells, various ribosomal family proteins were screened out
and analyzed for association with TLR4 [20]. Among vari-
ous candidates, we found that 60S acidic ribosomal protein
P2 (RPLP2) can induce the activation of NF-kB, which is
increased in a TLR4-MD?2 expressing HEK293 cells. More-
over, the recombinant RPLP2 protein induced the activa-
tion and maturation of DCs in a TLR4-dependent manner.

@ Springer



1086 Cancer Immunology, Immunotherapy (2021) 70:1075-1088
a-PD-1, a-PD-1, a-PD-1,
Day 0 5 a-PD-L1 12 a-PD-L1 a-PD-L1
|
Tumor 15t DC 1 2nd DC 13 15
injection vaccine vaccine o CON
— o 100 =—{}=—a-PD-1
a T 3000 2 ]*
£ E 80 —tv— 0-PD-L1
N m
@ 2000 % 60 —O=— mDC(RPLP2+OVA)
© 40
§ 1000 § 20 —=— mDC(RPLP2+OVA+aPD-1)
= go 0 +——v —e— mDC(RPLP2+OVA+aPD-L1)
S 0 S
[
0 5 7 10121417 19 Do 5 ft10 E§72t0 25 .3.0 i
Days after EG.7 tumor injection ays atter £G.7 tumor Injection
b mDC (RPLP2) mDC (RPLP2) CONopep M Pep
mDC (RPLP2)  +OVA +OVA - *
“a-PD-L1 +OVA +aPD-1 +aPD-L1 §zso T
el s S z 8200 -
g 810 | !
- 100
@l £ 50
S o £ O
< * S DN D - DO
PR C P OO
T O S AP O IR
§F & R°
o vV P
IFN-y & &
c S
<
% 2000 - 9100 —o=—CON
‘E’lsoo ] 'E 80 —0—a-PD-1
(2] *kk —
o g 60 :|* —#—a-PD-L1
E 1000 ‘_l* **S 40 —O— mDC(RPLP2+E7)
g 500 - ans. & 20 —=— mDC(RPLP2+E7+PD-1)
5 o
- o ° 0 T T T —e— mDC(RPLP2+E7+PD-L1)
0 5 10 15 20 25 30

4 6 8 11 13 15 18

Da())(s after TC-1 tumor injection Days after TC-1 tumor injection

Q

mDC (RPLP2) CONopep M Pep
mDC (RPLP2)  +E7 mDC (RPLP2)
+E7 +aPD-1  +ET+aPD-L1

CON  aPD-1  a-PD-L1

-
c
=
[}
I o
2 —]
> 8600
-
T + ek
8 5‘300
o i |
m é ° N "3 A N "3
: g 3] 000 Q o,\r \,fo QQ’ 0'\'
o ¥ SIS
<& Q\r ,\X ,\x
& X
IFN-y & & &
I &
N ¥
& L
&

@ Springer



Cancer Immunology, Immunotherapy (2021) 70:1075-1088

1087

«Fig.6 The synergistic effects of DC-based vaccines and ICIs on
tumor treatment. In in vivo experiments, vaccination groups were
the following: no vaccination; anti-PD-1; anti-PD-L1; RPLP2 (5 pg/
ml) treated BMDCs loaded with tumor antigen peptides (OVA or
E7); RPLP2 (5 pg/ml) treated BMDCs loaded with tumor antigen
peptides (OVA or E7) with anti-PD-1; RPLP2 (5 pg/ml) treated
BMDCs loaded with tumor antigen peptides (OVA or E7) with anti-
PD-L1. Tumor cells (EG.7 or TC-1) were injected subcutaneously on
mice. After 3 days, in which tumor mass was measurable, DCs were
injected into footpads of mice for 2 times in a week and anti-PD-1
or anti-PD-L1 were injected every third day. a, b The tumor mass
was measured until diameter was over 2 cm or mice died (left panel)
and the survival of mice was observed until 30 days (right panel). All
experiments were performed three times. IBM SPSS Statistics Base
22.0 was used as a statistical method to analyze differences between
experimental groups. *P <0.01, **P <0.05, ***P <0.001

In conclusion, RPLP2 as a novel TLR4 ligand could be a
promising adjuvant for DC-based vaccination.

In addition to the maturation of DCs, the antigen-pre-
senting process is also necessary for the activation of naive
T cells into tumor-specific T cells [26]. However, cancer
vaccines conventionally use self-antigen that can induce
side effects like an insufficient amount of tumor-specific
T cells and increased self-immunity leading to immune
tolerance [27]. In our study, we pulsed the DCs with the
E7 antigen peptide ex vivo that is mostly expressed in
HPV-16 or 17-related cervical cancer [28]. As E7 is non-
self and it is necessary to maintain the transformed phe-
notype of cervical cancer cells, it can evade immune toler-
ance and induce a stronger anti-tumor immune response
[29]. Afterward, neo-antigen as a personalized therapy
can overcome various hurdles that each tumor has [30].
Moreover, it is a breakthrough that the neo-antigen is
taken up by DCs and induces significant CTL (Cytotoxic
T lymphocyte) response against tumor cells with decreased
immune tolerance of the DC-based vaccine [31]. Future
studies may show that ICIs can support the combination
therapy of DC-based vaccines with neo-antigen to reverse
the immune suppression induced by tumors, achieving
remarkable effects on tumor treatment [32-34].

In this study, we found that RPLP2 is a novel adjuvant for
DC-based vaccines that binds to TLR4, inducing the activa-
tion and maturation of DCs. As a human cell-based adjuvant,
the ex vivo treatment of DCs with the recombinant RPLP2
induces less side effects. However, the effects of RPLP2 on
tumor cell or immune cell in vivo remain uncertain, as this
protein is present in all cells and can be released as a DAMP
molecule. Therefore, the immunological function of RPLP2
in cancer therapy should be further investigated. ICIs, anti-
PD-1, or anti-PD-L1, together with DC-based vaccines were
shown to inhibit immune checkpoint molecules expressed on
either tumor cells or DCs, recover the function of tumor-spe-
cific T lymphocytes, and sustain the antigen presenting abil-
ity of DCs by suppressing the immune evasion mechanism in

the tumor microenvironment. The combination of DC-based
vaccines with a novel adjuvant and ICIs is a promising new
strategy for cancer therapy.
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