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Simple Summary: Despite the substantial achievements to date, a significant proportion of patients
still fail to benefit from immune-checkpoint therapies (ICT). The absence of T cell infiltration and
insufficient immune recognition may account for the primary resistance to immune checkpoint
therapy. The present study compared the ICT response of two murine lung cancer cell line models,
ASB-XIV and LLC1. ASB-XIV tumors are inflamed and are sensitive to ICT, while non-inflamed LLC1
tumors are resistant. We employed in-depth tumor analysis, including whole-exome sequencing,
RNA-sequencing, and flow cytometry, to reveal the molecular mechanisms of resistance to ICT,
and sought strategies to promote inflammatory/immunogenic pathway activation and inhibit im-
munosuppressive factors present in LLC1 tumors. An appropriate vaccination strategy combining
neoantigen peptide-pulsed DC with anti-CD38 antibody can render an ICT-resistant “cold” tumor
susceptible to immune rejection via a mechanism involving neutralization of regulatory T cells. Thus,
the future direction of ICT is combination immunotherapy.

Abstract: An important factor associated with primary resistance to immune-checkpoint therapies
(ICT) is a “cold” tumor microenvironment (TME), characterized by the absence of T cell infiltration
and a non-inflammatory milieu. Whole-exome and RNA sequencing to predict neoantigen expression
was performed on the LLC1 cell line which forms “cold” tumors in mice. Dendritic cell (DC)-based
vaccination strategies were developed using candidate neoantigen long peptides (LPs). A total of
2536 missense mutations were identified in LLC1 and of 132 candidate neoantigen short peptides,
25 were found to induce CD8+ T cell responses. However, they failed to inhibit LLC1 growth when
incorporated into a cancer vaccine. In contrast, DCs pulsed with LPs induced CD4+ and CD8+

T cell responses and one of them, designated L82, delayed LLC1 growth in vivo. By RNA-Seq,
CD38 was highly expressed by LLC1 tumor cells and, therefore, anti-CD38 antibody treatment was
combined with L82-pulsed DC vaccination. This combination effectively suppressed tumor growth
via a mechanism relying on decreased regulatory T cells in the tumor. This study demonstrated
that an appropriate vaccination strategy combining neoantigen peptide-pulsed DC with anti-CD38
antibody can render an ICT-resistant “cold” tumor susceptible to immune rejection via a mechanism
involving neutralization of regulatory T cells.

Keywords: neoantigen; DC vaccine; immunotherapy; checkpoint; combination therapy; tumor mi-
croenvironment
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1. Introduction

Cancer treatment, including for lung cancer, has been radically altered by the advent
of immune checkpoint therapy (ICT) over the last few years [1]. Lung cancer is the leading
cause of cancer death, with an estimated 1.8 million deaths worldwide [2]. ICT was
first approved for second-line or later therapy for advanced disease, then for the first-
line treatment for patients whose tumors expressed PD-L1 on at least 50% of the tumor
cells [3–5]. Currently, combination ICT-chemotherapy is approved for first-line treatment
of patients with either squamous or non-squamous non-small cell lung cancer, regardless
of PD-L1 expression [6]. However, many patients fail to respond to ICT, or eventually
progress after initially responding [7,8]. There is. therefore, an unmet medical need to
understand why some lung cancers are resistant to ICT.

A major characteristic associated with primary resistance is the so-called “cold” tumor
or “T cell non-inflamed” state, where cancers lack T cell infiltration [9]. There is evidence
that several factors account for this, including an absence of tumor antigens, defects in
antigen presentation, insufficient T cell activation, or impaired trafficking [10]. Therefore,
more effective immunotherapeutic interventions are needed to promote de novo inflam-
mation in the non-inflamed tumor microenvironment (TME). Importantly, in addition to
the above mechanisms, multiple immunosuppressive factors in the TME may contribute
to resistance to ICT [11]. The complexity of cellular and molecular interactions within
the immunosuppressive TME must be elucidated and manipulated to lower the risk of
resistance and/or prolong the benefits of immunotherapy [12].

In the present study, we compared the ICT response of two murine lung cancer
cell line models, ASB-XIV and LLC1. ASB-XIV tumors are inflamed and are sensitive
to ICT, while non-inflamed LLC1 tumors are resistant. We employed in-depth tumor
analysis, including whole-exome sequencing, RNA-sequencing, and flow cytometry, to
reveal the molecular mechanisms of resistance to ICT, and sought strategies to promote
inflammatory/immunogenic pathway activation and inhibit immunosuppressive factors
present in LLC1 tumors.

2. Materials and Methods
2.1. Mice, Tumor Cells and Reagents

Six-week-old female C57BL/6N and BALB/c mice were purchased from Japan SLC
(Shizuoka, Japan). All mice were kept in a specific pathogen-free environment. Lewis
lung carcinoma cells (LLC1) and ASB-XIV cell lines were obtained from ATCC (CRL-1642,
Manassas, VI, USA) and CLS (400120, Eppelheim, Germany), respectively, and maintained
in Dulbecco’s modified Eagle’s medium (DMEM, Nacalai Tesque, Kyoto, Japan) with
10% heat-inactivated fetal bovine serum (Sigma-Aldrich, St. Louis, MI, USA), 100 µg/mL
streptomycin, and 100 U/mL penicillin (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan). Class C CpG oligodeoxynucleotide (ODN2395: 5′-tcgtcgttttcggcgcgcgccg-3′)
with a phosphorothioate backbone was purchased from Genscript Japan (Tokyo, Japan).
A2A receptor antagonist (SCH58261) and A2B receptor antagonist (PSB1115) were obtained
from Tokyo Chemical Industry (Tokyo, Japan) and R&D Systems (Minneapolis, MN, USA),
respectively. Monoclonal antibodies (mAbs) specific for PD-1 (RMP1-14), CTLA-4 (9H10),
CD38 (NIMR5), and CD16/32 (2.4G2) were purchased from BioXcell (Lebanon, NH, USA).
APC-conjugated anti-CD103 and PE-CF594-conjugated anti-Ly6G mAbs were from BD
Biosciences (Franklin Lakes, NJ, USA). FITC-conjugated anti-I-A/I-E, anti-CD3, CD19 and
F4/80 mAbs, PerCP/Cy5.5-conjugated anti-CD11b, anti-CD4, APC-conjugated anti-IFN-γ,
CD39, CD73 and PE/Cy7-conjugated anti-Ly6C and APC/Cy7-conjugated anti-CD8α
and anti-CD45 and Pacific Blue-conjugated anti-CD38, anti-CD45 mAbs were all from
BioLegend (San Diego, CA, USA). PE-conjugated anti-Foxp3 mAb was purchased from
eBioscience (San Diego, CA, USA).
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2.2. Whole-Exome Sequencing

Genomic DNA was extracted from LLC1 cells and from the tails of normal C57BL/6
mice using Allprep DNA/RNA mini kits (Qiagen, Venlo, The Netherlands), according to the
manufacturer’s protocols. The genomic DNA sample was randomly fragmented to generate
fragments with a base pair peak of 150 to 200 bp; adapters were ligated to both ends of
the resulting fragments. The adapter-ligated templates were amplified and hybridized to
the SureSelect Biotinylated RNA Library (Agilent Technologies, Santa Clara, CA, USA) for
enrichment. Hybridized fragments were bound to the streptavidin beads, whereas non-
hybridized fragments were washed out after 24 h. The captured library was loaded onto the
HiSeq 2000 platform (Illumina, San Diego, CA, USA). After trimming adapter sequences,
reads were aligned to the mm10 mouse reference sequence using the Burrows-Wheeler
Aligner (BWA). Somatic variants were detected using MuTect V1.1.4. Raw data were
deposited in the Sequence Read Archive (SRA) database (accession number: SRR15647454,
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR15647454, accessed on 20 October
2021 and SRR15647456, https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR15647456,
accessed on 20 October 2021).

2.3. RNA Sequencing

Total RNA was isolated from tumor tissues using TRIzol (Thermo Fisher Scientific,
Waltham, MA, USA) and RNeasy spin columns (Qiagen, Venlo, The Netherlands), ac-
cording to the manufacturer’s protocols. Libraries were prepared using Illumina TruSeq
Stranded mRNA Library Prep (Illumina) or NEBNext Ultra II RNA Library Prep Kit (New
England Biolabs, Ipswich, MA, USA), according to the manufacturer’s protocols. The
libraries were sequenced as 150 bp paired-end reads using HiSeq 2500 or NovaSeq 6000
(Illumina). The sequence reads were aligned to the mm10 reference genome using STAR
V.2.7.0f. Mapped reads were counted by featureCounts V.1.6.4. Batch correction was per-
formed using ComBat-seq from the sva package [13]. Fragments per kilobase of exon per
million reads mapped (FPKM) was calculated by the formula: Y/LN × 109, where Y is
the number of fragments mapped to a gene; L is the length of the gene; and N is the total
number of mapped reads of a sample.

Immune and stromal cell composition in tumors was estimated using mMCP-
counter [14]. Raw data were deposited in the Gene Expression Omnibus (GEO) database
(GSE183283, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183283, accessed
on 20 October 2021).

2.4. Neoantigen Prediction

Somatic single nucleotide variants (SNVs) were screened from whole-exome sequenc-
ing data. The expression of tumor-specific non-synonymous variants was identified using
RNA-Seq data. Mutant candidates with >1 FPKM were selected. Neoantigens were pre-
dicted and prioritized by their binding affinity to MHC class I molecules predicted by
NetMHCpan 2.8. Sixty-one mutated peptides with NetMHCpan score IC50 < 200 nM
and 71 mutated peptides with IC50 > 200 nM, but with a ratio of wild to corresponding
mutated type peptide in NetMHCpan score > 10 were selected as candidate neoantigens.
Overall, short peptides of 8 to 10 amino acid length were synthesized and long peptides
(LP, 21 amino acids long with the point mutation at middle), including the sequence of
immunogenic short mutated peptides, were synthesized.

2.5. Peptide Synthesis

Peptides were synthesized by a standard solid-phase method using Syro I (Biotage, Up-
psala, Sweden). Fmoc-protected amino acid-loaded resins and Fmoc-protected amino acids
were purchased from Merck (Darmstadt, Germany). Additionally, 1-[Bis(dimethylamino)
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU, Merck)
was used in the coupling reaction. After cleavage and deprotection of peptides using
reagent K (trifluoroacetic acid/phenol/thioanisole/1,2-ethanedithiol, 82.5/5/5/2.5), cold

https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR15647454
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR15647456
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE183283
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diethyl ether was added to precipitate the peptides. Sequences were confirmed by matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
(TOF/TOF5800, AB SCIEX, Framingham, MA, USA).

2.6. Neoantigen Immunization

Bone marrow-derived dendritic cells (DCs) were prepared as described previously [15].
Briefly, bone marrow cells from femurs and tibias were cultured in RPMI-1640 (Nacalai
Tesque) supplemented with 10% FBS, 12.5 mM HEPES, 5 × 10−5 M 2-mercaptoethanol,
1 × 10−5 M sodium pyruvate, 1% nonessential amino acids, 100 U/mL penicillin, 100µg/mL
streptomycin, and 20 ng/mL GM-CSF (PeproTech, Rocky Hill, NJ, USA) for 8 days.
DCs were stimulated with 1 µg/mL lipopolysaccharide (FUJIFILM Wako, Osaka, Japan),
10 ng/mL GM-CSF, and 10 ng/mL interleukin-4 (PeproTech) overnight and pulsed with
short peptide at 1 µg/mL for 2 h. DCs were pulsed with LPs (5 µg/mL) overnight and
stimulated with lipopolysaccharide (1 µg/mL), GM-CSF (10 ng/mL) and interleukin-4
(10 ng/mL) for 4 h. To immunize mice, 1 × 106 DCs were subcutaneously injected into the
flank.

2.7. Treatment of Tumor-Bearing Mice

CpG (30 µg) was injected subcutaneously into the right flank of the mice one day
before tumor cell inoculation. Animals were inoculated subcutaneously into the right flank
on day 0. To block CTLA-4 and/or PD-1 signaling, anti-CTLA-4 (100 µg) and/or -PD-1
mAbs (200 µg) were injected intraperitoneally on days 0, 4, and 8 and/or days 3, 6, and 9,
respectively. Anti-CD38 mAb was injected intraperitoneally on days 5, 10, and 15. Tumor
growth was monitored every 2–3 days with calipers, and tumor volume was calculated by
the formula π/6×L1L2H, where L1 is the long diameter, L2 is the short diameter, and H is
the height of the tumor.

2.8. Cell Preparation and Flow Cytometry

Tumors were cut into pieces and incubated in RPMI-1640 (Nacalai Tesque) supple-
mented with 0.2% collagenase (FUJIFILM Wako) and 2 KU/mL DNase I (Sigma-Aldrich)
for 40 min at 37 ◦C. All material was passed through a 70 µm cell strainer to obtain single-
cell suspensions. After staining dead cells using the Zombie Aqua Fixable Viability Kit
(BioLegend) and blocking Fc receptors with anti-CD16/32 mAb, the cells were stained
with mAbs for cell surface antigens. For intracellular cytokine staining, cells were first
stimulated with 1 µg/mL corresponding peptide in the presence of 10 µg/mL brefeldin
A (Sigma-Aldrich) for 4 h. After staining dead cells using the Zombie Yellow Fixable
Viability Kit (BioLegend) and blocking Fcγ receptors with anti-CD16/32 mAb, cells were
first stained with mAbs for surface antigens. After fixation and permeabilization using
Fixation Buffer and Intracellular Staining Perm Wash Buffer (BioLegend), according to the
manufacturer’s protocols, cells were then stained with APC-conjugated anti-IFN-γ anti-
bodies. For Foxp3 assessment, cells were first stained with mAbs for cell surface antigens
after staining dead cells using the Zombie Yellow Fixable Viability Kit (BioLegend) and
blocking Fcγ receptors with anti-CD16/32 mAb. After fixation and permeabilization using
True-Nuclear Transcription Factor Buffer Set (BioLegend), according to the manufacturer’s
protocols, cells were then stained with PE-conjugated anti-Foxp3 antibodies or isotype
control. Stained cells were acquired on a CytoFLEX S or Gallios flow cytometer (Beckman
Coulter, Atlanta, GA, USA) and analyzed using FlowJo software V.10.6.2 (BD Biosciences).
Gating strategies were shown in Figure S1.

2.9. Statistical Analysis

Data are presented as mean (± SD). Statistical analyses were performed with Prism
software version 8.4.3 (GraphPad Software, San Diego, CA, USA). Comparisons of results
were carried out by Student’s t-test, Fisher’s exact test, or analysis of variance with ANOVA
tests for multiple comparisons.
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3. Results
3.1. LLC1 Tumors Are Resistant to Immune Checkpoint Blockade

BALB/c and C57BL/6 mice were subcutaneously inoculated with 1 × 106 cells of the
lung cancer lines ASB-XIV or LLC1, respectively, and then received anti-PD-1, anti-CTLA-4,
or a combination of both antibodies. Both cell lines generated tumors growing progressively
in untreated mice (Figure 1A), whereas treatment with anti-PD-1 or anti-CTLA-4 antibodies
inhibited ASB-XIV tumor growth. Anti-CTLA-4 treatment was particularly effective in
those tumors which were completely rejected in four out of five mice. In contrast, anti-PD-1,
anti-CTLA-4, or even a combination of both failed to make any impact on LLC1 tumor
growth (Figure 1A). These results document that ASB-XIV is sensitive to ICT whereas LLC1
is highly resistant.

To identify factors influencing the sensitivity of these two cell lines to ICT, tumor-
infiltrating cells were isolated and analyzed by flow cytometry. Tumors were harvested on
days 7, 14, and 21 and enzymatically dissociated into a single-cell suspension. As shown
in Figure 1B, a similar number of CD45+ tumor-infiltrating cells was obtained from both
ASB-XIV and LLC1 tumors. However, the tumor-infiltrating immune cells were quite
different: many CD4+ and CD8+ T cells infiltrated ASB-XIV and increased from day 7 to
day 14, while only a few T cells infiltrated the LLC1 tumors and decreased from day 7 to
day 14. In contrast, more neutrophils, macrophages, and monocytes were detected in LLC1
tumors than ASB-XIV and outnumbered the T cells (Figure 1B).

To compare the TME of tumors caused by these two lung cancer cell lines, total RNA
was extracted from day 7, 14, and 21 tumors and subjected to RNA-Seq analysis. The
infiltration of immune cells was evaluated using the mMCP-counter [14]. The expression
of many immune signature genes was lower in LLC1 than ASB-XIV tumors (Figure 1C).
Taken together with the flow cytometry data, we conclude that ASB-XIV is an inflamed or
“hot” tumor, while LLC1 is a non-inflamed or “cold” tumor.

3.2. Identification of Mutation-Associated Neoantigens in LLC1 Tumors

To convert cold LLC1 tumors into hot tumors, we investigated LLC1-specific T cell
responses induced by mutation-associated neoantigens. We first performed whole-exome
sequencing of LLC1 cells and identified 2536 missense mutations. RNA-Seq was performed
to determine whether products of these mutated genes were present in LLC1 cells. We
identified 856 expressed missense mutated genes with FPKM > 1. These mutated genes
were translated in silico, and 8-, 9-, and 10-mer peptides containing the mutated amino acid
were predicted. NetMHCpan was then employed to estimate their binding to H-2Kb or Db

molecules. Of these, we selected 61 with an estimated MHC binding affinity IC50 < 200 nM
and 71 with IC50 > 200 nM, but for which the ratio between the binding affinity of the
corresponding wild-type and the mutated peptide was >10. We then synthesized these
132 peptides (Table S1) and tested them for immunogenicity in C57BL/6 mice.

3.3. Immunogenicity of Predicted Neoantigen Peptides

C57BL/6 mice were immunized with DCs pulsed with these neoantigen peptides in
the form of short peptides (8- to 10-mers). After two rounds of DC immunization (2 weeks),
spleen cells were harvested and tested for reactivity to the immunizing peptide by ex
vivo intracellular cytokine staining (ICS) (Figure 2A,B). Fourteen peptides were found to
induce peptide-specific IFN-γ-producing CD8+ T cells. Spleen cells were also cultured
with immunizing peptides for 5 days and restimulated with the corresponding peptides.
IFN-γ production was measured by ELISA (Figure 2B). After in vitro expansion culture,
IFN-γ production was detected in 23 peptide-stimulated cultures. Altogether, 25 mutated
peptides were identified that displayed immunogenicity on DC vaccination.

The anti-tumor activity of these neoantigen vaccines was evaluated in prophylactic DC
vaccination experiments. DCs were separately pulsed with each one of these 25 mutated
peptides and groups of 8–10 mice were immunized twice with each at a 2-week interval. As
shown in Figure 3A, peptide-specific CD8+-T cell responses were detected in splenocytes
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by the production of IFN-γ. Vaccinated mice were challenged with LLC1 cells, but no short
peptide-pulsed DC vaccine significantly inhibited tumor growth (Figure 3B). These data
indicate that vaccination with DCs pulsed with a single neoantigen short peptide alone
was not sufficient to prevent LLC1 tumor formation.

Cancers 2021, 13, x  6 of 18 
 

 

 
Figure 1. LLC1 is resistant to immune checkpoint blockades, while ASB-XIV is sensitive. (A) BALB/c (n = 5) and C57BL/6 
mice (n = 6) were subcutaneously inoculated with 1 × 106 cells of ASB-XIV and LLC1 lung cancer cells, respectively. Then, 
mice received anti-PD-1 (200 µg), anti-CTLA-4 mAb (100 µg), or a combination of both treatments. Anti-PD-1 was admin-
istered on days 3, 6, and 9. Anti-CTLA-4 mAb was administered on days 0, 4, and 8. (B) Tumor-infiltrating immune cells 
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Figure 1. LLC1 is resistant to immune checkpoint blockades, while ASB-XIV is sensitive. (A) BALB/c (n = 5) and C57BL/6
mice (n = 6) were subcutaneously inoculated with 1 × 106 cells of ASB-XIV and LLC1 lung cancer cells, respectively.
Then, mice received anti-PD-1 (200 µg), anti-CTLA-4 mAb (100 µg), or a combination of both treatments. Anti-PD-1 was
administered on days 3, 6, and 9. Anti-CTLA-4 mAb was administered on days 0, 4, and 8. (B) Tumor-infiltrating immune
cells in ASB-XIV and LLC1 tumors (n = 4) were analyzed by flow cytometry on days 7, 14, and 21. (C) RNA expression of
LLC1 tumors (n = 3) was evaluated on days 7, 14, and 21. The composition of tumor-infiltrating immune cells was evaluated
by mMCP-counter. * p < 0.05, ** p < 0.01, *** p < 0.001.
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with 1 × 106 dendritic cells (DC) pulsed with these neoantigen short peptides (Table S1). After two rounds of DC
immunization at a 2-week interval, spleen cells from immunized mice were harvested, pooled, and examined for the
reactivity to the immunized peptide by ex vivo intracellular cytokine staining (ICS). By ex vivo ICS analysis, 14 peptides
(highlighted in red numbers) induced peptide-specific IFN-γ production of CD8+ T cells. (B) Spleen cells were also cultured
with immunized peptides for 5 days and restimulated with corresponding peptides. After in vitro expansion culture, IFN-γ
production was examined by ELISA. Red bars and blue bars represent the results of ex vivo ICS and ELISA after in vitro
culture, respectively. Overall, 25 mutated peptides displayed immunogenicity by DC vaccination.
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LLC1 cells challenge (B). IFN-γ production in response to immunized peptide and LLC1 cells was evaluated. In addition,
tumor growth was measured after LLC1 cells (1 × 106) were challenged in these immunized mice.

3.4. Improved Immunogenicity of Neoantigen Peptide-Pulsed DC Vaccine in the LP Format

To further investigate the efficacy of the 25 candidate neoantigens, 19 LPs (21-mer),
which incorporated the corresponding immunogenic 25 short peptide sequences, were
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synthesized and pulsed onto DCs (Table S2). Although CD4+ and CD8+ spleen cells from
mice vaccinated with these LP-pulsed DCs produced IFN-γ in response to the immunizing
peptide (Figure 4A,B), their response to LLC1 tumor cells was barely detectable. The
anti-tumor activity of these LP neoantigen-pulsed DCs peptides was also evaluated by
prophylactic DC vaccination for which DCs pulsed with each of 25 LPs were mixed (three
or four different LP-pulsed DCs in one vaccine) to yield five different vaccine products
that were used to immunize mice twice at a 2-week interval. Two weeks after the final
immunization, vaccinated mice were challenged with LLC1 cells. LLC1 tumor growth was
partially suppressed in some vaccinated mice. The most active mixture included L57, L58,
L62, and L82 LPs (p = 0.042) (Figure 4C).

3.5. CpG Converts Cold Tumors to Hot

In an attempt to improve DC vaccine efficiency, CpG (30 µg) was administered subcu-
taneously to C57BL/6 mice the day before tumor inoculation. Tumors were harvested on
day 14 and tumor-infiltrating lymphocytes (TILs) were analyzed by flow cytometry. More
TILs were obtained from mice receiving CpG than from untreated mice. CD3+ T cell, espe-
cially CD8+ T cell, infiltration was increased in tumors from CpG-treated mice (Figure 5A).
Consistently, RNA-Seq indicated a massive infiltration of immune cells, including T cells, B
cells, monocyte/macrophages and granulocytes, into the tumor (Figure 5B). Nonetheless,
CpG treatment alone was insufficient to inhibit LLC1 tumor growth (Figure 5C). As shown
in Figure S2A, increased expression of effector molecules was detected in CpG treated mice;
however, the expressions of immune checkpoint molecules were lower in CpG mice than
untreated mice. In contrast, the expressions of immunosuppressive molecules, such as
molecules in the adenosine pathway, arginase, TGFβ and IL10, were higher in CpG treated
mice than untreated mice (Figure S2B). Therefore, we concluded that the induction of the
immunosuppressive microenvironment was responsible for the insufficient anti-tumor
activity in the presence of T cell infiltration. More T cell expansion that overcomes the
immunosuppressive microenvironment is required. Therefore, we combined CpG treat-
ment with DC vaccination. The mixture of L57, L58, L62, and L82 LP-pulsed DC vaccine
increased CD4+ T cells, while CpG increased CD8+ T cells in the TME 14 days after tumor
inoculation (Figure 5D). Mice then received individual L57, L58, L62, and L82 LP-pulsed
DC vaccines together with CpG. Of these, DCs pulsed with L82 plus CpG partly delayed
LLC1 growth in vivo, although this did not achieve statistical significance (Figure 5E).
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Figure 4. Improved immunogenicity of neoantigen-peptide pulsed DC vaccine in the LP format. Nineteen LPs (21-mer),
incorporating corresponding immunogenic 25 short mutated peptide sequences, were synthesized (Table S2). Three or four
different LP-pulsed DCs were put together to produce five mixtures of DC vaccines: group A consists of L3, L12, L14, and
L19 LPs; group B consists of L35, L43, L47, and L52 LPs; group C consists of L57, L58, L62, and L82 LPs; group D consists of
L23, L39, L45, and L50 LPs; and group E consists of L51, L61, and L101 LPs. Mice were immunized twice at a 2-week interval.
Two weeks after the last immunization, spleen cells were harvested and examined for the reactivity to the immunized LP by
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ex vivo ICS. IFN-γ production by CD8+ T cells (A) and CD4+ T cells (B) were evaluated by ICS. (C) Two weeks after the last
immunization, LLC1 cells (1 × 106) were subcutaneously inoculated (5 or 6 mice per group). Tumor growth was measured
twice a week. * p < 0.05.
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composition of tumor-infiltrating immune cells was analyzed using the mMCP-counter. (C) C57BL/6 mice (n = 5) were
either treated with 30µg CpG or left untreated, and LLC1 tumor growth was evaluated. (D) C57BL/6 mice were divided
into five groups (five mice per group): (1) untreated; (2) CpG treatment; (3) the mixture of L57, L58, L62, and L82 LP-pulsed
DC (1 × 106 each) vaccination; (4) the combination of DC vaccination and CpG; and (5) the triple combination of DC
vaccination, CpG and anti-PD-1 mAb (200µg). Mice received DC vaccination on days −28 and −14. CpG was administered
on day −1. Mice received anti-PD-1 mAb on days 3, 6, and 9 after the LLC1 challenge (1 × 106). On day 14, tumors
were resected and subjected to the analysis of tumor-infiltrating cells. CD4/CD45 (%): untreated vs. DCs (p = 0.0316),
untreated vs. DCs+CpG (p = 0.0021), untreated vs. DCs+CpG+anti-PD-1 (p = 0.0096), CpG vs. DCs+CpG (p = 0.0035),
CpG vs. DCs+CpG+anti-PD-1 (p = 0.0161); CD8/CD45 (%): untreated vs. CpG (p = 0.0199), untreated vs. DCs+CpG (p =
0.0038), untreated vs. DCs+CpG+anti-PD-1 (p = 0.0018), CpG vs. DCs (p = 0.0336), DCs vs. DCs+CpG (p = 0.0066), DCs vs.
DCs+CpG+anti-PD-1 (p = 0.0032). (E) Tumor growth was compared in these five groups. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.6. The Immunosuppressive Microenvironment Is Associated with CD38 Expression

To further increase the efficacy of neoantigen DC vaccines, the expression of immuno-
suppressive molecules in LLC1 cells were screened by RNA-Seq. As shown in Figure 6A,
Cd38 and Nt5e (CD73) mRNAs were highly expressed in LLC1 cells. Furthermore, the
expression of molecules associated with the adenosine pathway, namely, CD38, CD39 and
CD73, were detected on the LLC1 cell surface by flow cytometry (Figure 6B). Therefore,
A2A and A2B adenosine receptor antagonists (SCH 58261 and PSB 1115) were combined
with prophylactic L82-pulsed DC vaccination and CpG. However, L82-pulsed DC vaccina-
tion together with CpG or in combination with A2R antagonists failed to suppress LLC1
tumor growth (Figure 6C,D).

In addition to the adenosine pathway, CD38 is also involved regulatory T cells (Tregs).
Tregs were reduced in the tumor when LLC1-bearing mice were treated with anti-CD38
(Figure S3). In contrast, the combination of anti-CD38 antibody, L82-pulsed DC vaccine,
and CpG suppressed LLC1 tumor growth (p = 0.019), although neither anti-CD38 mAb nor
L82-pulsed DC monotherapy alone could do so (Figure 7A). We also tested a combination
of anti-CD38, L82-pulsed DC vaccine with CpG, and anti-PD-1 mAb but this did not result
in any enhancement of the anti-tumor activity of the treatment. On day 14 LLC1 tumors,
we found that the combination with DC vaccine and anti-CD38 decreased the amount
of intra-tumoral regulatory T cells (Tregs) (p = 0.0001) (Figure 7B), while there was no
significant difference in CD8+ T cells in the treatment groups.
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Figure 6. The adenosine pathway in the LLC1 tumor microenvironment. (A) RNA was extracted from ASB-XIV and LLC1
tumor cells and subjected to RNA-Seq analysis. The mRNA expressions of immunosuppressive molecules in these two
cell lines were shown. (B) The expressions of CD38, CD39, and CD73 on LLC1 were examined by flow cytometry in vitro.
(C) C57BL/6 mice (n = 5) received a subcutaneous injection of 5 × 105 LLC1. The combination of 2 mg/Kg A2A and
1 mg/Kg A2B adenosine receptor antagonists (SCH 58261 and PSB 1115) was administered on days 7, 9, 11, 13, 15, 17,
and 19. (D) LLC1 tumor growth was compared in mice (n = 8) that received 30µg CpG monotherapy, L82 LP-pulsed DC
vaccination (1 × 106), and CpG, or the triple combination of DC vaccination, CpG, and A2R antagonists. DC vaccines were
prophylactically administered twice at a 2-week interval.
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Figure 7. The triple combination of DC vaccination, CpG and anti-CD38 mAb treatment inhibited LLC1 tumor growth. (A)
C57BL/6 mice were divided into five groups (five mice per group): (1) 30µg CpG treatment; (2) CpG plus 250µg anti-CD38
mAb; (3) 1×106 L82 LP-pulsed DC vaccination with CpG; (4) the triple combination of L82 LP-pulsed DC vaccination, CpG,
and anti-CD38 mAb; and (5) the quadruple combination of DC, CpG, anti-CD38 mAb, and 200µg of anti-PD-1 mAb. LLC1
cells (5 × 105) were subcutaneously inoculated and tumor growth was monitored. (B) On day 14, tumor-infiltrating cells
were extracted from these mice (n = 5) and subjected to flow cytometry. * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

Immune “cold” tumors or “T cell non-inflamed” tumors are characterized by their
primary resistance to ICT, despite the success of this therapeutic approach in a variety of
cancers [16,17]. This was the reason why single-agent anti-PD-1, or anti-CTLA-4 antibody
treatment or both together, failed to inhibit the growth of LLC1; T cells failed to infiltrate
the tumor. In contrast, the immunotherapy-sensitive, T cell-inflamed ASB-XIV exhibited
robust T cell infiltration. Thus, new strategies for combination therapies, including priming
immune responses by neoantigen vaccines, increasing the infiltration of T cells by CpG, and
modulating the immunosuppressive environment by anti-CD38 mAb, were all required to
achieve an effective anti-tumor response against immunologically cold LLC1 tumors in
our model.

T cells that target tumor neoantigens arising from cancer mutations are major me-
diators of effective cancer immunotherapies [18]. The lack of T cell priming in non-T
cell-inflamed tumors may be one critical feature associated with failed anti-tumor immu-
nity [19]. This suggests that primary resistance might necessitate the use of a neoantigen
vaccine that enhances T cell responses and cancels out suppressive effects [20]. DCs are po-
tent antigen-presenting cells to induce CD4+ and CD8+ T cell responses [21,22]. Therefore,
we applied a DC-based vaccine for neoantigen immunotherapy. In our study, only a very
small percentage of mutations resulted in peptides eliciting specific CD8+ T cell immune
responses on testing a large number of predicted short peptides, consistent with reports
in other preclinical models and clinical studies [23–25]. However, even the short peptides
that did stimulate CD8+ T cell responses did not result in the induction of regression of the
immunologically cold LLC1 tumor. Consistent with this, a recent study reported that CD8+

TILs specific for mRiok1 (the same sequence as the immunogenic short peptide S50 in our
study) were present in LLC1 tumors and were expanded after anti-PD-1 or anti-CTLA-4
treatment. Nonetheless, as in our model, a combination of prophylactic mRiok1 vaccination,
anti-PD-1, and anti-CTLA-4 also failed to induce a protective anti-tumor response [26].

Given the heterogeneity of solid tumors and the presence of multiple antigens, it
will probably be necessary to target multiple neoantigens to increase the likelihood of an
effective anti-tumor immune response [27]. Consequently, our study showed that vaccines
consisting of DCs pulsed with multiple immunogenic LPs were more effective, whereas
those consisting of only a single LP could not control LLC1 tumor growth. The greater
efficacy of long-versus-short peptides may be at least partly attributed to the fact that
LP-pulsed DC induced not only CD8+ T cells, but also CD4+ T cell responses. The latter
are thought to play an important “helper” role in vaccine-induced anti-tumor cytotoxic
responses [28]. We also noted that the LP sequences described in a previous report as being
effective did not suppress LLC1 tumor growth in our study [29].
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It has been reported that Toll-like receptor (TLR) agonists engender several changes in
the tumor environment that increase responsiveness to PD-1 blockade [30]. TLR9 agonist
CpG has been reported to enhance infiltration of CD8+ T cells in the tumor [31]. In our
study, CpG significantly enhanced the infiltration of CD8+ T cells and also decreased
neutrophil and monocyte-macrophage infiltration into LLC1 tumors. Nonetheless, LLC1
still failed to respond to anti-PD-1 treatment after CpG injection. Importantly, several of
our LP-pulsed DC vaccines plus CpG increased CD4+ and CD8+ T cell infiltration, but
nonetheless, only slightly delayed tumor growth. These results suggest that the nature of
the immunosuppressive TME, including the immune cells, needs to be elucidated for each
tumor [32].

Deep-immunophenotyping of the TME may reveal the nature of the immunosup-
pressive microenvironment and assist in developing new combination therapeutic strate-
gies [33]. Here, we found that molecular and gene signatures indicated that CD38 was
highly expressed in LLC1. CD38 upregulation, which inhibits CD8+ T cell function in
the TME via adenosine receptor signaling, has been reported to be involved in acquired
PD-1/PD-L1 resistance [34]. Although CD38 plays an important role in converting nicoti-
namide adenine dinucleotide (NAD+) to adenosine, adenosine receptor antagonists did
not suppress LLC1 tumor growth in our model. In contrast, CD38 blockade decreased the
presence of Tregs in the LLC1 tumor microenvironment. This is in line with the findings of
others that extracellular NAD+ accumulation owing to CD38 blockade decreased Tregs in
the tumor [35]. Finally, we found that the combination of CpG and CD38 blockade together
was able to inhibit the proliferation of LLC1 in L82-pulsed DC-immunized mice.

5. Conclusions

Our study describes a combinatorial approach to overcome the lack of a pre-existing
immune response and ultimately convert a cold tumor into a hot tumor by increasing
CD8+ and CD4+ T cell infiltration and by enhancing T cell responses by neutralization of
suppressive signals in the TME.
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.3390/cancers13215508/s1: Figure S1: Gating strategy of flow cytometry; Figure S2: Expression of
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treatment decreased the amount of intra-tumoral regulatory T cells; Table S1: The list of candidate
neoantigen peptides; Table S2: The list of peptides for LP DC vaccination.
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