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ARTICLE INFO ABSTRACT

Keywords: Type-A CpG oligodeoxynucleotides (ODNs), which have a natural phosphodiester backbone, is one of the highest

CpG IFN-a inducer from plasmacytoid dendritic cells (pDC) via Toll-like receptor 9 (TLR9)-dependent signaling.

Lipid nanoparticle However, the in vivo application of Type-A CpG has been limited because the rapid degradation in vivo results in

Cancer immunotherapy relatively weak biological effect compared to other Type-B, -C, and -P CpG ODNs, which have nuclease-resistant

Oligodeoxynucleotide delivery . s e .. . .

Microfluidics phosphorothioate backbones. To overcome this limitation, we developed lipid nanoparticles formulation con-
taining a Type-A CpG ODN, D35 (D35LNP). When tested in a mouse tumor model, intratumoral and intravenous
D35LNP administration significantly suppressed tumor growth in a CD8 T cell-dependent manner, whereas
original D35 showed no efficacy. Tumor suppression was associated with Thl-related gene induction and ac-
tivation of CD8 T cells in the tumor. The combination of D35LNP and an anti-PD-1 antibody increased the
therapeutic efficacy. Importantly, the therapeutic schedule and dose of intravenous D35LNP did not induce
apparent liver toxicity. These results suggested that D35LNP is a safe and effective immunostimulatory drug
formulation for cancer immunotherapy.

of the fundamental limitation of the immune checkpoint inhibitors is
the requirement for pre-existing antitumor T cell responses, which
many patients do not have [1,2].

1. Introduction

Conventional cancer immunotherapies focusing on increasing

tumor-specific T cell responses using antigen/peptide- or dendritic cell-
based vaccine have shown only limited clinical efficacies, potentially
due to tumor-mediated immune suppression [1]. Recent introduction of
immune checkpoint inhibitors, which release the tumor-mediated T cell
suppression, has been shown substantial therapeutic effect. In some
patients, this has significantly improved the overall survival [2,3]. One

To augment antitumor immunity, several immunomodulators in-
cluding cytokines such as IFN-a and IL-12 [4,5], and toll-like receptor
agonists such as TLR4, TLR3, TLR7, and TLR9 [6-8] have been ex-
amined in clinical trials, and some were successfully approved for
clinical use. However, these immunomodulators also have limitations
for cancer therapy due to the associated intolerable toxicities [9-11].
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trimethylammonium-propane; DOPE, 1,2-dioleoyl-sn-glycero-3- phosphoethanolamine; D35LNP, D35-containing lipid nanoparticles; LPS, lipopolysaccharides;
DSPE-PEG(2k or 5k), N-(Carbonyl-methoxypolyethyleneglycol (2000 or 5000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine); TLR9, toll-like receptor 9; BM,
bone marrow; hPBMCs, human peripheral blood mononuclear cells; iMonocytes, inflammatory monocytes; ODNs, oligodeoxynucleotides; PFA, paraformaldehyde;
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CpG motif-containing oligodeoxynucleotides (ODNs) have been in-
vestigated as immunomodulatory and immunostimulatory drugs, which
are TLR9 agonists and induce innate immune responses such as inter-
feron and inflammatory cytokine secretions. Four types of CpG ODNs
have been reported including Type-A, B, C, and P [12,13]. Type-A CpG
ODNs mostly consist of a natural phosphodiester backbone, and they
strongly induce IFN-a production from plasmacytoid dendritic cells
(pDCs). Type-B CpG ODNs consist of an unnatural phosphorothioate
backbone, and they mainly activate B cells and induce IL-6 production.
Type-C CpG ODNs also consist of an unnatural phosphorothioate
backbone, and they mainly induce IL-6 production from B cells, but an
introduction of one palindromic sequence enables weak IFN-a induc-
tion. Type-P CpG ODNs similarly consist of an unnatural phosphor-
othioate backbone as Type-B and C, but they contain 2 palindromic
sequences, which contribute to induce strong IFN-a as well as IL-6
production. The most popular CpG ODNs examined in the clinical
studies are Type-B CpG ODNs; however, repeated Type-B CpG ODNs
administration caused splenomegaly, lymphoid follicle destruction, and
liver toxicity in mice [14-16], and hematologic adverse events, injec-
tion site reaction, and influenza-like symptoms in human cancer clinical
trials with no additional benefit [17,18]. This Type-B associated toxi-
city has been shown to be associated with TLR9 signaling (dependent
on the presence of CpG motif), but some are derived from the unnatural
phosphorothioate backbones. ODNs consisting of a phosphorothioate
backbone including Type-B, C, and P CpG ODNs are known to bind
various proteins in nonspecific ways [19,20], causing various effects
such as platelet activation [21], complement activation [22], and
clotting time prolongation [23,24], raising safety concerns. In contrast,
Type-A CpG ODNs is composed of mostly the natural phosphodiester
backbone, freeing from the above-mentioned phosphorothioate-asso-
ciated side effects, and would be an attractive therapeutic candidate for
cancer immunotherapy.

However, the use of Type-A CpG ODNs for cancer treatment has
been very limited [25,26]. One of the reasons for the unavailability of
Type-A CpG ODNs-based drugs for cancer therapy is the requirement of
a natural phosphodiester backbone for high IFN-a-inducing activity
[27], which is also associated with rapid in vivo degradation due to its
susceptibility to DNase. In addition, the handling of D35 is very difficult
because of the formation of uncontrolled large aggregates in salt-con-
taining buffers such as saline and PBS [20,28,29]. Moreover, the ne-
gatively charged phosphodiester backbone of D35 does not bind to cell
membranes due to the electrostatic repulsion between nucleic acids and
the cell membrane, which results in poor cellular uptake [30]. To
overcome these limitations of D35 for immunotherapeutic drug appli-
cation, development of practical drug delivery system for D35 is de-
manded.

In this study, we developed a lipid-based drug delivery system for
Type-A CpG ODN D35, and found that lipid nanoparticle formulation
[31] is a promising pharmaceuticalization method. Evaluation of the
anti-tumor effect and potential toxicity in mice demonstrated that our
developed D35-containing lipid nanoparticles (D35LNP) formulation is
a safe and promising immunostimulatory drug, especially for cancer
immunotherapy. D35LNP also showed a combinational effect with an
immune checkpoint inhibitor.

2. Materials and methods
2.1. Materials

D35 [28] was purchased from GeneDesign (Osaka, Japan). 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) was purchased from
Lipoid GmbH. 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-dioleoyl-sn-glycero-3- phosphoethanolamine (DOPE), and N-(Car-
bonyl-methoxypolyethyleneglycol (2000 or 5000)-1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE-PEG(2k or 5k)) were purchased
from NOF CORPORATION, Tokyo, Japan. Cholesterol was purchased
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from FUJIFILM Wako Pure Chemical Corporation, Ltd., Osaka, Japan.
2.2. Preparation of D35-lipid nanoparticles (LNP)

D35LNP was prepared with NanoAssemblr Benchtop (Precision
NanoSystems Inc., BC, Canada) which can mediate bottom-up self-as-
sembly for nanoparticle synthesis with microfluidic mixing technology.
Briefly, lipids were dissolved in ethanol. Lipid components were
changed in each experiment such as DOTAP: DPPC: Cholesterol: DSPE-
PEG(2k) = 50: 19.5-14: 30: 0.5-6, DOTAP: DPPC: Cholesterol: DSPE-
PEG(5k) = 50: 19.5: 30: 0.5 or DOTAP: DOPE: Cholesterol: DSPE-
PEG(2k) = 50: 19.5: 30: 0.5. D35 was prepared in 25 mM acetate
buffer at pH 4.0. The lipid solution (10 mg/mL) in ethanol and D35
solution were injected into the microfluidic mixer at a 1:3 vol respec-
tively combined final flow rate of 15 mL/min (3.75 mL/min ethanol,
11.25 mL/min aqueous). The D35LNP mixtures were immediately
dialyzed (50 kD MWCO dialysis tubing, Repligen Corporation, MA)
against 5% glucose solution to remove ethanol and unload D35.
D35LNP was then concentrated to approximately 0.7 mg/mL D35 using
Amicon Ultra centrifugal filters (100kD MWCO, Merck KGaA,
Darmstadt, Germany) and filtered through a 0.22 pym PVDF filter
(Merck KGaA). The theoretical D35-to-lipid ratios for all formulations
were maintained at N/P charge ratios (ratios of the charge on the ca-
tionic lipid, assuming it is in the positively charged protonated form, to
the negative charge on the D35 oligonucleotide) of 3. All LNP pre-
paration work was carried out at room temperature.

2.3. Analysis of lipid nanoparticles

The size distribution of D35LNP was measured with dynamic light
scattering (Zetasizer Nano-ZS, Malvern Panalytical Ltd., UK). The
morphology of D35LNP was measured through negative staining (2%
phosphotungstic acid) using transmission electron microscope (TEM
(JEM-1200EX at 80 kV), JEOL Led., Tokyo, Japan). The TEM images
were taken at the Hanaichi UltraStructure Research Institute (Aichi,
Japan). D35 concentration in D35LNP suspension was measured with
picogreen reagent. Briefly, D35LNP was incubated at 37 °C for 10 min
in the presence of 1% Triton X-100 (Wako Pure Chemical Industries),
and picogreen reagent was added. The fluorescence intensity (Ex/Em:
485/528 nm) was measured.

2.4. Human PBMCs

PBMCs were prepared from Japanese healthy adult volunteers with
informed consent. All experiments using human PBMCs were approved
by the Institutional Review Board of the Research Institute for
Microbial Diseases, Osaka University (Permit number: 26-5). After
preparing PBMCs using Ficoll-Paque PLUS (GE) and LeucoSep
(Greiner), it was washed twice with RPMI 1640 medium, and re-
suspended in R-10 medium (RPMI 1640 medium supplemented with
10% fetal calf serum, 100 unit/mL penicillin, and 100 pg/mL strepto-
mycin). PMN cells were isolated from human whole blood using
Polymorphprep™ according to the manufacturer’s instruction. For B
cells, pDCs, and monocytes isolation, each cell population was posi-
tively selected using CD19, CD304, and CD14 magnetic MicroBeads
(Miltenyi) according to the manufacturer’s instruction.

2.5. Mice

C57BL/6 mice were purchased from Sankyo Labo Service
Corporation Inc. or CLEA Japan. TLR7 and TLR9 KO mice were pur-
chased from Oriental Bio Service Inc. Mice (6-10-week-old) were used
in all experiments. All animal experiments were approved according to
the Teikyo University guidelines for the welfare of animals in studies of
experimental neoplasia, the Animal Care and Use Committee of Osaka
University. The experiment was carried out according to the
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Regulations on Animal Experiments at Teikyo University and Osaka
University.

2.6. Mouse BM cells

The femurs and the tibiae of mice were removed and the bones were
cleaned from the surrounding muscle tissues by scissors. The marrow
was flushed out with RPMI 1640 using a syringe with a 25 G needle.
The cells were treated with ACK lysis buffer for 5 min. After washing
the cells once in RPMI 1640 and counting the cell number, bone
marrow (BM) cells were resuspended in R-10 medium. To enrich or
deplete mouse pDCs in BM cells, Plasmacytoid Dendritic Cell Isolation
Kit (Miltenyi) was used. The flow-through cells were used as pDC-en-
riched cells and the column-trapped cells were used as pDC-depleted
cells.

2.7. In vitro stimulation

Human PBMC or mouse BM cells were plated on 96-well plates at
1 X 10° cells/well/200 pL. D35 (1 uyM =6.3 ug/mL), D35LNP (1 ug/
mL as D35 amount), or R848 (1 ug/mL) (InvivoGen) was added to the
cell cultures overnight at 37 °C in CO, incubator. The centrifuged su-
pernatant was collected and used for cytokine ELISA. Human IFN-a was
measured with Human IFN-a pan ELISA development kit (Mabtech).
Mouse IFN-a/f (type I IFN) production was measured using B16-Blue
IFN-a/p reporter cells (InvivoGen). Mouse IL-6 production was mea-
sured with Mouse IL-6 DuoSet ELISA (R&D Systems).

2.8. MC38 cells

The MC38 cell line was cultured with high glucose DMEM (Nacalai
Tesque) containing 10% fetal bovine serum (FBS, Gibco), L-glutamine,
MEM Nonessential Amino Acids Solution (Nacalai Tesque), penicillin/
streptomycin (Nacalai Tesque) and gentamicin (50 pg/mL, Nacalai
Tesque) in 10 cm polystyrene tissue culture dishes at 37 °C in a 5% CO,
incubator.

2.9. Tumor treatment

Mice were intradermally inoculated with MC38 (1 X 10° cells), due
to this inoculation amount was used for immunotherapeutic evaluations
of several immune checkpoint inhibitors and their combinations
[32,33]. D35LNP was intratumorally (4.5 pg/mouse as D35 amount) or
intravenously (25 pg/mouse as D35 amount) injected three times a
week from day7-9 to day17-20. For CD8 T cell depletion experiments,
anti-CD8a (clone 53-6.7 (rat IgG)) (100 pg/mouse) (Bio X cell, NH) and
isotype control antibody (normal rat IgG, Thermo Fisher Scientific, MA)
(100 pg/mouse) were injected intraperitoneally at days 6 and 13 after
tumor inoculation. For D35LNP and immune checkpoint antibody
combination experiment, anti-PD-1 antibody (clone: 29 F.1A12)
(200 pg/mouse) and isotype control antibody (clone: 2A3) (200 ug/
mouse) (both were purchased from Bio X cell, NH) were injected in-
traperitoneally at the same days as D35LNP administration. Tumor size
was measured using calipers, and tumor volume was calculated using
the following formula: (major axis X minor axis*) x 0.5 [34].

2.10. Immunostaining

The MC38 tumors were embedded in O.C.T. Compound (Sakura
Finetek), and sections were prepared using Cryostat (Leica CM3050 s).
The sections were fixed in 4% paraformaldehyde (PFA)-PBS (Nacalai
Tesque) for 5 min, and washed 3 times and blocked with TBS (Thermo
fisher scientific). The samples were stained with the following fluor-
escent dye and antibodies. The nuclei were stained with DAPI (Dojindo,
0.25 pg/ml), the blood vessels were stained with anti-mouse CD31-
Alexa Fluor 647 (BioLegend, Clone: MEC13.3, 1:100) and the CD8 T
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cells were stained with anti-mouse CD8b-PE (BioLegend, Clone:
YTS156.7.7, 1:100).

2.11. mRNA transcription measurement

The MC38 tumors were embedded in O.C.T. Compound (Sakura
Finetek), and sections were prepared using Cryostat. Total RNA was
extracted from the frozen section using NucleoSpin RNA (Takara Bio),
and cDNA strands were generated with ReverTra Ace qPCR RT Kit
(TOYOBO). Real-time PCR was performed with LightCycler 480 II
(Roche) using KAPA SYBR FAST qPCR Master Mix Kit (NIPPON
Genetics). Expression of target mRNA was normalized to expression of
reference mRNA (GAPDH), and fold change was calculated based on the
AACt method [35]. The primers related to tumor marker were designed
by Universal ProbeLibrary Assay Design Center (Roche, ProbeFinder
Version: 2.53), and each primer sequence is described in Supplemen-
tary Table 1. The primers for examining gene expression of TCRVa and
B repertoires were designed based on a previous study [36], and each
primer sequence is described in Supplementary Table 2.

2.12. Immune cell isolation and Immune profiling using flow cytometry

The protocol of immune cell isolation has been described in pre-
vious study [37]. Briefly, MC38 tumor was resected and weighed, then
shredded into small pieces and incubated in dissociation buffer in-
cluding 100 U/mL of collagenase type IV (Invitrogen), and 100 pug/mL
of DNase I (Roche) for 45 min. After incubation, tumor cells were
treated with red blood cell lysis buffer (Gibco), and cell suspensions
were made to pass through a 100-um cell strainer (Falcon). The cell
pellet was dissolved with 2% FBS in PBS and was used for flow cyto-
metry analysis. Isolated cells were stained using the LIVE/DEAD Fixable
Dead Cell Stain Kit (Invitrogen). After Fc blocking (clone: 2.4G2) (BD
Biosciences), cells were subsequently stained with antibodies for sur-
face antigens listed in Supplementary Table 3. Fixation/permeabiliza-
tion buffers (Invitrogen by Thermo Fisher Scientific) were used for in-
tracellular staining. Sample acquisition was performed on a BD FACS
Canto II cytometer equipped with Diva software and analyzed using
FlowJo. Gating strategy for identifying immune cell populations was
performed as described previously [38].

2.13. IVIS

D35LNP was labeled with lipophilic carbocyanine DiOC18 (7) (DiR)
(1,1'-Dioctadecyl-3,3,3',3'-tetramethylindotricarbocyanine iodide,
Thermo Fischer Scientific Inc., MA). Briefly, DiR solution in ethanol was
added into the D35LNP suspension (DiR/total lipid of D35LNP: 1.6 mg/
60 mg), and DiR-labeled D35LNP (DiR-D35LNP) was prepared. In the
prepared DiR-D35LNP, we confirmed that the remaining free DiR was
only less than 1% of initial concentration, and the particle size and
distribution was not changed compared with non-labeled D35LNP by
ultrafiltration and dynamic light scattering, respectively. Mice were
subcutaneously injected with MC38 cells (1 x 10°). DiR-D35LNP was
intravenously (D35: 25 pg/mouse) injected. After 6 h, the mice were
sacrificed, and the tissues were collected from the mice. The tissues
were observed with fluorescence imaging system (Ex/Em: 745/830 nm)
(IVIS imaging system (Lumina XR), PerkinElma Inc., MA) and the signal
intensity was calculated using Living Image Software (PerkinElma Inc.).

2.14. Liver toxicity

D35 (25 pg/mouse) or D35LNP (25 pg/mouse as D35 amount) was
intravenously injected into the mice. Lipopolysaccharides (LPS) (25 ug/
mouse) from Escherichia coli 0111:B4 (Merck KGaA) was injected
through the tail vein of C57BL/6J mice as positive control of liver
toxicity. After 1 day, the mice were sacrificed, and the blood was col-
lected from tail vein by using heparin-treated glass capillary tubes. The
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liver was fixed in 10% Formalin Neutral Buffer Solution, Deodorized
(Mildform 10 N (FUJIFILM Wako Pure Chemical Industries, Ltd.)), and
embedded in paraffin. The slices were prepared with paraffin sectioning
method, stained with hematoxylin-eosin, and assessed in Kamakura
Techno-Science Inc. (Kamakura, Japan). ALT or AST level in the blood
(plasma) samples was measured with Transaminase CII-test Wako
(FUJIFILM Wako Pure Chemical Industries, Inc.). We also assessed the
liver toxicity after repeated D35LNP injection. In this experiment, D35
(25 pg/mouse) or D35LNP (25 pug/mouse as D35 amount) was in-
travenously injected into mice 5 times every 2 days. After 2 days of the
final injection, the blood and the liver were collected, and the liver
toxicity was assessed the same way as described above.

2.15. Statistical analysis

The data were presented as mean = SD, and One-way analysis of
variance (ANOVA) with Tukey or Bonferroni test were used to analyze
the tumor growth and liver enzyme data when more than two groups
were compared. Two group comparison was analyzed by Student’s t-test
Gene expression data were presented as mean *+ SEM and analyzed
with Mann-Whitney U test. All Statistics were calculated with BellCurve
for Excel (Ver. 3.00; Social Survey Research Information Co., Ltd.) or
Prism software (GraphPad Ver. 7.01).

3. Results
3.1. Development of the drug delivery system for Type-A CpG D35

To develop an efficient drug delivery system for D35, we focused on
a lipid-based drug delivery system. We prepared substantial numbers of
neutral, cationic, and anionic lipid based complexes with D35, and
carefully tested these lipid/D35 complexes. Through in vitro evalua-
tions of size, stability, and cytokine production from human peripheral
blood mononuclear cells (hPBMCs), we practically chose DOTAP, a
cationic lipid as the main lipid component, and cholesterol and DPPC as
the other components (see Methods) to make the particulate D35/lipid
complex. As described later in this study, DOTAP based D35/lipid
complex formed the lipid nanoparticles (referred to as D35LNP)
(Fig. 1H and I). We also tested various amounts (mol%) and lengths of
PEG-lipid incorporations. Successfully prepared samples were further
evaluated for their IFN-a inducing ability from both hPBMCs (Fig. 1A)
and mouse bone marrow (BM) cells (Fig. 1B). Among them, 0.5% of 2K-
PEG-lipid incorporated D35LNP showed the most effective and con-
sistent IFN-a production from both human and mouse BM cells (Fig. 1A
and B). An increased amount of 2K-PEG mol% resulted in decreased
IFN-a production, suggesting the “PEG dilemma” [39] phenomenon.
When 5K-PEG-lipid was examined, 0.5% of 5K-PEG-lipid incorporated
D35LNP was consistently less effective than 0.5% of 2K-PEG-lipid in-
corporated D35LNP (Fig. 1A and B). Based on these results, we chose
0.5% of 2K-PEG-lipid incorporated D35LNP (D35LNP0.5%), and occa-
sionally 3.0% of 2K-PEG-lipid incorporated D35LNP (D35LNP3.0%) for
further evaluation.

Next, we examined the molecular and cellular mechanisms of the
D35LNP-mediated IFN-a induction. IFN-a induction with D35LNP was
completely dependent on the presence of CpG-motif in the D35 se-
quence (Fig. 1C). When CpG-motif was replaced with GpC-motif (not
stimulatory for TLR9), IFN-a induction ability was diminished in both
human PBMCs (Fig. 1C; left panel) and mouse BM cells (Fig. 1C; right
panel). In addition, incorporation of pH-sensitive-endosome-disrupting
lipid DOPE [40] reduced IFN-a induction to about 50% (Fig. 1D). In
accordance with these results, IFN-a induction with D35LNP was
completely dependent on TLR9 but not TLR7, using TLR9 and TLR7 (as
control)-deficient BM cells from mice (Fig. 1E). We also enriched or
depleted pDC from wild type mouse BM cells and stimulated them with
D35LNP0.5%. IFN-a induction remained higher in pDC enriched BM
cells, but diminished in pDC depleted BM cells (Fig. 1F). Similar results
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were obtained with human PBMCs. IFN-a induction was only detected
in CD304" pDC population, but not in polymorphonuclear cells
(PMNs), CD19™" B cells, and CD14 " monocytes (Fig. 1G). These results
demonstrated that D35LNP induced IFN-a secretion via endosomal
TLR9 signaling and pDC dependent manner, as lipid free non-particu-
late original D35.

We next examined the physical property of these D35LNPs. D35LNP
showed narrow size distribution. The average sizes of D35LNP0.5% and
D35LNP3.0% were 54.0 nm (polydispersity index (PdI): 0.157) and
43.0 nm (PdI: 0.089), respectively (Fig. 1H), which were determined
through dynamic light scattering measurement. Their zeta potentials
were 1.12 + 8.26 mV and 0.34 + 11.2mV, respectively, indicating
that D35LNP had slightly positive or almost neutral surface charge
under physiological condition despite containing 50% cationic lipid
DOTAP. Transmission electron microscope revealed that both
D35LNP0.5% and D35LNP3.0% were spherical in shape with fully filled
packed core, indicating that our developed D35LNPs formed lipid na-
noparticles (Fig. 1I).

3.2. D35LNPO0.5% showed anti-tumor effect via intratumoral injection

We next examined D35LNPs in vivo using tumor model in mice.
MC38 tumor cells (murine colon adenocarcinoma) were inoculated
subcutaneously, and the mice were treated with D35LNPs through in-
tratumoral (i.t.) injection at days 9, 11, 13, 15, and 17 after tumor
inoculation (Fig. 2A; upper). The tumor growth was significantly sup-
pressed with D35LNP0.5% treatment at the time point of days 17 and
21 compared with non-treated group, while D35LNP3.0% did not show
apparent therapeutic effect at all examined time points (Fig. 2B), sug-
gesting “PEG dilemma” [39] that also affects in vivo bioactivity of
D35LNP. This difference in therapeutic effect was consistent with the
difference in IFN-a inducing ability in vitro between D35LNP0.5% and
D35LNP3.0% (Fig. 1B). Lipid free D35 showed no tumor suppressive
effect at all (Fig. 2B).

Next, we tested whether the anti-tumor effect of D35LNP0.5% was
dependent on CD8 T cells. CD8 T cell depletion with anti-CD8a anti-
body treatment exacerbated tumor progression without any other
treatment (Fig. 2C; CD8a-Ab), while isotype control antibody admin-
istration showed minimal effect on tumor growth compared to that in
the non-treated group (Fig. 2C and D; Isotype-Ab). With D35LNP0.5%
i.t. treatment, tumor growth was significantly suppressed compared to
that in the non-treated group at day 21, and CD8 T cell depletion with
anti-CD8a antibody completely canceled D35LNP0.5%-mediated anti-
tumor effect (Fig. 2C and D; D35LNP0.5% + CD8a-Ab).

Histological examination of tumor at day 21 supported that anti-
CD8a antibody administration depleted CD8 T cells completely in the
tumor tissue (Fig. 2E). Although MC38 tumor contains many CD8 T cell
infiltrations without any treatment, CD8 T cell infiltration in the tumor
was more aggressive with D35LNP0.5% i.t. treatment (Fig. 2E;
D35LNP0.5%). Collectively these results suggested that D35LNP0.5%
i.t. injection resulted in CD8 T cell activation at the tumor site, which
effectively suppressed tumor growth.

3.3. D35LNPO0.5% changes gene expression in the tumor microenvironment

To examine immune related gene expression change at the tumor
site after D35LNP0.5% i.t. injection, we purified the mRNA of tumors
from groups shown in the Fig. 2C at day 21. The gene expression in-
duction of interferon, chemokine, tumor microenvironment, and T cell
differentiation type such as Thl-, Th2-, Th17-, and Treg- related genes
were determined by real-time PCR. Among these, Ifna6, Ifnbl, Ifng,
Cxcl9, Cxcl10, Cxcr3, Cd274 (PD-L1), Stat4, Stat6, 116, I11b, and Tgfbl
significantly increased in the D35LNP0.5%-treated group (n = 5)
(Fig. 3A) compared to non-treated group (n = 5). Notably, overall gene
expression levels of Ifng- and Thl-related genes were substantially
higher than those of Th2-, Th17-, and Treg-related genes (Fig. 3A). A
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Fig. 1. Development of lipid nanoparticle for Type-A CpG D35.

(A-B) IFN-a production from human PBMCs (A) or mouse bone marrow (BM) cells (B) with various amount of 2K- or 5K-PEG-lipid incorporated D35LNP stimulation
in vitro. (C) CpG-motif dependency of D35LNP mediated IFN-a production in both human PBMC (left panel) and mouse BM cells (right panel). (D) Better IFN-a
induction of human PBMCs without pH sensitive endosome escapable lipid DOPE, suggesting the importance of D35 delivery to the endosome. Each bar indicates
IFN-a production with D35LNP stimulation (1, 0.5, and 0.25 pg/mL as D35 amount). (E) TLR9 but not TLR7 dependent IFN-a induction from mouse BM cells. R848
(1 pg/mL), D35 (1 pM =6.3 pg/mL), and D35LNP (1 pg/mL as D35 amount). (F) pDC is a source of IFN-a in mouse BM cells stimulated with D35LNP. D35 (1 uM),
and D35LNP (1 pg/mL). (G) pDC is a source of IFN-a in human PBMCs stimulated with D35LNP(1 ug/mL). (H) The size distribution measurement by dynamic light
scattering of D35LNP 2K-PEG 0.5% (D35LNP0.5%) and D35LNP 2K-PEG 3.0% (D35LNP3.0%). (I) TEM image of D35LNP0.5% and D35LNP3.0%. Black bars indicate
400 nm. Bar graph indicates a representative data of at least two independent experiments with similar results.
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Fig. 2. Anti-tumor effect with D35LNP intratumoral treatment.

(A) Treatment procedure. C57BL/6 mice were intradermally inoculated with MC38 tumor (1 X 10° cells). D35LNP was injected intratumorally at days 9, 11, 13, 15
and 17 (A; upper panel). For CD8 T cell depletion experiment, mice were injected anti-CD8a antibody or isotype control antibody intraperitoneally (A; lower panel) in
addition to D35LNP intratumoral injection at days 9, 11, 13, 15 and 17, and at days 6 and 13. (B-C) Tumor growth curves. Tumor size was measured at days 9, 11, 13,

+

15, 17, and 21. Values are expressed as the mean

S.D., and asterisk (*) means P < 0.05. (D) Individual tumor growth curves of Fig. 2C. (E) Immunofluorescent

histology staining of MC38 tumor with nuclei (DAPI, blue), CD31 (green), and CD8b (red). Scale bars indicate 200 pm. Note that CD8a-antibody treatment com-
pletely depleted CD8 T cells in tumor tissue. All statistical significances were calculated by one-way analysis of variance (ANOVA) with Bonferroni test.

strong increase in the expression of Ifng, Cxcl9, and Cxcl10 suggests that
D35LNP0.5% i.t. treatment provoked “T cell-inflamed” status [41,42].
Ccl22 and Cd274 (PD-L1) induction also suggested that the activated
CD8 T cell induced regulatory mechanisms, which is affecting tumor
microenvironment [43,44]. Interestingly, most of the elevated gene
expressions induced by D35LNP0.5% i.t. treatment were canceled with
anti-CD8a antibody treatment, whereas Ifna6 gene expression remained
high after anti-CD8a antibody treatment (Fig. 3A; Ifna6, D35LNP
+ CD8AD vs. D35LNP). These results indicated that D35LNP0.5% i.t.
injection caused initial IFN-a expression in the tumor, and then induced
Thl-skewed immune-environment and CD8 T cell activation, which
finally resulted in tumor growth suppression.

We also examined TCR repertoire gene expression in the tumors of
both non-treated (n = 5) and D35LNP0.5%-treated groups (n = 5). The
expression of TCR Va6-5/6-7 and Val2 genes significantly increased in

tumors treated with D35LNP0.5% i.t. compared to that in the non-
treated group, while TCR repertoire gene expression in the spleen did
not change in both groups (Fig. 3B). These data supported that
D35LNP0.5% i.t. injection induced tumor-specific T cell responses in
tumors.

3.4. D35LNP0.5% intravenous injection showed anti-tumor effect

We also tested D35LNP intravenous (i.v.) treatment against sub-
cutaneous the MC38 tumor. Tumor growth was significantly suppressed
with D35LNP0.5% i.v. treatment, while neither D35 nor D35LNP3.0%
treatment was effective (Fig. 4A). Histological examinations showed no
apparent differences in CD8 T cells infiltration among these groups
(Fig. 4B). Although the level of gene expression was not as strong as
that with i.t. treatment (Fig. 3), the expression of Ifng, Cxcl9, and Stat4
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Fig. 3. Gene expression change at the tumor site with D35LNP0.5% intratumoral injection.
Tumor tissues (n = 4 or 5) of each group in Fig. 2C were evaluated for mRNA expression for several panels of genes by qRT-PCR method. (A) The panels includes
interferons (Ifna6, Ifnb1, Ifng), chemokines (Cxcl9, Cxcl10, Cxcl11, Cxcr3), tumor environment (Ccl22, Ctnnb1, Cd274(PD-L1))(C), Th1(Stat4, Tbx21 (Tbet))(D), Th2

(Stat6, Gata3), Th17 (116, I11b), and Treg (Stat5a, Tgfb1). Values are expressed as the mean

+

SEM of gene expression relative to GAPDH. *P < 0.05, **P < 0.01.

(B) TCR repertoire gene expression changes in the tumor and the spleen at day 21. Black bar indicates non-treated samples, and red bar indicates D35LNP treated

samples. *P < 0.05,

(all of them were Thl-related genes) significantly increased in the
D35LNP0.5% i.v. treated group (n = 4) compared to non-treated group
(n = 5) (Fig. 4C), which is consistent with the tumor-suppressive effect
(Fig. 4A). These results suggested that D35LNP0.5% i.v. treatment also
induced weak but substantial Thl skewed immune environment in
tumor site, as seen in i.t. treatment (Fig. 3). We also performed
D35LNP0.5% i.v. treatment with or without anti CD8a depletion anti-
body injection. The tumor suppressive effect by D35LNP0.5% i.v.
treatment was completely canceled by CD8 T cells depletion (Fig. 4D),
suggesting that D35LNP0.5% i.v. also effectively changed tumor im-
mune-environment and activated CD8 T cells to suppress tumor growth.

112

***P < 0.001. Statistical significance was calculated by Mann-Whitney U test.

3.5. Combination treatment with D35LNP0.5% and a PD-1-blocking
antibody

To investigate whether D35LNP0.5% exerts a combinational effect
with immune checkpoint inhibitors against MC38 tumors, MC38 sub-
cutaneous tumor bearing mice were treated with D35LNP0.5% i.t. and/
or PD-1 blocking antibody intraperitoneally (i.p.) 3 times a week be-
tween 8-20 days after tumor inoculation (Fig. 5A). The groups treated
with the PD-1 antibody (anti-PD-1 Ab) and the combination (Combi-
nation; D35LNP0.5% and anti-PD-1 antibody) showed significant
tumor-suppressive effect in both tumor volume (Fig. 5B; left panel) and
tumor weight (Fig. 5B; right panel) compared to the isotype antibody
control group (Isotype).
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Fig. 4. MC38 tumor growth was also suppressed with D35LNP0.5% intravenous treatment.

(A) Tumor growth curve. C57BL/6 mice were injected intredermally with MC38 tumor cells (1 x 10°). D35LNP was injected intravenously at days 9, 11, 13, 15 and
17. *P < 0.05. Statistical significance was calculated by one-way ANOVA with Bonferroni test. (B) Immuno-fluorescence staining of MC38 tumor for nuclei (DAP],
blue), CD31 (green), and CD8b (red). (C) mRNA expression of the same gene panels as Fig. 3A measured by qRT-PCR method. **P < 0.01. Statistical significance
was calculated by Mann-Whitney U test. (D) Tumor growth curve with or without CD8a antibody treatment. *P < 0.05. Statistical significance was calculated by

one-way ANOVA with Bonferroni test.
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We also investigated immune cell populations in tumors by flow
cytometry. The ratio of CD8/CD4 to CD8/Foxp3 in tumor-infiltrating T
cells significantly increased in the D35LNP0.5% treated group com-
pared to that in the Isotype group (Fig. 5C). Note that we could not
perform immune cell population analysis for the other two groups (anti-
PD-1 Ab and Combination), because the tumor samples were too small
to recover sufficient numbers of the immune cells.

To further investigate whether this combinational therapeutic effect
is affected by the administration route of D35LNP0.5%, we also treated
MC38 tumor bearing mice with D35LNP0.5% i.v. and/or PD-1 blocking
antibody i.p. using similar protocol as shown in Fig. 5A (3 times a week
between 7-19 days after tumor inoculation). The Combination showed
significant inhibitory effect on tumor growth compared to that in the
Isotype group (Fig. 6A). Although the difference in anti-tumor efficacy
between the anti-PD-1 Ab group and the Combination group was not
statistically significant (Fig. 6A), the Combination group showed more
consistent tumor-suppressive effect in individual mice (Fig. 6B). We
also analyzed tumor infiltrating immune cell populations in each group
by flow cytometry. The absolute count of CD8 T cells, and both CD8/

114

CD4 and CD8/Foxp3 ratio significantly increased in the Combination
group compared to Isotype and D35LNP groups (Fig. 6C). Regarding the
function of CD8 T cells, the Ki-67 positive population significantly in-
creased in the anti-PD-1 Ab group compared to that in the Isotype group
(p = 0.0126), and the IFNy-positive population significantly increased
in the Combination group compared to that in the Isotype group
(p = 0.0420). (Fig. 6C). While tumor-associated neutrophils (TANs)
significantly reduced in the Anti-PD-1 Ab and Combination groups
(both contain Anti-PD-1 Ab treatment), inflammatory monocytes (iM-
onocytes) significantly reduced in the D35LNP0.5% and Combination
groups (both contain D35LNP0.5% treatment). These results suggest
that the combination of D35LNP0.5% and PD-1 blockade improved
anti-tumor effect irrespective of the D35LNP0.5% administration route,
and either D35LNP0.5% or PD-1 blockade might have preferentially
inhibited different inhibitory myeloid cell populations such as iM-
onocytes or TANs, respectively (Fig. 6C).
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Fig. 6. Intravenous D35LNP0.5% and anti PD-1 antibody combination treatment.
(A) Tumor volume curves (left) and tumor weight 20 days after tumor cell inoculation (right) (Isotype Ab, n = 6; D35LNP0.5%, n = 7; Anti PD-1 Ab, n = 7;
Combination, n = 9). (Left: * Isotype vs. anti PD-1 p < 0.05; ** Isotype vs. Comb p < 0.01; Right: * Isotype vs. PD-1 only p = 0.0111, ** Isotype vs. Comb
p = 0.0014). (B) Tumor volume curves from each mouse in 4 different groups. (C) Immune cell populations were evaluated in each treatment group (*p < 0.05
**p < 0.01). Isotype vs. Comb (CD8 T: p = 0.0192, CD8 T/CD4 T ratio: p = 0.0431, CD8/Foxp3 ratio: p = 0.0129). D35LNP vs Comb (CD8 T: p = 0.0181, CD8 T/
CD4 T ratio: p = 0.0207, CD8/Foxp3 ratio: p = 0.0033). All statistical significances were calculated by one-way ANOVA with Tukey multiple comparison test.
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Fig. 7. Tissue distribution and liver toxicity after intravenous D35LNP administration.

(A) DiR fluorescence dye labeled D35LNP0.5% and D35LNP3.0% were administered intravenously. In 6 h later, biodistribution was evaluated by IVIS for the
indicated organs. (B) Quantified DiR signals in the indicated organs. (C) ALT and AST in the plasma were evaluated after single D35LNP intravenous administration.
**p < 0.01. Statistical significance was calculated by one-way ANOVA with Bonferroni test. (D) The liver histology after single D35LNP intravenous administration.
Scale bars; 50 um. (E) ALT and AST in the plasma after 5 times repeated D35LNP intravenous administrations. (F) The liver histology after 5 times repeated D35LNP

intravenous administrations. Scale bars; 50 pm.

3.6. Biodistribution and liver toxicity evaluation after D35LNP intravenous
administration

To assess the biodistribution, D35LNP, D35LNP0.5% and
D35LNP3.0% were labeled with DiR, a near infrared fluorescence dye.
At 6 h after intravenous injection, most DiR-labeled D35LNP0.5% and
D35LNP3.0% were observed in the reticuloendothelial system and or-
gans such as the liver, the lung, and the spleen (Fig. 7A and B). We also
observed DiR signal in tumor tissues, but it was weaker and lesser in
intensity than that of the kidney (Fig. 7B). These results suggested that
the overall organ distribution of D35LNP0.5% and D35LNP3.0% was
almost the same, and ~1.0% of D35LNP reached the tumor after i.v.
injection.
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Because the liver was the organ with highest D35LNP distribution,
we next examined liver toxicity after single or repeated (5 times every 2
days similar to the tumor treatment schedule) i.v. injection of
D35LNP0.5% and D35LNP3.0%. After single injection, no elevation in
AST and ALT was observed in the plasma compared to LPS, as the liver
damage-inducing positive control (Fig. 7C). Consistent with this result,
histological examination also showed no apparent liver damage with
D35LNP0.5% while the LPS group showed decreased glycogen deposi-
tion as shown by the white space reduction in hepatocytes and the
appearance of increased small round vacuoles in the cytosol (Fig. 7D).
Moreover, no liver damage was observed after repeated D35LNP i.v.
injection 5 times within 2 weeks (Fig. 7E and F). These results indicated
that the therapeutic schedule and dose of D35LNP i.v. injection did not
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induce apparent liver damage in mice.
4. Discussion

Among the 4 different types of CpG ODNs (including A, B, C and P),
Type-A CpG is one of the strongest IFN-a inducer, which has been
considered a good cytokine for cancer therapy [45,46], and one of the
weakest inflammatory IL-6 inducer which potentially promotes tumor
progression [47,48]. However, the use of Type-A CpG ODNs for cancer
treatment has been limited, because it is prone to degradation and
uncontrolled aggregation formation in vivo. To overcome this limita-
tion, we developed D35LNP. D35LNP induced high amount of IFN-a
secretion from human PBMC and mouse bone marrow cells (Fig. 1).
This IFN-a production was dependent on the presence of CpG motif in
D35 ODN sequence, and TLR9 mediated signaling in pDCs (Fig. 1C, E, F,
G). Optimal in vitro IFN-a production was achieved by 0.5% of 2k-PEG-
lipid incorporation, but 3% of 2k-PEG-lipid incorporation resulted in
very weak IFN-a production, suggesting that surface PEG modification
greatly influenced D35LNP’s activity (Fig. 1A and B).

According to these in vitro results, D35LNP0.5% but not
D35LNP3.0% showed anti-tumor effect in vivo. In the MC38 sub-
cutaneous tumor model, tumor growth suppression was dependent on
CD8 T cells, irrespective of the administration route of D35LNP0.5%
such as i.t. or i.v., suggesting that CD8" T cells work as a final anti-
tumor effector cells. T cell repertoire examination also supported that
D35LNP treatment induced tumor-specific T cells, which has a sig-
nificantly skewed TCR repertoire gene expression (such as Va6-5/6-7
and Val2) in the tumor, but not in the spleen (Fig. 3B). The other
immune-related tumor mRNA also changed with D35LNP0.5% treat-
ments. As expected, IFN-a response was induced by D35LNP0.5%
treatments. mRNA expression levels of interferons (Ifna6, Ifnb1, Ifng),
CD8 T cell recruitment chemokines and chemokine receptors (Cxcl9,
Cxcl10, Cxcll1, and Cxcr3), and Thl related genes (Stat4 and Tbx21)
were significantly increased, and their strong induction was associated
with tumor suppression after i.t. treatment (Fig. 3A). Similar results
were also seen after i.v. treatment (Fig. 4C). Although the expression of
these marker genes was higher with i.t. treatment, significant induction
of Ifng and Cxcl9 expression after i.v. treatment was associated with
tumor-suppressive D35LNP0.5% i.v. treatment but not with tumor non-
suppressive D35LNP3.0% i.v. treatment (Fig. 4C). These results sug-
gested that D35LNP treatment changed the tumor microenvironment
toward a Th1 and CD8 T cell-activated environment, irrespective of i.t.
or i.v. treatment. This Th1/CD8 T cell skewed tumor microenvironment
induced by D35LNP administration also enhanced anti-PD-1 antibody’s
therapeutic effect. D35LNP0.5% and anti-PD-1 antibody combination
treatment increased the number of CD8 T cell and IFN-y* CD8 T cells,
and the ratios of CD8/CD4 and CD8/Foxp3, and elicited more con-
sistent tumor growth suppression (Fig. 6). This suggests that
D35LNP0.5% accelerated anti-tumor immunity by inducing Th1/CD8
skewed tumor microenvironment, while anti-PD-1 antibody released
the brake on these T cells.

The exact mechanisms of the anti-tumor activity difference between
D35LNP0.5% and D35LNP3.0% need further examination. It has been
known that PEGylated lipid particles showed two different types of
phenomena; “PEG dilemma” [39] and “accelerated blood clearance
(ABC) phenomenon” [49]. Theoretically, it is possible that both phe-
nomena influence the difference between D35LNP0.5% and
D35LNP3.0%. “PEG dilemma” suggested that PEGylation amount de-
pendent inhibition of cellular uptake, and ABC phenomenon suggested
anti-PEG antibody induction dependent rapid clearance of PEGylated
lipid particles. Both would result in the biological activity reduction of
PEGylated lipid particles in vivo via intravenous administration route.
However, when D35LNP was directly injected into tumor, and
D35LNP0.5% was more effective than D35LNP3.0% (Fig. 2B). In this
case, we may exclude the possibility of ABC phenomenon involvement
in the anti-tumor effect reduction of D35LNP3.0%, and PEG dilemma
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would be the main reason for the difference of the anti-tumor activity
between D35LNP0.5% and D35LNP3.0%.

Although our results clearly showed that D35LNP injection acti-
vated anti-tumor immunity in the host, the detailed cellular mechanism
in vivo is still not fully elucidated. The key role of pDC in IFN-a in-
duction by D35LNP stimulation in vitro (Fig. 1F and G) strongly sug-
gested that pDC activation by D35LNP should be important in vivo. It
has been reported that CpG-activated pDC administration in tumor in-
duced antitumor effect through pDC-NK-cDC-CD8T cell activation
where pDC produced CCL3/4/5 and NK cell expressed CCR5 [50].
Another report showed that activated NK cells produced CCL5 and
XCL1, and both chemokines were involved in ¢DC1 recruitment [51]. In
another report, activated CD8 T cells have been shown to secrete XCL1
and CCL3/4 to recruit XCR1" ¢DC1 and CCR5 " pDCs, respectively, and
to make clusters of CD8 T/pDC/cDC1 for efficient CD8 T cell priming
[52]. Tumor residing cDC1 cells also produced CXCL9/CXCL10 to re-
cruit CXCR3™ cells [53]. Summarily, these reports suggested that
D35LNP-mediated pDC activation provoked these redundant chemo-
kine networks to form NK/pDC/cDC1 clusters for initiating efficient
anti-tumor cell responses.

Our created D35LNP showed anti-tumor effect both in i.t. and in i.v.
administration routes. This is different from other reported CpG based
immune stimulators for cancer immunotherapy, in which only i.t. or s.c.
was evaluated [25,54-57]. Although a very small amount of i.v.-ad-
ministered D35LNP reached the tumor site (Fig. 7A and B), tumor
growth suppression with D35LNP i.v. treatment was dependent on CD8
T cells, which was the same with i.t. administration. Based on these
facts, we speculated that i.t. and i.v. treatment of D35LNP shared par-
tially similar mechanism of actions. However, expression of Treg-re-
lated genes such as Stat5 and Tgfbl increased after i.t. administration
(Fig. 3G), but decreased after i.v. administration (Fig. 4C), suggesting
that i.v. administration of D35LNP may invoke additional or different
systemic actions, and this possibility requires examination in future
experiments.

After i.v. treatment, majority of D35LNP accumulated in the re-
ticuloendothelial system (liver, lung, and spleen), which has been
known to capture other particulate drugs such as liposomes. Even with
high accumulation in the liver, we could not detect any abnormal ALT
and AST elevation after D35LNP i.v. administration (Fig. 7C and E).
Although the exact reason for this low liver toxicity by D35LNP requires
examination in future experiments, natural phosphodiester backbone of
D35 may contribute to high safety profile of D35LNP.

Through these developmental processes in this study, we consider
that D35LNP0.5% is one of the optimized formulations of D35 for
cancer therapy without liver toxicity. Notably, original lipid free D35
did not show any therapeutic effect on cancer in vivo (Fig. 2A and A).
Currently, no other CpG-based immunostimulator that can be ad-
ministered systemically has been reported. Our developed D35LNP
formulation suppressed tumor growth after administration through not
only i.t. but also with i.v. routes. Combination with anti-PD-1 antibody
induced more consistent tumor suppression. Summarily, D35LNP is a
promising immunostimulator for future cancer therapy, which can be
combined with a variety of other approaches such as chemotherapy and
radiation to improve its therapeutic efficacy [58,59].
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