
BASIC SCIENCE

Nanomedicine: Nanotechnology, Biology, and Medicine
37 (2021) 102415
Original Article

Therapeutic efficacy of cancer vaccine adjuvanted with nanoemulsion
loaded with TLR7/8 agonist in lung cancer model

Jiae Koh, PhDa,d,1, Sohyun Kim, BSb,1, Sang Nam Lee, BSb, Sun-Young Kim, PhDb,
Jung-Eun Kim, MSb, Kyoung Young Lee, MSd, Mi Soon Kim, BSd, Jae Yeong Heo, MSd,

Young Mee Park, MSd, Bo Mi Ku, PhDd, Jong-Mu Sun, MD, PhDc,
Se-Hoon Lee, MD, Ph.Da,c, Jin Seok Ahn, MD, PhDc, Keunchil Park, MD, PhDc,

Siyoung Yang, PhDe, Sang-Jun Ha, PhDf, Yong Taik Lim, PhDb,⁎,
Myung-Ju Ahn, MD, PhDa,c,⁎⁎

aDepartment of Health Science and Technology, SAIHST, Sungkyunkwan University, Seoul, Republic of Korea
bSKKU Advanced Institute of Nanotechnology (SAINT), Department of Nano Engineering, School of Chemical Engineering, Sungkyunkwan University,

Suwon, Gyeonggi-do, Republic of Korea
cDivision of Hematology-Oncology, Department of Medicine, Samsung Medical Center, Sungkyunkwan University of Medicine, Seoul, Republic of Korea

dResearch Institute for Future Medicine, Samsung Medical Center, Sungkyunkwan University of Medicine, Seoul, Republic of Korea
eDepartment of Pharmacology, Ajou University College of Medicine, Suwon, Republic of Korea

fDepartment of Biochemistry, College of Life Science & Biotechnology, Yonsei University, Seoul, Republic of Korea

Revised 18 May 2021

nanomedjournal.com
Abstract

Although immune checkpoint inhibitors have significantly improved clinical outcomes in various malignant cancers, only a small
proportion of patients reap benefits, likely due to the low number of T cells and high number of immunosuppressive cells in the tumor
microenvironment (TME) of patients with advanced disease. We developed a cancer vaccine adjuvanted with nanoemulsion (NE) loaded
with TLR7/8 agonist (R848) and analyzed its therapeutic effect alone or in combination with immune checkpoint inhibitors, on antitumor
immune responses and the reprogramming of suppressive immune cells in the TME. NE (R848) demonstrated robust local and systemic
antitumor immune responses in both subcutaneous and orthotopic mouse lung cancer models, inducing tumor-specific T cell activation and
mitigating T cell exhaustion. Combination with anti-PD-1 antibodies showed synergistic effects with respect to therapeutic efficacy and
survival rate. Thus, NE (R848)-based cancer vaccines could prevent tumor recurrence and prolong survival by activating antitumor immunity
and reprogramming immunosuppression.
© 2021 Elsevier Inc. All rights reserved.
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Cancer immunotherapy, which encompasses cancer vaccines,
immune checkpoint inhibitors, and adoptive cell therapy, is an
effective therapeutic approach for treating various malignant
tumors.1,2 Cancer vaccines comprise peptide vaccines, vector-
based antigen-specific vaccines, dendritic cell (DC) vaccines,
and whole-cell vaccines, which deliver antigenic epitopes or
entire antigens to patients and induce tumor-specific T cells that
target cancer cells.1 ,3 Thus, vaccine-based therapy may be one
of the most efficient approaches to induce infiltration of T cells
across a tumor.4 However, several studies have shown that tumor
and immune suppressive cells interfere with the infiltrating
therapeutic immune cells such as antigen-presenting cells
(APCs) and T cells, leading to diminished cancer vaccine
efficacy. In the tumor microenvironment (TME) of solid tumors,
suppressive immune cells such as myeloid-derived suppressor
cells (MDSCs) and tumor-associated macrophages (TAMs) are
abundant.5 ,6 Moreover, because of the suppressive nature of
TME, T cells express high levels of exhaustion markers,
including programmed death (PD)-1, CD39, and CD73.
Similarly, tumor-infiltrated CD8+ T cells exhibit exhaustion
markers such as high CD39 and CD73 expression, reducing
tumor necrosis factor (TNF)-α and interleukin (IL)-2 expression
and inhibiting interferon (IFN)-γ production.7–9 One class of
major suppressive immune cells in tumors and circulating blood
is MDSCs, which are immature myeloid cells. MDSCs suppress
T cell activity and proliferation by releasing molecules such as
arginase I, and inducible nitric oxide synthase (iNOS), and anti-
inflammatory cytokines, including transforming growth factor
(TGF)-β and IL-10, and these cells differentiate into mature
myeloid cells or TAMs.10–12 MDSCs promote primary tumor
progression and metastasis by aiding the spread and formation of
tumor cells in other organs.13,14 TAMs are highly plastic cells
that can display on pro-inflammatory (M1) and anti-inflamma-
tory (M2) phenotypes.15–17

The PD-1 and PD-ligand 1 (PD-L1) pathways also play an
important role in the TME, which hinders T cell activity.18

Effector T cells in the tumor may become exhausted owing to the
chronic inflammatory environment consisting of high PD-1,
TIM3, or LAG-3.19 ,20 With recent clinical successes, the
application of immune checkpoint inhibitors of the PD-1/PD-
L1 interaction has emerged as a new therapeutic approach, which
has become an effective standard therapy for several advanced
cancers, including lung cancer. However, studies have shown
that only a small percentage of patients showed robust clinical
benefits.21–23 Particularly, the therapeutic efficacy of immune
checkpoint inhibitors is very limited when few antigen-specific T
cells and many immune suppressive cells are present. Conceiv-
ably, a combination of vaccine therapy that can boost the number
of antigen-specific T cells with immune checkpoint inhibitors
may synergistically induce antitumor immune responses by
overcoming the suppressive TME.24 Comparative studies have
shown that a combination of cancer vaccines and immune
checkpoint inhibitors is more effective than monotherapy for
eliminating tumors.25

In this study, we evaluated the therapeutic efficacy of cancer
vaccines adjuvanted with NE (R848) in subcutaneous and
orthotopic mouse lung cancer models and analyzed both local
and systemic antitumor effects when combined with anti-PD-1.
We adopted R848 as a TLR7/8 agonist in nanoemulsion to
induce robust cell-mediated immune responses and to reprogram
immunosuppressive TMEs.26 The antitumor effects and cell-
mediated immune responses induced by a cancer vaccine
adjuvanted with NE (R848) were studied by analyzing T cell
proliferation and profiling suppressive immune cells, including
MDSCs, TAMs, and Treg cells in tumors, lymph nodes, and the
spleen.
Methods

Cell culture and animals

The ASB-XIV murine lung carcinoma cell line was
purchased from Cell Lines Service (CLS, Eppelheim, Germany).
ASB-XIV cells were maintained in Dulbecco's modified Eagle's
medium with 10% fetal bovine serum (Gibco, Waltham, MA,
USA), 100 U/mL penicillin, and 100 μg/mL streptomycin
(Gibco) at 37 °C with 5% CO2. BALB/c mice (7 weeks old,
female) were purchased from Orient Bio, Inc. (Seongnam,
Republic of Korea). All procedures were performed in
accordance with the Guide for the Care and Use of Laboratory
Animals of the Institutional Animal Care and Use Committee
(IACUC) of the Samsung Medical Center, Sungkyunkwan
University School of Medicine. The animal experimental
protocol was approved by the IACUC of the Samsung Medical
Center, Sungkyunkwan University School of Medicine
(SKKUIACUC2020-09-02-001).

Fabrication and characterization of NE (R848)

NE was manufactured by tip sonication of 5% squalene, 0.5%
Tween 80, and 0.5% Span 80 in phosphate-buffered saline
(PBS). NE (R848) was characterized by zeta potential and
particle size analysis, UV–visible spectrophotometry, and
transmission electron microscopy (TEM) (details described in
the Supplementary Material).

In vitro splenocyte proliferation and activation assays

For the splenocyte proliferation assay, splenocytes (2 × 104)
were incubated with the indicated concentrations of NE, free
R848, and NE (R848) for 24 h, and analyzed using a WST-1 cell
proliferation assay kit (Roche, Mannheim, Germany). For the
splenocyte activation assay, splenocytes (1 × 106) were incu-
bated with 50 ng/mL of NE, free R848, and NE (R848) for 24 h
(details described in the Supplementary Material).

In vitro macrophage polarization assay

To assess the polarization of macrophages, M2 macrophages
were incubated with NE, free R848, or NE (R848) for 24 h. The
cell surface markers and cytokines secreted by M1 and M2
macrophages were evaluated (details described in the Supple-
mentary Material).

In vitro MDSC polarization assay

To assess the polarization of MDSCs to APCs, purified
MDSCs were incubated with 50 ng/mL of NE, free R848, or NE
(R848) for 24 h. Cell surface markers and cytokines secreted by
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tumoricidal APCs were measured (details described in the
Supplementary Material).

Vaccination

For vaccination, 50 μL of PBS was used as a control, 10 μg
ASB-XIV cancer cell lysate as tumor lysate (TL), NE (R848
25 μg) as NE (R848), and NE (R848 25 μg) + 10 μg ASB-XIV
cancer cell lysate as NE (R848)/TL; 50 μL of PBS was used a
control, NE (R848 25 μg) + 10 μg ASB-XIV cancer cell lysate
as NE (R848)/TL, 100 μg anti-PD-1 (Clone: RMP1–14;
BioXcell, Lebanon, NH, USA) alone, and NE (R848)/TL +
anti-PD1 as combination were injected as previously described
(details described in the Supplementary Material).27

Flow cytometry analysis

Single-cell suspensions from each organ were stained with
the appropriate antibodies for 30 min and washed twice with
PBS containing 1% fetal bovine serum (Supplementary Table 1;
details described in the Supplementary Material).

Statistical analysis

All data presented in this study were obtained in triplicate for
each experimental condition and are expressed as the mean ±
standard deviation. Data were analyzed using an unpaired two-
tailed Student's t test and one-way analysis of variance
(ANOVA). Survival curves were obtained using the Kaplan–
Meier method and comparisons were made using the log-rank
(Mantel–Cox) test. All statistical analyses were performed using
GraphPad Prism 5 (GraphPad, La Jolla, CA, USA). Statistical
significance was set at P < 0.05.
Results

Multifunctional immunomodulatory effects of NE (R848) in
vitro: T cell activations and polarization of immunosuppressive
cells into immunostimulatory APCs

The multifunctional immunomodulatory effect of NE (R848)-
based cancer vaccines stimulates immune responses and
ameliorates immune suppression of the TME. NE denotes a
squalene-based oil-in-water emulsion comprising 5% Span 85
and 5% Tween 80 surfactants to stabilize its structure. Briefly,
NE (R848) was synthesized by dispersing R848 in squalene NE
using oleic acid (CH3(CH2)7CH=CH(CH2)7COOH), a fatty acid
classified as monounsaturated omega 9 and a weak acid.28 As
R848 is a weak base because of the presence of a primary amine
group in the quinoline moiety, it can be dissolved in oleic acid by
a weak acid–base reaction and is well dispersed in squalene
(Figure 1, A). The size, zeta potential, and polydispersity index
of NE and NE (R848) measured by dynamic light scattering and
an electrophoretic light-scattering photometer (Otsuka Electron-
ics, Osaka, Japan) are shown in Table 1 (Figure 1, B). Based on a
TEM image, NE (R848) consists of spherical nanoparticles with
an average diameter of 178.5 ± 19.4 nm (Figure 1, C). The
amount of R848 released from NE (R848) was measured in vitro
and analyzed using a UV–visible spectrophotometer. The release
of R848 from NE (R848) was sustained over time (approxi-
mately 70% of R848 was released from NE (R848) after 24 h)
compared with that of free R848 (Figure 1, D). To confirm
whether NE (R848) could reduce systemic toxicity, we measured
the amount of IL-6 in serum from free R848 or NE (R848)-
treated mice after a single injection. The systemic level of IL-6 in
the NE (R848)-treated group was lower than that in the free
R848-treated group. Therefore, the nanoemulsion-loaded imida-
zoquinoline TLR 7/8 agonist could be assumed to reduce
systemic toxicity by the sustained release of free TLR 7/8 agonist
(Supplementary Figure 1).

As the quality and the quantity of T cells are important for
effective cancer immunotherapy, we sought to assess whether
NE (R848) can directly influence the proliferation and activation
of T cells. Splenocytes were incubated with the indicated
concentrations of NE, free R848, and NE (R848) for 24 h. The
splenocyte proliferation assay indicated that free R848 and NE
(R848) treatment increased splenocyte proliferation in a
concentration-dependent manner under 50 ng/mL (Figure 2,
A). The expression level of CD69 and the secretion of IFN-γ
from splenocytes were significantly higher in the NE (R848)-
treated group than in the NE- or free R848-treated groups (Figure
2, B, C). These results suggest that NE (R848) induces the
proliferation and activation of T cells more effectively than free
R848.

TAMs and MDSCs are immunosuppressive myeloid cells in
the TME that promote tumor growth; hence, their modulation is
essential for effective cancer immunotherapy.29–32 MDSCs
promote tumor growth by suppressing T and NK cells and by
inducing suppressive immune cells, such as Treg cells.10 Based
on a recent study, a TLR7/8 agonist differentiates TAMs and
MDSCs into APCs; therefore, we evaluated whether NE (R848)
could differentiate TAMs and MDSCs into APCs.30–33 TAMs
are categorized into two phenotypes modulated by signals in the
TME; M1 macrophages can eradicate tumors, and M2
macrophages can promote tumor growth.34,35 First, we assessed
the polarization of M2 into M1 macrophages after the indicated
treatments for 24 h. NE (R848)-treated macrophages demon-
strated significant upregulation of CD40 expression and
increased secretion of pro-inflammatory cytokines (TNF-α and
IL-6), whereas the number of M2 macrophages expressing
CD206 decreased (Figure 2, D, E). We also investigated the
effects of NE (R848) on the polarization of MDSCs into APCs.
When isolated MDSCs were incubated with NE, free R848, and
NE (R848) for 24 h, the surface markers associated with DCs
(CD11c+), macrophages (F4/80+), and pro-inflammatory cyto-
kines (IL-12 and IL-6) were significantly enhanced in the NE
(R848)-treated group (Figure 2, F, G). These results suggest that
NE (R848) is effective in polarizing TAMs and MDSCs into
APCs.

Intratumoral NE (R848) vaccination delays the growth of
tumors and increases the overall survival of ASB-XIV tumor-
bearing mice

To evaluate the efficacy of the NE (R848) cancer vaccine
with or without tumor antigen in a lung cancer model, we
subcutaneously injected 2 × 105 ASB-XIV cells into BALB/c
mice. When the tumor volume reached 50 mm3, we vaccinated



Figure 1. Physicochemical properties of nanoemulsion (NE) loaded with a TLR 7/8 agonist (R848) (NE [R848]). (A) Schematic diagram of NE (R848) synthesis.
(B) Size distribution of NE and NE (R848). (C) Transmission electron microscopy (TEM) images of NE (R848). Scale bar = 200 nm. (D) In vitro cumulative
release profile of R848 from NE (R848). R848 release from NE (R848) was measured by dialysis in PBS at each time point.
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the mice intratumorally with TL, NE (R848), or NE (R848)/TL
four times (on days 12, 15, 18, and 22). Notably, the NE
(R848)/TL group showed significant inhibition of tumor
growth compared with the TL and NE (R848) only group
and exhibited complete tumor regression (Supplementary
Figure 2). Furthermore, we assessed the tumor antigen-
specific T cell response by isolating splenocytes and
restimulating with ASB-XIV TL. The level of IFN-γ in the
NE (R848)/TL-treated group was remarkably higher than that
in the other groups (Supplementary Figure 3), confirming that
NE (R848) vaccine with tumor antigen induced synergistic
antitumor effects by triggering a tumor antigen-specific T cell
response.

To evaluate the efficacy of the NE (R848) cancer vaccine in a
mouse lung cancer model, we subcutaneously injected 2 × 105

ASB-XIV cells into BALB/c mice. When the tumor volume
reached 50 mm3, we vaccinated the mice intratumorally with NE
Table 1
Physicochemical characteristics of NE and NE (R848).

Size (nm) Zeta potential (mV) PDI

NE 211.3 ± 21.6 −13.33 ± 3.51 0.174
NE (R848) 178.5 ± 19.4 −17.67 ± 2.51 0.196

NE, nanoemulsion; NE (R848), nanoemulsion loaded with a TLR7/8 agonist
(R848); PDI, polydispersity index.
(R848)/TL four times (on days 12, 15, 18, and 22) after tumor
inoculation and injected 100 μg of anti-PD-1 mAb intraperito-
neally (Figure 3, A). Compared with the control and anti-PD-1-
treated groups, the NE (R848)/TL vaccine and combination
groups showed significant tumor reduction on day 28 after tumor
inoculation (PANOVA = 0.0001; Figure 3, B, C). When the tumor
volumes were measured, a synergistic effect was exhibited by the
combination therapy compared with that by the anti-PD-1 (P =
0.0002)- or NE (R848)/TL vaccine-treated (P = 0.06) groups.
Furthermore, survival was significantly prolonged in the NE
(R848)/TL-vaccinated and combination groups compared with
that in the control or anti-PD-1-treated groups (P = 0.001;
Figure 3, D). The combination group showed more prominent
effects than the NE (R848)/TL vaccine alone-treated group (P =
0.05). Moreover, all mice in the control and anti-PD-1 groups
showed tumor progression, whereas tumor-free survival was
observed in four out of nine mice in both the NE (R848)/TL and
combination groups (Figure 3, E). To further determine whether
NE (R848) vaccination combined with anti-PD-1 induced a
systemic immune memory response in a subcutaneous mouse
lung cancer model, we reinjected 1 × 105 ASB-XIV lung cancer
cells in mice (n = 13) that completely recovered from the
primary tumor challenge. Thirty days after the initial tumor
inoculation, the experimental group showed significant inhibi-
tion of tumor growth compared with the control group (n = 13;
Figure 3, F). The combination group was mostly tumor-free (12
out of 13 mice) after the tumor rechallenge, whereas all mice in
the control group showed continuous tumor growth (Figure 3,

Image of Figure 1


Figure 2. NE (R848) activates splenocytes and converts immunosuppressive TAMs and MDSCs into tumoricidal antigen-presenting cells (APCs). (A) In vitro
splenocyte proliferation assay. (B) CD69 expression as a T cell activation marker on CD3 T cells. (C) IFN-γ secretion as T cell activation from splenocyte. (D)
CD206 and CD40 expression on TAM. (E) Secretion of proinflammatory cytokines (TNF-α and IL-6) by TAM. (F) Expression of DC (CD11c) and
macrophage-associated (F4/80) markers. (G) Secretion of proinflammatory cytokines (IL-12 and IL-6) by tumoricidal APCs. *P < 0.05, **P < 0.01,
***P < 0.001.
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G). These results indicate that intratumoral NE (R848)/TL
vaccination combined with anti-PD-1 generates a systemic
memory immune response and triggers adaptive immunity.

Intratumoral NE (R848) vaccination increases the number of
infiltrated immune cells and reduces that of suppressive immune
cells in the TME

To investigate the underlying immunological mechanisms of
the antitumor effects of NE (R848)-based cancer vaccines and to
characterize the infiltration of immune cells, we harvested the
tumor, spleen, and lymph nodes 1 day after the last vaccination.
A representative flow cytometer gating strategy is shown in
Supplementary Figure 4. We first profiled the immune cells in
the lymph nodes and found that the frequency of CD8+ T cells
was higher in the NE (R848)/TL and combination groups than in
the control and anti-PD-1 groups (PANOVA = 0.05; Figure 4, A,
B). CD39 and CD73 are highly expressed in exhausted T cells,
which define poor effector function and reduce the production of
TNF-α and the expression level of coinhibitory receptors.7–9 PD-
1 expression is an established T cell exhaustion marker.36 ,37

Therefore, we analyzed T cell exhaustion markers, including PD-
1 and CD39, on CD8+ T cells. We found that PD-1 expression
level on CD8+ T cells was lower in the combination group than
in the control, anti-PD-1, and NE (R848)/TL groups, indicating
that the combination group showed less exhausted T cell
infiltration in the lymph nodes. Moreover, Treg cell frequency
was lower in the combination group than in the only NE (R848)/

Image of Figure 2


Figure 3. Efficacy of NE (R848) vaccine in a subcutaneous mouse lung cancer model. (A) Schematic representation of the NE (R848) vaccination protocol. (B)
Tumor volumes (mm3) measured on day 28 for control (n = 8), anti-PD-1 (n = 9), NE (R848)/TL (n = 9), and NE (R848)/TL + anti-PD-1 (n = 9) treated
groups. (C) Tumor volumes (mm3) measured every 2-3 days. (D) Overall survival of each group of mice by Kaplan–Meier curves. (E) Tumor volumes (mm3)
for each group of mice. (F) Tumor volume (mm3) measured on day 28 after ASB-XIV tumor rechallenge for the control (n = 13) and NE (R848)/TL + anti-PD-
1 treated groups (n = 13). (G) Individual growth curve of the reinoculated tumors in the tumor rechallenge study. *P < 0.05, **P < 0.01, ***P < 0.001.
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TL-treated group (PANOVA = 0.04). We also evaluated suppres-
sive immune cells in tumors, including Gr-1+, Ly6G+, and
Ly6C+ cells, which are the surface markers present in MDSCs,
and CD206 expression on CD11b+ and F4/80+ cells, which are
known as M2 macrophages. Ly6G+ cell frequency was lower in
the NE (R848)/TL and combination groups than in the control
and anti-PD-1 groups (PANOVA = 0.0003). CD206 expression
level in CD11b+ and F4/80+ cells was also lower in the NE
(R848)/TL and combination groups (PANOVA = 0.002) than in
the control and anti-PD-1 alone groups (Figure 4, C).
Furthermore, the combination group showed a higher frequency
of CD3+ T cells than the NE (R848)/TL alone group (P = 0.04;

Image of Figure 3


Figure 4. Immune cell profiling after NE (R848) vaccination. (A) Representative flow cytometry analysis images of CD3+CD8+ T cells for the control, anti-PD-
1, NE (R848)/TL, and NE (R848)/TL + anti-PD-1 treated groups in lymph node (n = 7). (B) Frequency of CD3+CD8+ T cells in the lymph node. (C) PD-1+

CD8+ T cell population, Treg cells, Ly6G+CD11b+ cells as a marker for MDSC, and CD206+ on CD11b+F4/80+ cells as TAM markers in the lymph node. (D)
Tumor infiltrated CD3+ T cells frequencies in % (n = 6). (E) Expression of the T cell exhaustion markers, PD-1 and CD39 on CD8+ T cells. (F) Expression of
Gr-1+, Ly6G+, and Ly6C+ cells as MDSC markers, and CD206 expression on CD11b+F4/80+ cells as TAM markers at the tumor site. (G) Expression of the T
cell exhaustion marker CD39 on CD8+ T cells, Gr-1+ cells as MDSCmarkers, and CD206 expression on CD11b+F4/80+ cells as M2 macrophage markers in the
spleen. *P < 0.05, **P < 0.01, ***P < 0.001.
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Image of Figure 4
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Figure 4, D). Moreover, PD-1 (PANOVA = 0.001) and CD39
expression levels on CD8+ T cells (PANOVA = 0.004) in tumors
were relatively lower in the NE (R848)/TL and combination
groups than in the control and anti-PD-1 groups (Figure 4, E).
Consistent with our observations in the lymph node, MDSC
frequency (PGr-1 = 0.02, PLy6G = 0.03, and PLy6C = 0.006) and
CD206 expression level in the CD11b+F4/80+ population of M2
macrophages (P = 0.004) in tumors were also low in the NE
(R848)/TL alone and combination groups (Figure 4, F). Similar
to the flow cytometry analysis, intratumoral CD3+ T cells were
higher, whereas Gr-1+ cells were lower in the NE (R848)/TL and
combination groups than in the control and anti-PD-1-treated
groups, as confirmed by immunohistochemistry (Supplementary
Figure 5). Furthermore, CD39 expression level on CD8+ T cells
in the spleen (PANOVA = 0.01) was low in the mice treated with
NE (R848)/TL or the combination therapy. Gr-1 (P = 0.005) and
CD206 (P = 0.04) expression levels on CD11b+F4/80+ cells in
the spleen were also low in the NE (R848)/TL and combination
groups (Figure 4, G). These results suggest that intratumorally
injected NE (R848) induces a tumor-specific cytotoxic T cell
response and reprograms the immunosuppressive TME. These
effects were highly prominent when the NE (R848)-based cancer
vaccine was combined with an immune checkpoint inhibitor.

Effects of initial tumor burden on the therapeutic efficacy of NE
(R848) vaccination

To evaluate the efficacy of NE (R848) vaccination according
to tumor burden, we vaccinated mice with different initial tumor
sizes. First, we increased the initial inoculum of ASB-XIV cells
to 5 × 105, which elicited more rapid tumor growth than the
initial inoculation of 2 × 105 cells. When the tumor size reached
50 mm3, we vaccinated each group of mice four times (on days
9, 12, 15, and 19; Figure 5, A). As expected, the NE (R848)/TL
and combination groups showed significantly lower tumor
volumes than the other groups, although the anti-PD-1 group
also exhibited some antitumor effects compared with the control
group on day 26 (PANOVA < 0.0001; Figure 5, B, C). Overall
survival in the NE (R848)/TL and anti-PD-1 combination group
was also greater than that in the NE (R848)/TL (P = 0.07) or
anti-PD-1 group (P = 0.02). The median survival was signifi-
cantly longer in the NE (R848)/TL and combination groups than
in the control or anti-PD-1 treated groups (Figure 5, D). In the
combination group, three out of seven mice showed complete
remission. The NE (R848)/TL and anti-PD-1 treated groups had
one tumor-free mouse out of seven, whereas all the control mice
showed tumor progression (Figure 5, E). Thus, NE (R848)
combined with anti-PD-1 immunotherapy exerted a potent
antitumor effect even when the initial inoculation cell number
was high and caused rapid tumor growth.

To further evaluate the effect of the NE (R848) vaccine
combined with anti-PD-1 on more advanced tumors, we allowed
the tumor to grow continuously before the initial vaccination.
After inoculation of 5 × 105 ASB-XIV cells, when the tumor
volume reached 150-200 mm3, we started vaccination on days
19, 22, 26, and 30 after the tumor cell injection (Figure 5, F).
Although most of the mice showed tumor progression, it was
delayed in the combination group (PANOVA = 0.0003). The
combination group showed significantly slower progression than
the NE (R848)/TL-treated group (P = 0.02; Figure 5, G, H).
Moreover, the overall survival time (P = 0.006) was prolonged
in the combination group (Figure 5, I). In the combination
therapy group, tumors were eliminated in one out of seven mice
(Figure 5, J). Although most of the groups showed transient
tumor progression but short overall survival when the initial
volume of the tumor was greater than 150 mm3, only the NE
(R848)/TL vaccination and anti-PD-1 combination treatments
prolonged overall survival and delayed tumor progression.

Subcutaneous NE (R848) vaccination elicits antitumor immunity
and prevents tumor growth in an orthotopic lung cancer model

To test the systemic effect of the NE (R848) vaccine, we
established an orthotopic lung cancer model in syngeneic BALB/
c mice using ASB-XIV cells. We injected 5 × 104 ASB-XIV
cells into the tail vein to develop tumor nodules in both lungs and
vaccinated the mice subcutaneously close to the axillary lymph
node with PBS, anti-PD-1, NE (R848)/TL, or a combination of
NE (R848)/TL and anti-PD-1 four times (on days 1, 4, 7, and 11)
after tumor inoculation (Figure 6, A). Compared with the control
and anti-PD-1-treated groups, the NE (R848) and combination
groups survived longer (P = 0.0001; Figure 6, B). Further, we
examined nodule formation in both lungs in each group after
vaccination on week 5 after tumor inoculation. The combination
group showed fewer tumor nodules (P = 0.01) than the control
group (Figure 6, C, D). MRI demonstrated a marked reduction in
tumor size or complete elimination of tumors in the mice treated
with NE (R848) alone or in combination with anti-PD-1 (Figure
6, E). To analyze the infiltrated immune cells in the lungs and
lymph nodes, we isolated single cells from both organs.
Representative flow cytometry analysis of CD8+ T cells in the
lymph nodes is shown in Figure 6, F. Consistent with that of the
subcutaneous mouse model, the frequency of CD8+ T cells was
higher in the lymph nodes of the vaccinated groups than in those
of the control and anti-PD-1 groups. The NE (R848)/TL and
combination groups showed a synergistic effect with respect to
NE (R848)/TL (P < 0.0001) or anti-PD-1 groups (P = 0.009;
Figure 6, G). Moreover, CD39 expression level in CD8+ T cells
was significantly low in the NE (R848)/TL and combination
groups (P = 0.02). CD206 expression level on CD11b+F4/80+

cells was also low in the NE (R848)/TL and combination groups
(PANOVA < 0.0001; Figure 6, G). In the spleen, expression
levels of CD39 and CD73 in CD8+ T cells (PANOVA < 0.0001)
and that of CD206 on CD11b+F4/80+ (PANOVA = 0.001) were
low in the NE (R848)/TL and combination groups (Figure 6, H).
Discussion

In this study, we demonstrated both local and systemic
antitumor effects of the NE (R848)-adjuvanted cancer vaccine
alone and in combination with anti-PD-1 in subcutaneous and
orthotopic mouse lung cancer models. Furthermore, we revealed
the underlying mechanisms of antitumor activity of a cancer
vaccine adjuvanted with NE (R848), which reprograms the TME
by converting MDSCs into mature myeloid cells and M2
macrophages into M1 macrophages. These findings were



Figure 5. Efficacy of NE (R848) vaccine depending on initial tumor size. (A) Schematic representation of the NE (R848) vaccination protocol for small size lung
cancer model. (B) Tumor volumes (mm3) measured on day 26 for the control, anti-PD-1, NE (R848)/TL, and NE (R848)/TL + anti-PD-1 treated groups. (C)
Tumor volumes (mm3) measured every 2-3 days (n = 7). (D) Overall survival of each mouse group by Kaplan–Meier curves. (E) Tumor volumes (mm3) for
each group of mice. (F) Schematic representation of the NE (R848) vaccination protocol for large size lung cancer model. (G) Tumor volumes (mm3) measured
on day 28 for the control (n = 6), anti-PD-1 (n = 5), NE (R848)/TL (n = 6), and NE (R848)/TL + anti-PD-1 (n = 7) treated groups. (H) Tumor volumes (mm3)
measured every 2-3 days. (I) Overall survival of each mice group by Kaplan–Meier curves (J) Tumor volumes (mm3) measured by each group of mice.
*P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. Efficacy of NE (R848) vaccine in an orthotopic mouse lung model. (A) Schematic representation of the NE (R848) vaccination protocol. (B) Overall
survival of each mouse group by Kaplan–Meier curves (n = 14). (C) India ink staining of lung tumor from the mice treated with PBS, anti-PD-1, NE (R848)/TL,
and NE (R848)/TL + anti-PD-1 (n = 3) on week 5 after tumor inoculation. (D) Quantification of lung tumor nodules from both lungs. (E) Representative of
coronal MRI sections of lungs from each mouse group (n = 5) taken on week 5 of the initial tumor inoculation. (F) Representative flow cytometry analysis
images of CD3+CD8+ T cells for the control, anti-PD-1, NE (R848)/TL, and NE (R848)/TL + anti-PD-1 treated groups in lymph nodes. (G) Frequency of
CD3+CD8+ T cells in the lymph node, CD39+ CD8+ T cells, and the frequency of CD206 expression on CD11b+F4/80+ cells as TAMmarkers in the lymph node
(n = 6). (H) Expression of T cell exhaustion markers CD39 or CD73 on CD8+ T cells, and CD206 expression on CD11b+F4/80+ cells as TAM markers in the
spleen. *P < 0.05, **P < 0.01, ***P < 0.001.
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confirmed by the finding that the NE (R848)-treated mouse
group had exhibited reduced infiltration of suppressive immune
cells, including MDSCs, M2 macrophages, and Treg cells; CD3-
+and CD8+ T cells were mainly recruited at the tumor site. We
also found that T cell exhaustion markers such as PD-1, CD39,
and CD73 expressed on CD8+ T cells were low in the
combination-treated groups. These findings indicated that the
NE (R848)-adjuvanted cancer vaccine maintained T cells in an
active state by reprogramming the TME, thus maintaining
antitumor immunity. Although NE (R848) alone has antitumor
activity, NE (R848)-adjuvanted cancer vaccine combined with
anti-PD-1 further drives substantial antitumor activity, suggest-
ing that combination strategies should be encouraged to
maximize the anti-tumor effects. Notably, the NE (R848)-
adjuvanted cancer vaccine alone or combined with anti-PD-1
induced significant tumor growth inhibition and extended
survival with low tumor burden; however, these anti-tumor
activities are not prominent in mice with high tumor burden,
suggesting that cancer vaccines combined with anti-PD-1 are
more effective at an early stage of cancer with low tumor burden.

Intratumoral injection of NE (R848) vaccine alone or in
combination with anti-PD-1 induced a systemic memory
response in a subcutaneous mouse lung cancer model. Notably,
the antitumor activity of NE (R848)-adjuvanted vaccine alone or
in combination with anti-PD-1 was also observed when the
vaccine was administered via subcutaneous injection in an
orthotopic mouse model. These results indicate that subcutane-
ous vaccination approach might have advantages in clinical
applications because intratumoral injections are not a common
injection route in lung cancer patients.

Although we demonstrated the promising therapeutic efficacy
of NE (R848)-adjuvanted cancer vaccines by inducing host
immune responses, there are some limitations. The NE (R848)
vaccine alone and in combination with anti-PD-1 showed
potential antitumor effects in the mouse lung model; however,
some tumors were not completely eradicated in this experiment,
suggesting that the dose and schedule of vaccination and anti-
PD-1 should be further evaluated and optimized. Considering the
aggressive growth rate of ASB-XIV cells in the orthotopic model
generated via tail vein injection, further studies should be
conducted to explore the ideal time for vaccination and anti-PD-1
therapy. Moreover, the efficacy of NE (R848) adjuvanted
vaccine in preventing tumor relapse after lung cancer resection
warrants further research. Nevertheless, a key advantage of the
whole tumor cell lysate vaccines adopted in this research over
other protein or peptide tumor antigen vaccines is that they can
target multiple antigens.4 Moreover, tumor lysate as a source of
tumor-associated antigens bypasses the limitation of single
antigen vaccines, thereby broadening the repertoire of antigen-
specific T cell clones available for antitumor immunity
regardless of HLA types.38 A recent study of a meta-analysis
showed that 1800 patients who were immunized with whole
tumor cell lysate vaccines had a significantly higher response
(8.1%) compared with patients who were immunized with
defined tumor antigens (3.6%).39 Also, prostate GVAX vaccine
consisting of allogeneic prostate cancer cell lines LNCaP and
PC-3 demonstrated encouraging results in 346 patients with
hormone-refractor prostate cancer (HRPC) from several phase I/
II studies, thus warranting the personalized whole tumor cell
lysate vaccine approaches.40 ,41 In conclusion, NE (R848)
vaccination triggers innate and adaptive immune responses; the
vaccine induces tumor-specific antitumor immunity and is highly
efficacious when combined with anti-PD-1 immunotherapy,
leading to robust anti-tumor activity and sustained overall
survival in a mouse lung cancer model. Therefore, NE (R848)
vaccination is expected to be a potential strategy for the clinical
management of lung cancer.
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