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Abstract. Treatment with the Toll‑like receptor 7 (TLR7) 
agonist, resiquimod (R848), is effective in various types of 
cancer, such as breast, pancreatic and colorectal cancer. The 
reported antitumor effect of R848 in lung cancer is considered 
to be achieved by targeting macrophages. In the present study, 
it was demonstrated that TLR7 expression on various immune 
cell types initially rises, then declines in the late stage of lung 
cancer. Intraperitoneal injection of R848 resulted in a reduction 
in tumor burden and prolonged survival in both subcutaneous 
and metastatic lung cancer models in C57BL/6 mice. Initial 
treatment with R848 at an early stage was found to be the 
optimal choice. Systemic injection of R848 promoted the 
activation of innate and adaptive immune responses. Systemic 
administration of R848 upregulated TLR7 expression in 
dendritic cells (DCs) and enhanced the activation of DCs and 
natural killer (NK) cells. Moreover, this treatment also resulted 
in increased production of T helper cell‑associated cytokines 
in serum, including IFN‑γ, TNF‑α and IL‑2. In addition, 
continuous treatment with R848 increased the proportion 
of DCs, NK and CD8+ T cells, and reduced that of Foxp3+ 
regulatory T cells in the tumor microenvironment. These 
findings supported the use of R848 treatment for lung cancer 
via TLR7 targeting and provided insight into the underlying 
therapeutic mechanism.

Introduction 

According to a status report on the global burden of cancer, 
lung cancer is the most commonly diagnosed cancer, repre‑
senting 11.6% of the total cases, and the leading cause of 
cancer‑related death (1). With recent advances in the field 

of cancer immunotherapy, various highly effective thera‑
pies, particularly immune checkpoint inhibitors (ICIs) have 
been developed to enhance anti‑tumor immunity, which 
have demonstrated a survival benefit for a subset of patients 
with lung cancer (2,3). However, despite observable clinical 
improvement, the majority of patients fail to respond to 
ICI therapy due to drug resistance, resulting both from 
tumor cell‑intrinsic mechanisms and other factors relating 
to the tumor microenvironment (TME) (4,5). Thus, new 
immunotherapeutic approaches are urgently needed for 
patients with lung cancer.

Toll‑like receptor (TLR) agonists are immune adjuvants 
used in antiviral and anti‑bacterial treatment that can 
promote T helper (Th) 1 immune response (6,7). Among the 
13 known TLRs, TLR7 and TLR8, are mainly expressed on 
the endosomal membranes (8) of cells of the innate immune 
system, including dendritic cells (DCs), macrophages and 
natural killer (NK) cells (9). Resiquimod (R848), an anti‑
viral imidazoquinoline derivative, stimulates immune cells 
through TLR7 and/or TLR8 in a MyD88‑dependent manner. 
Nevertheless, R848 selectively acts on TLR7 in mice (10,11) 
and has been demonstrated to induce Th1 immune responses 
following activation of antigen‑presenting cells, leading 
to the production of numerous pro‑inflammatory cyto‑
kines including IL‑12 and IFN‑γ. R848 exhibits a robust 
antitumor effect in several tumor models, such as dermato‑
logical malignancies, cutaneous T‑cell lymphoma and breast 
cancer (12‑14). Moreover, recent studies focusing on macro‑
phages have highlighted the therapeutic efficacy of R848, 
either alone or in combination with other drugs, in lung 
cancer (15,16). However, the mechanism of R848's efficacy 
in lung cancer is not completely clear.

In the present study, it was initially confirmed that 
R848 targets TLR7 expression in the immune cells of lung 
tumor‑bearing mice and the effects of the aforementioned 
compound in subcutaneous (s.c.) and metastatic models of lung 
cancer were evaluated. The volumes of the s.c. solid tumors, 
the survival of tumor‑bearing mice and tumor metastasis were 
examined. Furthermore, the ability of R848 to stimulate host 
immunity in tumor‑bearing mice was assessed. It was also 
determined whether R848 would alter the composition of 
immune cells in the TME. The present findings may provide 
insight into the future use of R848‑based immunotherapy for 
lung cancer.
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Materials and methods

Mice and cell lines. A total of 151, male, 6‑8 weeks‑old 
C57BL/6 mice (~20 g) were purchased from Beijing Tengxin 
Company and housed in individually ventilated cages. OT1 
mice (stock no. 003831) and TLR7 knock‑out mice (stock 
no. 008380) were purchased from the Jackson Laboratory 
Company and kept in a specific‑pathogen‑free animal facility 
(temperature, 22±2 degrees; 12‑h light cycle; air changed 
16 times/h; humidity, 55±10%) with free access to water and 
food. Mice were anesthetized by intraperitoneal (i.p.) injection 
with 1% pentobarbital sodium (50 mg/kg), then sacrificed by 
cervical dislocation. Death was confirmed by cessation of 
the heartbeat and breathing. The animal study was approved 
(approval no. 2022‑152) by the ethics committee of The 
First Affiliated Hospital of Chongqing Medical University 
(Chongqing, China). The Lewis lung carcinoma (LLC) cell 
line was provided by Professor Haixia Long (Department of 
Oncology, Xinqiao Hospital, The Army Medical University), and 
maintained in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% FBS and 1% penicillin‑streptomycin 
(all from Gibco; Thermo Fisher Scientific, Inc.) in a humidified 
incubator at 37˚C with 5% CO2/95% air. The B16 F10 cell line 
was provided by Professor Haixia Long and was cultured in 
RPMI‑1640 (Hyclone; Cytiva) supplemented with 10% FBS 
and 1% penicillin‑streptomycin at 37˚C.

Reagents and antibodies. For in vivo administration, R848 
(MedChemExpress) was dissolved in DMSO and frozen 
in ‑80˚C. Live/Dead viability kits (cat. no. L34958) and 
anti‑TLR7 antibodies (cat. no. MA5‑16249) were purchased 
from Invitrogen; Thermo Fisher Scientific, Inc. and diluted at 
1:200 for use. For flow cytometry, antibodies specific for CD45 
(cat. no. 103108), CD3 (cat. no. 100218), CD8 (cat. no. 100714), 
CD4 (cat. no. 100422), CD11c (cat. no. 100422), CD11b 
(cat. no. 101230), CD49b (cat. no. 108910), CD19 (cat. 
no. 115520), Ly6G (cat. no. 127607), Ly6C (cat. no. 128016), 
CD80 (cat. no. 104705), CD86 (cat. no. 105014), MHC‑II (cat. 
no. 116407), PD‑1(cat. no. 135224), FoxP3 (cat. no. 126404), 
F4/80 (cat. no. 123116) and IFN‑γ (cat. no. 505826) were 
purchased from Biolegend, Inc. and used for staining following 
the manufacturer's protocol. Fixation/Permeabilization kit 
(with BD Golgistop™ (cat. no. 554715; BD Biosciences) was 
used for intracellular staining. The Foxp3/Transcription Factor 
Staining Buffer Set (cat. no. 00‑5523; Invitrogen; Thermo 
Fisher Scientific, Inc.) was used for intranuclear Foxp3 
staining. The anti‑asialo GM1 rabbit polyclonal antibody 
(cat. no. 986‑10001) was purchased from FUJIFILM Wako 
Pure Chemical Corporation. Anti‑mouse CD8 (clone 2.43; 
cat. no. BE0061) and anti‑mouse CD4 (clone YTS191; 
cat. no. BE0119) antibodies were purchased from Bio X Cell 
and used following the indicated concentrations for cells 
depletion.

Cell culture. Primary bone marrow‑derived DCs isolated 
from the femur and tibia of C57BL/6 mice were cultured with 
10 ng/ml IL‑4 and GM‑CSF (Novoprotein) at 37˚C for 4 days. 
Immature DCs were then collected and purified with Histodenz 
(Sigma‑Aldrich; Merck KGaA). DC suspensions with a purity 
>85% with CD11C and MHC‑II double‑staining were used 

for subsequent assays. NK cells were positively selected from 
the spleen (SPL) of C57BL/6 mice using the Mouse CD49b 
Positive Selection kit (cat. no. 18755, Stemcell Technologies, 
Inc.). CD8+ T cells were negatively isolated from SPL and 
lymph nodes (LN) from OT‑1 mice according to the manu‑
facturer's protocol (cat. no. 19835A; Stemcell Technologies, 
Inc.). The isolated CD8+ T cells pre‑labeled with 5,6‑carboxy‑
fluorescein diacetate succinimidyl ester (eBioscience; Thermo 
Fisher Scientific, Inc.) were added after DCs co‑cultured with 
NK cells in the presence of R848 for 24 h. Following 3 days 
of co‑culture, IFN‑γ+ CD8+ T and CD8+ T proliferation was 
analyzed by flow cytometry.

Proliferation and apoptosis assay. Proliferation was 
measured using the Cell Titer 96® AQueous One Solution 
Cell Proliferation Assay (Promega Corporation). 1x106 LLC 
cells were seeded in a 100‑µl volume in a 96‑well plate and 
stimulated with R848 at 1, 5 or 10 µg/ml for 24 or 48 h. Each 
well was plated in triplicate. A 20‑µl volume of Cell Titer 96® 
AQueous One Solution Reagent was then added into each well. 
The plate was then incubated at 37˚C for 1‑4 h in a humidified 
5% CO2 atmosphere. The absorbance at 490 nm was then 
measured using a 96‑well plate reader.

To measure apoptosis, LLC cells were stimulated under 
the same conditions, then stained using a PE Annexin V 
Apoptosis Detection kit (cat. no. 559763; BD Biosciences) for 
20 min at room temperature (RT) in the dark according to the 
manufacturer's protocol.

Preparation of single‑cell suspensions and flow cytometry. 
Following sacrifice, tumors, SPL, LN and femur of 
tumor‑bearing mice were isolated. Tumors were immersed 
in DMEM on ice, then minced and enzymatically digested 
in DMEM containing 1.0 mg/ml collagenase IV and 50 U/ml 
DNAse I for 1 h at 37˚C. The digested tumors were then ground, 
and the cells were filtered through 70‑ and 40‑µM cell strainers. 
The other samples, such as SPL and LN, were collected in cold 
PBS with 2% FBS, gently ground, then filtered through 70‑µM 
cell strainers. The cells were then centrifuged at 500 x g for 
5 min at 4˚C, then resuspended and immediately stained for 
flow cytometry at 4˚C for 30 min.

For surface staining, the cells were firstly blocked with 
CD16/32 antibody (1:200; cat. no. 101320; Biolegend, Inc.) 
for 20 min at 4˚C, then stained with live/dead kits and 
streaming antibodies for 20 min. For intracellular staining, 
1x106 cultured cells were added to GolgiStop™ buffer 4‑6 h 
before staining. Intracellular Foxp3 was conducted using a 
Foxp3/Transcription Factor Staining Buffer Set according to 
the manufacturer's protocol. Lastly, the samples were tested 
using a Beckman Gallios flow cytometer (Beckman Coulter, 
Inc.) and analyzed with FlowJo version 7.6.1 (FlowJo LLC).

Systemic immune activation. In vivo, 3 mg/kg R848 (17) was 
intravenously injected into mice with a s.c. tumor on day 7; 
serum, LN and SPL were collected at 0, 6, 24 and 48 h. TLR7 
expression on DCs, macrophages, myeloid‑derived suppressor 
cells (MDSCs), NK cells, CD4+ T and CD8+ T cells, CD80 
and CD86 expression on DCs, and CD69 expression on NK 
cells, CD4+ T cells and CD8+ T cells were analyzed by flow 
cytometry. Levels of cytokines in the serum of R848‑treated 
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mice at 0, 6, 24 and 48 h were determined using a Multiple 
mouse cytokine detection kit (cat. no. B299045; Biolegend, 
Inc.) following the manufacturer's protocol.

S.c. lung cancer model and treatment. A total of 1x106 LLC 
cells in 100 µl PBS were injected subcutaneously into the right 
flank of C57BL/6 mice. At the same day following inoculation, 
the mice were injected i.p. with 20 µg R848 every other day 
till endpoint. The control group received 100 µl PBS. After 
the formation of palpable tumors, tumor growth was evaluated 
by measuring the length and width using electronic calipers 
every 3 days. The results are expressed as volumes, which 
were calculated according to the following formula: 0.52 x 
(length) x (width)2. Immune cells in the TME were detected 
after continuous R848 treatment for 10 times.

Metastatic lung cancer model. A total of 1x106 B16/F10 mela‑
noma cells were cultured in complete RPMI‑1640 medium, 
then injected intravenously into C57BL/6 mice. On day 0 after 
inoculation, treatment with 20 µg R848 i.p. was initiated and 
continued every other day till endpoint. In addition, 80 µg 
R848 in 100 µl PBS therapy was started on day 0 and injected 
twice with a 4‑day interval between the two injections. The 
numbers of metastatic tumor nodules in the lung were recorded 
from day 14. The left lung with metastatic tumor nodules was 
fixed in 4% paraformaldehyde at RT for 24 h, embedded, then 
sectioned at the maximum cross‑section for further analysis. 
The 5 mm‑thick slides were stained with hematoxylin and 
eosin. The tumor nodules were examined and enumerated 
under a fluorescence microscope. A total of 1x106 LLC cells 
in 100 µl PBS were injected intravenously into C57BL/6 mice. 
On day 21 after inoculation, tumor nodes in the lung were 
extracted for TLR7 gene quantification.

Depletion experiment. Anti‑asialo GM1 rabbit polyclonal 
antibody (50 µl in 100 µl PBS) was administered by i.p. 
injection at day ‑1 every 3 days till the endpoint for NK cell 
depletion. Anti‑CD4 and anti‑CD8 in vivo depletion antibodies 
were used at 250 µg/injection, injected daily for the first 
2 days, then twice‑weekly until the end of the experiment as 
previously described (18). It was confirmed that >90% CD8+ T, 
NK and CD4+ T cells were depleted.

RNA extraction, cDNA synthesis and reverse transcription‑ 
quantitative (RT‑q) PCR. Freshly isolated tumors were 
immediately frozen and ground to powder. Total RNA from 
LLC powder was isolated using TRIzol® (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
protocol. The RNA was reverse‑transcribed to cDNA using a 
Reverse Transcription kit (Promega Corporation) following the 
manufacturer's protocol. The following primer sequences were 
used: mouse TLR7 forward, 5'‑GGT CCA AAG CCA ATG TGT 
GT‑3' and reverse, 5'‑GGA TGG CAG ATC CTG TGG TA‑3'; and 
β‑actin forward, 5'‑CTA GGC CAC AGA ATT GAA AGA TCT‑3' 
and reverse, 5'‑GTA GGT GGA AAT TCT AGC ATC ATC C‑3'. 
qPCR was performed on a Bio‑Rad Fast RT‑PCR system using 
GoTaq® Green Master Mix (Promega Corporation). The qPCR 
conditions were as follows: Initial denaturation at 95˚C for 
15 sec; 40 cycles of 95˚C for 10 sec, 60˚C annealing for 20 sec 
and extension at 72˚C for 20 sec. All samples were set up in 

triplicate. The raw cycle threshold (Ct) values obtained for 
β‑actin mRNA were deducted from those of TLR7 to obtain 
the ΔCt values. Analysis of relative gene expression data was 
performed using qPCR and the 2‑ΔΔCq method (19).

Statistical analysis. Statistical analysis was performed using 
GraphPad Prism software version 6 (GraphPad Software, Inc.). 
Comparisons between groups were carried out using unpaired 
Student's‑test. Tumor growth speed was evaluated with Linear 
regression test. Survival analysis was performed by log‑rank 
test. For all comparisons, P<0.05 was considered to indicate a 
statistically significant difference.

Results

TLR7 is predominantly expressed in LLC s.c. tumor‑ 
infiltrating lymphocytes (TiLs). R848 selectively targets 
TLR7 in mice (20). Therefore, prior to the initiation of 
R848 treatment for murine lung cancer, TLR7 expression 
was examined in mice bearing lung tumors. qPCR results 
suggested that TLR7 mRNA was highly expressed both in 
LLC metastatic and s.c. tumors, compared with LLC cells 
(Fig. 1A). Moreover, TLR7 was expressed at high levels on 
CD45+ leukocytes in both LLC metastatic and s.c. tumors, 
but not in CD45‑ cells (Fig. 1B and C). The stimulation of 
TLR7 mainly located on innate cells initiates adaptive immu‑
nity by TLR7 agonists, which lay the basis of R848 for its 
antiviral and antitumor effect (8,21). Therefore, the dynamic 
change of TLR7 on leukocytes was investigated in the TME, 
LN, SPL and bone marrow (BM) from mice with LLC 
s.c. tumors. The proportion of TLR7+ TiL increased from 
day 0 to day 22, decreased in the later period from day 22 
to day 30 of s.c. lung tumors (Fig. 1D). However, there was 
no significant difference in the frequency TLR7+ leukocytes 
in the BM, LN and SPL (Fig. 1D). Next, TLR7 distribution 
was compared among various immune cells from SPL, LN 
and tumor tissue samples from LLC s.c. tumor‑bearing mice. 
The results demonstrated that TLR7 on various immune 
cells was dynamically expressed. Indeed, TLR7 expression 
increased from day 8 to 22, then declined during days 22‑30 
(Fig. 1E and F). However, similar to TLR7+ TiLs, TLR7 
expression on various immune cells was stable from day 8 
to day 30 in LN and SPL (Fig. 1G and H). The upregulation 
of TLR7+ on immune cells could result from tumor antigen 
stimulation in the TME. TLR7 expression levels on immune 
cells, including macrophages, NK, CD4+ T and CD8+ T cells 
were relatively stable in LN and SPL, with the exception of 
LN DCs, where TLR7 expression increased gradually from 
day 22 (Fig. 1I), which we hypothesize may be caused by 
tumor cell invasion in the LN. These findings on the dynamic 
patterns of expression of TLR7 may help in the design of 
R848 therapeutic regimens for lung cancer.

Administration of R848 initially targets DCs and induces 
systemic immune activation. Previous studies have 
demonstrated that R848 promotes the maturation of DCs, 
including the upregulation of co‑stimulatory molecules and 
production of IL‑12 and enhances adaptive immunity (22,23). 
It was next sought to determine the ability of R848 to enhance 
systemic immune activation in the LLC s.c. tumor model. 
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Notably, systemic administration of R848 significantly 
upregulated TLR7 in DCs, but not in macrophages, MDSCs, 
NK, CD4+ T and CD8+ T cells from SPL and LN (Fig. 2A). 
Compared with CD8+ T, CD4+ T, NK and MDSCs, TLR7 
expression was relatively higher on macrophages, although no 
significant difference was observed following R848 injection 
(Fig. 2A). R848 administration significantly unregulated the 
co‑stimulatory markers CD80 (Fig. 2B) and CD86 (Fig. 2C) 
of DCs in LN and SPL. TLR7 expression in MDSCs from LN 
was not evaluated, as very few of these cells were detected. 
Although no significant changes in TLR7 expression were 
observed in NK and CD8+ T cells, these cells displayed an 
activated phenotype (NK cells: CD69; CD8+ T cells: CD69+) 
in LN and SPL (Fig. 2D). Increased CD69 expression on 
CD4+ T cells was observed after R848 administration, 
although this was not statistically significant. Furthermore, 
increased serum levels of Th1‑associated cytokines, including 
IL‑2, IFN‑γ and TNF‑α (24,25), were observed following 
R848 injection (Fig. 2E). These findings suggested that R848 
initially activates DCs and further induces activation of the 
immune system.

R848 inhibits tumor growth and prolongs survival in the s.c. 
lung cancer model. R848 has been used in the treatment of 
breast cancer, lymphoma and pancreatic ductal adenocarci‑
noma (17,26). Since TLR7 expression was demonstrated in a 
s.c. lung cancer model and it was confirmed that R848 could 
stimulate systemic immunity, it was hypothesized that R848 
treatment could act on TLR7+ leukocytes, which would reduce 
tumor burden in mice. Firstly, 20 µg (27) R848 s.c. (option 1) 
or i.p. (option 2) administration in lung tumor‑bearing mice 
bearing from day 7, twice a week until the experimental 
endpoint was reached, and tumors were measured every 
3 days once palpable (Fig. 3A). The i.p. or s.c. administration 
of R848 reduced tumor growth compared with the control 
group; however, this was statistically significant only in the 
i.p. group (Fig. 3B). There were no differences in the survival 
rates of the R848 group (i.p. or s.c.) and the PBS control group 
(Fig. 3C). Since i.p. administration showed a significant inhibi‑
tory effect on tumor growth, whereas s.c. did not, this route of 
administration was used in subsequent experiments. A more 
intensive scheme (option 3), in which R848 (20 µg) treatment 
was initiated at day 0 and repeated every other day (Fig. 3D) 

Figure 1. Dynamic TLR7 expression in immune cells from LLC tumor‑bearing mice. (A) TLR7 mRNA abundance in parental LLC, s.c. and metastatic tumors in 
C57BL/6 mice. **P<0.01 compared with LLC. (B and C) Representative flow cytometry plots of TLR7 expression in (B) CD45‑ and (C) CD45+ cells from LLC s.c. 
and metastatic tumors. (D) Histogram representing TLR7+CD45+ cells in bone marrow, SPL, LN and tumor samples at day 0, 8, 15, 22 and 30 in mice with LLC 
s.c. tumors (n=3). (E and F) TLR7 expression on (Ε) DCs, macrophages, MDSCs and (F) NK, CD4+ T and CD8+ T cells from LLC s.c. tumors at day 8, 15, 22 and 
30 (n=3). (G‑I) Dynamic changes in TLR7 expression on various immune cells from the SPL and LN of LLC tumor‑bearing mice (n=3). The data are presented as 
the mean ± SEM. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared with day 0. TLR, Toll‑like receptor; LLC, Lewis lung carcinoma; s.c., subcutaneous; 
SPL, spleen; LN, lymph nodes; DCs, dendritic cells; MDSCs, myeloid‑derived suppressor cells; NK, natural killer; NS, not significant.
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also significantly prolonged the survival time (Fig. 3E) and 
effectively reduced tumor growth (Fig. 3F and G). These 
results demonstrated that R848 inhibits lung tumor growth and 
prolongs the survival of LLC tumor‑bearing mice.

R848 prevents melanoma cell metastasis to the lung. To 
evaluate whether R848 can prevent metastasis to the lung, the 
murine B16 melanoma metastasis model was used. A total of 
1x106 B16 F10 cells were injected via the tail vein into C57BL/6 
mice, and R848 therapy was initiated from day 0. As a high 
dose of R848 (80 µg) may induce toxicity when applied every 
other day, 20 µg R848 (i.p.) was administered every other day 
(option 3) until the experimental endpoint or 80 µg (i.p.) R848 
twice with a 4‑day interval (Fig. 4A). The results demonstrated 
that either 20 or 80 µg R848 treatment effectively inhibited the 
metastasis of melanoma cells to the lung (Fig. 4B‑D). During 
the experiment, B16 F10 metastatic nodes were not observed 
on the liver, chest wall, or abdominal cavity without checking 
of brain or bones.

R848 exerts no direct effect on the proliferation and apoptosis 
of LLC cells. To investigate the mechanism underlying the 

antitumor effects of R848, LLC cells were treated with R848 
in vitro at different concentrations. Cell proliferation was not 
affected by R848 treatment (Fig. 5A). Similarly, no signifi‑
cant effect was observed on LLC cell apoptosis (Fig. 5B). 
Moreover, R848 inhibited tumor burden in wild‑type but 
not TLR7 knock‑out (TLR7‑KO) mice (Fig. 5C). Indeed, the 
tumor mass and volume at the endpoint confirmed that R848 
did not significantly inhibit the growth of s.c. LLC tumors in 
TLR7‑KO mice (Fig. 5D). These results indicated that R848 
served an antitumor role that is dependent on TLR7 expression.

R848 modulates the TME. Since R848 did not affect LLC 
cells directly, but induced the activation of DCs, CD8+ T cells 
and NK cells, it was sought to determine whether R848 could 
modulate the TME, as another underlying mechanism for its 
antitumor effect. Tumor‑infiltrating immune cell populations 
were detected in R848‑ and PBS‑treated s.c. LLC tumors. 
The gating strategy is shown in Fig. S1. The total frequency 
of CD45+ leukocytes was increased in R848‑treated tumors 
compared with the controls (Fig. 6A; 19.1±0.3480 vs. 13±1.8% 
of live cells; P<0.05). CD3+ T cell (4.06±0.068 vs. 2.02±0.22% 
of CD45+ cells; P<0.01) and CD8+ T cell (64.5±0.74 vs. 

Figure 2. Administration of R848 promotes systemic immune activation. (A) TLR7 expression on DCs, macrophages, MDSCs, NK, CD4+ T and CD8+ T cells 
was analyzed by flow cytometry (n=3). (B) CD80 and (C) CD86 expression on DCs was detected by flow cytometry (n=3). (D) CD69 expression was assessed 
in NK, CD4+ T and CD8+ T cells (n=3). (E) Levels of cytokines were evaluated in the serum (n=3). *P<0.05, **P<0.01 and ***P<0.001 compared with PBS. TLR, 
Toll‑like receptor; DCs, dendritic cells; MDSCs, myeloid‑derived suppressor cells; NK, natural killer; NS, not significant.
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55.8±0.45% of CD8+ T cells; P<0.01) frequency increased 
following R848 treatment (Fig. 6B and C), while no signifi‑
cant difference was observed in CD4+ T cells (Fig. 6D). The 
frequency of FoxP3+ regulatory T (Treg) cells decreased 
following R848 treated (11.5±0.45 vs. 34.36±3.66% of CD4+ 
T cells; P<0.05) (Fig. 6E). However, a significant downregula‑
tion of PD‑1 on CD8+ T cells was not observed. The proportion 
of NK cells significantly increased following R848 treatment 
(0.98±0.12 vs. 0.53±0.05% of CD45+ cells, P<0.05) (Fig. 6K). 
No significant difference was observed in the B cell population 
(Fig. 6H). Macrophages (CD11b+F4/80+) appeared enriched 
after treatment with R848, although this was not statistically 
significant (Fig. 6G). However, the R848 treatment promoted 
M2 polarization towards the M1 subtype, as evidenced by 
increased MHC‑II expression (Fig. 6L) and lower CD206 
expression (Fig. 6M). The frequency of tumor‑infiltrating 
DCs (CD11b+CD11C+) significantly increased (57.72±1.45 
vs. 42.3±3.33% of CD45+ cells; P<0.01) following treatment 

with R848 (Fig. 6F). In addition, the frequency of neutro‑
phils (CD11b+Ly6G+Ly6C‑, granulocytic ‑MDSC) increased 
following treatment with R848 (23.6±2.52 vs. 7.63±1.62% of 
CD45+ cells; P<0.05) (Fig. 6J). There was a trend towards 
reduced monocyte frequency (CD11b+Ly6G‑Ly6C+, mono‑
cytic‑MDSC) following R848 treatment, although this was not 
statistically significant (Fig. 6I). These findings suggested that 
R848 modulates the distribution of immune cells in the TME 
of s.c. LLC tumors.

NK cells and CD8+T cells takes greatly part in R848‑mediated 
therapeutic efficacy in lung cancer. Based on the activation 
and alteration of immune cells in host and TME of mice with 
s.c. LLC tumors following R848 treatment, the key immune 
cells involved in R848‑mediated therapeutic efficacy in murine 
lung cancer were further explored. It has been documented 
that R848 enhances antitumor efficacy in murine lymphoma 
models via NK and CD4+ T cells (17). In the present study, 

Figure 3. R848 inhibits tumor growth and prolongs the survival of mice with s.c. lung tumors. (A) R848 treatment regimen. A total of 1x106 LLC cells were 
injected s.c. into 6‑8 weeks‑old C57BL/6 mice. Starting at day 7 post‑inoculation, 20 µg R848 in 100 µl PBS was injected s.c. (option 1) or i.p. (option 2) every 
3 days until the experimental endpoint. The control received 100 µl PBS. In a separate group, 20 µg R848 injected i.p. at day 0, then every other day (option 3). 
(B) Tumor growth curves were generated for the R848 (20 µg i.p. or s.c.) and the control groups. (C) The survival of tumor‑bearing mice in the R848 (20 µg, i.p. 
or s.c.) and control groups was demonstrated. (D) Tumor growth curves were generated for the R848 (option 3, 20 µg, i.p.) and control groups. (E) Kaplan‑Meier 
curves of the survival of tumor‑bearing mice in the R848 (option 3, 20 µg, i.p.) and control groups. (F and G) Tumor weight (F) and picture of tumors (G) were 
demonstrated in the R848 (option 3, 20 µg, i.p.) and control groups (n=8‑10). *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 compared with the control group. 
R848, resiquimod; s.c., subcutaneous; LLC, Lewis lung carcinoma; i.p., intraperitoneal.
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the reduction in tumor burden by R848 was partly abrogated 
following NK cell depletion (Fig. S2A). On one hand, NK cells 
have been reported to be important immune cells for cancer 
immunotherapy due to their cytotoxicity against tumor cells; 
on the other hand, NK cells have been revealed to help TLR7 
agonist‑activated DCs to induce CD8+ T cell immunity (28,29). 
Consistently, R848‑stimulated DCs induced CD8+ T cell 
proliferation and increased IFN‑γ+CD8+ T cell frequencies in 
the presence of NK cells in the present study (Fig. S2B and C). 
R848 treatment with CD8+ T cell depletion reduced mouse 
survival and weight, which indicated that CD8+ T cells are 
likely to be a significant factor in R848‑mediated lung cancer 
resistance (Fig. S2D). However, it was demonstrated in the 
present that the antitumor role of R848 in lung cancer is nega‑
tively associated with CD4+ T cells including tumor volume, 
mice weight and survival, which is consistent with the low 
frequency of CD4+ T cells in the TME after R848 treatment 
(Fig. S2A, D and E). Collectively, these results indicated that 

NK cells and CD8+ T cells are closely involved in therapeutic 
effecacy of R848 muring lung cancer.

Discussion

A growing number of immunotherapeutic drugs such as cyto‑
kines, tumor vaccines, immune‑stimulatory small molecules 
and checkpoint inhibitors have exhibited considerable benefits 
in patients with lung cancer (30,31). Several studies have also 
highlighted the potential benefit of TLR7 agonists as antitumor 
agents (7,32). In the present study, it was demonstrated that 
the TLR7 agonist, R848, effectively inhibited murine LLC s.c. 
tumor progression and metastasis and improved the survival 
of LLC tumor‑bearing mice. The antitumor effect elicited 
by R848 could be attributed to TLR7‑induced immunity, 
which was characterized by activation of DCs, NK cells and 
CD8+ T cells in lymphoid organs and immunomodulation of 
the TME.

Figure 4. R848 inhibits lung metastasis of melanoma tumors. (A) R848 treatment regimen. R848 was administrated at 20 µg every other day, or at 80 µg twice, 
with a 4‑day interval between the two doses. n=6‑8 mice/group. (B) Representative images of metastatic tumor nodules in the left lung of R848‑treated and 
control mice. (C) Representative H&E staining images at x40 magnification of left lung sections. (D) Histogram showing the average numbers of tumor nodules 
within a 300x300 mm area. ****P<0.0001, compared with control group. R848, resiquimod.
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TLR7 is a receptor of the innate immune system that 
recognizes highly conserved molecules expressed by 
pathogens (33). Upon binding single stranded RNA or 
other agonists, TLR7 signaling results in the production of 
pro‑inflammatory cytokines, T cell proliferation, and induc‑
tion of adaptive immunity (34). In the present study, dynamic 
TLR7 expression was observed in lymphocytes from LLC 
tumors. In addition, increased frequency of TLR7+ DCs was 

also observed following R848 injection, which suggests that 
DCs are the primary target cells of R848 in murine s.c. LLC 
model. In addition, various immune cells play collaborating 
roles in antitumor responses to lung cancer. Although the 
use of R848 for the treatment of lung cancer has already 
been reported in certain studies (15,35), the present findings 
provided detailed, novel insight into the dynamics of TLR7 
expression in lung tumor‑bearing mice. Furthermore, these 

Figure 5. R848 does not affect the proliferation and apoptosis of LLC cells. (A and B) LLC cells were incubated in presence of R848 with concentrations 
ranging from 1 to 10 µg/ml. (A) The proliferation and (B) apoptosis of LLC cells were evaluated. The total rate of apoptosis includes early and late apoptosis. 
(C) Growth curves of LLC s.c. tumors implanted in TLR7‑KO and WT mice treated with R848 or PBS (n=8‑10). (D) Tumor mass of s.c. tumors implanted in 
TLR7‑KO and WT mice treated with R848 or PBS (n=8‑10). *P<0.05, **P<0.01 and ***P<0.001 compared with the control group. R848, resiquimod; LLC, Lewis 
lung carcinoma; s.c., subcutaneous; TLR, Toll‑like receptor; TLR‑KO, TLR knockout; WT, wild‑type; NS, not significant.
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findings are necessary, as they provide a rationale for the use 
of R848 for treatment and may guide decisions on therapy 
duration. Indeed, the findings of the present study suggested 
that treatment with R848 at the early/mid stage of lung cancer 
may be more beneficial than at later stages.

Recent studies have reported the use of R848 in combina‑
tion with chemotherapy or nanoparticles, which had therapeutic 
benefits in lung cancer (15,36). Consistent with these findings, 
a reduction in tumor burden and improvements in survival 
were observed in s.c. LLC model following i.p. injection of 
R848 in the present study. Furthermore, it was revealed that 
R848 treatment effectively prevented melanoma cells from 
metastasizing to the lung. In the present study, a comparison of 
therapeutic strategies was also made, including route of admin‑
istration, dose and duration choice. The results indicated that 
i.p. injection was superior to s.c. administration. Abdominal 
blood flow is more abundant than in subcutaneous tissue, thus, 
it was hypothesized that the absorption of R848 i.p. may be 
more effective than the s.c. route. Since TLR7 was highly 
expressed in TiLs, R848 was initially used intratumorally. 

However, frequent injection of R848 directly into the tumor 
mass reduced natural tumor progression (data not shown). 
R848 encapsulated with nanoparticles (37) or combined with 
materials targeting TiLs may be worth exploring in future 
studies, as the present study provided evidence that TLR7 is 
highly expressed in TiLs.

An important factor to consider for cancer treatment is 
the complex immunity in the TME. Immune cells within 
the TME can have dual roles, either promoting or inhibiting 
tumor growth. Immune cells that promote tumor progression 
include MDSCs, Tregs and M2‑like macrophages. By contrast, 
DCs, neutrophils, NK, B and effector T cells in the TME have 
antitumor effects (38,39). Changes were observed in the distri‑
bution of these immune populations within s.c. LLC tumors 
from mice treated with R848, including increased DCs, NK 
cells, neutrophils (g‑MDSC) and CD8+ T‑cells, and decreased 
Foxp3+ Tregs. These findings provided a rationale for the use of 
R848 to improve therapeutic efficacy in lung tumors. Although 
significant changes were not observed in the total frequency 
of macrophages, the proportion of M2‑like macrophages was 

Figure 6. R848 alters the components of immune cells in tumor microenvironment. (A) Distribution of CD45+ cells, (B) total T cells or CD3+ T cells, (C) CD8+ 
T cells, (D) CD4+ T cells, (E) Tregs, (F) DCs, (G) macrophages, (H) B cells, (I) mMDSCs, (J) gMDSCs and (K) NK cells in R848‑ and PBS‑treated subcuta‑
neous Lewis lung carcinoma tumors (n=3‑5). (L) MHC‑II (M1) and (M) CD206 (M2) expression on macrophages (n=3‑5). *P<0.05, **P<0.01 and ***P<0.001 
compared with the PBS control group. R848, resiquimod; Tregs, T regulatory cells; DCs, dendritic cells; MDSCs, myeloid‑derived suppressor cells; NK, 
natural killer.
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reduced and that of M1‑like macrophages was increased, 
which is consistent with a previous study demonstrating 
that R848‑loaded nanoparticles target the polarization of 
tumor‑associated macrophages to enhance cancer immuno‑
therapy (40). CD8+ T lymphocytes play a leading role in tumor 
immunity via their capacity to eliminate malignant cells 
upon recognition by the T cell receptor of specific antigenic 
peptides presented on the surface of cancer cells (41). The 
expression of immune checkpoint molecules, notably PD‑1, is 
associated with poor prognosis and reduced therapeutic effect. 
Furthermore, CD8+ T cells with reduced PD‑1 expression 
mediated greater antitumor results in vivo (42). Continuous 
R848 treatment‑induced CD8+ T cell infiltration and showed 
PD‑1 downregulation on CD8+ T cells, although this was not 
statistically significant. These findings, if confirmed, may 
provide a rationale for the use R848 in combination with PD‑1 
inhibitors.

The role of TLR expression in cancer cells is not fully 
understood and has been associated with either good or poor 
outcomes (43). Previous studies reported that TLR7 activa‑
tion on immune cells results in therapeutic benefits, whereas 
TLR7 expression on lung tumor cells promotes tumor progres‑
sion (44,45). Based on the absence of tumor reduction in 
TLR7‑deficient hosts, it is proposed that the beneficial effects 
of R848 require a host, rather than tumor TLR7 expression. 
Future studies investigating the efficacy of R848 on tumors 
expressing TLR7 are warranted.
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