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Abstract
Purpose It has become increasingly clear in cancer treatment that radiotherapy can be enhanced by immunotherapy. In 
the present study, we evaluated a novel triple combination therapy consisting of local radiotherapy, intratumoral CpG, and 
systemic PD-1 blockade in lung cancer models.
Methods The efficacy of a novel triple therapy was examined by recording tumor volume and survival time. The immu-
nologic effects of this novel triple therapy were evaluated by the frequency and percentage of immune cells and cytokines 
using flow cytometry.
Results This triple combination proved more effective than its subcomponents and its positive antitumor effects included 
reducing tumor growth and improving host survival. The antitumor effect was not only observed in directly irradiated tumors 
but also in at distant tumor sites in a  CD8+ T-cell-dependent fashion. Phenotypic analyses of  CD8+ T cells revealed that the 
triple combination therapy increased the percentage of effector memory T cells in the spleen. Furthermore, the combina-
tion therapy significantly increased the frequency of IFN-γ and TNF-α-positive-CD8+ tumor-infiltrating lymphocytes (TIL) 
and mature-activated dendritic cells (DCs) within treated tumors, indicating that the antitumor effects likely depend on the 
activation of a DC subset specialized in antigen crosspriming to induce cytotoxic lymphocyte (CTLs). In addition, the triple 
therapy reduced immunosuppressive factors, like regulatory T cells (Tregs) in the spleen and tumor microenvironment while 
inducing the robust systemic antitumor effect. Finally, the triple treatment was, indeed, well tolerated and had a little effect 
on the hemogram and lung.
Conclusions These results suggest that this triple therapy promotes a local antitumor immune response with systemic con-
sequences. The efficacy and limited toxicity of this strategy are attractive for clinical translation.
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Tregs  Regulatory T cells
WBC  White blood cell

Introduction

Accumulating evidence in oncology indicates that radiother-
apy (RT) is effective on several different levels including by 
directly shrinking tumors and releasing tumor antigens. In 
addition, RT is well established to have immunomodula-
tory effects that aid in therapeutic outcome. For instance, 
local irradiation of a tumor nodule can induce immunogenic 
forms of tumor-cell death (ICD) and liberation of tumor-cell-
derived antigens (Golden and Apetoh 2015; Golden et al. 
2014; Rodriguez-Ruiz et al. 2016; Sharabi et al. 2015; Van-
denabeele et al. 2016). These tumor-cell-derived antigens 
can be recognized and then processed by antigen-presenting 
cells (dendritic cells) within the tumor (Golden and Ape-
toh 2015; Golden et al. 2014; Rodriguez-Ruiz et al. 2016; 
Sharabi et al. 2015; Vandenabeele et al. 2016). Cytotoxic 
T cells which recognize these tumor antigens may, in turn, 
be primed by the tumor antigen-presenting cells (Golden 
and Apetoh 2015; Golden et al. 2014; Rodriguez-Ruiz et al. 
2016; Sharabi et al. 2015; Vandenabeele et al. 2016). In 
contrast to the local effect of irradiation on the tumor cells, 
cytotoxic T cells will circulate via the blood stream through-
out the body and are thereby able to destroy tumor cells in 
distant parts of the organism which were not part of the pri-
mary, irradiated cancer (Golden and Apetoh 2015; Golden 
et al. 2014; Rodriguez-Ruiz et al. 2016; Sharabi et al. 2015; 
Vandenabeele et al. 2016). Indeed, increases in tumor-spe-
cific cytotoxic T cells have been shown to correlate with 
the abscopal antitumor response in patients (Postow et al. 
2012). Thus, local RT clearly can stimulate a systemic anti-
tumor effect through the immune system. Therefore, RT 
would seem an ideal option for combined cancer therapy 
with immunotherapy.

CpG oligodeoxynucleotides are ligands of Toll-like 
receptor (TLR)-9, and show promise when combined with 
RT by inducing synergistic tumor suppressive effects (Gholi-
zadeh et al. 2018; Moreno Ayala et al. 2017). Dendritic 
cells (DCs) specifically express Toll-like receptor (TLR) 9 
and efficiently cross-present exogenous antigens after CpG 
activation. Thus, CpG oligodeoxynucleotides (CpG-ODN) 
are always regarded as an immune adjuvant and used along 
with DC vaccines (Moreno Ayala et al. 2017). The previ-
ous studies show that the combination of radiation and CpG 
has superior tumor suppression than either treatment alone 
(Appelbe et al. 2017). In fact, the combination often shows 
a significant synergy in preclinical models (Mason et al. 
2006; Yuan et al. 2011) and the ability to induce regres-
sion of systemic cancers (lymphoma) in clinical trial (Brody 
et al. 2010; Kim et al. 2012). Furthermore, CpG-ODN can 

protect from irradiation-induced injury. The mechanism here 
might be that CpG-ODN inhibits proliferating cell apoptosis 
through regulating the expression of apoptosis-related pro-
tein, involving that up-regulating Bcl-2 protein and down-
regulating Bax protein and caspase-3 protein (Zhang et al. 
2013). CpG-ODN mediated the activation of nuclear factor 
κB (NF-κB) and minimized bone marrow damage which 
contributed to the amelioration of hematopoiesis radia-
tion injury (Zhang et al. 2011). Therefore, it appears RT 
in combination with CpG-ODN which could be a promis-
ing strategy for cancer therapy. In addition, CpG can reduce 
regulatory T cells (Tregs) by converting them to a T-helper 
phenotype via IL-6 production and can also directly reverse 
Treg function (Baban et al. 2009; Monjazeb et al. 2016).

Studies have demonstrated that tumors will escape the 
attack of a host’s immune system through programmed 
death-1 (PD-1) pathway. In brief, PD-1 expressed on the 
surface of activated T cells will bind to the programmed 
death-ligand 1(PD-L1) expressed on the surface of tumor 
cells, and this can result in the depletion of the T cells, and 
eventual suppression of T-cell function and immunological 
escape of tumor cells (Zhu and Lang 2017). Local high-
dose radiotherapy can induce tumor-cell surface PD-L1 up-
regulation (Oweida et al. 2017). This enhances T-cell death 
by tumor cells and provides strong support for combining 
RT with PD-1 blockade. This synergistic effect has been 
demonstrated in multiple murine models, such as renal corti-
cal adenocarcinoma (Park et al. 2015), breast cancer, colon 
adenocarcinoma, melanoma, and bladder cancer (Walshaw 
et al. 2018) models. Clinical trials involving combination 
therapy are currently recruiting patients. Interestingly, CpG 
reduced PD-1 expression by effector  CD8+ T cells via the 
IL-12 pathway. The combination of CpG and PD-1 blockade 
also shows a synergistic effect in the generation of systemic 
antitumor immunity (Yin et al. 2016).

Thus, in the present study, we examined the antitumor 
effect of a novel triple therapy consisting of local RT, intra-
tumoral CpG, and systemic PD-1 blockade in a murine lung 
cancer models. We hypothesized that RT releases tumor 
antigens while killing tumors cells and reducing tumor size. 
Tumor antigens are thus cross-presented to tumor antigen-
specific T lymphocytes by activated dendritic cells (DCs). 
Then, effector T cells elicit the antitumor immune response. 
CpG-ODN further promotes dendritic cell maturation and 
activation and PD-1 inhibitors reverse T-cell depletion. We 
observed a significant tumor mitigation in the mice given the 
triple therapy, while the size of the non-irradiated tumors 
was also reduced with just the activated systemic immune 
response. These notable results may be due to an increase 
in activated dendritic cells within spleen and tumor micro-
environment resulting in an increase in the percentage of 
 CD8+ T cells and an increase in CTL-producing TNF-α 
and IFN-γ. In addition, the proportion of regulatory T cells 
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decreased significantly. The side effects of the triple therapy 
were found to be negligible. Given the efficacy and lim-
ited toxicity of this strategy, it is attractive for rapid clinical 
translation.

Materials and methods

Mice

Female 8–12-week-old C57BL/6 mice were purchased from 
Beijing Vital River Laboratory Animal Technology Co., Ltd. 
Mice were housed in a controlled environment (12 h light/
dark cycle, 22 ± 1 °C, 60–70% humidity) and fed a standard 
chow diet ad libitum. All animal work was performed in 
compliance with a research protocol approved by the Ethics 
Committee of the China Medical University.

Cell lines and reagents

The mouse Lewis lung cell (LLC) line was obtained from 
ATCC and maintained at 37 °C with 5%  CO2. The following 
antibodies were used: Antimouse PD-1 (clone J43, BioX-
cell, West Lebanon, NH); CD8-depleting antibody (Clone 
2.43,BioXcell); CD4-depleting antibody (Clone GK1.5, 
BioXcell); CpG-ODN 1826 (Invivogen, San Diego, CA).

Tumor‑cell inoculation and host treatments

The mice were injected s.c. with 1 × 106 LLCs in the right 
hindlimb (primary tumor) on day 0 and with 5 × 105 in the 
left back (secondary tumor) on day 2. Tumor diameters were 
estimated externally with a vernier caliper every 2–3 days, 
and tumor volumes were calculated as length × width2/2 
 (mm3). On day 10, when the diameter of primary tumor 
is about 5 cm, mice were randomly assigned to six treat-
ment groups including: Control, RT, RT + PD-1 blockade, 
RT + CpG-ODN, PD-1 blockade + CpG-ODN, and triple 
combination (RT + PD-1 blockade + CpG-ODN). RT (8 Gy 
× 3 fractions) was administered locally to the primary 
tumors on days 11, 13, and 15 post-inoculation. If appropri-
ate, each fraction of RT was accompanied by intratumoral 
injection of 25ug of CpG-ODN 1826. For PD-1 blockade, 
PD-1 blocking mAb was administered as 200 μg/mouse i.p. 
injected on days 12, 14, and 16. To determine the impact 
of depleted  CD8+/CD4+ T cells on RT, 250 ug antiCD8/
antiCD4 was given i.p. three times for 3 days, starting 1 day 
before RT on day 10, and continuing until 1 day after RT. 
Tumor growth was evaluated until day 24 after inoculation 
when the mice were euthanized. In separate sets of mice, 
the impact of the various treatments on survival time was 
assessed until 80th day after tumor-cell inoculation. Mouse 
tumor studies were performed as outlined in Fig. S1.

Flow cytometric analysis

Single-cell suspensions were prepared from spleens and 
tumors. To obtain tumor-cell suspensions, solid tumors 
were removed completely; single-cell suspensions pre-
pared by digestion with collagenase and hyaluronidase 
solution (STEMCELL, Cambridge, MA). Cells were 
stained with fluorescent-labeled antibodies (BioLegend, 
San Diego, CA) and analyzed by BD celesta flow cytom-
eter. The following antibodies were used: CD4-FITC, 
CD8a-PerCP, CD3-PE-Cy7, CD45-PE-Cy7, CD11c-APC, 
I-A/I-E-PerCP, CD25-PE, Foxp3-APC, IFN-γ-PE, TNF-α-
APC, CD70-PE, CD40-FITC, CD62L-APC, and CD44-
PE. For intracellular cytokine staining, cells were acti-
vated with Cell Stimulation Cocktail plus protein transport 
inhibitors (eBioscience, Thermo Fisher Scientific) for 4 h 
and then stained as indicated. Gates and quadrants were 
set based on negative control staining. Data were analyzed 
using FlowJo v10.

Lung tissue H&E staining

Lungs were removed, fixed by standard protocol (4% para-
formaldehyde, etc.), embedded in paraffin, made into sec-
tions, stained with H&E, and assessed for pathological 
lesions by light microscopy. In particular, the extent of 
inflammatory infiltrates was calculated.

Blood cell count

On the 23th day post-inoculation, 1 ml of retro-orbital 
blood was taken from all mice using a microcentrifuge 
tube with EDTA-2Na. Blood cell count (leucocytes—
WBC, erythrocytes—RBC, and thrombocytes—PLT) was 
determined by use of a hemocounter.

Statistical analysis

All statistical analyses were performed using GraphPad 
Prism software 7.0. Data were expressed as mean ± SD. 
Statistical differences between survival curves were 
analyzed with log-rank test. The statistical differences 
between specific groups were determined either by Stu-
dent’s t test or ANOVA followed by Tukey’s multiple com-
parison tests. A two-sided p value < 0.05 was considered 
significant.
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Results

PD‑1 blockade enhances the local antitumor efficacy 
of RT + CpG, while the effect of the triple therapy 
is systemic

Mice-bearing two tumors derived from lung cancer cells 
were used as a model to monitor the antitumor effects of a 
novel triple therapeutic strategy, namely RT + CpG + PD-1 
blockade. RT in fractionated external beam doses (8 Gy) 
were selectively directed only to the primary tumors origi-
nating from the cells inoculated into the leg area. We ensure 
that secondary tumors, arising from cells inoculated into the 
dorsal thoracic area, were outside the irradiation field. With 
RT, estimated tumor volume plateaued during the irradia-
tion sessions, and as expected, there was a growth suppres-
sion of nearly 65% after irradiation based on tumor volume 
by day 23 compared to no treatment. The tumor suppres-
sive effects of combined CpG + PD-1 were similar to RT 
alone. However, when either one was singly combined with 
RT, they significantly inhibited tumor growth even further 
than the individual treatments alone. It is highly noteworthy 
that the triple combination (i.e; RT + CpG + PD-1) showed 
significantly more suppression of tumor growth than any 
other groups singly or in binary combination. In fact, some 
mice appeared to be completely free of primary tumor upon 
autopsy (Fig. 1a, b). The triple therapy also showed sys-
temic antitumor effects (Fig. 1d, e). This was apparently 
by concurrently stimulating the immune response towards 
these non-irradiated secondary tumors. Clearly, the volume 
of secondary tumors in triple therapy group was markedly 
reduced. Through gross examination, the differences of 
tumor volume among each treatment group were obvious 
(Fig. 1c, f).

Triple therapy prolongs survival with minimal 
toxicity

Starting with the inoculation of tumor cells, the survival of 
mice was monitored. The control group of tumor-bearing 
mice began to die on the 32nd day. However, mice in the tri-
ple therapy group showed complete long-term survival, and 

100% of tumor-cell inoculated mice in this group survived 
until day 80 (Fig. 2).

Of note was the minimal toxicity of the triple therapy. 
The triple treatment was, indeed, well tolerated and had a 
little effect on the hemogram. The peripheral WBC count of 
the triple therapy group was slightly lower than that in the 
control group (P < 0.05), but was still considered within the 
normal range. There were no differences among the con-
trol and treatment groups in the RBC count and PLT count 
(n = 3, Table S1). According to the Szapiel’s grading method 
(Yavas et al. 2013), alveolitis of the six groups of tumor-
bearing mice all belonged to grade 1 (i.e., mild, the alveolar 
septa widened due to inflammatory cell infiltration and the 
involved area was less than 20%, Fig. S2).

The therapeutic effect of triple therapy is  CD8+ 
T‑cell‑dependent

To explore the main T-cell subsets involved in tumor regres-
sion induced by triple combination therapy, the changes in 
the proportions of  CD8+ T cell and  CD4+ T cell in differ-
ent treatment groups were examined. It was determined that 
triple treatment mainly caused a splenic (Fig. 3a, c) and 
intratumoral (Fig. 3b, d)  CD8+ T-cell increase. To further 
quantify these changes, we calculated the number of  CD8+ T 
cells per 10^6 gated events. As shown in Fig. S3a and b, tri-
ple treatment significantly increased CD8 T-cell infiltration.

We also studied the depletion of  CD8+ T cells/CD4+ 
T cells by intraperitoneal administration of antiCD8/CD4 
Mab. With depletion of  CD8+T cells, we observed that the 
antitumor effects of triple therapy were significantly dimin-
ished (Fig. 3e, f). The survival benefit of the triple therapy 
was also abolished by CD8 depletion (Fig. 3g), indicating 
the critical role of  CD8+ T cells in the antitumor effects. 
However, when  CD4+ T cells were deleted, the antitumor 
effect and the enhanced survival induced by triple therapy 
were unaltered. This may be related to a reduction of Tregs.

Tumor regression with triple therapy may be due 
to enhanced activation of cytotoxic  CD8+ T cell

If  CD8+ T cells are critical to efficacy of triple therapy, 
they should show activation and functionality by producing 
IFN-γ and TNF-α. Interestingly, IFN-γ and TNF-α produc-
tion by  CD8+ T cells was enhanced by PD-1 blockade in the 
presence of RT + CpG, suggesting that improved priming of 
T cells may contribute to the therapeutic effect of triple ther-
apy. Indeed, there was a twofold increase in IFN-γ+  CD8+ 
T cells (31.1 ± 1.9% vs 14 ± 1.9%), a threefold increase 
in TNF-α+  CD8+ T cells (44.4 ± 5.0% vs 13.7 ± 0.6%), 
and more than threefold increase in IFN-γ+ TNF-α+ cells 
(20.8 ± 1.1% vs 6.5 ± 1.0%) within spleen after the triple 
combination therapy (Fig. 4a–c; Fig. S4a–c).

Fig. 1  Local RT + CpG antitumor efficacy is enhanced by PD-1 
blockade and the antitumor effects of this triple therapy are sys-
temic. Tumor size was measured as estimated volume in the primary, 
directly irradiated tumor (leg; a) and in the secondary, non-irradiated 
tumor (back; d). The primary tumor volume (b) and the secondary 
tumor volume (e) in the various treatment groups were recorded on 
day 23. The picture excised gross tumor (c, f) shows the obvious 
changes in mass with treatments. n = 6–10 mice per group for tumor 
growth studies. Bar graphs represent mean volume ± SD. Results ana-
lyzed by two-way ANOVA followed by Tukey’s multiple comparison 
tests. (*p < 0.05 vs Control; #p < 0.05 vs RT; &p < 0.05 vs RT + CpG; 
$p < 0.05 vs RT + PD-1; +p < 0.05 vs PD-1 + CpG at the same time)

◂
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Furthermore, there was approximately a threefold increase 
both in the percentage of IFN-γ+  CD8+T cells (34.1 ± 4.4% 
vs 13.5 ± 0.8%), TNF-α+  CD8+T cells (31.4 ± 3.6% vs 
11.8 ± 0.9%), and more than fourfold increase in the per-
centage of IFN-γ+ TNF-α+ cells (22.8 ± 5.2% vs 5.6 ± 0.4%) 
within the tumor microenvironment compared with the 
control group (Fig. 4d–f). These data show that the triple 
therapy causes  CD8+ T-cell activation and these cells kill-
ing capability increases dramatically, causing a significant 
tumor mass reduction.

Triple therapy increases effector memory cells 
adding an immunological memory to therapeutic 
impact

The phenotype of expanded CD8 T-cell population induced 
by triple therapy was analyzed in depth. For these studies, 
we defined naïve cells as  CD62L+ and  CD44−. In a simi-
lar manner, the effector memory phenotype was defined 
as  CD44+  CD62L−, and central memory cells as  CD44+ 
 CD62L+ (Silaeva et al. 2013). In this Lewis lung cancer 
model, the triple therapy increased the relative percentage 
of  CD8+ T cells with the effector memory phenotype. RT 
alone and PD-1 + CpG increased the proportion of effector 
memory  CD8+ T cells about 1.5-fold compared to control, 
while the combination of RT and either immunotherapy fur-
ther increased the proportion of effector memory. However, 
with the triple therapy, a sharp increase in the portion of 
effector memory cells occurred with more than twice that 
of control. (68.8 ± 5.6% vs 29.4 ± 0.8%, Fig. 5a; Fig. S5).

Some of the mice in triple therapy group appeared to be 
completely cured in that there were no signs of tumor pre-
sent at either site. To study if these “tumor free” mice had an 
effective immunological memory, in that they had an ability 

to prevent tumor recurrence based in the immune system, 
we used a high-level tumor-cell re-challenge experiment to 
simulate a cancer recurrence event. These cancer-free mice 
were re-challenged with 1 × 107 LLCs inoculated (s.c.) 
in the left hind limb and showed clear evidence of tumor 
immunity 2 months later. Similarly, inoculated naive mice 
(n = 3) developed palpable tumors by day 4 after inoculation 
and died on day 26, 26, and 28 post-inoculation, while the 
“tumor free” mice survived and remained essentially caner 
free (Fig. 5b). These results suggest that triple combination 
therapy produces an effective immunological memory that 
is protective against tumor recurrence, an added benefit of 
this therapeutic strategy.

Triple therapy promotes maturation and activation 
of dendritic cells and decreases regulatory T cells 
in the spleen and local tumor microenvironment, 
possibly related to antitumor effects

The effects of the triple therapy on DCs were examined. 
The previous studies have demonstrated that intratumoral 
DCs, although a minor population, play a critical role in 
controlling priming vs tolerance induction of  CD8+ T 
cells (Keller et al. 2008; Ruffell et al. 2014). TIDC were 
defined as  CD45+  CD11c+ MHC-II+ cells and activation 
markers were defined as CD40 and CD70. There were an 
increased number of intratumoral dendritic cells after triple 
treatment (three- to fourfold vs control) (Fig. S6a). The RT 
alone promoted the activation of DC to a certain extent, and 
the activation was further enhanced after combination with 
CpG. An increased number of activated DCs within triple-
treated tumors occurred, with a 12-fold increase in CD40 
and CD70-expressing TIDC compared with control mice 
(47.3 ± 2.3% vs 3.6 ± 1.8%) (Fig. 6a; Fig. S6b).

Regulatory T cells (Tregs) play a critical suppressive 
role in the tumor microenvironment. The destiny of Tregs 
in the tumors and spleen was examined. Tregs showed clear 
reductions both in immune organ and in the tumor microen-
vironments. Tregs levels were maintained within the spleen 
after RT. Compared to control, two-agent therapy alone 
slightly reduced the Tregs subset of  CD4+ T cells in spleen, 
while triple therapy resulted in a robust 3.5-fold decrease in 
splenic Tregs (Fig. 6b; Fig. S7a). In tumors, the Tregs subset 
of  CD4+T cells showed a greater than twofold reduction 
compared with control (Fig. 6c; Fig. S7b).

Discussion

In recent years, the notion that cancer therapeutic strategies 
are likely to attain a higher rate of success in many cases 
by the combination of radiotherapy and immunotherapy has 
become firmly entrenched (Formenti and Demaria 2013). In 

Fig. 2  Triple therapy prolongs host survival. Overall survival in the 
six groups of mice is shown. n = 5 mice per group for survival stud-
ies. Results analyzed by log-rank test (*p < 0.05 vs control)



1915Journal of Cancer Research and Clinical Oncology (2018) 144:1909–1920 

1 3

the present report, we examine such combination strategy 
and study the therapeutic impact of combining local radio-
therapy, intratumoral CpG, and systemic PD-1 blockade 

using a mouse model and aggressive tumors formed by 
implanted lung cancer cells. The triple therapy showed 
excellent anticancer efficacy and was able to essentially 

Fig. 3  Therapeutic effect of triple therapy is  CD8+ T-cell-dependent. 
Representative flow cytometry contour plots demonstrate staining 
of splenic  CD3+ cells for CD8 and CD4 (a) and tumor-infiltrating 
 CD45+ cells staining for CD8 and CD4 (b). Flow cytometry data 
of tumor-infiltrating  CD8+ T cells are represented as a bar graph 
expressed as %  CD8+ cells of all  CD3+ cells (c) and as % of  CD8+ 
cells of all  CD45+ cells (d). n = 4–5 mice per group for Flow cytom-
etry tests. Results analyzed by one-way ANOVA followed by Tuk-
ey’s multiple comparison tests (*p < 0.05 vs Control; #p < 0.05 vs 

RT; &p < 0.05 vs RT + PD-1; $p < 0.05 vs RT + CpG; +p < 0.05 vs 
PD-1 + CpG). Growth of tumors following CD4 and CD8 lymphocyte 
depletion including the primary tumors (e) and the secondary tumors 
(f). Overall survival of the various groups (g). n = 4–5 mice per group 
for tumor volume studies. Results analyzed by two-way ANOVA fol-
lowed by Tukey’s multiple comparison tests (*p < 0.05 vs Control; 
#p < 0.05 vs triple at the same time). n = 3–4 mice per group for sur-
vival studies (#p < 0.05 vs triple via log-rank test)
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Fig. 4  Marked tumor regression with triple therapy may be due to 
enhanced activation of cytotoxic  CD8+ T cell. Intracellular IFN-γ 
or TNF-α immunostaining in the gated  CD8+ splenic and tumor-
infiltrating T lymphocytes as indicated following a 4-h re-stimulation 
with PMA + ionomycin. Bar graph showing the percentages of IFN-
γ+(a), TNF-α+ (b) and IFN-γ+ TNF-α+ (e) within splenic  CD8+T 
cells. Bar graph showing the percentages of IFN-γ+ (b), TNF-α+ 

(d) and IFN-γ+ TNF-α+ (f) within tumor-infiltrating  CD8+T cells. 
n = 4–5 mice per group. Results analyzed by one-way ANOVA fol-
lowed by Tukey’s multiple comparison tests (*p < 0.05 vs Control; 
#p < 0.05 vs RT; &p < 0.05 vs RT + PD-1; $p < 0.05 vs RT + CpG; 
+p < 0.05 vs PD-1 + CpG). Results analyzed by log-rank test. 
(#p < 0.05 vs triple)
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destroy otherwise fatal tumors, allowing complete sur-
vival, leaving the host in many cases tumor free. This tumor 
remarkable suppressive effect was not only in the irradi-
ated/injected primary inoculation site tumors, but also in 
distant inoculation site tumors that had not been irradiated 
or injected with CpG. Again, these distant site tumors were 
markedly diminished by the triple therapy, even though 
much of the impact was clearly indirect. Depletion experi-
ments showed that  CD8+ T cells were crucial to triple ther-
apy activity. Indeed,  CD8+ T cells in the spleen and tumor 
microenvironment were clearly increased, as were activation 
and functioning. These factors brought an increased number 

of mature and activated intratumoral DCs, indicating that 
the enhanced antitumor response may be activated by the 
increased mature-activated dendritic cells. In addition, this 
novel combination also decreased percentages of  CD4+ 
T-regulatory cells, further enhancing the antitumor effects.

Abscopal effects of ionizing radiation, where localized 
tumor irradiation also suppresses distant un-irradiated 
tumors, often are blocked by the immunosuppressive micro-
milieu inside the irradiated tumor, since it can prevent effec-
tive T-cell priming. This provides an explanation for why 
an abscopal effect is so rarely seen in patients receiving RT 
alone. In contrast, the combination of immunomodulatory 
drugs such as ipilimumab can stimulate systemic antitumor 
immune reactions induced after local tumor RT (Twyman-
Saint Victor et al. 2015). In addition, the previous studies 
show that different radiation doses, fractions, and intervals 
of exposure have markedly different impact on the immune 
function. The optimal combination of radiation dose and 
fractionation together with immunomodulatory drugs is cur-
rently under intensive investigation. For instance, a recent 
study suggests that radiation doses above 10–12 Gy might 
be ineffective in inducing immunogenic forms of cell death 
(Vanpouille-Box et al. 2017). In our study, we chose 8 Gy 
doses three times on the basis of the published evidence, 
suggesting that this regimen yielded better results from an 
immunological perspective when combined with RT and 
antiCTLA-4 mAb (Dewan et al. 2009; Ruocco et al. 2012). 
In addition in an experiment of local RT combined with 
PD-1 antibody and CD137 antibody injections, 8 Gy × 3 RT 
achieved very positive antitumor effects(Rodriguez-Ruiz 
et al. 2016), similar to our present work.

Accumulating data show that intratumoral DCs, although 
a minor population, play a critical role in antitumor T-cell 
responses (Monjazeb et al. 2016; Sharabi et al. 2015). In 
addition, this critical role is to cross-present tumor antigens 
to tumor antigen-specific T lymphocytes (Broz et al. 2014; 
Ruffell et al. 2014). In addition, the activation of tumor-
associated DCs is the mechanism through which local high-
dose radiotherapy supports the function of local, tumor-
specific  CD8+ effector T cells (Gupta et al. 2012; Sharabi 
et al. 2015). Recent evidences showed that radiotherapy 
combined with PD-1 blockade and CD137 blockade aug-
mented antigen-specific PD-1-mediated T-cell antitumor 
immune responses via activated DC (Rodriguez-Ruiz et al. 
2016; Sanchez-Paulete et al. 2016). In our study, it is specu-
lated that the enhanced antitumor response via  CD8+ cells 
could be activated by the increased frequency of mature 
DCs. However, to prove this speculation, the experiments 
should be repeated with a DC depletion regimen.

Given the major effects of dendritic cells, we added CPG-
ODN to the treatment regimen. The previous study suggests 
that CpG-ODN can increase the radiosensitivity of Lewis 
lung cancer, which may be associated with stimulation of 

Fig. 5  Triple therapy increased effector memory cells creating thera-
peutic immunological memory effect. The naïve cells were defined as 
 CD62L+ and  CD44−. The effector memory phenotype was defined 
as  CD44+  CD62L−, and central memory cells as  CD44+  CD62L+. 
Bar graph showing the percentages of effector memory populations 
in treated groups (a). n = 4–5 mice per group. Results analyzed by 
one-way ANOVA followed by Tukey’s multiple comparison tests 
(*p < 0.05 vs Control; #p < 0.05 vs RT; &p < 0.05 vs RT + PD-1; 
$p < 0.05 vs RT + CpG; +p < 0.05 vs PD-1 + CpG). Tumor growth was 
measured in the re-challenged tumor (b). n = 4 mice per group for 
tumor growth studies (*p < 0.05 vs control via Student’s t test)
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immune system and enhanced cell apoptosis (Yuan et al. 
2011). Recent data showed that CpG-mediated antitumor 
immunity induces an increase of IFN-γ secretion by  CD8+T 
cells via IL-12 and down-regulates the expression of PD-1. 
Therefore, the addition of CpG can not only induce tumor 
apoptosis and enhance the ability of radiation to kill tumor 
cells, but also appears to enhance the ability of CTL to kill 
tumors by promoting the maturation and activity of dendritic 
cells.

The regulatory T cells (Tregs), formerly known as sup-
pressor T cells, maintain tolerance to self-antigens, and 
prevent autoimmune diseases. Tregs are immunosuppres-
sive and generally suppress or downregulate induction and 
proliferation of effector T cells (Bettelli et al. 2006). The 
effect of CpG on Treg-mediated immunosuppression may 
be contradictory. The CpG can reduce Tregs by convert-
ing Treg into Th, or directly reverse Treg functions. On 

the other hand, CpG can directly induce the expression of 
Foxp3 and raise indopamine-2, 3-dioxidase (IDO), which 
is known to induce and maintain the Tregs (Monjazeb 
et al. 2016). In our study, we found that the addition of 
PD-1 blockade to RT + CpG transforms the immune-sup-
pressive tumor microenvironment, strongly indicating the 
reduction of Tregs.

In addition to its effectiveness, the toxicity of the triple 
therapy used in the present study was minimal. However, 
only Lewis lung cancer cells (LLCs) were used in the pre-
sent study to inoculate mice to form our tumor model. It 
would be of great interest to repeat these experiments on 
other cancer cell lines to see if the success of triple therapy 
seen with these lung cancer cells is broadly applicable to 
other types of cancers.

Overall, our data provide a strong rationale for rapid clini-
cal translation of this novel triple combination strategy. Its 

Fig. 6  Triple therapy promotes maturity and activation of dendritic 
cells which then activate T-cell priming and decreases regulatory 
T cells within spleen and local tumor microenvironment, possibly 
enhancing antitumor effects. TIDC were gated on  CD45+  CD11c+ 
 IAd+ and analyzed for the expression of activation markers CD40 and 
CD70. Bar graphs showing a significant increase in mean percent-
age of TIDC expressing CD40 and CD70 in tumors of mice treated 
with triple therapy (a). Day 24 post-inoculation levels of Tregs as 
assessed by flow cytometry in LLC tumor-bearing mice treated with 

triple therapy, etc. Flow cytometry data represented as a bar graph 
expressed as % Treg  (CD4+,  CD25+,  Foxp3+) of  CD4+ cells within 
spleen (b) and local tumor microenvironment (c). n = 4–5 mice per 
group. Results analyzed by one-way ANOVA followed by Tukey’s 
multiple comparison tests for a, b (*p < 0.05 vs Control; #p < 0.05 
vs RT; &p < 0.05 vs RT + PD-1; $p < 0.05 vs RT + CpG; +p < 0.05 vs 
PD-1 + CpG). Results analyzed by Student’s t test for c and a (*) indi-
cates a significant difference



1919Journal of Cancer Research and Clinical Oncology (2018) 144:1909–1920 

1 3

use could substantially improve the clinical efficacy of the 
existing cancer treatment protocols.
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