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by the immunoadjuvant CpG. Mice bearing DA3 mammary 
adenocarcinoma with metastases were treated with DaRT 
wires in combination with a MDSC inhibitor (sildenafil), 
Treg inhibitor (cyclophosphamide at low dose), and the 
immunostimulant, CpG. Combination of all four therapies 
led to a complete rejection of primary tumors (in 3 out 
of 20 tumor-bearing mice) and to the elimination of lung 
metastases. The treatment with DaRT and Treg or MDSC 
inhibitors (without CpG) also resulted in a significant 
reduction in tumor size, reduced the lung metastatic bur-
den, and extended survival compared to the corresponding 
controls. We suggest that the therapy with DaRT combined 
with the inhibition of immunosuppressive cells and CpG 
reinforced both local and systemic anti-tumor immune 
responses and displayed a significant anti-tumor effect in 
tumor-bearing mice.
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Abbreviations
Bq	� Becquerel
CP	� Cyclophosphamide
CSC	� Cancer stem cell
CT	� Computed tomography
DaRT	� Diffusing alpha-emitters radiation therapy
i.p	� Intra-peritoneal
i.v	� Intra-venous
MDSC	� Myeloid-derived suppressor cell
NR	� No response
NT	� Non-treated
PBS	� Phosphate buffered saline
PR	� Partial response 
Ra	� Radium

Abstract  It has been demonstrated that aggressive in situ 
tumor destruction (ablation) could lead to the release of 
tumor antigens, which can stimulate anti-tumor immune 
responses. We developed an innovative method of tumor 
ablation based on intratumoral alpha-irradiation, diffusing 
alpha-emitters radiation therapy (DaRT), which efficiently 
ablates local tumors and enhances anti-tumor immunity. 
In this study, we investigated the anti-tumor potency of a 
treatment strategy, which combines DaRT tumor ablation 
with two approaches for the enhancement of anti-tumor 
reactivity: (1) neutralization of immunosuppressive cells 
such as regulatory T cells (Tregs) and myeloid-derived sup-
pressor cells (MDSCs) and (2) boost the immune response 
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s.c	� Subcutaneous
Treg	� Regulatory T cell

Introduction

A major effort is required to develop systemic therapeutic 
strategies, which enhance anti-tumor immune responses in 
order to reduce the high mortality of cancer patients from 
metastases. Anti-tumor immune-mediated mechanisms 
are operative during tumor development, and immune 
surveillance plays an important role in cancer control [1]. 
The difficulties to develop efficient cancer vaccines due to 
problems with the identification of tumor-specific antigens 
stimulated different efforts aiming to prime an anti-tumor 
immune response. After it has been reported that irradia-
tion of a tumor site can cause the decrease in size of dis-
tant tumor tissue (the abscopal effect) [2], many publica-
tions demonstrated that aggressive in situ tumor destruction 
(ablation) and mainly gamma-irradiation external beam 
radiotherapy could stimulate anti-tumor immune reactivity 
[3, 4]. Tumor destruction releases tumor antigens, which 
trigger anti-tumor immune responses, resulting in the 
destruction of residual malignant cells in primary tumors 
and distant metastases. Such an immune response can be 
further reinforced [5].

We developed a potent tumor ablation brachytherapy 
based on alpha-irradiation. Although being highly cyto-
toxic, alpha-based radiotherapy has not been used so far for 
the treatment of solid tumors due to the short distance of 
alpha-particles in tissue (40–90 μm). Our approach termed 
diffusing alpha-emitters radiation therapy (DaRT) is based 
on the intratumoral insertion of radium-224-loaded wires 
(3.66-d half-life), which release by recoil short-lived alpha-
emitting atoms into the tumor [6]. These atoms disperse in 
the tumor and spray it with highly destructive alpha par-
ticles. DaRT wires retarded tumor development, extended 
survival, and reduced lung metastases in mice bearing dif-
ferent mouse- and human-derived tumors [6–10]. DaRT is 
the only modality currently available, which provides an 
efficient method for prolonged treatment of the entire vol-
ume of solid tumors by alpha-radiation.

Applied as a monotherapy, DaRT enhanced the anti-
tumor immune responses in both high and low immu-
nogenic experimental tumor models [11, 12]. Moreover, 
DaRT in combination with CpG retarded the growth of 
DA3-derived tumors more effectively than each treatment 
alone [12].

A substantial amount of data suggests that host immune 
cells with a suppressive phenotype represent a significant 
hurdle to successful immunotherapy of metastatic cancer. 
The function of suppressor cells which facilitate tumor 
growth and confer immune tolerance against the tumor was 

already suggested in 1972 [for review see 13], and their 
elimination by radiation was postulated to boost anti-tumor 
immunity [14]. Among the suppressor cells, Tregs and 
MDSCs are significantly increased in hosts with advanced 
malignancies [15, 16]. Tumor-derived immunosuppression 
constantly diminishes anti-tumor immune responses; there-
fore, therapies neutralizing immunosuppression should 
be given before vaccination and continued throughout 
treatment.

Tregs are crucial in mediating immune homeostasis and 
promoting peripheral tolerance. However, in most cancers, 
they play a central role in contributing to the progression 
of the disease [17]. Suppression mechanisms mediated by 
Tregs are thought to contribute significantly to the failure 
of current therapies that rely on induction or potentiation 
of anti-tumor responses [18]. Tregs enrichment was also 
reported to correlate with breast cancer metastasis [19]. 
MDSCs are a heterogeneous population of immature mye-
loid cells that are increased in many cancer types. MDSCs 
play a central role in suppression of the host immune sys-
tem through mechanisms such as arginase-1, release of 
immunosuppressive factors such as reactive oxygen spe-
cies (ROS), nitric oxide (NO), and certain cytokines [15]. 
Moreover, the appearance of spontaneous distant metasta-
sis is correlated with MDSCs recruitment in breast cancer 
[20].

In this study, we investigated the potency of a treatment 
strategy, which combines tumor ablation based on the intra-
tumoral alpha-irradiation with two approaches for immune 
stimulation: (1) neutralization of Tregs and MDSCs (2) 
boost the immune response by immunoadjuvants. The 
study was performed with mice bearing the murine breast 
adenocarcinoma, DA3, which is a weakly immunogenic 
tumor model. DA3 tumors have an  immunosuppressive 
microenvironment involving both Tregs [21] and MDSCs 
[22]. For Tregs inhibition, low-dose cyclophosphamide 
(CP) was used [23], and to suppress MDSCs activity, mice 
were treated with the phosphodiesterase-5 (PDE-5) inhibi-
tor sildenafil. Sildenafil is used for the treatment of erectile 
dysfunction, pulmonary hypertension, and cardiac hyper-
trophy and also affects tumors by eliminating MDSCs 
immunosuppressive functions that results in accumula-
tion and activation of tumor-infiltrating lymphocytes [24]. 
Immunostimulation was induced with the adjuvant CpG 
[25].

Materials and methods

Animals

Balb/c female mice (a body weight of 20–25 g, 10 weeks 
old) delivered by Tel Aviv University (Tel Aviv, Israel) and 



1151Cancer Immunol Immunother (2016) 65:1149–1158	

1 3

Harlan (Jerusalem, Israel) were kept in the animal facil-
ity of Tel Aviv University. Experiments were performed 
according to government and institute guidelines and reg-
ulations (ethical committees permit No. M-11-104). The 
survival and general performance of mice were monitored 
daily.

Tumor cell lines

The DA3 cell line is a dimethylbenzanthracene (DMBA)-
induced, undifferentiated breast adenocarcinoma cell line. 
The cells were grown in DMEM (Biological industries, 
Israel), supplemented with 10 % fetal calf serum, l-glutamine 
(2 mM), penicillin (100 U/mL), and streptomycin (100 μg/
mL) (Biological Industries, Israel). The cell line was stored 
in a humid incubator at a temperature of 37 °C and 5 % CO2.

Anesthesia

All surgical and invasive procedures were held under anes-
thesia using ketamin (100  mg/kg, Fort Dodge, IA) and 
xylazine hydrochloride (10 mg/kg, VMD, Arendonk, Bel-
gium) solution in 0.25 mL of PBS. Intraperitoneal inocula-
tion was given 10 min before starting the treatment.

Tumor cell inoculation

DA3 cells were injected into either the  low lateral side of 
the back or the low left mammary gland of female mice 
(5 × 105 DA3 cells in 0.1 or 0.05 mL HBSS) (Biological 
Industries, Israel), respectively.

Diffusing alpha‑emitter radiation therapy wire 
(Ra‑224‑loaded) preparation

Ra-224 (3.66 d half-life)-loaded platinum wires were pre-
pared using a Th-228 (1.91-y half-life) generator. About 
50 % of Ra-224 atoms recoil out of the generator surface as 
positive ions and collected electrostatically on a thin wire. 
To prevent the Ra-224 desorption, the atoms are embedded 
few atomic layers into the wire surface through thermal dif-
fusion as described [6].

DaRT treatment

Mice with tumors 6–8 mm long (6.5 ± 0.1) (~50–60 mm3 
average volume) were treated by 7-mm Ra-224-loaded 
wires. As control group; tumor-bearing mice treated by an 
inert wire. A 23-gauge needle attached to a 2.5-mL syringe 
was used for wire insertion (Pic  indolor, Italy). For the 
wires implantation, mice were sedated.

Low‑dose CP administration

Tumor-bearing mice were injected with 125  mg/kg CP 
(Sigma, Israel) a day before and a week after insertion of 
Ra-224-loaded or inert wires. As control groups served 
inert wire + CP or DaRT/inert wire + PBS treated mice.

Sildenafil administration

 Tumor-bearing mice were treated orally with sildenafil 
(Pfizer, NY) dissolved in the drinking water as published 
before [24]. Glass bottles were used to avoid absorption. 
Bottles were covered by aluminum foil to protect from 
light. Bottles were shaken five times a week, and water was 
exchanged twice a week. The treatment started as tumors 
reached 2–3  mm (8.2 ±  2  mm3) and lasted for 6  weeks. 
Control mice with tumors of similar size received only 
drinking water.

Adjuvant administration

On the day of wire insertion, mice were injected with 
100 μg of CpG (Syntezza, Jerusalem, Israel) in 30 μL PBS 
(three peri-tumoral injections with 10 μL each). In addi-
tion, a day after the wire insertion, mice were inoculated 
i.v. with 100 μg CpG in 100 μL PBS.

Flow cytometry

Four days after a single i.p injection of 50 or 125 mg/kg CP 
or PBS, all spleens were harvested from DA3 tumor-bear-
ing mice. A single cell suspension was prepared, and cells 
were triple stained using anti-CD25 (PE), anti-CD4 (FITC), 
anti-FoxP3 (APC) antibodies (Biolegend, San Diego, CA). 
The fluorescent intensity was measured using a FACSort 
(Becton Dickinson, Mountain View, CA), and results were 
analyzed using “Cyflogic” software.

Tumor volume calculation

Local tumor growth was determined by measuring 3 
mutually orthogonal tumor dimensions 2–3 times per 
week, according to the following formula: Tumor vol-
ume = π/6 × Diameter 1 × Diameter 2 × Height. Local 
tumor responsiveness to DaRT and immunomodulator 
treatment was expressed by the following ratios:

Response =  Tumor volume on day ×  after treatment/
Tumor volume on the day of wire insertion. Ratio  =  0: 
Complete response (CR); Ratio <1 was considered partial 
response (PR); Ratio  =  1, stable disease; Ratio >1, No 
response (NR).
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Challenge assay

Seventeen to 25 days post-wire insertion, mice treated by 
DaRT and the immunostimulators were re-inoculated with 
the same amount of cells that were used in order to induce 
the primary tumor (5  ×  105 tumor cells/mouse). Naïve 
mice were inoculated with tumor cells for the first time as 
control for tumor growth.

Statistical analysis

Statistical significance (P < 0.05) between the experimental 
groups was determined by two-side Student’s T test or two-
way ANOVA without replication, statistical tests.

Results

Inhibition of local DA3 tumor development 
by combined treatment with Ra‑224‑loaded wires 
and suppression of either MDSCs or Tregs

DA3 tumors were treated by DaRT wires and the MDSCs 
inhibitor, sildenafil. Sildenafil significantly enhanced the 

ability of the radioactive wires to lower tumor growth rate 
(P < 0.05; Fig. 1a). Sildenafil also exhibited a limited atten-
uation effect on tumor growth.

Next, we investigated the effect of low-dose CP and 
DaRT on tumor-bearing mice. CP was injected as a mono-
therapy to DA3-bearing mice at two doses (50 or 125 mg/
kg, n =  3/group) and 4  days later spleens were collected 
for Tregs FACS analysis. Our findings show that CP effi-
ciently decreases Tregs in the DA3 model and 125 mg/kg 
were found to be more effective in inhibiting  Tregs than 
50  mg/kg CP. The percentage of Tregs in the spleen (out 
of total leukocytes) of DA3 tumor-bearing mice is more 
than 4  %. Fifty  mg/kg CP decreased Tregs percentage to 
3.5  %, and 125  mg/kg inhibited Tregs to <2  % (data not 
shown). Our results show that the combined treatment with 
DaRT and low-dose CP significantly inhibited DA3 tumor 
growth. The size of the tumor treated by DaRT + CP was 
twofold smaller than DaRT alone 42 days post-wire inser-
tion (P  <  0.05: Fig.  1b). DaRT +  CP also extended the 
mean survival time of the animals to 116 day compared to 
the control groups (inert wires + CP, 99 days, DaRT alone, 
71 days, or inert wires, 63 days).

We also investigated the  effects of the treatment of 
local tumor with DaRT in combination with low-dose CP 

Fig. 1   Ra-224-loaded wires and sildenafil or CP arrest local DA3 
tumor growth. a Tumor growth curves of mice bearing DA3 tumors 
(57.7 ±  6  mm3) were treated with  either Ra-224-loaded wire (27-
39 kBq/wire) combined with the administration of sildenafil in drink-
ing water (20 mg/kg/24 h) for 6 weeks (Ra-224-loaded wire + silde-
nafil) (n  =  10); or  with Ra-224-loaded wire only (Ra-224-loaded 
wire + regular drinking water) (n = 10); or with inert wire and silde-
nafil (inert +  sildenafil; n =  10); or inert wire alone (inert +  regu-
lar drinking water; n =  10). P (ANOVA two ways without replica-

tion) <0.05. b Tumor growth curves of mice bearing DA3 tumors 
(71.8 ± 5.8 mm3) treated with either Ra-224-loaded wire (35-42 kBq/
wire) combined with the administration of low-dose CP (125  mg/
kg) (Ra-224 wire + CP, n = 7); or Ra-224-loaded wire only (Ra-224 
wire + PBS, n = 6); or inert wire combined with low-dose CP (inert 
wire + CP, n = 7); or inert wire (inert wire + PBS, n = 7). CP was 
injected i.p. 1 day before the wire insertion and at day 7 after the irra-
diation. Ra-224-loaded wires insertion is defined as day 0. P < 0.05. 
(ANOVA—two ways without replication)
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administration on the development of lung metastases. It 
was found that all mice treated with DaRT had metasta-
ses in the lungs 55 days after wire insertion, whereas only 
80 % of mice treated with DaRT + CP carried lung metas-
tases. Furthermore, the average volume of metastases in the 
DaRT + CP group was 6.85 times lower than in the DaRT-
treated group (8.7 ±  1.1 and 60 ±  29 mm3, respectively; 
P < 0.05).

Next, we studied whether treated tumor-bearing mice 
could develop resistance to an additional tumor chal-
lenge. Tumors were treated by a radioactive or inert wire 
with or without CP (125  mg/kg) and excised 10  days 
after wire insertion. The mice were re-injected with a 
tumorigenic dose of DA3 cells and monitored for tumor 
growth. The experiment revealed that mice treated with 
both DaRT plus low-dose CP displayed a significantly 
delayed tumor growth as compared to any other treatment 
including DaRT or CP alone. Twenty days post-tumor 
re-inoculation tumors in DaRT and low-dose CP-treated 
mice were 2.3–4.3 smaller than in mice treated only by 
Ra-224-loaded or inert wires, mice treated by inert wires 
plus CP, or normal mice treated by CP, respectively 
(P < 0.05, Fig. 3a).

Application of DaRT ablation combined with low‑dose 
CP, sildenafil, and CpG resulted in regression of local 
tumors and systemic anti‑tumor response

After showing that the combinations of DaRT with either 
CpG (12) or MDSC or Treg inhibitors significantly inhib-
ited DA3 local tumors, we tested the effect of local alpha-
irradiation combined with the inhibition of both Tregs and 
MDSCs. The results presented in Fig. 2a indicate that the 
combination of radioactive wire with Treg and MDSC 
inhibitors was more effective in retardation of tumor devel-
opment than DaRT with each inhibitor alone (Fig. 1a, b).

In view of these results, we went a step further and 
treated tumors with DaRT combined with all three immu-
nomodulators, MDSCs and Tregs inhibition and CpG, 
and compared it with treatment with the immunomodula-
tors alone (Fig. 2b). Out of twenty mice in the DaRT plus 
immunomodulators group, in six the tumors completely 
regressed. In two of the six, the tumors recurred 44  days 
after treatment, and in one animal, metastasic lesions devel-
oped in the neck 120 days post-treatment and lung metas-
tases were detected by histology. Three animals remained 
primary tumor-free; however, metastases were detected in 

Fig. 2   DaRT in combination with both cyclophosphamide, sildenafil 
with or without CpG resulted in DA3 delayed tumor growth. Mice 
bearing DA3 tumors (76 ±  16  mm3) were each treated with either 
two Ra-224-loaded (28-45  kBq/wire) or inert wires in combination 
with low-dose CP, sildenafil, and CpG. CP was injected i.p. 1  day 
before the wire insertion and at day 7 after the irradiation. Mice 
received sildenafil in the drinking water (20 mg/kg/24 h) for 6 weeks. 
CpG (100  µg) was administrated one day before wire insertion i.t 

and one day after wire insertion. a The tumor growth curves of DA3 
tumor-bearing mice treated by either 2XRa-224 wires + CP + silde-
nafil, (n  =  20) or 2Xinert wires  +  CP  +  sildenafil, (n  =  18), P 
(Two-way ANOVA without replication) <0.05. *P (T test) <0.05. 
b The tumor growth curve of DA3 tumor-bearing mice treated 
by two  Ra-224 +  CP +  sildenafil +  CpG, (n  =  20) or two  inert 
wires +  CP +  sildenafil +  CpG, (n  =  20), P (Two-way ANOVA 
without replication) <0.05. *P (T test) <0.05
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the lungs of one animal by histology. In the other 16 ani-
mals in this treatment group, tumor growth inhibition was 
observed, and the average tumor volume 26 days post-treat-
ment was 67.6 ± 61.3 versus 177.7 ± 56.4 mm3 in the con-
trol group. Complete tumor regression was observed in one 
mouse in the inert  wires +  3 immunomodulators group, 
and inhibition of tumor growth was also observed, as eight 

out of twenty animals demonstrated a partial response 
(Table  1). In addition, in this group, two mice survived 
150 days post-treatment and lung metastases were detected 
by histological examination, thereafter.

The combination of DaRT and 3 immunomodulators 
was examined for the induction of a systemic immune 
response. Ra-224 loaded wires or inert wires were inserted 

Table 1   Effect of treatment 
with DaRT cyclophosphamide, 
sildenafil, and CpG on tumor 
response

a  Mice bearing DA3 tumors (62.4 ± 5.4 mm3) were treated with either 2 Ra-224-loaded (40–50 kBq/wire) 
or inert wires in combination with low-dose CP, sildenafil, and CpG
b  Elimination of primary tumor—number of mice in which the primary tumor was eliminated and the mice 
survived for 39–150 days after treatment
c  PR (partial response)—number of mice in which the tumor shrunk or did not grow after treatment
d  NR (no response)—number of mice in which progressive tumor growth was scored

P (Chi-square) <0.05

 Treatmenta Elimination of primary tumorb PRc NRd

2XRa-224-loaded wire + CP + sildenafil + CpG 3 16 1

2XInert + CP + sildenafil + CpG 1 8 11

2XRa-224-loaded wire + CP + sildenafil 0 2 8

2XInert + CP + sildenafil 0 0 9

Fig. 3   Combined treatment with Ra-224-loaded wire and CP or 
CP and sildenafil and CpG stimulated anti-tumor immunity in DA3 
tumor-bearing mice. a Mice bearing DA3 tumors were treated with 
either three  Ra-224-loaded wire (25–29  kBq/wire) combined with 
the administration of low-dose CP (125 mg/kg) (Ra-224 wire + CP, 
n  =  15); or three Ra-224-loaded wire only (Ra-224 wire  +  PBS, 
n  =  13); or 3 inert wires combined with low-dose CP (inert 
wire + CP, n = 12); or 3 inert wires (inert wire + PBS, n = 14). CP 
was injected i.p. 1  day before the wire insertion and at day 7 after 
the irradiation. Naïve + CP (n = 6) or naïve + PBS (n = 16) were 
injected with challenge tumor  cells only. Residual tumors were 
resected 10 days after wire insertion, and 7 days later mice were 
re-inoculated with a tumor challenge. Presented are tumor growth 
curves of re-inoculated tumors. P < 0.05 Ra-224-loaded wire + CP 

versus any other group. (ANOVA—two ways without replication). 
b Mice bearing DA3 tumors (80  ±  41  mm3) were each treated 
with either two Ra-224-loaded (37-48  kBq/wire)  (n=10), or 2  inert 
wires  (n=7) in combination with low-dose CP, sildenafil, and CpG. 
CP was injected i.p. 1 day before the wire insertion and at day 7 after 
the irradiation. Mice received sildenafil in the drinking water (20 mg/
kg/24 h) for 6 weeks. CpG (100 µg) was administrated 1 day before 
wire insertion i.t and 1 day after wire insertion. Residual tumors were 
resected 15 days after wire insertion, and 10 days later mice were re-
inoculated with a challenge tumor. Presented are the tumor growth 
curves of re-inoculated mice. Naïve mice (n=8) that were inoculated 
for the first time with DA3 served as internal control for tumor devel-
opment. P (Two-way ANOVA without replication) <0.05. *P (T test) 
<0.05 (b)
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to DA3 primary tumors (tumor volumes on treatment day: 
91.7  ±  13.27 vs. 65.89  ±  11.9  mm3). All tumors were 
excised 15  days after wires insertion, and 10 days later, 
all mice were re-inoculated with DA3 cells (5 × 105 cells/
mice). Naïve mice inoculated with DA3 cells served as an 
internal control for DA3 tumor development. The group 
that was treated by inert wires and the 3 immunomodulators 
resulted in tumor inhibition compared to the naïve group. 
The group that was initially treated by Ra-224-loaded wires 
and three immunomodulators had the smallest tumors after 
the challenge (Fig. 3b).

The combined DaRT treatment with the three immu-
nomodulators reduced the metastatic burden in the treated 
mice (Table 2). About a third of such treated animals car-
ried lung metastases compared with more than a half of the 
mice treated with an inert wire and the three drugs. Lung 
metastases were detected in about two-thirds of the animals 
treated with Ra-224 wires, low-dose CP and sildenafil, and 
in most of the animals treated only by inhibitors of Tregs 
and MDSCs. All  of the DaRT-treated or non-treated ani-
mals carried lung metastases (Table 2).

In addition, the synergism between DaRT and the three 
immune manipulators resulted in prolongation in life 
expectancy. Fifty percent of the mice in this group survived 
124 days post-Ra-224-loaded wires insertion compared to 
only 10 % survival in the group treated by inert wire and 
the 3 immunomodulators (P = 0.051 by Chi-square test).

Discussion

The destruction of tumors by external beam gamma-radio-
therapy was reported to boost systemic anti-tumor immu-
nity and serve as a strategy for in situ cancer vaccination [3, 
4, 26, 27]. Thus, we investigated whether local destruction 
of solid tumors by our novel alpha-based radiation brachy-
therapy (DaRT ablation) boosted the development of effec-
tive anti-tumor immunity.

In previous studies, we were the first to report that fol-
lowing ablation of the primary tumor by alpha-irradiation-
mediated brachytherapy, mice bearing the immunogenic 
colon cancer, CT26, exhibited an effective anti-tumor 
immune response, as manifested by resistance to a tumor 
challenge both in the skin and in the lungs [12]. Similar 
experiments using a low immunogenic breast cancer, DA3 
cells, treatment with DaRT alone resulted in a weak anti-
tumor immune response, which was accompanied by a 
reduced load of metastases in the lungs [11, 12]. Another 
report using radioimmunotherapy with alpha-emitters also 
demonstrated the induction of anti-tumor immunity [28].

A better control of the primary tumor and metastases can 
be achieved by neutralizing cells that suppress anti-tumor 
immunity such as Tregs and MDSCs or boost the immune 
response by immunoadjuvants or using the combination of 
both approaches.

Elimination of Tregs [29, 30] or MDSCs [31, 32] was 
found to be essential for an effective anti-tumor immuno-
therapy. MDSCs depletion was associated with restora-
tion of immune dysfunction in hepatocellular carcinoma 
patients [33], suggesting that their inhibition might improve 
the control of cancer development.

The immune microenvironment of the weakly immu-
nogenic DA3 tumor was shown to involve both Tregs [21] 
and MDSCs [22]. Thus, in the present study, we investi-
gated whether the weak anti-tumor immunity induced by 
an alpha-irradiation-mediated destruction of DA3 tumors 
could be enhanced using Treg and MDSC inhibitors and 
cause to significant retardation of primary and metastatic 
tumor progression. It was also examined if integrating the 
radioactive-mediated ablation with suppressor cell inhibi-
tors and the immunoadjuvant, CpG, can acheive a thera-
peutic effect.

The effect of the various treatment combinations was 
examined on two levels: (1) growth retardation of the 
local tumor and (2) inhibition of metastatic lesions in the 
lungs. First, DaRT ablation was applied simultaneously 

Table 2   Effect of treatment 
with DaRT cyclophosphamide, 
sildenafil with or without 
CpG on elimination of lung 
metastases

a  Mice bearing DA3 tumors (60 ± 5 mm3) were treated with either two Ra-224-loaded (40-50 kBq/wire) 
or inert wires in combination with low-dose CP, Sildenafil ± CpG (n = 5–9). CP was injected i.p. 1 day 
before the wire insertion and at day 7 after the irradiation. Mice received sildenafil in the drinking water 
(20 mg/kg/24 h) for 6 weeks. CpG (100 µg) was administrated 1 day before wires insertion i.t and 1 day 
after wires insertion
b  Mice were examined by CT, and the number of mice with lung metastases was scored
c  Mice were examined by CT, and the metastatic load was scored

Total volume of metastases (mm3)c % Metastases bearing miceb Treatmenta

60 ± 29 100 DaRT alone (n = 10)

16.6 ± 5.6 77 Inert + CP + sildenafil (n = 5)

13.3 ± 6.5 60 DaRT + CP + sildenafil (n = 8)

19.8 ± 14.2 55 Inert + CP + sildenafil + CpG (n = 9)

10.6 ± 9.7 30 DaRT + CP + sildenafil + CpG (n = 8)
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with either the PDE-5 inhibitor sildenafil that was shown 
previously to block MDSCs functions [24] or the Tregs 
inhibitor, cyclophosphamide at low dose [23]. It was shown 
that the inhibition of MDSCs by sildenafil concomitantly 
with the radioactive treatment retarded tumor progression 
more efficiently than DaRT alone (Fig. 1a). Death in DA3 
bearing mice is caused by lung metastases, yet DaRT with 
inhibition of MDSCs alone did not extend the survival of 
the treated animals as compared to the group treated with 
DaRT alone. It might be that MDSCs  may not affect lung 
metastases development in the DA3 model. In other stud-
ies, inhibition of MDSCs with a selective blocker of CSF1 
receptor together with gamma-radiotherapy suppressed 
tumor growth more effectively than irradiation alone [34]. 
The possible role of MDSCs in the outcome of tumor 
ablation was pointed out by the study, which showed that 
increased MDSC-related functions are an early indicator 
for incomplete radiofrequency ablation of NSCLC [35].

Tregs inhibition using low-dose CP in synergism with 
DaRT ablation was significantly more effective than CP 
alone or DaRT alone in blocking tumor growth (Fig.  1b) 
and extending overall survival. Life prolongation was due 
to reduced lung metastases. It has been earlier reported 
that Tregs depletion also improved the effect of other abla-
tion modalities. Targeting  Tregs targeting together with 
tumor gamma-irradiation significantly reduced tumor bur-
den and improved overall survival [36]. When combined 
with Tregs depletion, cryoablation was significantly more 
effective than either surgical excision or cautery at induc-
ing systemic anti-tumor immunity, resulting in the cure of a 
fraction of animals with established metastatic disease and 
resistance to re-injection of tumor cells [37]. The combina-
tion of Tregs depletion and ablation by photodynamic ther-
apy (PDT) potentiated PDT-mediated immunity, leading to 
a long-term survival and a development of immunological 
memory [23].

Next, we attempted to overcome the suppressive micro-
environment of the DA3 tumor by combining inhibition of 
both Tregs and MDSCs with the alpha-irradiation-mediated 
ablation. We showed for the first time that the combined 
treatment was significantly better in retarding the tumor 
growth and reducing lung metastases than alpha-irradiation 
and inhibition of each suppressor cell population alone 
(Fig.  2a). Other studies reported that synergistic suppres-
sion of Tregs and MDSCs cells in mice with tumors pro-
moted their anti-tumor immunity [38]. Another study using 
a combination of a fusion protein vaccine with both Tregs 
and MDSCs inhibition demonstrated a complete eradica-
tion of large tumors in mice [39]. Treatment of the murine 
4T1 breast cancer with a combination of anti-TGF-β 
immunotherapy and Tregs inhibitor, low-dose CP, reduced 
MDSCs numbers and promoted their differentiation indi-
cated by a higher expression of MHC class II and the 

immune co-stimulatory molecule CD80 [40]. This study 
also showed that such therapy led to a growth inhibition of 
lung metastasis and resistance to a tumor challenge.

Finally, since we previously demonstrated that CpG 
can augment anti-tumor immunity in combination with 
DaRT [12], we aimed to maximize the anti-tumor immu-
nity following ablation of the low immunogenic DA3 pri-
mary tumor by adding CpG to the inhibitors of Tregs and 
MDSCs. The combined treatment was effective in eliminat-
ing both primary tumors and lung metastases and stimulat-
ing systemic immune response. This combination, cured 
three animals with an established tumor and resulted in 
the highest rate of partial response in several animals with 
established tumors and lung metastases. To our knowledge, 
this is the only report on a curative effect of such com-
bined treatment. Gamma-irradiation in combination with 
an immunostimulant and inhibitor of Tregs was earlier 
reported to be the most effective treatment of a breast can-
cer [41]. Furthermore, it was claimed in another report that 
the key mechanisms of augmenting the functions of adop-
tively transferred T cells by total body irradiation in mela-
noma patients include the depletion of Tregs and MDSCs 
and the activation of the innate immune system via Toll-
like receptor 4 signaling [42].

This alpha-based radiotherapy may also prove to be 
more effective against cancer stem cells. The targeting of 
CSCs is highly important due to their ability to acquire 
resistance to cytotoxic therapies and their propensity to 
form metastases [43]. Therapy based on alpha-irradiation 
has been recently shown to kill cancer stem cells (CSCs) 
[44].

Taken together, DaRT is a promising cancer treatment 
modality that is capable of both local tumor destruction 
and immune stimulation and can be used either instead or 
before surgery. However, the treatment with DaRT alone 
in some cases is not completely curative due to the tumor-
induced immune cell dysfunction and immune suppression. 
Here  it was shown that DaRT ablative treatment could be 
perfectly combined with other immunotherapies to maxi-
mize the anticancer immunity induced by DaRT. Our find-
ings suggest that the combination strategy including DaRT, 
the neutralization of immunosuppressive cells and immu-
nostimulation with immunoadjuvants could be applied 
for the treatment of cancer patients. Ra-224-loaded wires 
can be inserted a few days before a subsequent operation 
leading not only to primary tumor shrinking but also to 
the stimulation of an anti-tumor immune response that can 
react against circulating cells or distant metastases.
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