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Abstract

Introduction The current systemic anti-metastatic treat-
ment is chemotherapy. Chemotherapy reacts mostly against
replicating cells, which makes this therapy not specific.
Moreover, resting cancer cells will not be destroyed. A bet-
ter alternative is an engagement of the host immune sys-
tem to react against tumor-associated antigens. An efficient
immune-stimulating technique is an ablation of the tumor
that results in the release of tumor antigens. Our ablation
strategy is an innovative alpha-radiation-based technology,
diffusing alpha-emitters radiation therapy (DaRT), which
efficiently destroys local tumors and provides thereby an
antigenic supply for antigen-presenting cells to stimulate T
cells.

Methods Mice bearing weakly immunogenic DA3 adeno-
carcinoma or highly immunogenic CT26 colon carcinoma
were treated by DaRT. Anti-tumor immune responses fol-
lowing tumor destruction were evaluated by (1) the resist-
ance to a tumor challenge; (2) scanning by a CT imaging
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device for elimination of lung metastases; (3) improved
tumor control when combining DaRT with an immunoad-
juvant (CpG).

Results CT26 model: 63-77 % of DaRT-treated mice
became resistant to a re-inoculated tumor compared to
29-33 % resistant mice in the control. DA3 model: (1) The
growth rate of challenge tumors was the lowest in mice
which their primary tumor was treated by DaRT. (2) Most
(93 %) mice in the control group developed lung metasta-
ses compared to 56 % in the DaRT group. (3) Combining
DaRT with CpG resulted in a better control of the primary
tumor. Our study offers a technique to eliminate local and
distant malignant cells, regardless of their replication sta-
tus, by stimulating specific anti-tumor immunity through
the supply of tumor antigens from the destroyed tumor.

Keywords Colon cancer - Breast cancer - Radiotherapy -
Immune stimulation - Ra-224 - Brachytherapy

Abbreviations

DaRT Diffusing alpha-emitters radiation therapy
DCs Dendritic cells

DMBA Dimethylbenzanthracene

DMEM Dulbecco’s modified Eagle’s medium
HBSS  Hanks’ balanced salt solution

NNMU  N-Nitroso-N-methylurethane

ODNs  Oligodeoxynucleotides

RPMI  Roswell Park Memorial Institute
Introduction

The major risk of treating tumors by radiation is tumor
recurrence at the end of the therapy. The challenge of
chemotherapy is to avoid appearance of micrometastases
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and of targeting senescent tumor cells. Therefore, multi-
modal treatments are urgently needed that induce systemic,
specific, and long-lasting anti-tumor responses [1]. Tumor
cells express tumor-associated antigens that can be recog-
nized by T cells provided that they are phagocytized and
processed by dendritic cells (DCs) [2].

To improve the recruitment of DCs and the tumor anti-
gen uptake by those cells, a massive tumor antigen release
is needed. Upon tumor ablation in situ, large amounts of
tumor debris are released that could potentially be taken up
by the immune system and serve as an antigen source for
the induction of anti-tumor immunity [3].

Diffusing alpha-emitters radiation therapy (DaRT) is
a novel, alpha-radiation-based, ablation method. In this
technique, tumors are destroyed by an insertion of Ra-
224-loaded wires that disperse in the tumor alpha particle
emitting atoms. DaRT therapy has been tested in our labo-
ratory on both mouse and human experimental tumor mod-
els and proven to be effective, specific, and safe [4-10].

Increasing evidence suggests that adaptive immunity
contributes to the long-term clinical benefits of anticancer
treatments [11]. By destroying the tumor in situ with a Ra-
224-loaded wire, tumor cells serve as a source of tumor
antigens that can be taken up by DCs and initiate an adap-
tive immune response.

Low antigen expression and an absence of co-stimula-
tory signals may be partly responsible for the low immu-
nogenicity of many tumors. It may be possible to over-
come this situation by defining a combination of adjuvants
and antigens that can activate a high-avidity anti-tumor
response [12]. CpG oligodeoxynucleotides (ODNs) are
synthetic DNA sequences containing unmethylated cyto-
sine—guanine motifs with potent immune modulatory
effects. Via Toll-like receptor 9 agonists of DCs and B
cells, CpG ODNs induce cytokines, activate natural killer
cells, and elicit vigorous T cell responses that lead to sig-
nificant anti-tumor effects [13-16].

In this work, we used two models of syngeneic mouse
tumors: the DA3 murine breast adenocarcinoma [17] and
CT26 mouse colon carcinoma. These tumors differ in
their immunogenicity. In contrast to the DA3 model, mice
with CT26 mouse colon carcinoma developed a strong
anti-tumor immune response [18]. We showed that alpha-
radiation therapy suppressed the growth of both breast and
colon primary tumors. The destruction of the tumor stimu-
lated anti-tumor immunity and decreased the numbers of
distant metastases. The application of DaRT in combina-
tion with CpG strongly enhanced the inhibitory effect on
primary tumors. These data suggest that the tumor abla-
tion via DaRT augments anti-tumor immune reactions and
could be considered as an efficient strategy of anti-tumor
immunotherapy.
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Methods
Animals

Balb/c male and female mice (20-25 g, 10 weeks old)
were obtained from Tel Aviv University (Tel Aviv, Israel)
and Harlan (Jerusalem, Israel), and were kept in the ani-
mal facility of Tel Aviv University. Experiments were
performed in accordance with government and institute
guidelines and regulations (Ethical committees permit No.
M-10-059 and M-11-104). The survival and general perfor-
mance 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 Dulbecco’s modified Eagle’s
medium (DMEM, Biological industries, Kibbutz Beit
Haemek, Israel), supplemented with 10 % fetal calf serum
(Biological Industries, Kibbutz Beit Haemek, Israel),
L-glutamine (2 mM) (Biological Industries, Kibbutz Beit
Haemek, Israel), penicillin (100 U/ml), and streptomycin
(100 pg/ml) (Biological industries, Kibbutz Beit Haemek,
Israel). The cell line was stored in a humid incubator at a
temperature of 37 °C and 5 % CO,.

The CT26 cell line is an N-nitroso-N-methylurethane
(NNMU)-induced, undifferentiated colon carcinoma cell
line. It was purchased from the ATCC (CRL-2638). The
cells were grown in Roswell Park Memorial Institute
(RPMI)-1,640 medium (GIBCO, Rehovot, Israel) supple-
mented with 10 % fetal calf serum (Biological Industries,
Kibbutz Beit Haemek, Israel), L-glutamine (2 mM) (Bio-
logical Industries, Kibbutz Beit Haemek, Israel), peni-
cillin (100 U/ml), streptomycin (100 pg/ml) (Biological
industries, Kibbutz Beit Haemek, Israel), sodium pyru-
vate (1 mM) (Biological Industries, Kibbutz Beit Haemek,
Israel), HEPES buffer 1 M (Biological Industries, Kibbutz
Beit Haemek, Israel), and p-glucose (Biological Industries,
Kibbutz Beit Haemek, Israel).

CT26 cells infected with the pQC-mCherry retroviral
particles were used to evaluate the rate of metastatic spread
in the lungs as an expression of activated anti-tumor immu-
nity (kindly provided by Dr. R. Satchi-Fainaro, Faculty of
Medicine, Tel Aviv University, Tel Aviv, Israel).

Tumor cell inoculation

Male mice were inoculated intracutaneously into the low lat-
eral side of the back with 5 x 10° CT26 cells in 0.1 ml Hanks’
balanced salt solution (HBSS, Biological Industries, Kibbutz
Beit Haemek, Israel). Female mice were injected into either
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low lateral side of the back or the low left mammary gland
with 5 x 10° DA3 cells in 0.1 or 0.05 mL HBSS, respectively.

Tumor volume calculation

Local tumor growth was determined by measuring 3 mutu-
ally orthogonal tumor dimensions 2-3 times per week.

Experimental tumor metastasis

Lung metastases developed 10 days after i.v. injection of 2
x 10° mCherry-labeled CT26 cells in 0.2 ml HBSS buffer.

Day -14 to -10 Day 0

inert wire, whose their tumors were also excised 14 days
after wire insertion. (3) Non-treated tumor-bearing mice
and (4) mice, whose their tumors were excised when
6—8 mm in diameter.

Challenge assay

Twenty-one days post-wire insertion, mice were re-inocu-
lated with 5 x 10° tumor cells/mouse. Additional control
for this assay exclusively was naive mice that were inocu-
lated with tumor cells for the first time.

Assay scheme: Histology

Day +14 Day +21

»

Tumor cells inoculation Treatment

Tumor excision Challenge i

Ra-224-loaded wire (diffusing alpha-emitter radiation
therapy wire) preparation

Ra-224 (3.66 days half-life)-loaded wires are prepared
using a Th-228 (1.91 years half-life) (Eckert & Zigler,
Berlin, Germany) generator as described [4]. The gen-
erator is a flat conductive surface partially covered with
Th-228 atoms. During the a-disintegration of Th-228, the
daughter Ra-224 atom recoils. About 50 % of the Ra-224
atoms recoil out of the generator surface as positive ions
and are collected on a thin wire electrostatically. To pre-
vent Ra-224 loss from the wire, the atoms are embedded a
few atomic layers below the wire surface through thermal
diffusion.

Wire insertion

Wires with the length of 7 mm, either loaded with
Ra-224 or inert, were placed near the tip of a 23-gauge
needle attached to a 2.5-ml syringe (Picindolor, Rome,
Italy) and inserted into the tumor by a plunger placed
internally along the syringe axis. Mice of the control
group were treated with the inert (non-radioactive)
wires.

Inside the tumor, the Ra-224 stays on the wire surface
and decays into diffusing atoms that release alpha particles
by recoil, which destroy tumor cells.

Treatment protocol

The treatment experiment included 4 experimental
groups: (1) Mice with tumors 6-8 mm long (6.5 & 0.1)
(~50-60 mm® average volume) were treated by a single
7-mm Ra-224-loaded wire. In case tumors did not disap-
pear, they were excised 14 days after wire insertion. (2)

Inert control group; tumor-bearing mice treated by an

Histological staining of tumors from treated and con-
trol tumor-bearing mice was performed as described [6].
Briefly, immediately after removal, tumors were fixed in a
4 % formaldehyde solution (Sigma, Rehevot, Israel) for at
least 24 h. The preserved specimens were embedded in par-
affin, and sections (5—10 wm) were stained with hematoxy-
lin and eosin (Surgipath, Richmond, Va).

Signal quantification of labeled cancer cells

CRI Maestro™ (Cambridge Research and Instrumentation,
USA) fluorescence imaging system was used to measure sig-
nal obtained from experimental metastases in mice inoculated
i.v. with mCherry-labeled tumor cells. When a mouse was
diagnosed as moribund, all organs were taken and analyzed.

Computed tomography imaging of lungs

Mice lungs were scanned, using TomoScope® In vivo CT
imaging device (Erlangen, Germany). Images were ana-
lyzed using “Amide” and “RadiAnt” softwares.

Adjuvant administration

A day before the wire insertion, mice were injected with
100 g of CpG (Syntezza, Jerusalem, Israel) in 30 nl PBS
(three peri-tumoral injections with 10 pl each) (Tel Aviv
University, Tel Aviv, Israel). In addition, a day after the
wire insertion, mice were inoculated i.v. with 100 pg CpG
in 100 nl PBS. As controls served mice treated by inert
wire + PBS, or inert wire + CpG.

Statistical analysis

Statistical significance (p < 0.05) between the experimen-
tal groups was determined by two-side Student’s T test or
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Fig. 1 Ra-224-loaded wire inhibits both DA3 and CT26 local tumor
development. a DA3 tumor-bearing mice were treated with the
intratumoral Ra-224-loaded wire (40-50 kBq/wire, n = 52) or with
an inert wire (n = 46) or were left untreated. Tumor volumes were
recorded for 14 days. P (T test) < 0.05 (except for day 0).b CT26
tumor-bearing mice were treated with the intratumoral Ra-224-

two-way ANOVA without replication or chi-square statisti-
cal tests.

Results

Tumor ablation by Ra-224-loaded wires potentiated anti-
tumor immunity

We examined whether Ra-224-loaded wire-based tumor
destruction can elicit strong anti-tumor immunity against
DA3 and CT26 tumors. In order to test it, DaRT or inert
(non-radioactive) wires (one per tumor) were inserted
into established tumors (6—8 mm in diameter) and were
left there for 14 days. Measurements of tumor volumes
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loaded wire (40-50 kBqg/wire, n = 17) or with an inert wire (n = 17).
Tumor volumes were recorded for 14 days. P (T test) <0.05 (except
for day 0). ¢ Histological slices of DA3 tumors were taken 14 days,
and CT26 tumors 5 days after a single Ra-224-loaded wire (half-
life = 3.66 days)

revealed that the average tumor volume in the DaRT-treated
group was 2-2.6 times smaller than in the control groups
in both the DA3 and CT26 models. Histology documented
the extent of wire-induced damage inside the tumor tissue
(Fig. 1).

The treated animals were re-inoculated with the same
amount of tumor cells as was injected in order to induce
a primary tumor. The appearance and growth of secondary
tumors were recorded. We found that in the CT26 model,
77 % of mice in the DaRT-treated group did not develop
s.c. tumors after a challenge with tumor cells compared to
33 % of mice in the inert-treated group that were resistant
to re-inoculation of cells (Fig. 2a).

Next, we tested the anti-tumor immunity in the lungs
of animals, which underwent primary tumor ablation by
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Fig. 2 Effect of tumor ablation by Ra-224-loaded wires on the
resistance to a subcutaneous or i.v. CT26 tumor rechallenge. a
CT26 tumor-bearing mice were treated with either intratumoral Ra-
224-loaded wire (40-50 kBg/wire, n = 8-9) or with an inert wire
(n = 7-9) followed by the removal of residual tumors 14 days after
the treatment. Treated animals were injected again s.c. with 5 x 10°
tumor cells. Normal mice were injected s.c. with 5 x 10> CT26 tumor
cells at the same time (naive, n = 9). The percentage of tumor take
against time after challenge inoculation is presented, P (T-test) <0.05

DaRT. Treated animals were injected i.v. with 2 x 10°
mCherry-labeled tumor cells, and the survival of the mice
was recorded. Survival of DaRT-treated mice was higher
than that in the inert-treated group (63 vs. 29 % survival;
respectively, Fig. 2b, c¢). In addition, in the i.v. challenge
protocol, as a mouse was diagnosed as moribund, it was
killed, and all its organs were harvested and analyzed using
a CRI MAESTRO™ Imaging tool. The signal that was
measured in the inert group was three times stronger than
the signal measured in the DaRT group (data not shown),
indicating a higher load of cancer cells in the lungs of
inert-treated group compared to the DaRT-treated group.

(at all points, Ra-224-loaded wire vs. inert or Naive). b Treated ani-
mals were injected i.v. with 2 x 10° tumor cells. Naive mice were
injected i.v. with 2 x 10% CT26 tumor cells at the same time (naive,
n = 6). Survival of mice is shown as a Kaplan—-Meier curve. P (two-
way ANOVA without replication) <0.05 (at all points, Ra-224-loaded
wire vs. inert or naive). ¢ Maestro-CRI lung imaging of mice injected
with CT-26 mCherry-labeled cells (as described in B): (1) lungs in
bright field, (2) fluorescent image of lungs

Similar experiments with the less-immunogenic tumor
DA3 showed also that the tumors after re-inoculation grew
slower in treated animals than in non-treated group (Fig. 3).
Moreover, the number of tumor free mice upon the tumor
challenge in both DA3 and CT26 model was significantly
higher than in control groups.

Reduction in incidence of lung metastases in the DA3
tumor model

We next studied the effect of treatment of the local
tumor with DaRT on distant lung metastases in the DA3
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Fig.3 DA3 tumor in mice upon the tumor ablation by Ra-
224-loaded wires followed by subcutaneous administration of tumor
cell. DA3 tumor-bearing mice were treated with intratumoral Ra-224-
loaded wire (40-50 kBg/wire, n = 18) or with an inert wire (n = 24)
followed by the removal of residual tumors at day 14 after the treat-
ment. In some tumor-bearing mice, tumors were excised 14 days
after wire insertion (surgery group; n = 26). Non-treated tumor-
bearing mice served as a control (NT-TB; n = 7). The control and
treated animals were challenged again s.c. with 5 x 10° DA3 tumor
cells 21 days after treatment. Naive—Normal Balb/c mice that were
injected only tumor cells at day 21 after the beginning of experiment
(n = 25). P (two-way ANOVA without replication) <0.05, P (chi-
square) <0.01 (days 10-15), P (chi-square) = 0.06 (days 20-33) (Ra-
224-loaded wire vs. controls)

tumor-bearing animals. The lungs of mice treated by a sin-
gle Ra-224-loaded wire and tumor excision 14 days after
wire insertion were investigated at day 50 after the treat-
ment by a CT imaging device. We found that in the DaRT-
treated group, 56 % of the mice had lung metastases,
whereas in the control group, 93 % of animals developed
lung metastases (Fig. 4a).

Combined treatments of DaRT and the immunoadjuvant,
CpG

In order to augment the anti-tumor immunity triggered by
the radioactive ablation, we tested the effect of DaRT and
the immunoadjuvant, CpG, on the development of primary
tumors. The combined treatment significantly inhibited
tumor growth compared to each treatment alone (Fig. 5).
The mean survival time of mice treated with Ra-224-loaded
wire and CpG was the longest (99 days) compared to ani-
mals treated with Ra-224-loaded wire only (83 days), CpG
only (88 days), or non-treated mice (64 days).

Discussion

In most cases, the main problem of cancer is not the pri-
mary tumor, which can be removed, but the metastases in
distant organs. Tumor immunotherapy represents a prom-
ising approach. Local irradiation, especially alpha based,
may induce systemic anti-tumor immune responses. There-
fore, a combination of radiotherapy and immunotherapy
may serve as a valuable strategy [19]. In this work, we
investigated two tumor models: the murine DA3 breast
adenocarcinoma and mouse CT26 colon carcinoma. These
two tumors differ in their immunogenicity. DA3 cells that
exhibit low immunogenicity [20] were injected to females
as the relevant choice. The highly immunogenic CT26
tumor cell line [21], which was used in our laboratory for
many years, was injected to male mice [22, 23], as in many
other studies that used CT26.

Here we demonstrated that the treatment with a single
Ra-224-loaded wire inhibited the tumor growth in both
DA3 and CT-26 models. Interestingly, both low (DA3)- and
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Fig. 4 Effect of DaRT treatment on lung metastases. Lung metasta-
ses in mice bearing murine breast tumors treated by Ra-224-loaded
wires. Treatment was applied to Balb/c mice bearing DA3 tumors
(6-8 mm average diameter). a Fifty days post-treatment all mice were
CT scanned for lung metastases. Tumor-bearing mice each treated
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Inert

with one Ra-224 wire, carrying activities in the range of 40-50 kBq
(Ra-224 wire; n = 16). Inert—tumor-bearing mice treated with an
inert wire were used as a control group (n = 16). P value (T test)
DaRT vs. Inert <0.05. b Lung metastases in the mouse of control
group is shown
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Fig. 5 Effect of combined treatment on tumor development. Mice
bearing breast DA3 tumors were treated with Ra-224-loaded wire
(39.6-52.7 kBg/wire) combined with two injection of 100 ug
CpG (Ra-224-loaded wire + CpG) (n = 11), with Ra-224-loaded
wire only (Ra-224-loaded wire + PBS) (n = 9), with CpG alone
(inert + CpG; n = 10) or left untreated (inert + PBS; n = 6). *P
(T test) < 0.05 (on days: 2, 5, 21, and 39), P (two-way ANOVA w/o
replication) <0.05 (Ra-224 load wires 4+ CpG vs. controls, at all time
points)

high (CT26)-immunogenic tumors are sensitive to the local
DaRT treatment. However, the destructive effect is stronger
in the case of CT-26 tumors. This could be explained by a
higher sensitivity of CT-26 cells to alpha radiation and by
a higher immunogenicity of these tumor cells. In addition,
according to our findings, not all the tumor masses were
destroyed by the alpha particles; however, even sublethal
doses of radiation can generate potent immune responses.
Irradiated dying cancer cells release the nuclear protein
HMGBI that provides a “danger” signal to DCs [24].
Besides the local tumor destruction, the DaRT treatment
was found to induce also anti-tumor immunity. Upon the
ablation of DA3 and CT-26 primary tumors, mice were re-
inoculated with the same tumor cells (challenge assay). In
both models, in the DaRT-treated group, secondary tumors
were the smallest or have not developed at all. Here again
we observed a better effect in the CT-26 tumor model. It
is important to point out that the CT26 tumor is immuno-
genic, and its growth in the mouse was sufficient to induce
an anti-tumor immune response [22, 23], an effect which
might be elevated by the minimal tissue damage caused by
the inert wire. However, when treating local CT26 tumors
by DaRT, 63-77 % of mice were resistant to a tumor re-
challenge both i.v. and s.c., respectively, while only
29-33 % of the mice in the inert-treated group became
resistant. Based on our findings and due to the low immu-
nogenicity of the DA3 model, we decided to focus on this
challenging model. First, we examined lung metastases at

day 50 after the DaRT treatment and found a significant
decrease in the number of lung metastases compared to
control group. It is conceivable that irradiated tumors con-
tained less cancer cells that can induce lung metastases
than non-irradiated tumors. In addition, this inhibition of
metastases formation could be due the “bystander” effect
of irradiation that was reported to stimulate T cell-mediated
anti-tumor reactions [25].

Since FACS analyses that were preformed 3 days post-
ablation revealed that CpG elevated DCs in the tumor
draining lymph nodes (data not shown), we combined
DaRT treatment with the application of the immunostimu-
latory agent CpG [26]. This combined therapy was dem-
onstrated to induce a significant inhibition of the tumor
progression. However, the life expectancy was not sig-
nificantly prolonged. This may indicate that in the DA3
model, suppressor immune cells such as regulatory T cells
or myeloid derived suppressor cells may play a significant
role [27, 28], and it could be that combining DaRT ablative
technique with immune suppressor cells inhibitors would
affect survival more significantly.

Alpha particles destroy tumor cells effectively due to
DNA double-strand breaks [29]. However, there are many
tumor ablation methods that can destroy a tumor [30]. The
DaRT ablation method has two important advantages as
compared to other ablative approaches. First, since alpha
particles release during 10 days, it gives more time for the
activation of immune system. Second, the alpha particles
target the cancer cells without harming healthy cells [7],
thus avoiding the development of auto-immune reactions.

In summary, our results indicate that alpha-radiation-
based therapy inhibits the growth of both breast and colon
primary tumors. The destruction of the tumor stimulated
anti-tumor immunity and inhibited the formation of metas-
tases in distant organs. The combination of DaRT and CpG
augmented the anti-tumor effect.

The DaRT vaccination form serves as a novel and pow-
erful strategy for “personalized vaccination,” since the
tumor is the antigen supplier and the DaRT therapy induces
the release of those antigens to stimulate the immune sys-
tem. Therefore, DaRT technology could be considered as
an optimal candidate for the combination with different
immunotherapeutic strategies to better target cancer cells
both locally and systemically [31, 32].
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