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The cGAS-STING pathway can be activated by radiation induced DNA damage and because of its impor-
tant role in anti-cancer immunity activation, methods to increase its activation in cancer cells could pro-
vide significant therapeutic benefits for patients. We explored the impact of hafnium oxide nanoparticles
(NBTXR3) activated by radiotherapy on cell death, DNA damage, and activation of the cGAS-STING path-

way. We demonstrate that NBTXR3 activated by radiotherapy enhances cell destruction, DNA double
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strand breaks, micronuclei formation and cGAS-STING pathway activation in a human colorectal cancer
model, compared to radiotherapy alone.

© 2019 The Author(s). Published by Elsevier B.V. Radiotherapy and Oncology xxx (2019) xxx-xxx This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Currently, around 60% of all cancer patients receive RT as part of
their treatment [1]. While the main antitumor effect of radiother-
apy (RT) is induction of DNA double strand breaks (DSBs) [2], pre-
clinical and clinical studies show that RT can also modulate both
the innate and adaptive immune system [3,4]. For instance, RT
can induce the immunogenic cell death [4,5], increase MHC-I
expression on cancer cells [6]. In addition, DNA damage induced
by the RT can trigger formation of free DNA in the cytoplasm.
The DNA sensor ¢GAS will bind this free DNA, triggering the pro-
duction of cGAMP, which will activate STING. Activated-STING will
allow IRF3/7 transcription factor to enter into the nucleus, leading
to type-I interferon (IFN-1) secretion [7]. IFN-1 production in the
tumor microenvironment is required to recruit Batf3-dependent
dendritic cells (DC) to poorly immunogenic tumors, subsequent
T-cell activation, and tumor cell killing. In addition, activation of
the cGAS-STING pathway has also been shown to be essential for
the activity of immune checkpoint inhibitors (ICIs) [8]. Thus, acti-
vation of the cGAS-STING pathway has become an attractive ther-
apeutic target with the potential to prime anti-cancer immune
response and to improve the efficacy of ICIs [4,9-11].

The high electron density of functionalized hafnium oxide
nanoparticles (NBTXR3) allows a high probability of interaction
with incoming ionizing radiation (when compared to cancer cells
mostly constituted of low electron density molecules, like water)
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and an increased energy dose deposit within cancer cells. Due to
this physical mode of action, we have previously reported that
treatment with NBTXR3 activated by RT yielded increased cancer
cell death and better local tumor growth control than RT alone
[12-14]. NBTXR3 is currently being evaluated in several clinical tri-
als and positive topline results were recently reported for a phase
[I/11I trial in patients with locally advanced soft tissue sarcoma [15].

Here, we examined the effect of NBTXR3 activated by RT on cell
death, DNA damage, and activation of the cGAS-STING pathway in
the human colorectal cancer HCT116-DUAL cells. We show that
RT-activated NBTXR3 significantly increases cell killing, DSBs and
micronuclei formation, compared to RT alone. We also demon-
strate that the cGAS-STING pathway was starkly more active in
cells treated by NBTXR3 and RT, than that observed in cells that
only received RT. Thus, by increasing the transcriptional activity
of IRF3/7 in cancer cells, this work could have important implica-
tions for the use of NBTXR3 activated by RT with immunotherapy.

Experimental

Cell line and culture conditions

The HCT116-DUAL cell line, derived from HCT116 human col-
orectal cancer cells, was purchased from InvivoGen. HCT116-
DUAL cells contain the Lucia luciferase gene coding for the secreted
form of the enzyme, under the control of an ISG54 minimal pro-
moter in conjunction with five IFN-stimulated response elements,
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recognized by the transcriptional factor IRF3/7. Cells were grown
according to manufacturer’s recommendations. Cells used in the
experiments were controlled for mycoplasma. Using a clonogenic
assay, we have previously reported that 800 uM was the most effi-
cient tested concentration of NBTXR3 to kill HCT116 cancer cells,
under RT [14]. This concentration was used for all presented
experiments.

Radiotherapy

Cells were irradiated with 1 Gy to 4 Gy according to the study,
delivered as a single dose, using the CellRad (Faxitron) operating
at 150 kv.

Flow cytometry

Flow cytometry analyses were performed on Accuri C6+ (BD).
Flow data were quantified using BD CSampler Plus software
v.1.0.23.1 (BD).

Cell death analysis

Cell death analysis was performed using Annexin V-FITC kit
(Miltenyi Biotec), according to manufacturer’s instructions. Briefly,
2 x 10° cells were seeded in 6-well plates overnight. Then, media
were replaced with 2 mL of fresh culture medium containing
NBTXR3 or vehicle, overnight. Plates were then irradiated with
2 Gy or 4 Gy. Cell staining (Annexin V-FITC/PI) was performed at
48 h post-RT and analyzed by flow cytometry.
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DNA double strand breaks analysis

DNA double strand breaks were analyzed by y H2AX staining
and flow cytometry. Briefly, 2.5 x 10° HCT116-DUAL cells were
seeded in duplicate in 6-well plates. Cells were treated overnight
with NBTXR3 or vehicle, then irradiated at 2 Gy or 4 Gy. Cells were
harvested and fixed in ice cold EtOH 70% for 30 min after RT and
incubated at -20 °C for 1 h. Then, cells were centrifuged, washed
with PBS 1X, and permeabilized for 5 min with PBS 1X, 0.1% Triton.
Cells were washed in PBS 1X and pellets were resuspended in
500 uL of 2% BSA in PBS. After 30 min incubation at room temper-
ature under gentle agitation, cells were pelleted and resuspended
with 100 pL of AF488 mouse anti-y-H2AX (ser139) antibody (BD)
or AF488 mouse IgG1 7y Isotype antibody control (BD), transferred
to 96-well U bottom plates, and incubated for 1 h at room temper-
ature in the dark under gentle rocking. Cells were washed with PBS
1X, then analyzed by flow cytometry.

Micronuclei evaluation

Micronuclei (MN) were stained using the MicroFlow In Vitro kit
from Litron according to manufacturer’s instructions. Briefly,
HCT116-DUAL cells were seeded at the density of 2 x 10* cells
per well in 24-well plates. The next day, cells were treated over-
night with NBTXR3 or vehicle, then irradiated at 2 Gy or 4 Gy. After
irradiation, supernatants were removed and replaced by fresh
medium. Cells were analyzed for MN formation 96 h after RT.
Plates were placed on ice for 20 min, then media were replaced
with 300 pL of Nucleic Acid Dye A working solution per well and
plates were exposed to a light source. After 30 min, this solution
was replaced with 1 mL of cold 1X Buffer Solution. Then, the Buffer
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Fig. 1. NBTXR3 activated by RT results in more HCT116-DUAL cell death than RT alone. Percentages of (A) viability, (B) early necrosis, (C) early apoptosis and (D) late
apoptosis/necrosis were assessed 48 h after RT by Annexin V-FITC/PI staining in HCT116-DUAL cell treated or not with 800 uM of NBTXR3 and irradiated with increasing
doses of RT. Presented data were obtained from three independent experiments (n = 3) performed in duplicate (each dot represents one value). Data are represented as
mean = SEM. Statistical test: two-tailed t-test (C, D) or Mann-Whitney test (A, B). n.s., not significant; *, p < 0.05;**, p < 0.01.
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Solution was replaced with 500 pL of Complete Lysis Solution 1
and plates were gently mixed for 5 seconds on a vortex and incu-
bated for one hour in the dark at 37 °C. Counting Beads (Life Tech-
nologies) were added and mixed with Complete Lysis Solution 2
then 500 pL of this mixture was added to each well. After 30 min
incubation in the dark at room temperature, MN were analyzed
by flow cytometry.

IRF activity assay

Luciferase activity, reflecting IRF3/7 transcriptional activity, was
measured to evaluate cGAS-STING pathway activation in HCT116-
DUAL cells after RT. Cells were seeded in 96-well plates at a density
of 1 x 10* or 5 x 10> cells per well for 24 h or 96 h after RT analy-
ses, respectively. The next day, cells were treated overnight with
NBTXR3, in six-plicate, then irradiated (0, 1, 2, 3 or 4 Gy). After
24 h and 96 h, the supernatants were harvested, and Luciferase
activity measured using the GloMax-96 Microplate luminometer
(Promega) and the QUANTI-luc assay (InvivoGen), prepared
according to manufacturer’s recommendations. For Luciferase
activity measurement, 20 L of each supernatant were added into
a well of a 96-well white plate, then placed into the luminometer.

Statistical analyses

The studies have been independently repeated at least three
times. Results are expressed as mean + SEM. For cGAS-STING path-
way activation, measures were expressed as fold-increase relative
to untreated cells. Normality distribution of values and homogene-
ity of variances were assessed by Shapiro-Wilk normality test and
Brown-Forsythe test, respectively. Experiments with normal
distribution and non-significant variances were analyzed by
one-way ANOVA, Sidak’s multiple comparison parametric test or
by two-tailed t-test. Experiments with non-normal distribution
and/or significant variances were analyzed by one-way ANOVA,
Kruskal-Wallis and Dunn’s correction for multiple comparison
non-parametric test or Mann-Whitney test. A p value <0.05 was
considered statistically significant. GraphPad Prism 7.04 software
was used to perform statistical analyses.

Results and discussion

We first examined the ability of NBTXR3 activated by radiother-
apy (NBTXR3+RT) to kill cancer cells, compared to RT alone. For
this study, HCT116-DUAL cells were treated with NBTXR3, then
irradiated with increasing doses. The different cellular physiologi-
cal states (e.g. viability, early apoptosis, early necrosis and late
apoptosis/necrosis) were measured 48 h after RT by Annexin V-
FITC/propidium iodide staining and flow cytometry (Fig. 1) [16].
Analysis of cell viability indicated that addition of NBTXR3 (not
activated by RT) has no effect, when compared to untreated cells.
In contrast, NBTXR3+RT significantly decreased cell viability com-
pared to RT alone (2Gy, 96.3%+1.14 vs. 2 Gy+NBTXR3,
89.3%+1.24, p<0.05, and 4Gy, 93.5%+0.75 vs. 4 Gy+NBTXR3,
84.8%12.48, p < 0.05). Interestingly, there results are in good accor-
dance with our previously published results of clonogenic assay
with HCT116 cells [14].

Cells treated with RT alone had a slight increase in markers of
early necrosis, but nothing significant was observed. Conversely,
NBTXR3+RT significantly increased early necrosis markers com-
pared to RT alone (2 Gy, 1.6%+0.22 vs. 2 Gy+NBTXR3, 7.1% + 1.27,
p<0.01, and 4Gy, 2.6%t0.39 vs. 4 Gy+NBTXR3, 8.9%+1.28,
p <0.01). Furthermore, NBTXR3+RT increased late apoptosis/necro-
sis when compared to RT alone, but this difference was significant
only at the highest dose tested (4 Gy, 5.7%%0.47 vs. 4 Gy+NBTXR3,
7.4%+1.36, p < 0.01). These results were in stark contrast to analysis

of markers of early apoptosis, where no significant effect was
observed across all conditions tested.

Since the main cytotoxic effect of RT is linked to its ability to
generate DSBs, we next sought to determine if the significant
increase of cell death triggered by NBTXR3+RT could be correlated
to a larger production of DSBs. To verify this hypothesis, we
assessed DSBs formation by y H2AX foci staining and flow cytom-
etry 30 min after RT (Fig. 2A). As expected, RT generated a signifi-
cant dose-dependent increase of y H2AX positive cell percentages
at 2Gy (7%+0.6, p<0.0001), compared to untreated cells
(0.9% £ 0.06). For NBTXR3+RT treated cells, the percentages of y
H2AX positive cells were significantly enhanced, compared to RT
alone (7%+0.6 vs. 11.2%+0.38, p<0.001, for 2Gy vs. 2Gy
+NBTXR3; 16.9% +0.29 vs. 24.4% +1.07, p<0.0001 for 4 Gy vs.
4 Gy+NBTXR3). This shows that DSBs formation was improved by
RT activation of NBTXR3.

X-ray induced formation of micronuclei (MN) is generally
thought to result from DNA double strand breaks [17,18], despite
other mechanisms could occur [19]. In addition, MN have been
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Fig. 2. NBTXR3 activated by RT enhances both DNA double strand breaks and
micronuclei (MN) formation compared to RT alone. A, DNA double strand breaks
analyses were assessed by y H2AX staining 30 min after RT, in HCT116-DUAL
treated or not with 800 pM of NBTXR3 and irradiated with increasing doses of RT.
Data are means + SEM, where each dot represents one independent experiment
(n=3). B, Micronuclei formation was assessed 96 h after RT, in HCT116-DUAL
treated or not with 800 uM of NBTXR3 and irradiated with increasing doses of RT.
Data are means + SEM, where each dot represents one independent experiment
(n=6). Statistical test: one-way ANOVA, Sidak’s multiple comparison parametric
test. ***, p < 0.001; ****, p <0.0001.
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Fig. 3. NBTXR3 activated by RT activates more efficiently cGAS-STING, compared to RT alone. A, cGAS-STING pathway activation was assessed by Luciferase activity
measurement 96 h after RT, in HCT116-DUAL treated or not with growing doses of NBTXR3 and irradiated with increasing doses of RT. Data are represented as mean + SEM of
independent experiments (n > 3). Statistical test: two-tailed t-test. *, p < 0.05; ***, p < 0.001. B, Mean increase percentage of Luciferase activity after NBTXR3 activated by RT

treatment, compared to RT alone.

clearly associated with activation of the cGAS-STING pathway
[20-22]. We wanted to determine if the significant increase of
DSBs measured in cells treated with NBTXR3+RT could in turn yield
an increased amount of MN. To test this hypothesis, MN formation
was evaluated by flow cytometry 96 h after RT (Fig. 2B). Both RT
and NBTXR3+RT generated a significant dose-dependent increase
of MN at all the tested doses (p <0.0001), compared to untreated
cells. However, the percentages of MN for cells treated with
NBTXR3+RT were significantly higher, compared to RT alone
(4.2%+0.29 vs. 7.1%+0.3, p<0.001, for 2 Gy vs. 2 Gy+NBTXR3;
12.8% £ 0.51 vs. 16.1% + 0.67, p < 0.0001 for 4 Gy vs. 4 Gy+NBTXR3),
showing that NBTXR3+RT was more efficient than RT alone to
induce MN formation.

Recent studies have demonstrated that RT increases
genome-derived cytosolic DNA, mediating the activation of the
CGAS-STING pathway [20-24]. Vanpouille-Box et al. reported in
the mouse mammary adenocarcinoma TSA cells that transcription
of IRF3 target genes could be detected as early as 24 h [24].
However, generation of micronuclei takes longer as cell must
undergo mitosis following RT induced cell cycle arrest and DSB
repair. Therefore, we wanted to assess if DSBs and/or MN produced
after NBTXR3+RT treatment could trigger a higher activation of the
CcGAS-STING pathway. To explore this further, cells were irradiated

with increasing doses of RT (1 to 4 Gy) with NBTXR3 and Luciferase
activities were measured at 24 h and 96 h after RT.

After 24 ht, regardless of the condition, no significant variation
in relative fold increase of Luciferase activity was observed
(Fig. S1). This suggests that production of DSBs for irradiated con-
ditions was not sufficient to generate a detectable activation of the
CcGAS-STING pathway in these cells. In contrast, after 96 h, a
marked increase in relative fold increase Luciferase activity was
observed, irrespective of the RT condition tested (Fig. 3). When
compared to RT alone, relative Luciferase activities of cells
irradiated with NBTXR3 were greatly increased, ranging from
approximately 30 to 60% (Table 1). At 2Gy and 3 Gy, the
differences became significant (p < 0.05).

Conclusion

This article demonstrates that RT-activated NBTXR3 results in
significantly more HCT116-DUAL cell death than RT alone,
which is consistent with our previous in vitro and in vivo studies
using wild-type HCT116 cells [13,14]. Thus, beyond the local
control critical for patient survival, this implies that more
immune-stimulating factors (i.e., Adenosine Triphosphate, Tumor-
Associated Antigens) may be released by RT-activated NBTXR3
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treatment compared to RT alone [25]. Interestingly, our results also
show that, even at the highest dose tested (4 Gy), the biological
effects of RT were inferior to those obtained for NBTXR3 at a lower
dose of RT (2 Gy).

Induction of DNA double strand breaks by RT and subsequent
formation of micronuclei are directly related to cGAS-STING activa-
tion [20-22,24]. NBTXR3 activated by RT generated significantly
more DSBs and micronuclei than RT alone demonstrating the supe-
rior ability of this combination to damage DNA. Both elements
were strong indicators for greater activation of the cGAS-STING
pathway by NBTXR3 activated by RT, as demonstrated by the sig-
nificant increase in Luciferase activity also measured in these cells.
This increased activation of the cGAS-STING pathway may have
effect on immune stimulation. Remarkably, our results also show
a dose-dependency that suggests RT plus NBTXR3 can yield path-
way activation equivalent to that obtained by a higher dose of RT
alone (i.e., 1 Gy+NBTXR3 is equivalent to 3 Gy alone; 2 Gy+NBTXR3
is equivalent to 4 Gy alone). This striking result suggests that
NBTXR3 could be used in situations where RT dose reduction is
paramount to improve quality of life impacts from RT without
changing the effectiveness of the RT-induced tumor cell death.

Taken together, these results demonstrate that RT-activated
NBTXR3 could play an important role in the priming and/or
enhancement of the antitumor immune response. To our
knowledge, this is the first demonstration that nanoparticles with
a physical mode of action were able to enhance cGAS-STING path-
way activity of cancer cells via increased DNA damage, compared
to RT alone. Taken together, these data support evaluating the
rational combination of NBTXR3-enhanced RT and ICI, which
should increase RT-mediated local tumor control and prime the
immune system for greater systemic ICI response. This may have
important implications for the use of irradiation in combination
with immunotherapeutic agents. As such, a phase I/II trial was
recently launched in patients with advanced cancers treated with
NBXTR3, RT, and PD1 inhibitors (NCT03589339).
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