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The activation of the innate immune receptor RIG-I is a promising approach in 17 
immunooncology and currently under investigation in clinical trials. RIG-I agonists elicit a 18 

strong immune activation in both tumor and immune cells and induce both direct and indirect 19 

immune cell-mediated tumor cell death which involves tumor-specific cytotoxic T-cell 20 

response and type I interferon-driven innate cytotoxic immunity. Besides RIG-I, irradiation is 21 

known to induce cytotoxic DNA damage resulting in tumor debulking followed by the 22 

induction of tumor-specific immunity. To date, it is unclear whether the molecular antitumor 23 

effects of RIG-I and irradiation are additive or even synergize. Here, we investigated the 24 

combination of RIG-I activation with radiotherapy in melanoma. We found that low dose x-25 

ray irradiation enhanced the extent and immunogenicity of RIG-I mediated tumor cell death 26 
in human and murine melanoma cell lines and in the murine B16 melanoma model in vivo. 27 

Pathway analysis of transcriptomic data revealed a central role for p53 downstream of the 28 

combined treatment, which was corroborated using p53-/- B16 cells. In vivo, the additional 29 
effect of irradiation on immune cell activation and inhibition of tumor growth was lost in 30 

mice carrying p53-knockout B16 tumors, while the response to RIG-I stimulation in those 31 

mice was maintained. Thus, our results identify p53 as pivotal for the synergy of RIG-I with 32 
irradiation, resulting in potent induction of immunogenic tumor cell death. Consequently, low 33 

dose radiotherapy holds great promise to further improve the efficacy or RIG-I ligands 34 

especially in patients with malignant melanoma or other tumors exhibiting a functional p53 35 

pathway.  36 
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Introduction 38 

 39 
Recent advances in immunotherapy have significantly prolonged survival for patients with 40 

many types of tumors [1]. In addition to immune checkpoint inhibition, targeted stimulation 41 

of the innate immune system has become the focus of a number of preclinical and clinical 42 

studies [2,3]. One particularly promising approach is the specific activation of the cytosolic 43 
RNA receptor RIG-I, which is under investigation as a single therapy or in combination with 44 

pembrolizumab (NCT03739138) for the treatment of solid tumors.  45 

RIG-I is a cytosolic antiviral receptor that recognizes 5’-tri- or 5’-diphosphate, blunt-46 
ended double-stranded RNA [4–6]. In addition to its ability to trigger a potent innate 47 

cytotoxic immune response, RIG-I stimulation has the ability to directly induce tumor cell 48 

death [7,8]. This RIG-I-induced cell death bears the hallmarks of an immunogenic cell death 49 

[9], such as HMGB1 release and calreticulin exposure on the cell surface [10–12]. RIG-I 50 

stimulation in situ thus possesses features of a cancer vaccine: it can turn a cold tumor into a 51 

hot tumor that simultaneously releases tumor antigens and creates a pro-immunogenic 52 

environment facilitating the development of tumor-specific cytotoxic T cells [10,13].  53 
Radiation therapy is also a well-known inducer of immunogenic tumor cell death [14]. 54 

Irradiated, dying tumor cells have been reported to release pro-inflammatory cytokines 55 

including CXCL16 and TNFα [15,16], the cGAS ligand cGAMP [17,18], and alarmins such 56 
as HMGB1 and ATP [19–21]. There have also been reports that ionizing radiation (IR) can 57 

induce the expression of MHC class I proteins [22,23] and calreticulin [24,25] on the surface 58 

of irradiated, dying cells, which promotes recognition and internalization of the cells by 59 
phagocytes and subsequent T cell activation. In recent studies, radiation has been combined 60 

with immunotherapies such as checkpoint inhibitors in pre-clinical and clinical trials [26]. For 61 

example, high-dose (20 Gy) radiation enhanced the efficacy of antibodies against CTLA4 or 62 

PD-L1 in the B16 mouse melanoma model [27] and in a phase I/II trial, fractionated 63 

radiotherapy improved the survival of non-small-cell lung cancer patients co-treated with 64 

pembrolizumab (anti-PD-1) compared to pembrolizumab alone [28]. However, therapies that 65 

combine irradiation and targeted innate immune activation have not yet been widely explored, 66 

and there is no information to date about the combination of irradiation and specific activation 67 

of RIG-I. 68 
 In the current study, we investigated the effect of a combination therapy between the 69 

RIG-I ligand 3pRNA and low-dose (2 Gy) irradiation. Irradiation significantly increased RIG-70 

I-induced immunogenic cell death in both human and murine melanoma cell lines and tumor-71 
cell uptake and activation of dendritic cells. Using an in vivo B16 melanoma model, we 72 

observed that cotreatment of 3pRNA with low-dose, tumor-targeted irradiation resulted in 73 

increased activation of T- and NK cells in draining lymph nodes and prolonged the overall 74 
survival of tumor-bearing animals. Pathway analysis of transcriptomic data revealed a central 75 

role for p53 downstream of the combined treatment, which was corroborated using p53-/- B16 76 

cells. Here, we found that, while the contribution of RIG-I was independent of p53, the 77 

additional effect of irradiation was indeed p53-dependent. Altogether, our study demonstrates 78 

that radiotherapy could potentially enhance RIG-I-mediated immunotherapy, especially in 79 

patients with tumors with an intact p53 pathway, such as most malignant melanomas.   80 

 81 

 82 
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Results 84 

Combined 3pRNA radio-immunotherapy induces immunogenic tumor cell death and tumor 85 

cell uptake by dendritic cells as well as activation in vitro 86 

 87 

To investigate whether irradiation combined with RIG-I activation has a synergistic effect on 88 

the induction of immunogenic cell death in vitro, we stimulated the murine B16 and human 89 

A375 melanoma cell lines with the RIG-I ligand 3pRNA [29] followed by 2 Gy of ionizing 90 

radiation (IR) 30 min later. Irradiation significantly increased RIG-I-induced cell death, as 91 

measured by Annexin V positive and Annexin V/7AAD double-positive cells (Fig. 1 A-B, 92 
suppl. Fig. 1 A) as well as intracellular cleaved caspase 3 levels (suppl. Fig. 1 C). Moreover, 93 

RIG-I activation and irradiation significantly lowered the EC50 for the induction of cell death 94 

as quantified by Annexin V/7AAD staining, from 987 ng/ml for 3pRNA alone to 293 ng/ml 95 
of 3pRNA in combination with 2 Gy radiation in murine B16 cells and from 1754 ng/ml to 96 

333 ng/ml in human A375 melanoma cells (Fig. 1 C, D, suppl. Fig. 1 D, E). Since higher 97 

radiation doses increased cell death on their own but did not further increase RIG-I-induced 98 
melanoma cell death (suppl. Fig. 1 F), a radiation dose of 2 Gy was used throughout the rest 99 

of the study. Several other human melanoma cell lines (MaMel19, MaMel54, and MaMel48) 100 

and A549 lung adenocarcinoma cells also showed increased cell death when RIG-I 101 

stimulation was combined with irradiation (Fig. 1 E, F). Notably, this effect could not be 102 

recapitulated with the addition of recombinant IFN-α alone (suppl. Fig. 1 B).  103 

Calreticulin exposure on the outer leaflet of the cell membrane induces efferocytosis of dead 104 

or dying cells by antigen presenting cells (APCs) and is a hallmark of immunogenic cell death 105 

[30]. In agreement with the Annexin V data, calreticulin exposure was also found to be 106 

significantly increased when irradiation and RIG-I activation were combined in murine B16 107 

melanoma cells and human A375 cells (Fig. 1 G, H). Surface expression of calreticulin was 108 

highest in Annexin V/7AAD double-positive cells, which are known to be in late-stage 109 

programmed cell death (suppl. Fig. 1 G). Interestingly, the expression of MHC-I on murine 110 
B16 cells and human A375 melanoma cells was also strongly induced by the combination 111 

treatment, most prominently on Annexin V/7AAD negative cells (suppl. Fig. 1 G, H, I). 112 

Furthermore, the release of the nuclear protein HMGB1, which serves as a danger-associated 113 
molecular pattern (DAMP) and is another characteristic of immunogenic cell death, was 114 

induced by RIG-I stimulation in both cell lines and further increased by 2 Gy irradiation in 115 

human A375 cells (Fig 1 I, J). RIG-I stimulation, but not 2 Gy irradiation, induced the release 116 
of type I interferon in murine B16 melanoma cells and type I and type III interferon in human 117 

A375 cells. In murine B16 cells, combination treatment slightly enhanced the secretion of IL6 118 

and TNFα but did not lead to an increase in the release of interferons or the interferon-119 
stimulated chemokine CXCL10 (suppl. Fig. 2 A), whereas in human A375 cells, IL6, 120 

GMCSF, IL29 (interferon lambda 1) and CXCL10, but not IFN-β was enhanced by 121 

irradiation when added to RIG-I stimulation (suppl. Fig. 2 B). 122 
To test whether the combination treatment had an impact on tumor-cell uptake by 123 

professional antigen-presenting cells and their activation, B16 melanoma cells were treated as 124 

before with 3pRNA and irradiation, but then stained with the eFluor780 fixable live/dead dye 125 
and co-incubated with bone marrow-derived dendritic cells (BMDCs). BMDCs of wildtype 126 

C57BL/6 mice “fed” with B16 cells after combination treatment demonstrated higher levels 127 

of eFluor780 dye uptake than after irradiation or RIG-I activation alone. Combination 128 

treatment also significantly enhanced the expression of the costimulatory molecule CD86 and 129 

the immune cell activation marker CD69 (Fig. 1 K).   130 

 131 

3pRNA antitumor immunotherapy in vivo is enhanced by low-dose irradiation 132 

 133 
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Next, we studied combined irradiation and RIG-I activation in vivo. C57BL/6 mice with 134 

palpable subcutaneous B16 melanoma were treated with 2 Gy precision irradiation of the 135 

tumor area and intratumoral injection of 20 µg 3pRNA twice a week. Compared to untreated 136 

tumors, both 3pRNA treatment and irradiation alone prolonged the survival of the mice. The 137 

combination of irradiation and RIG-I activation resulted in the longest overall survival (Fig. 2 138 

A). In tumor-draining lymph nodes analyzed at 16 hours after treatment, NK cells and CD8+ 139 

T cells showed increased expression of the activation marker CD69 upon RIG-I activation, 140 

with highest expression when RIG-I activation and irradiation were combined. In CD4+ T 141 
cells, only the combination treatment of RIG-I activation and irradiation induced significant 142 

upregulation of CD69 (Fig. 2 B). 143 

 144 
Transcriptomic analysis of melanoma cells after combination therapy reveals activation of 145 

the p53 signaling pathway 146 

 147 

To explore the potential molecular mechanisms of the combination therapy, we performed 148 

whole-genome transcriptional analysis with an Affymetrix gene chip on B16.F10 cells six 149 

hours after treatment with 3pRNA and irradiation. Upon RIG-I stimulation, we observed a 150 

strong change in gene-expression patterns and the robust induction of interferon stimulated 151 

genes (ISGs), whereas irradiation primarily induced genes associated with the DNA damage 152 

response (Fig 3 A). As expected, a pathway analysis of differentially expressed genes showed 153 

that RIG-I stimulation was associated with pathways involved in innate immunity, while 154 
irradiation induced genes of the p53 pathway. The p53 pathway was also among the most 155 

significantly upregulated pathways in the combination group (Fig. 3 B) and the only 156 

differentially regulated pathway between RIG-I activation alone and its combination with 157 
irradiation (Fig. 3 C, D). Given the central role of p53 signaling in DNA damage and cell-158 

cycle control, we reasoned that it may also be involved in the synergistic antitumoral effects 159 

observed for the combination treatment.  160 

 161 

Combined irradiation and RIG-I activation synergistically induces p53 signaling and 162 

prolongs cell-cycle arrest  163 

 164 

We then examined the effect of RIG-I activation, irradiation and combination treatment on 165 

p53 phosphorylation and signaling. As expected, irradiation induced p53 phosphorylation six 166 

hours after treatment, which declined after 24 hours. In contrast, RIG-I activation alone only 167 

led to weak p53 phosphorylation and only after 24 hours. However, combination treatment 168 

with 3pRNA and irradiation caused B16 cells to retain strong p53 phosphorylation even 24 169 

hours after treatment (Fig. 4 A). Notably, total p53 protein levels at 24 hours were only 170 

elevated in 3pRNA-transfected B16 cells (both with and without irradiation). Moreover, these 171 
effects were not seen when irradiation was combined with control RNA or IFNα. We then 172 

analyzed two proteins induced by p53, Puma (Fig. 4 A) and p21(Fig. 4 B). Puma was induced 173 

by RIG-I activation and irradiation both at six hours and 24 hours, with the strongest signal in 174 
the combination group at 24 hours (Fig. 4 A). p21 was upregulated 24 hours after RIG-I 175 

stimulation or irradiation and most strongly in combination, while ATM, an important 176 

upstream regulator of p53 activation, was only upregulated by RIG-I stimulation and not 177 
further upregulated by combination treatment (Fig. 4 B).  178 

To monitor cell-cycle progression, we stained B16 melanoma cells with propidium iodide six, 179 

12, and 24 hours after 2 Gy irradiation and RIG-I stimulation. Irradiation induced a G2/M 180 

cell-cycle arrest after six hours which was already less pronounced after 12 hours and had 181 

completely resolved 24 hours post-irradiation (Fig. 4 C). RIG-I stimulation alone, on the other 182 

hand, led to a G1/S arrest, which took 24 hours to develop, in line with its slower induction of 183 

p53 phosphorylation when compared to irradiation (Fig. 4 A). Like irradiation alone, 184 
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combination of irradiation and RIG-I stimulation led to a G2/M arrest after six hours. 185 

However, this arrest was maintained even after 24 hours (Fig. 4 C), which was consistent with 186 

the time course observed for p53 phosphorylation (Fig. 4 A).  187 

 188 

Synergistic effect of irradiation and RIG-I activation is p53 dependent, while the RIG-I effect 189 

alone is p53 independent  190 

 191 

To test the functional relevance of p53 in combination therapy, we generated polyclonal p53-192 
knockout (KO) cells using Crispr/Cas9 genome editing. Polyclonal p53-/- B16 and p53-/- A375 193 

melanoma cells showed no basal p53 expression and, as expected, did not upregulate p53 194 

protein at two hours nor the p53 target protein p21 at 24 hours following irradiation (Supp. 195 

Fig. 3 A-D). While the amount of cell death induced by 3pRNA treatment alone was similar 196 

between wildtype and knockout cells, the increase upon additional irradiation was largely 197 
abolished in the p53-/- cells (Fig. 5 A, B). Correspondingly, no contribution of irradiation to 198 

cell death induction was observed in human p53 deficient SK-Mel28 melanoma cells, which 199 

carry an endogenous inactivating p53 mutation [31] (Supp. Fig. 3 E). Nevertheless, RIG-I 200 
stimulation still induced strong cell death in those SK-Mel28 melanoma cells despite the lack 201 

of functional p53 [31] (Supp. Fig. 3 E). Similar to the induction of cell death, the G1/S arrest 202 

induced by RIG-I stimulation alone after 24 hours was still present in the p53 KO B16 203 
melanoma cells. Furthermore, the G2/M arrest induced by irradiation after six hours was still 204 

detectable, but the prolonged G2/M arrest after 24 and 48 hours with combination treatment 205 

was absent in the p53 KO cells (Fig. 5 C).  206 

Analysis of single phases of the cell cycle revealed that the highest proportion of cells were in 207 

G2/M phase arrest after 48 hours, which, at this time point, only occurs after combination 208 

treatment in wildtype cells but not p53 deficient cells (Supp. Fig. 4). Moreover, the observed 209 

correlation of G2/M cell cycle arrest (Fig 5 B) and caspase 3 activity (Supp. Fig. 4) 210 

underscores the close link between cell cycle arrest and cell death.  211 

Calreticulin expression on the cell surface of p53-deficient murine B16 or p53 deficient 212 
human A375 melanoma cells was not further enhanced by combining RIG-I stimulation with 213 

irradiation (Fig. 5 D, E). Corresponding to the level of cell-surface calreticulin, the effect of 214 

irradiation on the uptake of p53 KO B16 melanoma cells was markedly reduced in 215 
comparison to wildtype cells. Furthermore, no irradiation-dependent increase in the 216 

expression of the activation markers CD86 und CD69 on dendritic cells could be detected 217 

when the phagocytosed tumor cells lacked p53 (Fig. 5 F). This shows that all irradiation-218 
dependent effects, including cell death, immunogenicity, subsequent uptake of dying cells by 219 

DCs, and activation of DCs, are dependent on the expression of p53 in melanoma cells, 220 

whereas the effect of RIG-I treatment alone is not affected by the absence of p53.  221 

 222 

Synergistic anti-tumor activity of irradiation and RIG-I, but not the effect of RIG-I alone, in 223 

vivo depends on functional p53 in melanoma  224 

 225 

In the B16 melanoma model in vivo, both T cell activation and NK cell activation in the 226 

draining lymph node, as measured by upregulation of CD69 on CD8+ T cells, CD4+ T cells 227 
and NK1.1+ NK cells was significantly enhanced by 3pRNA injection compared to untreated 228 

mice. Additional irradiation of the tumor area further enhanced the expression of activation 229 

markers on T cells and NK cells in the draining lymph nodes. This additional irradiation-230 
dependent stimulatory effect was lost in mice which were challenged with p53-deficient 231 

tumor cells (Fig. 6 A), recapitulating the results obtained for immunogenic cell death and 232 

dendritic cell activation in vitro (Fig. 5 and suppl. Fig. 3). Consistent with activation of T 233 
cells and NK cells in draining lymph nodes, tumor growth was significantly reduced by RIG-I 234 

stimulation in wildtype and p53 KO melanomas, but the significant additional effect of local 235 
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tumor irradiation was reduced and no longer statistically significant when mice were 236 

challenged with p53 deficient melanoma cells (Fig. 6 B). This further supports the notion that 237 

the synergistic effect of combination treatment in vivo is dependent on p53 expression within 238 

the tumor cell. Nonetheless, the effectivity of RIG-I immunotherapy itself was independent of 239 

the p53 status of the melanoma cells. 240 

 241 
Discussion 242 

 243 

Several studies in different tumor models have demonstrated that intratumoral injection of 244 
RIG-I ligands induces an effective anti-tumor immune response [8,32], and this 245 

immunotherapeutic strategy is currently being explored in clinical trials (NCT03739138). 246 

However, intratumoral injection of RNA ligands remains technically challenging and limited 247 

by injection volumes and the concentration of RNA in delivery systems [33]. 248 

Here, we found that combination of RIG-I treatment with radiotherapy is a highly promising 249 

combinatorial treatment for tumors with intact p53 pathway, such as most malignant 250 

melanomas [34]. Localized irradiation of the tumor in a melanoma model in vivo substantially 251 

improved therapeutic efficacy of intratumoral RIG-I ligand injections. This enhanced anti-252 

tumor effect was accompanied by increased activation of CD4+ and CD8+ T cells and of NK 253 

cells in tumor-draining lymph nodes. In vitro, low-dose ionizing irradiation of tumor cells 254 

synergistically enhanced RIG-I-mediated induction of immunogenic tumor cell death as 255 

characterized by increased cell-surface expression of calreticulin and the release of HMGB1 256 
and of inflammatory chemokines and cytokines. The uptake of such immunogenic cell death 257 

material by dendritic cells enhanced their activation status. Molecularly, the synergy of 258 

irradiation and RIG-I could be ascribed to distinct effects on the p53 pathway, resulting in a 259 
prolonged cell cycle arrest of tumor cells in the G2/M phase, which only occurred if RIG-I 260 

and irradiation were combined, leading to subsequent immunogenic cell death. Notably, the 261 

p53 pathway was required for synergistic activity in vitro and in vivo but not for the anti-262 

tumor activity of intratumoral RIG-I ligand treatment as a single treatment.  263 

P53 is one of the most important tumor-suppressor genes. In approximately 50% of all human 264 

tumors, p53 is either mutated or functionally inactive [35] or Mdm2 is overexpressed and 265 

downregulates p53 expression [36]. Therefore, the data in our study that demonstrate the p53-266 

independence of RIG-I therapy as a monotherapy are encouraging for RIG-I-mediated 267 

immunotherapy in general. Based on our results, the combination of RIG-I with radiotherapy 268 

should be limited to tumors with an intact p53 pathway. In melanoma the frequency of p53 269 

mutations is only 10 to 19% [34], suggesting that the combination therapy is well suited for 270 

malignant melanoma as a target tumor entity. 271 

It is interesting to note that there is evidence from previous studies that p53 signaling is 272 

important to antiviral defense and interferon signaling [37,38]. It has been shown that 273 
treatment with IFN-β concurrent to irradiation or chemotherapy in mouse embryonic 274 

fibroblasts and in human hepatic cancer cells IFN-β sensitized the cells for a higher induction 275 

of apoptosis [38]. However, in our study, recombinant type I IFN was not a sufficient 276 
substitute for RIG-I stimulation since it did not co-trigger enhanced and prolonged p53 277 

phosphorylation or the induction of immunogenic cell death by radiotherapy.  278 

In one study, the combination of irradiation and innate immune activation was studied in lung 279 
carcinoma cell lines, where the unspecific antiviral receptor agonist poly(I:C) together with 4 280 

Gy irradiation was demonstrated to enhance the cytotoxic effects of the monotherapies on 281 

carcinoma cell lines in a caspase-dependent manner in vitro [39]. However, it should be noted 282 

that poly(I:C) activates multiple dsRNA receptors, including PKR, OAS1, ZBP1, TLR3, 283 

MDA5, and RIG-I (Bartok and Hartmann, 2020), rendering this rather non- specific 284 

immunotherapeutic approach more prone to interindividual variability and immunotoxic side 285 

effects.  286 
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Another study has demonstrated synergistic inhibition of tumor growth and enhanced 287 

induction of long-term immune memory cells in murine mammary and pancreatic carcinoma 288 

models using a combination of poly(I:C) injection with transplantation of alpha-emitting 289 

radiation seeds into the tumor [40], an experimental treatment approach that is currently tested 290 

in clinical trials (e.g., NCT-04377360, NCT-03353077, NCT-03015883). In contrast, in our 291 

approach, a clinical linear accelerator has been used, which is standard clinical practice and is 292 

therefore directly applicable in routine clinical care.  293 

Another interesting aspect of irradiation and immunity is that localized irradiation by itself, 294 
independent of additional innate immune activation, has been shown to improve tumor 295 

infiltration of adoptively transferred T cells in a pancreatic cancer model [41]. With regard to 296 

irradiation intensity, other studies have shown that low doses (2–8 Gy) of irradiation elicit 297 

stronger antitumor immunity compared to high doses, especially when given repetitively or 298 

when combined with other antitumoral treatments [24,42,43]. In our study, despite the modest 299 
antitumoral response induced by 2 Gy irradiation alone, this low dose turned out to be more 300 

advantageous at co-activating RIG-I-mediated immunity than higher doses of 5 and 10 Gy.  301 

Altogether, our study clearly demonstrates that combining the DNA-damaging treatment 302 
radiotherapy with RIG-I innate immune signaling synergistically boosts p53-dependent 303 

immunogenic tumor-cell death, further underscoring the rationale for evaluating a localized 304 

combination therapy that turns cold into hot tumors as an in situ cancer vaccine [13]. Since 305 
melanoma is classically considered a “radioresistant” tumor, our study also provides a new 306 

rationale for reevaluating radiotherapy in combination with RIG-I activation for a broad range 307 
of oncological indications. Moreover, as with other synergistic treatments, it could potentially 308 

allow for a reduction of the individual radiation doses and thus reduce the severe side effects 309 

associated with radiotherapy. 310 

  311 
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Material & Methods 312 

Cell lines  313 
Human A375 and SKmel28 melanoma cells, human lung adenocarcinoma cells A549, murine 314 

B16.F10 melanoma cells were cultured in DMEM and human melanoma cells MaMel19, 315 

MaMel54, and MaMel48 were cultured in RPMI 1640 both supplemented with 10% heat-316 

inactivated fetal bovine serum (FCS), 100 IU/ml penicillin, and 100 µg/ml streptomycin (all 317 

from Thermo Fisher Scientific) in a humidified incubator at 37°C and 5% CO2. A375 cells 318 

were kindly provided by Michael Hölzel (University Hospital Bonn, Germany) and 319 

MaMel19, MaMel54 and MaMel48 were kindly provided by Jennifer Landsberg (University 320 
Hospital Bonn, Germany) and Dirk Schadendorfer (University Hospital Essen, Germany). 321 

B16 and SKmel28 were purchased from ATCC. Identity of human cell lines was confirmed 322 

by short-tandem-repeat (STR) profiling (Eurofins). Cells were checked monthly for 323 
mycoplasma infection by testing the supernatant with the reporter cell line of the Mycoplasma 324 

Detection Kit “PlasmoTest” from Invivogen.  325 

 326 
Oligonucleotides, reagents and chemicals 327 

5’-triphosphorylated double-stranded RNA (3pRNA) were in vitro transcribed (IVT) from a 328 

DNA templateby using the phage T7 polymerase from the Transcript Aid T7 high-yield 329 

Transcription Kit (Fermentas) as described previously [29]. Inert AC20 control RNA (5’-330 

CACAACAAACCAAACAACCA-3’) was obtained from Biomers. Murine IFNα was 331 

purchased from BioLegend. The MDM2 inhibitor AMG232 was purchased from 332 

MedChemExpress. 333 

Oligonucleotide-transfection of tumor cells 334 
Cells were seeded at a defined cell number the day before transfection and cultured overnight 335 

at 37°C and 5% CO2 in an incubator to ensure proper attachment. Lipofectamine 2000 336 

(Invitrogen) and OptiMem (Thermo Fisher Scientific) were used according to the 337 

manufacturer’s protocol to transfect control AC20 RNA or stimulatory 3pRNA at the indicated 338 

concentrations.  339 

 340 

Irradiation of tumor cells 341 
Cells were irradiated with high-energy photons (150 keV)  of 2 Gy generated by a biological 342 

irradiator (RS-2000, Rad Source Technologies). 343 

 344 

DC melanoma uptake  345 
Bone-marrow derived dendritic cells were generated as described previously [44]. B16 346 

melanoma cells were stimulated as indicated. After 48 h melanoma cells were stained with 347 

eFluor780 fixable viability dye (eBioscience, 1:2000 in PBS) for 30 min on ice. Excess dye 348 
was washed away by the addition of DMEM supplemented with 10% FCS. Stained melanoma 349 

cells (25 000) were then cocultured with 10 0000 bmDCs overnight at 37°C and 5% CO2 in a 350 

96well plate. The next day, DCs were detached by adding 2 mM EDTA/PBS and analysed by 351 
flow cytometry.  352 

Generation of polyclonal p53 knockout (KO) cell lines by using CRISPR/Cas9 353 
The CRISPR target site for murine p53 (single guide (sg) RNA: 5´-354 

CTGAGCCAGGAGACATTTTC-3´) was already cloned into a px330 plasmid (px330-U6-355 

Chimeric_BB-CBh-hSpCas9, Addgene plasmid #42230) and for human p53 (sgRNA: 5´-356 

GCATCTTATCCGAGTGGA-3´) was already cloned into a px459 plasmid (pSpCas9(BB)-357 

2A-Puro (px459) V2.0 (Addgene plasmid #62988)) and kindly provided by Daniel Hinze 358 

from the lab of Michael Hölzel. B16 and A375 cells were seeded at a density of 5x104 cells 359 
per well into a 12-well plate the day before transfection with 2 µg of the CRISPR/Cas9 360 
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plasmid using Lipofectamin 2000. After three days of incubation at 37°C, the transfected cells 361 

were seeded out again into 12-well plates at a density of 5x103 cells per well. One day later 10 362 

µM of the MDM2 inhibitor AMG232 was added to the culture medium for five days to 363 

positively select p53 deficient cells.  364 

Gene-expression analysis with microarray 365 

B16.F10 cells were transfected with 50 ng/ml 3pRNA or AC20 control RNA and irradiated 366 
with 2 Gy or not for 6 h. RNA was isolated with the RNeasy Mini Kit (Qiagen) according to 367 

the manufacture’s instructions. The extracted RNA was further processed using an Clariom S 368 

Mouse Genchip (Thermo Fisher) at the LIFE & BRAIN Genomics Service Center Bonn. 369 

Western blot analysis 370 
Total cell protein extraction was done as described previously [45]. 30–50 µg  of protein was 371 

mixed with an equal amount of 2x Laemmli buffer (200 mM Tris/HCl pH 6.8, 4% SDS, 20% 372 

glycerol, 200 mM DTT), denatured at 95°C for 5 min, separated by SDS gel electrophoresis 373 

(30 mA per gel, 1.5 h), and transferred onto a nitrocellulose membrane (GE Healthcare, 0.45 374 

µm pore size of the membrane). Proteins were transferred using 450 mA for 1.5 h. The 375 

membranes were blocked with 5% non-fat dry milk in TBST buffer (150 mM NaCl, 20 mM 376 

Tris, 0.1% Tween 20, pH 7.6) for 1 h at room temerature (RT) and incubated with the 377 

respective primary antibodies at 4°C overnight (anti-phospho-p53 (Ser15), anti-p53, anti-378 

puma, anti-p21 (all 1:1000, Cell Signaling);). HRP-coupled secondary antibodies, anti-rabbit 379 
and anti-mouse (Cell Signaling), were used 1:5000 or IRDye800 coupled anti-rabbit and anti-380 

mouse (Li-cor Bioscience) antibodies were used 1:10,000 in 5% milk/TBST and incubated for 381 

1 h at RT. Anti-actin-HRP antibody (Santa Cruz) diluted 1:5000 in 5% milk/ TBST or 382 
mouse/rabbit anti-ß-actin (Li-cor Bioscience) diluted 1:10,000 was used to detect actin as a 383 

loading control. Protein bands were detected by using chemiluminescence of an ECL western-384 

blotting substrate (Thermo Scientific) or by near-infrared fluorescence with the Odyssey Fc 385 
(Li-cor Biosciences). 386 

 387 

Enzyme-linked immunosorbent assay (ELISA) 388 
To determine concentrations of HMGB1, the supernatants were collected 24 h after 389 

transfection and irradiation of tumor cells and the HMGB1 ELISA Kit from IBL International 390 

was used according to the manufacturer’s protocol. 391 

 392 

Flow cytometry 393 

Cells of interest were harvested with trypsin and washed with PBS. For staining of surface 394 
proteins, fluorochrome-conjugated monoclonal antibodies were diluted 1:200 in FACS buffer 395 

(1x PBS containing 10% FCS, 2 mM EDTA and 0.05% sodium azide) and incubated with the 396 

cells 15–20 min on ice or RT. Antibodies used: APC-Cy7 or BV510 anti-CD4, PerCP-Cy5.5 397 
or BV421 anti-CD8, PerCP anti-CD45, BV421 anti-CD11c, Alexa-Fluor-488 or BV510 anti-398 

CD69, BV785 anti-CD86, BV785, BV510 anti-MHC-I (Hk2b), FITC anti-I-A/E (all 399 

BioLegend), FITC anti-CD11c, APC anti-MHC-I (Hk2b), PE or BV650 anti-NK1.1 (all 400 
eBioscience), BUV737 anti-CD4, BUV395 anti-CD8, BUV395 anti-CD11b, FITC anti-HLA 401 

ABC (all BD Bioscience), Alexa-488 anti-Calreticulin (Cell Signaling Technology, 1:100 402 

instead of 1:200).   403 

For in vivo studies, the tissue was digested with 1 mg/ml collagenase D in PBS with 404 

5% FCS for 20 min at 37°C and afterwards passed through a 70 µm cell strainer with sterile 405 

PBS. Cells were afterwards stained with Zombie UV fixable viability stain (1:500 in PBS, 406 

BioLegend for 20 min at RT followed by blocking of Fc receptors (Anti-Mouse CD16/32 407 

from eBioscience, 1:200 in FACS buffer) for 15 min on ice. Surface staining was performed 408 

as described above.  409 
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Intracellular staining of activated, cleaved caspase-3 was analyzed using a rabbit anti-410 

cleaved caspase-3 monoclonal antibody (1:500, Cell Signaling Technology) followed by a 411 

second staining with FITC-anti-rabbit IgG (1:200, BioLegend). Both antibodies were diluted 412 

in FACS buffer supplemented with 0.5% saponin.  413 

Fluorescence intensities for all of the flow cytometry-based assays were measured 414 

with the LSRFortessa flow cytometer (BD Biosciences), or with the Attune NxT Flow 415 

Cytometer (Thermo Fisher). 416 

Quantification of apoptotic cell death 417 

Cells were stained with anti-Annexin V-Alexa 647 antibody or anti-Annexin V-Pacific Blue 418 
antibody (both 1:30, BioLegend) in Annexin binding buffer (10 mM HEPES, pH 7.4; 140 419 

mM NaCl; 2.5 mM CaCl2) and incubated at RT for 20 min in the dark. Cells were washed and 420 

resuspended in 200 µl 1x binding buffer. 5 µl of 7-amino-actinomycin D (7AAD, 50 µg/ml 421 
working solution in PBS, Thermo Fisher Scientific) was added to the stained cells 5–10 min 422 

before measurement.  423 

Multiplex cytokine assay 424 
Multiplex flow-cytometric cytokine detection was performed on cell-culture supernatants 425 

collected 24 h after 3pRNA transfection and irradiation. Cytokine levels were measured using 426 
human and mouse LEGENDplex bead-based multi-analyte flow assay kits as described in the 427 

manufacturer’s manual. However, the assay was performed in a 384 well plate and the 428 

volumes adjusted accordingly.  429 

Cell-cycle-phase analysis 430 
Anaylsis of the cell-cycle phases was performed on cells that were fixed and permeabilized 431 

with 70% ethanol for one hour at RT. Cells were incubated for 30 min at RT with 10 µg/ml 432 

propidium iodide (PI) and 100 µg/ml RNase A in FACS buffer, and directly analyzed by flow 433 
cytometry. For simultaneous staining of activated caspase 3, the cultivation medium of cells 434 

seeded in 96-well plates was exchanged for 50 µl/well of staining solution, containing 435 

CellEvent Caspase3/7 Green ReadyProbes, according to the manufacturer’s protocol, and 100 436 

µg/ml Hoechst 33342 (both Thermo Fisher Scientific) and incubated for 30–60 min at 37°C. 437 

The cells were then detached and analyzed by flow cytometry.  438 

 439 

In vivo studies with mice 440 
Female C57BL/6 mice were obtained from Janvier and used at 8–12 weeks of age. The 441 

animals were housed in individually ventilated cages (IVC) in the House of Experimental 442 
Therapy (HET) at the University Hospital Bonn. All experiments were approved by local- and 443 

regional animal ethics committees. Mice were injected with 1×105 B16.F10 cells in 100 µl 444 

sterile PBS subcutaneously into the right flank of the back. When the tumors reached a 445 
diameter of  3–4 mm, the tumors were injected with 20 µg 3pRNA or AC21 single-stranded 446 

control RNA complexed with JetPEI (Polyplus) according to the manufactorers protocol and 447 

afterwards locally irradiated with a single dose of 2 Gy. For local irradiation, the mice were 448 
narcotized and positioned in the treatment beam. The tumors were stereotactically irradiated 449 

with adapted field size in a range between 1 - 2 cm using a linear accelerator with a 6 MeV 450 

beam (TrueBeam STx, Varian and Mevatron MD, Siemens). The mice were surrounded by 451 

water-equivalent RW3 sheets (PTW, Freiburg) and placed in the depth-plane Dmax (15 mm) 452 

of the 6 MeV-Beam. For the survival studies, treatment of the tumor with 3pRNA/AC20 RNA 453 

was repeated twice a week and tumor size was measured daily until the tumors reached a 454 

diameter of 10 mm.  455 

 456 

Statistical analysis 457 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 16, 2021. ; https://doi.org/10.1101/2021.10.16.464638doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464638
http://creativecommons.org/licenses/by-nc-nd/4.0/


 11

If not indicated otherwise, data are represented as the mean +/- SEM of at least three 458 

experiments that were run with two replicates per sample and a statistical analysis of the 459 

difference between groups using  one or two-way ANOVA, as appropiate, calculated with 460 

GraphPad Prism 8. * (P < 0.05), ** (P < 0.01), *** (P < 0.001), **** (P < 0.0001), ns: not 461 

significant. 462 
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A B

Figure 1: Irradiation enhances 3pRNA-induced immunogenic cell death in melanoma cells, as well as uptake by
and co-stimulation of dendritic cells. Murine B16 and human A375 melanoma cells were transfected with 50 ng/ml
3pRNA or AC20 control RNA followed by 2 Gy irradiation. (A, B) 48 h later, apoptosis was measured in B16 (A) and A375
(B) cels by using Annexin V/7AAD detection by flow cytometry. (C, D) Cell death detection was repeated as described in
(A, B). The dose of 3pRNA ligand was titrated in B16 (C) and A375 (D) cells to determine the EC50 value with and without
2 Gy, calculated by Graphpad Prism. Exemplarily titration curve shown. (E) Different human melanoma cell lines were
transfected with 50 ng/ml (MaMel19) or 200 ng/ml (MaMel54, MaMel48) 3pRNA and (F) human lung carcinoma cell line
A549 was transfected with 50 ng/ml 3pRNA. Cells were additionally irradiated with 0 or 2 Gy. Induction of cell death was
quantified 48 h later using Annexin V/7AAD staining and flow cytometry. (G - J) Melanoma cells were transfected with 50
ng/ml 3pRNA and irradiated with 2 Gy. (G, H) After 48 h, expression of calreticulin on the cell surface was measured by
flow cytometry or (I, J) after 24 h, HMGB1 concentration in the supernatant was measured by ELISA. (K) B16 cells were
treated with 200 ng/ml 3pRNA and 2 Gy for 48 h, stained with fixable viability stain, and cocultured with bone-marrow-
derived DCs from wildtype BL/6 mice for 24 h. DC tumor-cell uptake and activation was measured by flow cytometry. %
cell death was plotted as the sum of Annexin V+, Annexin V/7AAD+, and 7AAD+ populations divided by the total number
of cells. A, B, E, F, K: data are shown as mean and SEM of n=3 and I, J: n=2 independent experiments. C, D, G, H:
Representative with mean and SD of n=3 independent experiments with similar results. * p<0,05; **p<0,01; ***p<0,001;
****p<0.0001. 2-way ANOVA. w/o: untreated, AC20: control RNA, 3pRNA: 5’-triphosphate RNA, non-irr: non-irradiated.
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Figure 2: Concurrent irradiation and RIG-I immunotherapy prolongs the survival of melanoma-bearing mice.  
(A) B16 melanoma cells, subcutaneously transplanted into C57/BL6 mice, were locally irradiated with 2 Gy, injected with 20 
µg 3pRNA, 20 µg control RNA (pA) or a combination of both, as indicated, and tumor size was measured regularly over 49 
days. Mice with tumors larger than 10 mm diameter were euthanized for ethical reasons. Survival rate is shown as a 
Kaplan−Meier curve. Summary of 3 independent experiments with 3-5 mice per group and experiment. (B) Subcutaneously 
transplanted B16 cells were treated as indicated and approximately 16 h later immune cells from the tumor-draining lymph 
nodes were analyzed for the activation marker CD69. Mean ± SEM of n = 3 with 3-5 mice per group and experiment. ns, not 
significant; * p<0,05; **p<0,01; ***p<0,001; ****p<0.0001; 2-Way ANOVA. w/o: untreated, pA: control RNA, 3pRNA: 5’-
triphosphate RNA, non-irr: non-irradiated.
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Figure 3: Whole-genome transcriptional analysis of B16 cells treated with the combined RIG-I radio-
immunotherapy reveals activation of p53 signaling. Gene expression analysis (Affymetrix GeneChip) of B16 total 
RNA 6 h after stimulation with 50 ng/ml 3pRNA or AC20 control and 2 Gy irradiation alone or in combination. (A) Volcano 
plots of single treatments and combined treatment in comparison to the control-transfected B16 cells or (C) combined 
treatment vs. 3pRNA transfected cells. Colored data points show up- (red) or down- (blue) regulation of at least a 2 fold-
change. FDR corrected p-value < 0,05 (B, D) Pathway analysis (Wikipath) of genes found in (A) and (C) using the TAC 
software of Thermo Fisher ordered by significance. AC20: control RNA, 3pRNA: 5’-triphosphate RNA.
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Figure 4: Combined RIG-I radio-immunotherapy induces p53 pathway activation and prolongs cell-cycle arrest. 
Western-blot analysis of (A) phospho- and total-p53 protein, as well as Puma expression and (B) ATM and p21 
expression after irradiation with 2 Gy, transfection of 50 ng/ml 3pRNA, or the combination of both in B16 cells at the 
indicated time points. Actin served as a protein-loading control. (C) Flow-cytometric cell-cycle analysis of B16 cells 
stained with propidium iodide and treated with 50 ng/ml 3pRNA and/or 2 Gy after the indicated time points. Mean and 
SEM of n=2.  ns, not significant; * p<0,05; **p<0,01; ***p<0,001; ****p<0.0001; two-way ANOVA. AC20: control RNA, 
3pRNA: 5’-triphosphate RNA.
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Figure 5: Knocking out p53 reduces the response of melanoma cells to combination treatment. (A−E) B16 or A375 
wildtype and p53 polyclonal KO cells were transfected with 50 ng/ml 3pRNA, AC20 control RNA, or these in combination 
with 2 Gy irradiation. (A, B) Induction of cell death was quantitated via Annexin V/7AAD staining and analyzed by flow 
cytometry in B16 (A) and A375 (B) cells. (C) Flow-cytometric cell-cycle analysis with Hoechst 33342 at the indicated time 
points in B16 cells. (D, E) Surface calreticulin expression of B16 (D) and A375 (E) cells was monitored 48 h after 
treatment by flow cytometry. (F) B16 wildtype and p53 poly KO cells were transfected with 200 ng/ml 3pRNA and 
irradiated simultaneously with 0 or 2 Gy. 48 h later cells were stained by Live-Dead eFluor780 stain and cocultured with 
bone-marrow derived DCs overnight. Activated DCs were analyzed by flow cytometry the next day. p53 polyclonal 
knockout cells were generated by using the CRISPR/Cas9 system. All data are shown as the mean and SEM of n=10 
(A), n=5 (D), or n=3 (B, C, E, F). * p<0,05; **p<0,01; ***p<0,001; ****p<0.0001; two-way ANOVA. ns: not significant, AC20: 
control RNA, 3pRNA: 5’-triphosphate RNA, non-irr: non-irradiated
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A Immune-cell activation in tumor-draining lymph node after 16 h
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Figure 6: RIG-I immunotherapy is still effective in p53 KO melanoma, but the enhanced combinatorial efficiency 
with radiotherapy is abolished. (A) B16.F10 melanoma wildtype or p53 polyclonal knockout cells were subcutaneously 
transplanted into C57/BL6 mice and then locally irradiated with 2 Gy, injected with 20 µg 3pRNA, or a combination of 
both. 16 h later the mice were sacrificed. Tumor-draining lymph nodes were analyzed by flow cytometry for CD69 surface 
expression of activated CD8+, CD4+ T cells, and NK1.1+ NK cells. Mean and SEM of n=3 with 3–5 mice per group and 
experiment. (B) Mice were treated as indicated over 7 days and the tumor size was measured daily. Mean and SEM of n 
= 3 with 3–5 mice per group and experiment. ns, not significant; * p<0,05; **p<0,01; ***p<0,001; ****p<0.0001; one-way 
ANOVA. 3pRNA: 5’-triphosphate RNA
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Supplementary Figure 1: Irradiation enhances 3pRNA-induced immunogenic cell death in melanoma cells, as 
well as uptake by and co-stimulation of dendritic cells. B16 cells were transfected with 50 ng/ml 3pRNA or AC20

control RNA and simultaneous irradiated with 0 or 2 Gy. (A) Gating strategy of Annexin V/7AAD staining. (B) Cells were 
additionally stimulated with 1000 U/ml recombinant IFN⍺ and after 48 h, cell death was detected by Annexin V/7AAD 
staining. (C) Intracellular staining of activated, cleaved caspase 3 by fluorescently labeled antibody was measured after 
24 h by flow cytometry. (D,E) Quantification of apoptosis induction by Annexin V/7AAD staining in B16 (D) and A375 (E) 
cells, 48 h after titration of 3pRNA concentration with and without 2 Gy, as shown in Fig. 1C,D. EC50 value of 3pRNA 
concentration was calculated by using GraphPad Prism. (F) B16 cells were transfected with 50 ng/ml 3pRNA and given 
different irradiation doses. 48 h later, cells were stained with Annexin V/7AAD and analyzed by flow cytometry. (G) 
Annexin V/7AAD staining after 48 h of 3pRNA (200 ng/ml) transfection and 2 Gy irradiation of B16 cells was combined 
with MHC class I and calreticulin fluorescent labeling. (H, I) MHC I expression on the surface of B16 (H) and A375 (I) 
cells 24 h after treatment, as detected by flow cytometry. (B−F) Mean and SEM, n=3. (G−I) Representative with mean 
and SD of n=3. * p<0,05; **p<0,01; ***p<0,001; ****p<0.0001; 2-way ANOVA. w/o: untreated, AC20: control RNA, 3pRNA: 
5’-triphosphate RNA, non-irr: non-irradiated.

H

non irr 2 Gy
0

500

1000

1500

3p
R

N
A

 (
ng

/m
l)

EC50 value of B16 cells

**

non irr 2 Gy
0

500

1000

1500

2000

2500

3p
R

N
A

 (
ng

/m
l)

EC50 value of A375 cells

**

AC20 3pRNA IFNα
0

10

20

30

40

50

%
 c

el
l d

ea
th

non-irr.

2 Gy

ns
***

***

B16:
cell death induction after 48 h

AC20 3pRNA
0

50

100

%
 c

le
av

ed
 C

as
p 

3 
+

B16:
Activation of Casp3 after 24 h

non-irr.

2 Gy

*
****

Ann
ex

in/
7AAD-

Ann
ex

in+

Ann
ex

in/
7AAD+

7A
AD+

0

2000

4000

6000

8000

subgroups

M
H

C
 c

la
ss

 I 
(g

eo
m

. M
F

I o
f s

ub
gr

ou
p)

B16:
200 ng/ml 3pRNA after 48 h

Anne
xin

/7A
AD-

Ann
exin

+

Ann
exin

/7
AAD+

7AAD+
0

200

400

600

800

subgroups

C
al

re
tic

ul
in

 
(g

eo
m

. M
F

I o
f s

ub
gr

ou
p)

B16:
200 ng/ml 3pRNA after 48 h

non irr

2 Gy

*

***

****

****

w/o AC20 3pRNA
0

500

1000

1500

2000

ge
om

. M
F

I

A375: 
HLA-ABC expression after 24 h

non-irr.

2 Gy

***

*

****

***

w/o AC20 3pRNA
0

100
200
300
400

6000

8000

10000

12000

ge
om

. M
F

I

B16:
MHC class I expression after 24 h

****
***

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 16, 2021. ; https://doi.org/10.1101/2021.10.16.464638doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.16.464638
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

B

Supplementary Figure 2: 2 Gy irradiation has only minor influence on 3pRNA-induced cytokine release.
Melanoma cells were transfected with 50 ng/ml 3pRNA or AC20 control RNA and simultaneously irradiated with 0 or 2 Gy. 
Supernatants were collected 24 h after treatment of B16 (A) and A375 (B) cells, and were analyzed by flow cytometric 
multiplex analysis to detect different cytokines and chemokines. Shown is the mean and SD of one experiment with 
biological replicates measured in technical replicates. Not detected: B16 (A): IL10, GM-CSF, IL1b, IFNg, IL12p70
A375 (B): TNFa, IFNa2, IL10, IL1b, IFNg, IL12p70 * p<0,05; **p<0,01; ***p<0,001; ****p<0.0001; 2-way ANOVA. w/o: 
untreated, AC20: control RNA, 3pRNA: 5’-triphosphate RNA, non-irr: non-irradiated.
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Supplementary Figure 3: Establishment of p53 polyclonal knockout melanoma and comparison of p53 wildtype 
and p53 mutated melanoma cells. Immunoblot analysis of p53 2 h (A, C) and p21 24 h (B, D) after irradiation with 2 Gy or 
treatment with 10 µM AMG232 in B16 and A375 wildtype and p53 polyclonal KO cells as indicated. Actin served as a 
loading control. (E) Human melanoma cell lines A375 and SKmel28 were transfected with increasing concentrations of 
3pRNA and additionally irradiated with 2 Gy. Cell death was quantified 48 h later using Annexin V/7AAD staining and flow 
cytometry. Mean and SEM are shown from 3 independent experiments. p53 polyclonal knockout cells were generated by 
using the CRISPR/Cas9 system. * p<0.05; **p<0.01; ****p<0.0001; two-way ANOVA. AC20: control RNA, 3pRNA: 5’-
triphosphate RNA, non-irr: non-irradiated
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Supplementary Figure 4: Increased cell death correlates with prolonged G2/M cell cycle in combinatorial RIG-I 
radio-immunotherapy. Flow-cytometric cell-cycle analysis of B16 cells treated with 50 ng/ml 3pRNA and 2 Gy irradiation 
using genomic Hoechst 33342 stain in combination with intracellular staining with a caspase 3/7 cleavable dye at the 
indicated time points. p53 polyclonal knockout cells were generated by using the CRISPR/Cas9 system. * p<0,05; 
**p<0,01; ***p<0,001; ****p<0.0001; two-way ANOVA. ns: not significant, AC20: control RNA, 3pRNA: 5’-triphosphate RNA, 
non-irr: non-irradiated
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