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SUMMARY

Radiotherapy (RT) can prime the immune system against cancer but often fails to generate effective anti-

tumor responses due to concomitant induction of immunosuppressive factors. To overcome this limitation, 
we built upon the observation that RT enhances adeno-associated vectors (AAVs) tumor transduction 
through the epigenetic modification of vector episomes. We designed an AAV-based platform to deliver im-

munostimulatory cytokines through an interferon (IFN)-inducible promoter that allows for spatial control of 
transgene expression into irradiated tumors. As opposed to a constitutive system, local delivery of a vector 
encoding for inducible IL-12 (AAV-iIL12) achieves an efficient production of the cytokine without significant 
toxicity. Combination of RT and AAV-iIL12 generates a highly immunostimulatory tumor microenvironment 
(TME) leading to robust local and systemic antitumor responses in an IFNγ- and FAS-dependent manner, 
able to overcome common immune-evasion mechanisms. Our work shows that radiation coupled with 
AAV-based immune-gene delivery is an efficient and safe approach to treat cancer.

INTRODUCTION

Radiotherapy (RT) is a mainstay of cancer treatment. Around half 

of patients with solid tumors receive RT as part of their 

treatment. 1 Nonetheless, radioresistance and tumor re-

currence remain significant clinical challenges. 2–4 Effective

tumor responses to irradiation are critically influenced by the 

host immune system, particularly T cell responses, with several 

studies highlighting a link between tumor-infiltrating CD8 + 

T cells and radiation-induced antitumor effects. 5–7 By producing 

DNA damage and immunogenic cell death of cancer cells, 

ionizing radiation (IR) increases the release of tumor antigens
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Figure 1. Radiotherapy enhances AAV-mediated tumor transduction both in vitro and in vivo

(A and B) Percentage of mouse MC38 (A) or human RT-112 (B) GFP + cells transduced with AAV-cGFP.

(C) GFP mean fluorescence intensity (MFI) levels in GFP + MC38 (left) and RT-122 (right) 3 days after transduction with AAV-cGFP.

(D) GFP MFI in GFP + B16 cells 3 days after indicated doses of RT, followed by AAV-cGFP transduction. E) GFP MFI in GFP + B16 cells 3 days after transduction 

with AAV-cGFP added at the indicated times after irradiation.

(F) Fold change of luciferase activity in tumor cells transduced with AAV-iLuc or mRNA-Luc lipid nanoparticles (LNPs).

(legend continued on next page)
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and the generation of neoantigens, expanding the immunopep-

tidome presented to T cells by antigen-presenting cells 

(APCs). 8–12 Likewise, RT increases the production of type I inter-

feron (IFN) through the cGAS-STING pathway and enhances the 

expression of MHC class I molecules. 13,14 However, although RT 

primes the immune system against the tumor, it also induces of a 

wide spectrum of immunosuppressive factors, including PD-L1, 

TGFβ, adenosine, and chemokines that attract a variety of immu-

noinhibitory cell populations such as immunosuppressive mac-

rophages, myeloid-derived suppressor cells (MDSCs), and 

Tregs. 8,15–22 Furthermore, RT induces vascular damage and 

exacerbates chronic hypoxia, giving rise to new hypoxic areas 

infiltrated with immunosuppressive and tumor-promoting mac-

rophages. 23 Hence, there is a great need for therapeutic ap-

proaches enabling IR to trigger fully effective antitumor immunity 

and enhance the curative potential of RT.

In this study, we sought to engage tumor irradiation with long-

term antitumor immunity using immuno-gene therapy with ad-

eno-associated virus (AAV) which display exceptional safety 

profile and long-term transgene expression. 24 Although their 

application in oncology has been limited by inefficient tumor 

transduction, we found that IR reprograms cellular circuits in 

ways that induce epigenetic modifications on vector episomes, 

thereby enhancing AAV-mediated gene delivery to tumors. 

These effects offer an attractive opportunity for combining RT 

and AAV-based immuno-gene therapy to treat cancer.

By leveraging the biological effects of IR, we designed an 

AAV-based platform for cytokine delivery that allows spatial 

control of transgene expression using an IFN-inducible pro-

moter. This system enables the expression of immunostimula-

tory elements into irradiated tumors to remodel the tumor 

microenvironment (TME). To test our platform as an effective 

immunotherapy, we used an AAV vector that encodes for sin-

gle-chain IL-12, an essential immune activator of both innate 

and adaptive immune responses, 25–28 under the control of 

the IFN-inducible promoter (AAV-iIL12). Clinical trials using re-

combinant IL-12 have failed mainly due to systemic toxicity or 

insufficient levels of active IL-12 in target tissues. 29–34 As 

opposed to vectors expressing IL-12 with a constitutive pro-

moter, which led to fatal toxicity, the IFN-inducible system 

enabled cytokine expression selectively within the tumors 

without major adverse effects. This strategy programmed a 

cooperative IFNγ-dependent and FASL-mediated immune 

response, causing tumor regression in primary and distant 

tumor lesions and overcoming classical mechanisms of re-

sistance to immunotherapy. Our work provides compelling 

evidence of a positive interplay between RT and AAV-based 

immuno-gene therapy and highlights their considerable anti-

tumor potential when used in combination.

RESULTS

RT enhances AAV-mediated tumor transduction both

in vitro and in vivo

To analyze the influence of RT on AAV-mediated tumor trans-

duction, we first assessed the transduction efficiency of AAV in 

irradiated tumor cells in vitro. Tumor cells were irradiated (8Gy) 

immediately before transduction with an AAV vector (AAV8 sero-

type) encoding the fluorescent protein GFP under the control of 

the constitutive promoter CAG (AAV-cGFP). The percentage of 

GFP-expressing cells was consistently higher in the irradiated 

condition in both mouse and human cell lines (Figures 1A, 1B, 

and S1A). Although transgene expression progressively 

decreased due to cell proliferation, GFP + cells were detected 

for more than 10 days after infection in irradiated cells. Moreover, 

the level of expression of GFP per cell was significantly higher 

among transduced cells in the irradiated conditions 

(Figures 1C and S1B). This phenomenon was observed in a 

dose-dependent manner, as increasing RT doses correlated 

with higher levels of GFP expression (Figures 1D and S1C). 

The effect of IR on transgene expression was maintained for at 

least one hour but progressively decreased thereafter when 

AAV addition was delayed after RT (Figure 1E). Similar results 

were obtained with AAV5 and AAV9 serotypes (Figure S1D). Of 

note, cell irradiation enhanced AAV-mediated transduction but 

had no effect on expression from non-viral vectors such as 

mRNA lipid nanoparticles (Figure 1F), consistent with a specific 

impact on AAV biology.

We did not observe differences in copy numbers of vector ge-

nomes (vg) between conditions (Figure 1G), suggesting that RT 

enhanced transgene expression without altering the entrance 

of the vector into the cell. Cell transduction was entirely blocked 

in AAVR-deficient cells, a transmembrane protein essential for 

efficient intracellular transport of multiple AAV serotypes, 

including AAV8 35 (Figure S1E), ruling out alternative trafficking 

routes triggered by RT. Radiation triggers DNA damage re-

sponses (DDRs), which promote the synthesis of the comple-

mentary AAV-DNA strand. 36–38 However, we observed that IR 

equally augmented cell transduction by single-stranded (ss) 

and double-stranded (ds, or self-complementary) AAVs 

(Figure S1F), indicating that RT triggers alternative mechanisms 

to boost AAV transgene expression.

We compared the phosphoproteome of irradiated and control 

B16 cells, identifying epigenetic regulation and chromatin re-

modeling—histone/DNA modifiers (EZH2, HDAC2, CBP, 

KDM7A, KAT6A) and SWI/SNF components (ARID1A, ARID1B, 

PBRM1, SMARCA4, and SMARCC1)—as major pathways 

altered by RT (Figures S2A and S2B). Recent studies have re-

ported that transduction efficiency is related to epigenetic

(G) Quantification of AAV-ITR by qPCR from control or irradiated (8Gy) MC38 cells at the indicated time points after AAV transduction.

(H) CAG qPCR from chromatin immunoprecipitation with anti-H3K27ac.

(I) GFP MFI in B16 cells transduced with AAV-cGFP in the presence of indicated concentrations of A-485. Western blot for H3K27ac and total H3.

(J) ITR qPCR from chromatin immunoprecipitation with anti-YY1 in MC38 cells transduced with AAV WT or YY1-binding site mutant.

(K) GFP MFI levels in GFP + B16 cells transduced with AAV-GFP WT (left) or YY1-binding site mutant (right) 3 days after transduction.

(L and M) IHC analysis of GFP expression in MC38 (L) or RT112 (M) tumor sections, next to representative images with the indicated conditions. Points represent 

the mean values from two independent sections from the same tumor. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 

(one-way ANOVA followed by Tukey’s test in A, B, C, D, E, I, L, and M; unpaired, two-sided Student’s t test in F, G, H; two-way ANOVA followed by Tukey’s test in J 

and K). See also Figures S1–S3.

ll
OPEN ACCESSArticle

Cancer Cell 44, 1–17, May 11, 2026 3

Please cite this article in press as: Marco et al., Radiotherapy synergizes with an inducible AAV-based immunotherapy platform to program local and 
systemic antitumor immunity, Cancer Cell (2026), https://doi.org/10.1016/j.ccell.2026.02.013



modifications of AAV episomes (primarily circularized dsDNA), 

which can form chromatin-like structures similarly to genomic 

DNA. 39–42 In particular, AAV-DNA demethylation and histone 

modification H3K27ac have been linked with active transgene 

expression. 39,40,43 Indeed, the promoter region of the AAV vector 

exhibited a significant reduction of methylation (Figure S2C) and 

increased association with activating histone mark H3K27ac in 

the irradiated conditions (Figure 1H). Selective inhibition of his-

tone acetyl transferases (HAT) p300/CBP with A-485 44 resulted 

in a significant reduction of AAV transgene expression in irradi-

ated cells (Figures 1I and S2D). Moreover, radiation promoted 

the binding of YY1 to the vector genome (Figures 1J and S2E). 

YY1 is a transcription factor and chromatin organizer with a 

wide range of functionalities 45 that can regulate gene expression 

through direct interaction with p300/CBP, among others. Muta-

tion of two single nucleotides in the YY1-binding motif reduced 

the effects of RT on AAV transduction (Figure 1K). Collectively, 

these findings indicate that epigenetic modification and YY1 

recruitment are key mechanisms underlying the stimulatory ef-

fect of RT on AAV-mediated transduction.

We next evaluated AAV biodistribution upon intratumor (i.t.) in-

jection. Technetium-99m (Tc-99m)-labelled AAV capsids were 

analyzed by single-photon emission computed tomography/ 

computed tomography (SPECT/CT) scan. 3h after i.t. injection, 

capsids were detected almost exclusively within the tumors as 

opposed to intravenous (i.v.) delivery, which results in predomi-

nant accumulation of AAV8 in liver and spleen (Figure S3A). Tu-

mor irradiation favored capsid retention 24h after vector admin-

istration (Figure S3B), although no significant differences were 

observed in viral genomes between conditions 48h after i.t. de-

livery of AAV (Figure S3C).

Finally, we measured AAV transgene expression in control or 

RT-treated tumors in vivo. For that, we implanted MC38 (mouse) 

or RT112 (human) cells into wild-type (WT) or immunodeficient 

Rag2 − /− ; Il2 − /− mice, respectively. Established tumors were 

locally irradiated with 8 or 20 Gy before i.t. injection of AAV-

cGFP. As observed in vitro, RT enhanced transduction of tumors 

(Figures 1L, 1M, S3D, and S3E) in a YY1-dependent manner 

(Figure S3F). In summary, local irradiation primes tumors for 

enhanced AAV transduction, highlighting an interplay that can 

be exploited for cancer therapy.

Design of an AAV vector enabling spatial control of 

transgene expression in irradiated tumors

We then designed a vector that leverages the ability of IR to 

enhance AAV-mediated tumor transduction to develop an 

AAV-based immuno-gene therapy for cancer (Figure 2A). Trans-

gene expression was spatially controlled with an inducible pro-

moter containing IFN-stimulated response elements (ISREs) as 

IR causes the production of type-I IFN through the cGAS-STING 

pathway. 13,46 In addition, the vector genome was equipped with 

binding sites for the liver-specific miR122 to block transgene 

expression in hepatocytes, 47 a relevant modification based on 

the strong tropism for the liver (Figure S3C), which continuously 

produces low levels of type I IFN. 48

To test this system, we first performed an in vitro biolumines-

cence imaging (BLI) assay. B16 cells were transduced with an 

AAV expressing luciferase under the control of the IFN-inducible 

promoter (AAV-iLuc) at high multiplicity of infection (MOI). As

predicted, luciferase expression was triggered upon IFN stimula-

tion. Notably, IR was sufficient to induce transgene expression 

with the inducible promoter, although this effect was reduced 

compared to what was observed with the constitutive promoter 

CAG (AAV-cLuc) (Figure 2B). However, stimulation with IFNs 

caused a marked induction of transgene expression in irradiated 

cells. As expected, the addition of IFN had no effect on cells 

transduced with AAV-cLuc (Figure 2B). In vivo BLI analysis 

showed that the local injection of AAV-iLuc into irradiated nod-

ules restricted luciferase expression to the tumor tissue. 

Conversely, in mice inoculated i.t. with AAV-cLuc, the transgene 

was expressed in the irradiated tumor but also systemically 

(Figure 2C). As shown in previous experiments, RT enhanced 

the transduction of tumors inoculated with AAV-iLuc or AAV-

iGFP (Figures 2D and S4A). Importantly, experiments in mice 

with two tumors, of which only one received RT, showed that 

the expression of the transgene was restricted to the irradiated 

tumor even when AAV-iLuc was given intravenously 

(Figure 2E). Of note, local injection of AAV-iLuc into irradiated tu-

mors resulted in prolonged transgene expression with increasing 

levels of luciferase activity during the entire study period 

(Figure 2F). On the other hand, in the bilateral tumor system, 

we did not observe luciferase expression in the left tumor treated 

with RT 3 days after AAV-iLuc injection into the irradiated right tu-

mor, confirming the restricted spatial control achieved with our 

system (Figure 2F).

Integration of RT with an AAV-based cytokine delivery 

for cancer immunotherapy

We then sought to engage tumor irradiation with antitumor im-

munity by using immuno-gene therapy to demonstrate the po-

tential of an AAV-based platform for immunotherapy of cancer. 

For that, we generated vectors encoding for single-chain IL-

12p70 (AAV-iIL12), IL-15 and IL-15Rα (AAV-iIL15), FLT3L (AAV-

iFLT3L), and a bicistronic construct containing sequences for 

both IL-12 and IL-15/IL-15Rα separated by a self-cleaving pep-

tide P2A in a single expression cassette (AAV-iIL12-P2A-IL15) 

(Figure 3A). In all cases, cytokine expression was significantly 

enhanced by RT both in vitro and in vivo (Figures 3B and 3C). 

Liver transduction and systemic cytokine release were inhibited 

by miR122 binding sites, which was effective even upon i.v. 

administration (Figure S4B). To demonstrate the biological activ-

ity of AAV-based cytokine delivery, we analyzed changes within 

the TME. AAV-mediated expression of IL-12, IL15/IL-15Rα, or 

FLT3L in irradiated tumors increased infiltration of CD8 + 

T cells, NK, and dendritic cells (DCs), respectively (Figure 3D). 

Expression of IL-15/IL-15Rα or FLT3L in combination with RT 

had no impact on tumor growth (Figure 3E). Conversely, both 

IL12-encoding vectors induced a marked antitumor control 

and were well tolerated (Figures 3E and S4C). Importantly, while 

the inducible expression of IL-12 maintained a long-term anti-

tumor efficacy without evident signs of toxicity, constitutive 

expression of IL-12 under the control of the CAG promoter 

(AAV-cIL12) caused a dramatic weight loss in treated animals 

(Figures 3F and 3G). Finally, the measurement of local and sys-

temic IL-12 confirmed that AAV-iIL12 exhibited a highly selective 

local expression compared to AAV-cIL12 (Figure 3H). 

Altogether, these findings demonstrate that AAV containing an 

IFN-inducible promoter achieves spatial control of transgene
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Figure 2. IFN-inducible AAV vector system enables selective transgene expression in irradiated tumors

(A) Schematic representation of the inducible AAV vector design.

(B) Luciferase activity (relative light units, RLU) in B16 cells. When indicated, cells were irradiated (8Gy) and stimulated with IFN for 6h prior to analysis.

(C) Comparison of in vivo bioluminescence 5days after i.t. injection of AAV-cLuc (left) or AAV-iLuc (right) in MC38 tumor-bearing mice (5 mice per group).

(D) In vivo bioluminescence images taken 5days after AAV inoculation in MC38-bearing mice exposed to 0 or 8 Gy as indicated (5/group). Quantification of the 

total luciferase signal is shown on the right.

(E) In vivo bioluminescence 2days after treatment. Bilateral MC38 tumor-bearing mice received RT (0, 8, or 20 Gy) in the right tumor, followed by the intravenous 

injection of AAV-iLuc (5/group). Graph shows the quantification of total luciferase signal in both left (no RT) and right tumors (indicated RT doses).

(F) Schematic design. Right tumors were treated with RT (8 Gy), followed by i.t. injection of AAV-iLuc. Three days later, the left tumor received 8 Gy. After AAV 

administration, in vivo bioluminescence was monitored at the indicated times. (5/group). Graph shows the quantification of total luciferase activity over time in 

AAV-treated tumors (red dots) and contralateral tumors (gray). Representative images of bioluminescence emission at the indicated days after initial RT and AAV 

administration are shown at the bottom. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (two-way ANOVA followed by 

Tukey’s test in B, E; unpaired, two-sided Student’s t test in D, F). See also Figure S4.
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Figure 3. Integration of RT with an AAV-based cytokine delivery for cancer immunotherapy

(A) Schematic representation of the AAV vectors with the IFN-inducible promoter.

(B) Cytokine levels in B16 cells 72h after RT. Cells were transduced and stimulated with IFNα for the last 12h of culture.

(C) Cytokine levels in tumors from animals inoculated with B16 tumor cells 3 days after RT (0Gy, 4Gy or 8Gy) followed by i.t. injection of indicated AAVs (5/group).

(D) Tumor-infiltrating cells from B16 tumors analyzed 6 days after treatment with 8 Gy RT and indicated AAV vectors (5/group).

(legend continued on next page)
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expression into irradiated tumors and can be exploited as an effi-

cient immuno-gene therapy for cancer.

Combination of RT and AAV-based IL-12 delivery 

eradicates tumors without systemic toxicity

In order to maximize the therapeutic efficacy of this strategy, we 

next determined the optimal radiation and vector doses. Both 

parameters exhibited a dose-dependent effect, as intratumor 

levels of IL-12 correlated with radiation and vector doses 

(Figure S5A). As observed in vitro (Figure 1E), the delay between 

tumor irradiation and vector inoculation beyond 6h resulted in 

reduced levels of IL-12 (Figure S5B). We then analyzed the anti-

tumor potential of this treatment in several subcutaneous and or-

thotopic tumor models. RT in combination with a control AAV 

(AAV-iLuc) had minimal effects in MC38 (colorectal carcinoma), 

B16 (melanoma), LLC (lung adenocarcinoma), MB49 (bladder 

cancer), and KPC (pancreatic cancer) tumor-bearing animals 

(Figures 4A–4D and S5C–S5F). Local injection of AAV-iIL12 

into non-irradiated tumors showed a significant reduction of tu-

mor growth in all tumor models, although it led to complete tumor 

rejection in only a small fraction of the animals. However, admin-

istration of AAV-iIL12 into irradiated tumors resulted in complete 

tumor clearance in all MC38 tumor-bearing mice, ∼80% of the 

animals in KPC and MB49 models, and 33% in the aggressive 

LLC lung adenocarcinoma model. In the B16 melanoma model, 

although no tumor rejection was achieved at these doses, RT + 

AAV-iIL12 induced a robust tumor growth inhibition and a signif-

icant increase in overall survival (Figures 4B and S5D). A similar 

therapeutic effect was observed even when treatment was 

applied to tumors of 400mm 3 (Figure S5G). The combination of 

RT and AAV-iIL12 synergized with immune checkpoint blockade 

(ICB) and the addition of anti-PD-1 or CTLA-4 antibodies 

improved antitumor responses in B16 tumors (Figure S5H). 

Moreover, local administration of AAV-iIL12 after RT significantly 

increased the survival of treated mice in an orthotopic model of 

glioblastoma (Figure 4E). Finally, we tested a human version of 

the vector (AAV-ihIL12) in MHC-I and MHC-II double KO NSG 

(MHC-dKO NSG) mice reconstituted with human PBMCs. 49 In-

tratumor injection of AAV-ihIL12 in irradiated tumors achieved 

superior antitumor responses compared to control AAV in RT-

122-bearing humanized mice (Figure 4F). As expected, the anti-

tumor effects of RT + AAV-iIL12 were dependent on the immune 

system (Figure 4G) and were able to generate immune memory 

(Figure S5I).

The antitumor responses correlated with the local production 

of IL-12, which peaked at day 3 after treatment and remained 

detectable at least one week after treatment (Figure 4H). The 

decline of cytokine levels between days 3 and 7 could reflect tu-

mor regression and consequent loss of AAV-transduced cells, as 

no reduction of transgene expression was observed in previous 

BLI assays (Figure 2F). Importantly, elevated intratumoral levels

of IL-12 were accompanied by low serum levels that declined to 

near basal levels over time (Figure 4I). Similar dynamics were 

observed for IFNγ, a key mediator of IL-12 activity 

(Figure S6A). As such, treatment was well tolerated, and animals 

exhibited normal body weight (Figure 3G). Serum transaminases 

were moderately elevated, but liver function was not altered 

(Figures S6B and S6C). Only subtle changes were observed in 

hemograms of treated animals, which showed mild thrombocy-

topenia and lymphopenia, known side effects of RT (Figure S6D). 

No tissue damage was detected in the lung, intestine, kidney, or 

spleen (Figure S6E). Collectively, these data demonstrate that 

the combination of RT with AAV-mediated inducible delivery of 

IL-12 is a safe strategy able to activate potent antitumor immu-

nity in a variety of preclinical tumor models.

Combination of RT and AAV-iIL12 reshapes the immune 

composition of the TME

We next studied the immunological landscape in B16 tumors 

treated with radio-immunogene therapy. The combination of 

RT + AAV-iIL12 induced a marked inflammatory TME with an 

increase of total immune cells (CD45 + ), and significantly 

augmented proportions of CD8 + T cells, pro-inflammatory tu-

mor-associated macrophages (Inf-Mac), and MHCII-express-

ing myeloid cells (Figure S7A). Compared to control groups, 

AAV-iIL12-treated tumors had decreased proportions of regu-

latory CD4 + T cells (Treg), NK cells, anti-inflammatory macro-

phages (Supp-Mac), and tumor-associated neutrophils (TANs) 

significantly. Single-cell RNA-seq (scRNA-seq) of tumor-infil-

trating CD45 + immune cells confirmed the rewiring of the 

TME with a strong repolarization of the myeloid compartment 

in tumors treated with AAV-iIL12 (Figures 5A and 5B). AAV-

based delivery of IL-12 altered the phenotype and proportions 

of myeloid subsets, with higher frequencies in pro-inflamma-

tory monocytes and Cxcl10 + Isg15 + Inf-Mac (classically 

referred to as ‘‘M1’’ phenotype) and decreased the presence 

of suppressive populations such as myeloid-derived suppres-

sor cells (MDSCs) or Arg1 + Spp1 + Supp-Mac (associated with 

‘‘M2’’ phenotype) (Figures 5A and 5B). Gene set enrichment 

analysis (GSEA) performed in the bulk myeloid populations 

showed enhanced expression of hallmarks associated with 

response to type I and II IFNs, suggesting a role of these cy-

tokines in the shift observed in AAV-iIL12-treated tumors 

(Figure 5C). Consequently, tumor-infiltrating myeloid cells ex-

pressed higher levels of Ccl5, Cxcl9, and Cxcl10 chemokines 

(Figure S7B), which are potent T cell chemo-attractants and 

required for antitumor immune responses. 50,51 In addition, 

treatment with AAV-iIL12 increased the migration of DC from 

tumors to tumor-draining lymph nodes (Figures 5A, 5B, 

and S7C).

We identified several subpopulations of T and NK cells, 

including six distinct subsets of CD8 + T cells representing a

(E) Tumor growth of s.c. B16 tumor-bearing individual mice after 8Gy RT and i.t. injection of indicated AAVs (6–7/group) merged with control treatment (AAV-iLuc) 

(up) and survival curves (down).

(F) B16 tumor growth in mice treated with local RT followed by i.t. injection of AAV-iLuc, AAV-cIL12 (constitutive), or AAV-iIL12 (IFN-inducible).

(G) Percentage of body weight in B16 tumor-bearing mice treated as in F.

(H) Tumor (left) and serum (middle) levels of IL-12 7days after treatment with the indicated AAV. Right panel shows the tumor/serum ratios (6–9/group). Data are 

presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (one-way ANOVA followed by Tukey’s test in B, C, D, and G; log rank test in E; 

two-sided Student’s t test in H). See also Figure S4.
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range of phenotypes from resting to exhausted (Figures 5D and 

S7D). A comparison between the two treatment conditions 

revealed higher proportions of proliferative (Mki67 + ), effector 

(Ifng + , Gzmb + , and Prf1 + ) and stem-like exhausted CD8 + 

T cells (Tcf1 + , Pdcd1 + ) accompanied by fewer resting (Sell + 

and Tcf7 + ) and terminally exhausted (Tox + , Pdcd1 + , and 

Havcr2 + ) CD8 + T cells in the RT + AAV-iIL12-treated condition 

(Figures 5D, 5E, and S7D). Additionally, NK cells from tumors 

treated with RT + AAV-iIL12 exhibited proliferative and effector

phenotypes in sharp contrast with the resting phenotype 

observed in NK from control tumors (Figures 5D, 5E, and S7D). 

Moreover, the combined expression score for gene sets of 

effector signature, cytolytic activity, and IFN response on T 

and NK clusters was significantly increased in the AAV-iIL12-

treated condition (Figure 5F). Accordingly, we found higher pro-

duction of IFNγ and TNFα in tumor-infiltrating CD8 + T cells from 

AAV-iIL12-treated tumors, as well as an IL12-dependent expan-

sion of TRP2 tumor-specific CD8 + T cells (Figure S7E).

Figure 4. Therapeutic efficacy of local RT and AAV-iIL12 across multiple tumor models

(A–C) Tumor growth of s.c. MC38 (A), B16 (B), or LLC (C) tumor-bearing mice treated with RT followed by the intratumoral injection of AAV-iLuc or AAV-iIL12 (6– 

10/group).

(D) Waterfall plot showing the percentage change in tumor volume at day 21 relative to baseline in orthotopic pancreatic tumors. Images show representative 

tumors for each group at day 22.

(E) Overall survival of mice implanted with GL261 orthotopic tumors and treated as indicated.

(F) Humanized MHC-dKO NSG mice were inoculated with RT-122 cells and treated with local RT (8 Gy) followed by i.t. injection of AAV-iLuc or AAV-iIL12 

(6/group).

(G) MC38 tumor growth in Rag2 − /− ;Il2 − /− mice treated with RT followed by i.t. injection of AAV-iLuc or AAV-iIL12 (6/group).

(H) IL-12 levels in MC38 (left) or B16 (right) tumors (4–8/group).

(I) Serum levels of IL-12 in mice with s.c. B16 tumors treated as indicated (8/group). Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001 (one-way ANOVA followed by Tukey’s test in A, B, C, D, and H; unpaired, two-sided Student’s t test in F, G; log rank test in E). See also Figures S5 and S6.
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Figure 5. Combination of RT and AAV-iIL12 promotes an intense rewiring of the tumor microenvironment

(A) UMAP (left) and density projections (middle and right) of immune-infiltrating cells obtained from B16 tumors (3/group).

(B) Relative proportions of cell subsets based on treatment.

(C) GSEA of pathways significantly upregulated in myeloid cells from mice treated with RT + AAV-iIL12.

(legend continued on next page)
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The antitumor effect of RT and AAV-iIL12 is 

IFNγ-dependent and FAS-mediated

Even upon RT, B16 tumors showed negligible CD8 + T cell infiltra-

tion (Figure 6A). However, local administration of AAV-iIL12 

triggered a strong recruitment of CD8 + T cells within the tumors, 

being significantly higher in tumors receiving AAV-iIL12 after ra-

diation (Figure 6A). Although no significant changes in total 

CD31 + endothelial cells were observed (Figure S8A), tumors 

treated with AAV-iIL12 showed greater expression of integrin 

ICAM1 by endothelial cells, resulting in increased interaction 

with CD8 + T cells (Figure 6A), thereby facilitating lymphocyte 

extravasation and tumor infiltration. Moreover, RT was unable 

to elicit relevant changes in proinflammatory cytokines when 

combined with a control AAV (AAV-iLuc). However, treatment 

with RT + AAV-iIL12 triggered the expression of IFNγ together 

with TNFα, GM-CSF, and IFN-inducible chemokines such as 

CXCL10 and CXCL16 (Figure 6B). This surge in pro-inflammatory 

cytokines aligned with the strong CD8 + T cell infiltration 

observed in treated tumors.

Despite the dense T cell infiltration observed upon treatment, 

depletion with CD8β-targeting antibodies did not abrogate the 

therapeutic activity of the combination treatment with RT + 

AAV-iIL12 (Figure 6C). Similar antitumor responses were 

observed in NK-depleted animals. However, the depletion of 

both CD8 + T cells and NK cells completely annulled the efficacy 

of the therapy in mice whose tumors received RT + AAV-iIL12. A 

partial reduction in treatment efficacy was observed in groups 

depleted of macrophage (CSFR1) and neutrophils (Ly6G) 

(Figure 6C). Consistent with the antitumor responses observed 

in the absence of CD8 + T cells, the combination of RT with 

AAV-iIL12 elicited tumor regression in Batf3-deficient mice 

(Figure 6D), which lack cross-presenting dendritic cells (DCs), 

essential for cytotoxic T cell responses, 52 and have shown resis-

tance to other cytokine-based immunotherapies. 53,54 Accord-

ingly, Prf1 − /− mice displayed similar antitumor responses 

compared to C57BL/6 mice (Figure 6E), suggesting that direct 

anti-tumor cell cytotoxicity is dispensable for the therapeutic ef-

fect of RT + AAV-iIL12. CD8 + T cells and NK cells are not only 

direct killers of tumor cells but also constitute the main source 

of IFNγ downstream IL-12, which elicits multiple immune func-

tions and is essential in tumor immunity. 55,56 Indeed, the 

blockade of IFNγ completely abolished the antitumor responses 

prompted by RT and local delivery of AAV-iIL12 (Figure 6F). Even 

though transgene expression is controlled by an IFN-inducible 

promoter, neutralization of IFNγ did not completely abrogate 

IL-12 production by AAV-transduced cells. Intratumor IL-12 

values at day 3 in mice treated with IFNγ-blocking antibodies 

were comparable to those observed after injecting AAV-iIL12 

into non-irradiated tumors (Figure S8B), a treatment which eli-

cited significant inhibition of tumor growth (Figure 4B). 

Transcriptomic analysis of tumor cells obtained from treated 

animals revealed a marked downregulation of hallmarks of cell

proliferation and DNA repair in the AAV-iIL12 condition, suggest-

ing a reinforcement of direct antitumor effects of RT (Figures S8C 

and S8D). This was accompanied by enhanced response to 

IFNγ, antigen processing and presentation, and macroautoph-

agy, which are important for immune-mediated antitumor ef-

fects. Malignant cells can acquire loss-of-function mutations in 

the signaling pathway of IFNγ and antigen presentation machin-

ery, both of which have been associated with resistance to 

immunotherapy. 57–59 Despite the strong IFN-sensing signature 

observed in the tumor cells, the antitumor effects of the RT + 

AAV-iIL12 remained intact in mice bearing Ifngr1-and Jak1-null 

B16 tumors (Figure 6G). We next explored the role of STING, a 

molecule that connects DNA damage with immune activation 

by inducing type I IFN upon RT. However, STING expression 

was dispensable in both stromal and tumor cells (Figure S8E). 

Likewise, treatment with RT + AAV-iIL12 was also effective in 

B16 tumors lacking antigen presentation through MHC class I 

complex (Figure S8F), a process regulated by IFN. We then 

reasoned that antigen-independent mechanisms could drive 

the immune responses elicited by treatment. Among them, 

FAS-mediated cell death has been previously described to be 

enhanced by radiotherapy. 60 Indeed, we observed strong 

expression of FAS in tumors treated with RT + AAV-iIL12 

(Figure S8G) and increased the presence of FASL + CD8 + T and 

NK cells (Figure S8H). Functionally, FASL blockade completely 

suppressed the antitumor effect of RT + AAV-iIL12, indicating 

a predominant role of FAS-FASL in the antitumor responses eli-

cited by treatment (Figure 6H).

Collectively, these data reveal that the combination of RT and 

local administration of AAV-iIL12 promotes an intense rewiring of 

the TME, causing IFNγ-dependent and FAS-mediated immune 

responses that can overcome mechanisms of resistance to 

immunotherapy.

Local treatment with RT and AAV-iIL12 achieves 

systemic antitumor immunity

We next asked whether the activation of local antitumor re-

sponses with RT+AAV-iIL12 therapy could lead to systemic im-

munity. For that, MC38 or B16 tumors were inoculated on both 

flanks of the mice. Right tumors treated with RT and AAV-iIL12 

responded to the therapy as observed before (Figures 7A and 

7B). Although the combination reduced the growth of untreated 

contralateral tumors, the antitumor activity of RT and AAV-iIL12 

was augmented by concomitant radiation of distant tumor nod-

ules (Figures 7B and S9A). These results underpin the involve-

ment of systemic immunity likely enhanced by the immunogenic 

effect of RT on distal tumors, rather than a potential vector 

escape, as IL-12 expression was not detected in non-injected 

contralateral tumors (Figure S9B).

Multiparametric immunofluorescence performed in contralat-

eral tumors (+/− RT but no AAV) revealed an 8-fold increase in 

CD8 + T cell density in animals treated with AAV-iIL12 vector

(D) UMAP and density projections of T and NK cell populations from TILs isolated from the indicated tumors (top panels). Relative expression of key effector genes 

(bottom panels).

(E) Relative proportions of T and NK cell subsets.

(F) Violin plot for effector signatures, cytolytic score, and IFN response signatures in bulk T and NK populations. Dashed lines represent the median and in-

terquartile range. Data are presented as mean ± SEM (B, E). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 (unpaired, two-sided Student’s t test). See also 

Figure S7.
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Figure 6. The therapeutic effect of RT and AAV-iIL12 is IFNγ-dependent and FAS-mediated

(A) Immunofluorescence from B16 tumors obtained 6 days after indicated treatments (4–6/group). Graphs show the quantification of total CD8 + T cell, CD8 + T cell 

density, percentages of ICAM1-expressing endothelial cells, and CD8 + -CD31 + distance (boxplots represent median and interquartile range ±10–90 percentile).

(B) Cytokine levels 6 days after treatment with RT (8Gy) followed by vector inoculation in B16 tumor-bearing-mice (5–6/group). C) Tumor volume 21 days after 

tumor inoculation in mice depleted of specific immune cell subsets and treated as indicated (4–6/group).

(D) Tumor volume over time in B16 tumor-bearing C57BL/6 wild-type (left) and Batf3-deficient (right) mice treated with RT (8Gy) and indicated vector.

(legend continued on next page)
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(Figures 7C and 7D). This effect was further increased by the 

local radiation of left tumors, which achieved similar levels of 

T cell infiltration compared to RT+AAV-iIL12-treated tumors. In 

addition, endothelial cells in these tumors exhibited an activated 

phenotype as indicated by levels of ICAM1 expression. Notably, 

radiation of contralateral tumors not only increased CD8 + T cell 

numbers but also increased Granzyme B (GzB) expression in tu-

mor-infiltrating cytotoxic T cells (Figure 7E). No changes in Treg 

density were observed across conditions (Figure S9C). As 

observed before, the depletion of both CD8 + T cells and NK cells 

also annulled the therapeutic efficacy of the therapy in the distal 

irradiated tumors (Figure S9D).

Finally, we established a lung metastasis model with luciferase-

expressing B16 cells (B16-Luc cells) that were injected intrave-

nously three days after subcutaneous inoculation of parental B16 

cells as primary tumors (Figure 7F). The treatment of primary tu-

mors with RT and AAV-iIL12 induced potent antitumor responses 

in both treated tumors and lungs, where no tumor activity was de-

tected, becoming long-term survivors (Figures 7F and S9E). 

Taken together, these data indicate that local treatment with 

RT and AAV-iIL12 not only induces the regression of the treated 

tumor but also triggers systemic immunity that can be amplified 

by concomitant RT to enhance antitumor responses.

DISCUSSION

RT is an essential therapy against a large variety of cancers, but 

radioresistance and relapse of irradiated tumors remain an un-

met clinical need. To achieve its full therapeutical potential, radi-

ation injury of cancer cells should be able to prompt an effective 

immune response against tumor antigens and overcome the 

immunosuppressive mechanisms elicited by IR. 61 Yet, multiple 

clinical trials testing the combination of RT with immune check-

point inhibitors have shown little success and new approaches 

are much needed in particular for metastatic patients. 62 The 

use of cytokines to reshape the inhibitory TME has been evalu-

ated for decades, although their overall clinical benefit in 

oncology has been limited. 32,63,64 This could be explained by 

their complex biology and the fine balance required to achieve 

sufficient intratumoral levels with minimal systemic exposure. 

Different modalities have been explored for tumor-targeted cyto-

kine delivery in combination or not with RT, including adenoviral 

vectors, 65–67 collagen-anchored recombinant protein 68 or mi-

crospheres. 69 However, the short-term expression or the need 

for repeated intratumor injections are important limitations for 

their clinical application. 32,63,64 Alternative experimental proced-

ures using in vivo or ex vivo cell engineering with lentiviral vec-

tors 70,71 are also being investigated.

AAV vectors have gained wide clinical acceptance and are the 

most commonly used vectors in gene therapy due to their excep-

tional safety profile and long-term gene expression. However, 

their use in oncology has been hampered by inefficient transduc-

tion of both human and murine tumors. 72 Here we demonstrate 

that RT greatly enhances AAV-mediated tumor transduction 

due, at least in part, to radiation-induced epigenetic modifica-

tions in the AAV episomes. This effect on vector transgene 

expression is particularly remarkable as it occurs in conditions 

of cellular stress when transcription is generally reduced. 73 

Mechanistically, we describe the role of YY1, a transcription fac-

tor and chromatin organizer that interacts with several epigenetic 

modifiers, including p300/CBP 45 to regulate gene expression. 

Moreover, RT has been reported to induce the expression of 

YY1, which has been associated with radioresistance. 74 Further 

investigation will be required to explore additional mechanisms 

triggered by RT that can coexist to enhance AAV-mediated tu-

mor transduction.

Thus, we have designed an AAV-based platform that leverages 

this interplay between IR and AAV-specific biology for cancer 

immunotherapy. Our system can be used to deliver a diversity of 

cytokines into irradiated tumors that can reshape the TME. A major 

concern for any cytokine-based therapy, and particularly with IL-

12, is to avoid systemic toxicity. To achieve spatial control of cyto-

kine expression, we designed recombinant AAV vectors with an 

interferon-inducible promoter. In addition, systemic release was 

prevented with the incorporation of liver-specific miR122 binding 

sites in the vector genome. 47 We tested our platform as an effective 

immunotherapy of cancer with an AAV vector that encodes for sin-

gle-chain IL-12 under the control of the IFN-inducible promoter. In 

contrast to the unrestricted IL-12 production and lethal toxicity 

seen with a constitutive promoter, the inducible system boosted 

intratumor IL-12 while keeping serum cytokines within safe limits. 

A sustained and gradual release of IL-12 from transduced tumors, 

as opposed to repeated serum peaks after recombinant cytokine 

injections, 29 could favor the tolerance observed with RT+AAV-

iIL12. It remains unclear whether AAV can be repeatedly adminis-

tered intratumorally if needed. Further development and carefully 

designed clinical trials should focus on the type and dose of RT, 

vector dosing, and tumor context.

Our work shows that the combination of RT+AAV-iIL12 causes 

profound changes within the TME that promote a cooperative 

effort among different immune populations, with a marked infil-

tration of CD8 + T cells and an intense rewiring of the myeloid 

compartment. Intriguingly, we did not find an anti-angiogenic ac-

tivity of IL-12 in combination with RT, although vascular damage 

could be a potential mechanism contributing to tumor rejection 

following RT+AAV-iIL12 therapy. Our data revealed that, even 

in the absence of antigen-dependent cytotoxicity, IFNγ and 

FAS-mediated cancer cell death were essential in mediating 

the antitumor effects of the therapy. Notably, we found that 

FASL-neutralizing antibody completely abrogated the antitumor 

efficacy of the combination therapy, supporting a model in which 

RT and IFNγ cooperatively induce FAS expression in both malig-

nant and stromal cells, 60 while IL-12 activates NK and T cells to 

express FASL and secrete IFNγ. In consonance with these

(E) B16 tumor growth in C57BL/6 wild-type (left) and Prf1-deficient (right) mice treated as in D.

(F) B16 tumor growth in animals treated as in D; one group of mice treated with RT+AAV-iIL12 received IFNγ-blocking antibodies.

(G) Tumor growth of control, Jak1-or Ifngr1-deficient B16 cells, inoculated s.c. in C57BL/6 mice and treated as in D.

(H) B16 tumor growth in animals treated as in D; one group of mice treated with RT+AAV-iIL12 received FASL-blocking antibodies. Data are presented as mean ± 

SEM unless otherwise specified. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (one-way ANOVA followed by Tukey’s test in A, B, C, F, H, and unpaired two-

sided Student’s t test in D, E, G). See also Figure S8.
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Figure 7. Local treatment induces systemic antitumor immunity

(A and B) Experimental design. MC38 or B16 tumor cells were s.c. inoculated into the right and left flanks of C57BL6/J mice. When right flank tumors reached 

100 mm 3 , tumors received local irradiation (8Gy) followed by i.t injection of AAV-iLuc or AAV-iIL12 as indicated. Left tumors remained untreated or received RT 

only as indicated (A). Graphs show tumor growth over time in MC38 (left) and B16 (right) (5–7/group) (B).

(C) Representative images of left and right B16 tumor sections 6days after treatment, as in A), showing immunoreactivity for the indicated markers.

(legend continued on next page)
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findings, the immune activation achieved by RT+AAV-iIL12 was 

capable of inducing the regression of tumors where tumor cells 

have lost IFN signaling or antigen presentation, mutations that 

have been associated with acquired resistance to immuno-

therapy in patients with cancer. 57,58 On the other hand, the 

IFN-inducible expression of IL-12 could also reverse immune 

exhaustion caused by chronic inflammation and IFN exposure, 

preventing its detrimental effects in antitumor responses. 75–78 

In this regard, RT+AAV-iIL12, by increasing tumor-infiltrating 

lymphocytes and by enriching the TME in T cell-attracting che-

mokines, creates the proper conditions for fruitful combinations 

with additional immunotherapies. Importantly, the combination 

of RT and AAV-based immunotherapy generated an antitumor 

immunity that was able to control tumor growth both locally 

and systemically. Of note, distal effects were further enhanced 

by concurrent irradiation. These findings are relevant for patients 

with oligometastatic disease, where different metastatic lesions 

are given RT.

In summary, we have developed a therapeutic strategy that le-

verages complementary interactions between RT and AAV vec-

tor at different levels: i) enhanced transgene induction, ii) spatial 

control of transgene expression, and iii) increased tumor suscep-

tibility to immune-mediated mechanisms of tumor cytotoxicity. 

Notably, the combination of RT and AAV-based immunotherapy 

is a versatile therapeutic platform for cancer that enables the use 

of vectors with different payloads and that can be combined with 

other forms of cancer immunotherapy.

Overall, RT and AAV-based immunotherapy act synergistically 

to induce vigorous local and systemic antitumor immune re-

sponses resulting in tumor rejection. The immune-activating 

radiotherapy shown here represents an efficient and safe 

approach to fighting cancer with significant potential for further 

clinical development.
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Echeveste, J.I., Idoate, M.A., Lozano, M.D., Melero, I., and de Andrea, 

C.E. (2020). Diverse immune environments in human lung tuberculosis 

granulomas assessed by quantitative multiplexed immunofluorescence. 

Mod. Pathol. 33, 2507–2519.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Polyclonal anti-human H3K27ac Abcam Cat# ab4729; RRID: AB_2118291

Rabbit Monoclonal anti-human YY1 

(SY29-01)

Invitrogen Cat# MA5-32052; RRID: AB_2809346

Rat monoclonal IgG2b isotype control 

(clone LTF-2)

Bioxcell Cat#BE0090; 

RRID: AB_1107780

Rat monoclonal anti-mouse CD4 

(clone GK1.5)

Bioxcell Cat#BE0003-1; RRID: AB_1107636

Rat monoclonal anti-mouse CD8α 
(clone 2.43)

Bioxcell Cat#BE0061; RRID: AB_1125541

Rat monoclonal anti-mouse CD8β (Lyt 3.2, 

clone 53-5.8)

Bioxcell Cat#BE0223; RRID: AB_2687706

Rat monoclonal anti-mouse CD19 

(clone 1D3)

Bioxcell Cat#BE0150;

RRID: AB_10949187

Rat monoclonal anti-mouse NK1.1 

(clone PK136)

Bioxcell Cat#BE0036; RRID: AB_1107737

Rat monoclonal anti-mouse CSF1R 

(CD115, clone AFS98)

Bioxcell Cat#BE0213; RRID: AB_2687699

Rat monoclonal anti-mouse Ly6G 

(clone 1A8)

Bioxcell Cat#BE0075-1; RRID: AB_1107721

Rat monoclonal anti-mouse CTLA-4 

(CD152, clone 9D9)

Bioxcell Cat#BE0164; RRID: AB_10949609

Rat monoclonal anti-mouse PD-1 (CD279) 

clone 29F.1A12

Bioxcell Cat#BE0273; RRID: AB_2687796

Rat monoclonal anti-mouse IFNAR-1 clone 

MAR1-5A3

Bioxcell Cat#BE0241; RRID: AB_2687723

Rat monoclonal anti-mouse IFNγ 
clone XMG1.2

Bioxcell Cat#BE0055; 

RRID: AB_1107694

Armenian hamster anti-mouse Fas Ligand 

(CD178) clone MFL3

Bioxcell Cat#BE0319; 

RRID: AB_2819046

Rabbit polyclonal anti-GFP Abcam Cat#ab6556; 

RRID: AB_305564

Rabbit monoclonal anti-mouse Fas clone 

EPR24898-74

Abcam Cat#ab271016 

RRID: AB_3712731

Goat anti-rabbit labeled polymer 

EnVisionTM+ System

Dako Cat#K400311-2

Rabbit monoclonal anti-mouse CD8α 
clone D4W2Z

Cell Signaling Cat#98941

RRID:AB_2756376

Rabbit monoclonal anti-mouse FoxP3 

clone D608R

Cell Signaling Cat#12653

RRID: AB_2797979

Rabbit monoclonal anti-mouse CD31 

clone D8V9E

Cell Signaling Cat#77699

RRID: AB_2722705

Rabbit monoclonal anti-mouse ICAM1 

clone EPR16608

Abcam Cat#ab179707

RRID:AB_2814769

Rat monoclonal anti-mouse CD4 BUV496 

clone GK1.5

BD Biosciences Cat#612952; 

RRID: AB_2813886

Rat monoclonal anti-mouse CD8α BUV395 

clone 53-6.7

BD Biosciences Cat# 563786; 

RRID: AB_2732919
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Rat monoclonal anti-mouse CD8α PE 

clone 53-6.7

Biolegend Cat# 100707; 

RRID: AB_312747

Rat monoclonal anti-mouse CD8α BV510 

clone 53-6.7

Biolegend Cat# 100751; 

RRID: AB_2563057

Rat monoclonal anti-mouse CD11b 

BUV661 clone M1/70

BD Biosciences Cat# 612977; 

RRID: AB_2870249

Rat monoclonal anti-mouse CD11b BV510 

clone M1/70

Biolegend Cat# 101245; 

RRID: AB_2561390

Armenian hamster anti-mouse CD11c 

BV510 clone N418

Biolegend Cat# 117337; 

RRID: AB_2562016

Armenian hamster anti-mouse CD11c PE/ 

Cyanine7 clone N418

Biolegend Cat# 117317; 

RRID: AB_493569

Armenian hamster anti-mouse CD11c 

BUV395 clone HL3

BD Biosciences Cat# 564080; 

RRID: AB_2738580

Rat monoclonal anti-mouse CD16/CD32 

(Mouse BD Fc Block™) clone 2.4G2

BD Biosciences Cat# 553141; 

RRID: AB_394656

Rat monoclonal anti-mouse CD19 BV650 

clone 6D5

Biolegend Cat# 115541;

RRID: AB_11204087

Rat monoclonal anti-mouse CD19 APC/ 

Cyanine7 clone 6D5

Biolegend Cat# 115529; 

RRID: AB_830706

Rat monoclonal anti-mouse CD19 APC 

clone 6D5

Biolegend Cat# 115511; 

RRID: AB_313646

Rat monoclonal anti-mouse CD24 APC 

clone M1/69

Biolegend Cat# 101813; 

RRID: AB_439715

Rat monoclonal anti-mouse CD31 BV421 

clone 390

Biolegend Cat# 101423; 

RRID: AB_2562186

Rat monoclonal anti-mouse CD45 PE/ 

Cyanine7 clone 30-F11

Biolegend Cat# 103113; 

RRID: AB_312978

Rat monoclonal anti-mouse CD103 BV421 

clone 2E7

Biolegend Cat# 121422;

RRID: AB_10900074

Armenian hamster anti-mouse CD103 APC/ 

Cyanine7 clone 2E7

Biolegend Cat# 121432; 

RRID: AB_2566551

Armenian hamster anti-mouse CD178 

(FasL) PE, clone MFL3

Biolegend Cat# 106606; 

RRID: AB_313279

Rat monoclonal anti-mouse CD206 BV786 

clone C068C2

Biolegend Cat# 141729 

RRID: AB_2565823

Rat monoclonal anti-mouse CD279 (PD-1) 

BV605 clone 29F.1A12

Biolegend Cat# 135220

RRID: AB_11125371

Rat monoclonal anti-mouse CD279 (PD-1) 

BV421 clone 29F.1A12

Biolegend Cat# 135221 

RRID:AB_2562568

Rat monoclonal anti-mouse F4/80 APC 

clone BM8

Biolegend Cat# 123116 

RRID:AB_893481

Mouse monoclonal anti-mouse/rat/human 

FOXP3 PE clone 150D

Biolegend Cat# 320008 

RRID: AB_492980

Rat monoclonal anti-mouse I-A/I-E BV650 

clone M5/114.15.2

Biolegend Cat# 107641 

RRID: AB_2565975

Rat monoclonal anti-mouse I-A/I-E FITC 

clone M5/114.15.2

Biolegend Cat# 107605 

RRID: AB_313321

Rat monoclonal anti-mouse I-A/I-E BV421 

clone M5/114.15.2

Biolegend Cat# 107632 

RRID: AB_2650896

Rat monoclonal anti-mouse IFN-y APC 

clone XMG1.2

Biolegend Cat# 505810 

RRID: AB_315404

Rat monoclonal anti-mouse IFN-y PE/ 

Dazzle 594 clone XMG1.2

Biolegend Cat# 505845 

RRID: AB_2563979
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse monoclonal anti-human/mouse 

Granzyme B Pacific Blue clone GB11

Biolegend Cat# 515408 

RRID: AB_2562196

Rat monoclonal anti-mouse Ly-6C FITC 

clone HK1.4

Biolegend Cat# 128006 

RRID: AB_1186134

Rat monoclonal anti-mouse Ly-6G PE 

clone 1A8

Biolegend Cat# 127608 

RRID: AB_1186104

Mouse monoclonal anti-mouse NK1.1 PE 

clone PK136

Biolegend Cat# 108707 

RRID: AB_313394

Mouse monoclonal anti-mouse NK1.1 

BV785 clone PK136

Biolegend Cat# 108749 

RRID: AB_2564304

Mouse monoclonal anti-mouse NK1.1 

BUV661 clone PK136

BD Biosciences Cat# 741477 

RRID: AB_2870942

Armenian hamster anti-mouse TCRβ chain 

APC clone H57-597

Biolegend Cat# 109211 

RRID: AB_313434

Armenian hamster anti-mouse TCRβ chain 

BV650 clone H57-597

Biolegend Cat# 109251 

RRID: AB_2810348

Armenian hamster anti-mouse TCRβ chain 

BV421 clone H57-597

Biolegend Cat# 109230 

RRID: AB_ 2562562

Rat monoclonal anti-mouse TNF-α BV421 

clone MP6-XT22

Biolegend Cat# 506327 

RRID: AB_2562902

Bacterial and virus strains

Subcloning Efficiency™ DH5α Invitrogen Cat#18265017

Chemicals, peptides, and recombinant proteins

Cytofix/Cytoperm fixation 

permeabilization kit

BD Biosciences Cat#554714

cOmplete™, EDTA-free Protease Inhibitor 

Cocktail

Merck Cat#11873580001

PhosSTOP, Phosphatase Inhibitors Merck Cat#4906845001

Zombie NIR Fixable viability Kit BioLegend Cat#423106

PMA SIGMA Cat#P1585

Ionomycin calcium salt SIGMA Cat#I0634

Protein Transport Inhibitor (containing 

Brefeldin A)

BD Biosciences Cat#555029

IQ™ SYBR Green Supermix BIO-RAD Cat#1708882

Lymphoprep STEMCELL Technologies Cat#15257179

MACS SmartStrainer (70um) Miltenyi Biotec Cat#130-098-462

D-Luciferin Promega Cat#L2916

A485 MCE Cat#HY-107455

PEI 25 kDa Sigma Cat#408727

PEG8000 Sigma Aldrich Cat#P5413

OPTIPREP (Iodixanol) Axis Shield Cat#415468

Ultra-15 mL Amicon® columns Millipore Cat#C7715

Optiprep™ Serumwerk Bernburg Cat#1893

ACK Lysing Buffer Invitrogen Cat# A1049201

Collagenase D Roche Cat# 11088866001

DNAse I Roche 11 284 932 001

DMEM with Glutamax Gibco Cat# 61965-026

OptiMEM Gibco Cat #51985026

Lipofectamine3000 Invitrogen Cat# L3000

Formaldehide PanReac AppliChem Cas 50-00-0

Eukitt® Quick-hardening mounting medium Sigma-Aldrich Cat#03989 Cas 25608-33-7

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Bond ™ Epitope Retrieval 1 Leica Biosystems Cat#AR9961

Bond ™ Epitope Retrieval 2 Leica Biosystems Cat#AR9640

Akoya Biosciences Antibody diluent/block Fisher Scientific Cat#NC1526352

Akoya Biosciences Spectral DAPI Fisher Scientific Cat#NC1526331

ProLong™ Diamond Antifade Mountant ThermoFisher Scientific Cat#P36965

H-2kb TRP2 PE tetramer MBL Cat# TB-5004-1

Puromycin CLONTECH Cat# 631306

Recombinant mouse IFN alpha Miltenyi Biotec Cat#130-093-131

Recombinant mouse IFN beta R&D Systems Cat#8234-MB/CF

Recombinant mouse IFN gamma ImmunoTools Cat#12343536

Luciferase Assay System Promega Cat#E1500

MycoAlert Micoplasma Detection Kit Lonza Cat#LT07-318

Fetal Bovine Serum Gibco Cat#A5256701

Penicillin/Streptomycin Gibco Cat#15140-122

Trypsin-EDTA Gibco Cat#25300-054

Microvette 500 K3E Sarstedt Cat#20.1341

Lasercell/HT5 V-52D 5.5L Diluent Scil Animal care Company SLU 107-409

Lyse Diff 300 ml Lasercell/HT5 Scil Animal care Company SLU 107-411

Lyse LH 90 ml Lasercell/HT5 Scil Animal care Company SLU 107-412

Critical commercial assays

Pierce BCA Protein Assay Kit Pierce Cat#23225

Bradford kit BioRad Cat#5000002

Bond Dewax Solution Leica Biosystems Cat#AR0084

Opal™ 4-Color anti -Rabbit Manual IHC Kit Akoya Biosciences Cat#NEL840001KT

Opal 620 Reagent Pack Akoya Biosciences Cat#FP1495001KT

BD OptEIA Mouse IL-12 (p70) ELISA set BD Biosciences Cat#555256

BD OptEIA Mouse IFNγ ELISA set BD Biosciences Cat#555138

Mouse IL-15/IL-15Rα Elisa Kit Invitrogen Cat# BMS6023TEN

Mouse Flt-3 Ligand/FLT3L DuoSet ELISA R&D Systems Cat# DY427

VeriKine-HS Mouse Interferon Beta 

Serum ELISA

pbl assay science Cat#42410-2

Maxwell RSC simplyRNA tissue Promega Cat#AS1340

Mouse Luminex Discovery Assay R&D Systems Cat# PPX-15

NucleoSpin Tissue, Mini kit for DNA from 

cells and tissue

Macherey-Nagel Cat#740952.250

High Pure Viral Nucleic Acid Kit Roche Cat#11858874001

Tumor Dissociation Kit Miltenyi Biotec Cat#130-096-730

Pierce™ Agarose ChIP Kit Thermo Scientific™ Cat#26156

EpiJET DNA Methylation Analysis Kit 

(MspI/HpaII)

Thermo Scientific™ Cat#K1441

PureLink HiPure Plasmid Maxiprep Kit Invitrogen Cat#K210007

Deposited data

RNA-seq of B16 cells dataset This study GEO: GSE280078

scRNA-seq of CD45 + infiltrate dataset This study GEO: GSE280079

RNA-seq and scRNA-seq superseries This study GEO: GSE280080

Phosphoproteosome dataset This study ProteomeXchange: PXD056537

Phosphoproteosome dataset This study jPOST: JPST003410

Experimental models: Cell lines

Human HEK-293T ATCC RRID:CVCL_0063

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse MC-38 Kerafast Cat#ENH204-FP; RRID:CVCL_B288

Mouse B16F10 ATCC RRID:CVCL_0159

Human RT112 ATCC RRID:CVCL_1670

Mouse MB-49 Sigma-Aldrich Cat# SCC148 

RRID:CVCL_7076

Mouse GL269 Gift from Dr Safrany N/A

Mouse KPC Gift from Dr. Manguso N/A

Mouse LLC ATCC RRID:CVCL_4358

Experimental models: Organisms/strains

Mouse: C57BL/6JOlaHsd Envigo RRID:IMSR_ENV:HSD-057

Mouse: B6;129-Rag2 tm1Fwa II2rg tm1Rsky / 

DwlHsd

Envigo RRID:IMSR_ENV:HSD-021

Mouse: B6.129S(C)-Batf3 tm1Kmm /J Jackson Laboratory Strain#: 013755 

RRID:IMSR_JAX:013755

Mouse: C57BL/6J-Sting1 gt /J Jackson Laboratory Strain#: 017537 

RRID:IMSR_JAX:017537

Mouse: NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ Jackson Laboratory Strain#: 005557 

RRID:IMSR_JAX:005557

Mouse: C57BL/6-Prf1 tm1Sdz /J Juliá n Pardo laboratory N/A

Mouse: NOD.Cg-Prkdc scid H2-K1 b tm1Bpe

H2-Ab1 g7-em1Mvw H2-D1 b-tm1Bpe

Il2rg tm1Wjl /SzJ

Jackson Laboratory Strain#: 025216 

RRID:IMSR_JAX:025216

Oligonucleotides

GGAACCCCTAGTGATGGAGTT (ITR-F) ThermoFisher Scientific N/A

CGGCCTCAGTGAGCGA (ITR-R) ThermoFisher Scientific N/A

CTAAGGCCAACCGTGAAAAG

(mActinDNA-F)

ThermoFisher Scientific N/A

TGCAAAGATCCAAGGGAGAC

(mActinDNA-R)

ThermoFisher Scientific N/A

CTGGAGACGCCATCCACGCTGT

(CAGp-F)

ThermoFisher Scientific N/A

GCGTTCCAATGCACCGTTCCCG

(CAGp-R)

ThermoFisher Scientific N/A

AGTCCAAGCTAGGCCCTTTTGCT 

(ChIP CAGp-F)

ThermoFisher Scientific N/A

GCCAGCACACAGACCAGCACGT 

(ChIP CAGp-R)

ThermoFisher Scientific N/A

GCGCAGAGAGGGAGTGGCCAAC 

(ChIP ITR-F)

ThermoFisher Scientific N/A

AACTAATGACCCCGTAATTGA 

(ChIP ITR-R)

ThermoFisher Scientific N/A

CAGCGGAGAGTATACAGCCG (sgJak1) This study N/A

CGACTTCAGGGTGAAATACG (sgIfngr1) This study N/A

AGTATACTCACGCCACCCAC (sgB2m) This study N/A

Recombinant DNA

AAV-ISREx4-scIL12-5xmiR122T

(AAV-iIL12)

This study N/A

AAV-ISREx4-Luciferase-5xmiR122T

(AAV-iLuc)

This study N/A

AAV-CAG-eGFP (AAV-cGFP) This study N/A

AAV-CAG-Luciferase (AAV-cLuc) This study N/A

(Continued on next page)
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Mice

Experiments involving mice were approved by the Ethics Committee of the Government of Navarra under Spanish regulations (pro-

tocols 051-19, 011-23, 041-23, and 058-23). Seven-week-old mice were housed for at least 7 days on a 12-hour light/dark cycle 

before manipulation. Mice had free access to food and water throughout the course of the experiments and were maintained under 

pathogen-free conditions in the animal facility at CIMA-Universidad de Navarra, Pamplona, Spain). C57BL/6JOlaHsd (referred to as 

C57BL/6) and B6;129-Rag2 tm1Fwa IL2rg tm1Rsky /DwlHsd (Rag2 -/- ;Il2rg -/- ) mice were purchased from Envigo (Barcelona, Spain), 

B6.129S(C)-Batf3 tm1Kmm /J (Batf3 -/- ) and C57BL/6J-Sting1 gt /J (Tmem173 -/- ) mice were purchased from Jackson Laboratory (The 

Jackson Laboratory, Bar Harbor, Maine). A colony of NSG (NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ) mice was bred in our animal facility 

(CIMA, Pamplona, Spain). Mice lacking perforin (C57BL/6-Prf1 tm1Sdz /J) were provided by Dr. J. Pardo (Centro de Investigació n Bio-

mé dica de Aragó n, CIBA). MHC-dKO NSG (NOD.Cg-Prkdc scid H2-K1 b tm1Bpe H2-Ab1 g7-em1Mvw H2-D1 b-tm1Bpe Il2rg tm1Wjl /SzJ) mice 

were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA) and maintained under specific pathogen- free conditions.

Cell lines

The human embryonic kidney cell line (HEK-293T) and lung adenocarcinoma LLC were obtained from ATCC. B16F10 and MC38 

mouse cell lines were kindly provided by I. Melero (CIMA-University of Navarra, Spain. RT112 human bladder cancer cell line was 

provided by X. Aguirre (CIMA-University of Navarra, Spain). The murine glioma GL261 was a kind gift from Dr. Safrany (Frederic 

Joliot-Curie National Research Institute for Radiobiology and Radiohygiene, Budapest, Hungary). MB49 mouse bladder carcinoma 

cell line (cat. number SCC148) was purchased from Sigma-Aldrich. KPC mouse pancreatic cancer cell line was a gift from R. Man-

guso (Broad Institute, Cambridge, US) and S. Dougan (Dana-Farber Cancer Institute). All cell lines were grown in Dulbecco’s Modified

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

AAV-CAG-Luciferase-5xmiR122T (AAV-

cLuc-miRT)

This study N/A

AAV-ISREx4-scIL12 (AAV-iIL12 no miRT) This study N/A

AAV-ISREx4-IL15-5xmiR122T (AAV-iIL15) This study N/A

AAV-ISREx4-scIL12-P2A-IL15-5xmiR122T

(AAV-iIL12-P2A-IL15)

This study N/A

AAV-ISREx4-FLT3ligand-miR122T (AAV-

iFLT3L)

This study N/A

AAV-ITRmut-CAG-eGFP (AAV YY1-mut) This study N/A

pHIV-Luc-ZsGreen Addgene Cat#39196;

RRID:Addgene_39196

dsAAV-CMV-GFP (dsAAV) Dr. Gloria Gonzá lez N/A

ssAAV-CMV-eGFP (ssAAV) Dr. Gloria Gonzalez N/A

pAAV-CAG Dr. Gloria Gonzalez N/A

pDP5rs PlasmidFactory GmbH Cat#PF405

pDP8.ape PlasmidFactory GmbH Cat#PF478

pDP9 Dr. G. Gonzá lez N/A

pCDNA-scIL12 Dr. Rubé n Herná ndez N/A

psPAX2 Addgene Cat#12260; RRID:Addgene_12260

pMD2.G Addgene Cat#12259; RRID:Addgene_12259

pSpCas9 BB-2A-Puro (p X459) v2.0 Addgene Cat#62988; RRID:Addgene_62988

Software and algorithms

GraphPad Prism v9 GraphPad https://www.graphpad.com/

ImageScope v12.3.2.8013 Leica Biosystems https://www.leicabiosystems.com

QuPath v0.4.4 https://qupath.github.io N/A

FlowJo (v10) BD Biosciences https://www.flowjo.com/solutions/flowjo/

downloads

RRID:SCR_008520

Cell Ranger v7.1.0 10x Genomics https://10xgenomics.com

Scanpy (v1.9.3) https://scanpy.readthedocs.io/ N/A

InForm Akoya Biosciences http://www.akoyabio.com/

ll
OPEN ACCESSArticle

Cancer Cell 44, 1–17.e1–e12, May 11, 2026 e6

Please cite this article in press as: Marco et al., Radiotherapy synergizes with an inducible AAV-based immunotherapy platform to program local and 
systemic antitumor immunity, Cancer Cell (2026), https://doi.org/10.1016/j.ccell.2026.02.013

https://www.graphpad.com/
https://www.leicabiosystems.com/
https://www.leicabiosystems.com/
https://www.flowjo.com/solutions/flowjo/downloads
https://www.flowjo.com/solutions/flowjo/downloads
https://10xgenomics.com
https://scanpy.readthedocs.io/
http://www.akoyabio.com/


Eagle’s Medium (DMEM) with Glutamax (Gibco, Invitrogen, Carlsbad, CA, USA) containing 10% heat-inactivated FBS (Sigma-

Aldrich, Dorset, UK), 100 IU/mL penicillin, 100 g/mL streptomycin (Biowhittaker, Walkersville, MD, USA) at 37 ◦ C in 5% CO 2 . Cell lines 

were routinely tested for mycoplasma contamination after seven days of culture using the MycoAlert Mycoplasma Detection Kit 

(Lonza, Basel, Switzerland).

METHOD DETAILS

Plasmid design

All plasmids were synthesized by GenScript (GenScript, Piscataway, USA), amplified into DH5ɑ competent cells (Invitrogen, Thermo 

Fisher Scientific Inc. USA) and purified with PureLink HiPure Plasmid Maxiprep Kit (Invitrogen, Thermo Fisher Scientific Inc). The 

eGFP sequence was obtained from GeneBank (NZ_CP024869); the firefly luciferase sequence was cloned from the pHIV-Luc-

ZsGreen (Addgene Massachusetts, USA); the murine single-chain IL-12 sequence was kindly provided by Dr. Hernandez (CIMA-

University of Navarra, Spain); the murine IL15 sequence was kindly provided by Dr. Berraondo (CIMA-University of Navarra); the 

FLT3L sequence was kindly provided by Dr. Labiano (CIMA-University of Navarra). The YY1-mutant vector was designed by intro-

ducing two-nucleotide mutation in the YY1-binding motif in the ITR region (113-116, CCAT to CAAA). The inducible plasmids included 

an ISREx4 promoter sequence, designed with optimal spacing 79 and five miR122 target sites in tandem sequence (5xmiR122T). 47 

Plasmids for single-stranded AAV-CMV-eGFP (ssAAV) and double-stranded AAV-CMV-GFP (dsAAV) were kindly provided by Dr. 

Gonzalez (CIMA-University of Navarra, Spain).

Production of rAAV

AAV serotypes 5, and 8 were produced by co-transfection of pDP5 or pDP8.ape plasmids respectively (PlasmidFactory GmbH & Co. 

KG, Bielefeld Germany) and pAAV into HEK-293T cells. For the AAV serotype 9, the pDP9 was used, kindly given by Dr. Gonzá lez 

(CIMA, University of Navarra, Spain). For each production, a mix of 20 μg of pAAV-expressing protein, 55 μg of pDP, and branched 

PEI 25 kDa (Sigma-Aldrich) was transfected into HEK-293T cells. Vector particles were obtained from cells and supernatant. After 72 

h, the supernatant was treated with polyethylene glycol solution (PEG8000, Sigma-Aldrich) for 24h at 4 ◦ C and centrifuged for 15 min 

at 1400g. Viral particles present in the pellet were resuspended in lysis buffer (50 mM Tris-Cl, 150 mM NaCl, 2 mM MgCl2, 0.1% Triton 

X-100) and stored at − 80 ◦ C. Both supernatant and cells were subjected to 3 freeze/thaw cycles, centrifuged, and treated with DNase 

and RNase solutions. The lysate was purified in an iodixanol gradient (Optiprep, Serumwerk Bernburg AG) by ultracentrifugation 

(69000 rpm, 16 ◦ C, 2.5h) and concentrated by Ultra-15 mL Amicon® columns (Millipore). AAV vector genomes were extracted using 

the High Pure Viral Nucleic Acid Kit (Roche) following the manufacturer’s specifications. Titration of viral particles was subsequently 

determined by real-time quantitative PCR using primers specific to the AAV ITR2 consensus sequences Fw: 5’-GGA ACC CCT AGT 

GAT GGA GTT-3’ and Rv: 5’-CGG CCT CAG TGA GCG A-3’.

Generation of cell lines

For CRISPR knockout, cells were transiently transfected with pX459 (Addgene, 62988) targeting control 

(GCGAGGTATTCGGCTCCGCG), Kiaa0319l (AAVR; CATTCACGTAGCCTTCCCCA), Jak1 (CAGCGGAGAGTATACAGCCG), Ifngr1 

(CGACTTCAGGGTGAAATACG), B2m (AGTATACTCACGCCACCCAC) or Tmem173 (TATCTCGGAATCGAATGTTG) with Lipofect-

amine transfection reagent (Thermo Fisher Scientific, L3000015). Transfected populations were selected in antibiotics for 2–4 d, 

and bulk transfectant populations were validated by flow cytometry analysis and used for subsequent experiments. The lucif-

erase-B16 cell line was generated by lentiviral infection. Lentiviral particles were produced in HEK293 cells by co-transfection of 

pHIV-Luc-ZsGreen with psPAX2 and pMD2.G plasmids (Addgene) using Lipofectamine 3000 (Invitrogen, ThermoFisher). Virus-con-

taining 48- and 72-hour post-transfection supernatant was filtered through a 0.45μm filter (Millipore) and centrifuged at 90000g for 2h 

at 4 ◦ C. The supernatant was discarded and lentiviruses were resuspended in PBS and frozen until use. B16 cells were incubated with 

lentiviral particles overnight, and transduced cells were sorted by flow cytometry based on the expression of ZsGreen reporter pro-

tein one week after infection.

In vitro AAV transduction assays

For in vitro transduction assays, cells were irradiated in a Nordion Gammacell GC 3000 equipment (Best Theratronics Ltd.) when 

necessary and generally seeded at a density of 1.2x10 5 cells/well in a 12-well plate. Unless otherwise indicated, cells were trans-

duced with indicated AAV8 vectors immediately after irradiation. In some experiments, serotypes AAV5 or AAV9 were used. GFP + 

expression was measured by flow cytometry at indicated time points. When indicated, cells were treated with A-485 

(MedChemExpress) 24h before AAV transduction. The drug was maintained at indicated concentrations for the entire duration of 

the experiment.

For in vitro luciferase activity studies, cells were irradiated as above or remained untreated as control. Cells were immediately 

seeded at a density of 85,000 cells/well in a 24-well plate and transduced with AAV8-iLuc or AAV8-cLuc (MOI 10 5 ). 48h post-infection, 

cells were incubated for 6-12h with 1,000UI/ml of IFNα, IFNβ or IFNγ (Immunotools). When indicated, cells were transduced with a 

Luc-mRNA lipid nanoparticle (GeneScript) as control. Luciferase activity was then measured using the Luciferase assay system kit 

(Promega) following the manufacturer’s instructions in GloMax® Explorer Multimode Microplate Reader (Promega).
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DNA methylation analysis

For the methylation analysis, B16 cells were irradiated and transduced as described above. DNA was extracted from B16 cells using 

NucleoSpin Tissue, Mini kit for DNA from cells and tissue (Macherey-Nagel, Dü ren, Germany). The concentration and purity of ex-

tracted DNA were assessed using a NanoDrop One (ThermoFisher Scientific,). DNA methylation status was assessed using the 

EpiJET DNA Methylation Analysis Kit (MspI/HpaII) (Thermo-Fisher Scientific) following the manufacturer’s protocol. Real-time 

PCR was performed using a CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.). Primers were designed 

to amplify a fragment of the determinant differential methylation region of promoter CAG 80 :

CAGp Fw: 5’-CTGGAGACGCCATCCACGCTGT-3’

CAGp Rv: 5’-GCGTTCCAATGCACCGTTCCCG-3’

PCR reactions were performed in a total volume of 10 μL containing 5 μL of iQ SYBR Green Supermix (Bio-Rad Laboratories, Inc.), 

0.3 μM each of Fw and Rv primers, 2 μL of MspI or HpaII digested DNA or undigested DNA, and nuclease-free water. The PCR cycling 

conditions were: initial denaturation at 95 ◦ C for 3 minutes, followed by 35 cycles of 95 ◦ C for 15 seconds, 60 ◦ C for 20 seconds and 

72 ◦ C for 45 seconds. The percentage of methylated cytosines at the analyzed CCGG sites was calculated using the formula: % of 5 

mC=100/(1+E) Cq2− Cq1 , being Cq1 the undigested DNA sample, Cq2 the Epi HpaII-digested sample, and E the PCR efficiency. Con-

trol reactions using unmethylated and CpG-methylated pUC19/SmaI DNA provided in the kit were included to validate the assay.

Chromatin immunoprecipitation (ChIP) -PCR

ChIP studies were carried out using Pierce Agarose ChIP kit (Thermo Scientific) following manufacturer’s instructions. Briefly, irra-

diated (8Gy) or control B16 cells were transduced with AAV8-cGFP at an MOI of 10 4 as described above. 24 h later, chromatin immu-

noprecipitation was carried out with rabbit anti-H3K27Ac (Abcam 4729), rabbit anti-YY1 (Invitrogen MA5-32052) or normal rabbit IgG 

using Pierce Agarose ChIP kit (Thermo Scientific) following manufacturer’s instructions. A volume equivalent to 10% of total chro-

matin was set aside as input. Following chromatin immunoprecipitation, PCR reactions were performed using the eluted DNA and 

iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer’s instructions with the following 

primers:

CAGp Fw: 5’-AGTCCAAGCTAGGCCCTTTTGCT-3’

CAGp Rev:5’-GCCAGCACACAGACCAGCACGT-3’

ITR Fw: 5’-GCGCAGAGAGGGAGTGGCCAAC-3’

ITR Rev: 5’-AACTAATGACCCCGTAATTGA-3’

PCR amplification was performed using a CFX Connect thermocycler (Bio-Rad Laboratories, Hercules, CA, USA). Quantitative 

PCR data were analyzed applying the comparative Ct method (2 ̂(-ΔΔCt)). ΔΔCt being ΔCt(anti-H3K27ac) - ΔCt(control IgG) and 

ΔCt = Ct(IP anti-H3K27ac) - Ct(Input sample 10%). The results were expressed as fold enrichment over IgG immunoprecipitation.

AAV radiolabeling with Technetium-99m ( 99m Tc)

A direct SnCl 2 -mediated viral protein radio-labelling method was set up. For this, 40 μL of a 1,5 mg/mL SnCl 2 was added into a clean 

vial, which was then purged using a flow of N 2 (1,5 bar, 5 minutes) to flush any oxygen. A threefold excess of viral particles, as deter-

mined by PCR to compensate for processing losses, were then added in 100 μL of PBS into the vial, followed by 52-100 MBq of

[ 99m Tc] NaTcO 4 diluted to a final volume of 100 μL with NaCl 0,9%. The reaction was then left for 10 minutes at room temperature 

in the closed vial. The radio-labelling yield was determined by radio-TLC using iTLC-SG as the stationary phase and 2-butanone 

as the mobile phase. Radio-labelled viral particles appeared on the seeding zone (Rf=0), while unreacted [ 99m Tc] NaTcO 4 appeared 

at the solvent front (Rf=1).

In vivo tumor models

For single-tumor experiments, 5x10 5 -1x10 6 tumor cells (MC38, B16, LLC, KPC or MB49) were subcutaneously (s.c.) inoculated into 

the right flank of C57BL/6 mice. When tumors reached 100 mm 3 approximately, mice were randomized and tumors were locally 

irradiated (8Gy) using a 225 Kv Small Animals Radiation Research Platform (SARRP) (Xstrahl Inc.). Unless otherwise indicated, 

AAV vectors were administered intratumorally immediately after tumor irradiation. Tumor growth was monitored twice a week 

with an electronic caliper until endpoint. The tumor volume was calculated according to the formula V = (4/3) × π × (W/2) 2 × (L/2). 

When indicated, mice received i.p. injections of 100 μg anti-PD-1 (29F.1A12) or anti-CTLA-4 (9D9) in 100 μl PBS on days 1, 4, and

7 after treatment. For depletion, anti-CD8β (53-5.8), anti-NK1.1 (PK136) or anti-FasL (MFL3) were given at 200 μg/mouse, and 

anti-CSF1R (AFS98) and anti-Ly6G (1A8) were administered at 1 mg for the first dose and 0.5 mg thereafter; anti-IFNγ (XMG1.2) 

was injected i.p. at 500 μg/mouse one day before treatment and then every 3–4 days. InvivoMab rat IgG2b (LTF-2) served as isotype 

control. All antibodies were started one day before tumor inoculation and then given every 3–4 days. In the humanized model, 49 MHC-

dKO NSG mice were intravenously injected with 10 7 human fresh PBMCs. Seven days later, RT-112 cells (5×10 6 cells/mouse) were 

s.c. injected into the right flank of mice. Animals were treated as described before.

For the pancreatic cancer orthotopic model, mice were anesthetized with isoflurane for the entire procedure. A ∼1 cm subcostal 

incision was made in the left hemithorax. Pancreas was localized, externalized, and injected with 5x10 5 of KPC cells in PBS before 

suture. At day 10, pancreatic tumors were locally irradiated with computed tomography (CT) -guided SARRP. Once irradiation was
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completed, pancreas were surgically exposed for i.t. injection of the AAV. Tumor volumes were monitored by echography (VEVO 

3100, Visualsonics) at days 7 (pre-treatment) and 21 (11 days post-treatment) after implantation. On day 22, animals were euthanized 

and tumors were collected and weighed.

For the glioblastoma orthotopic model, GL261 (5×10 4 cells per mouse in 3μl of free medium) was administered in the supratentorial 

region (+2.5mm lateral, +1mm anterior and 3mm depth respect to bregma) using a guide-screw system 81 of 4-week-old C57Bl/6 

mice. After seven days, mice were irradiated using a SARRP as described. 82 Briefly, a CT was acquired for each mouse, to determine 

the target area (PTV) and surrounding healthy tissues. A locoregional dose of 10Gy was selected using a 3x3mm collimator ‘‘nozzle’’ 

system. Once the treatment was finished, 5x10 10 viral genomes of AAV-iIL12 were administered using the guide-screw system as 

described above. The animals were checked daily and were sacrificed when symptoms (hemiparesis, loss of weight, or immobility) 

were visible.

For the abscopal model, 5×10 5 cells on the right flank and 2×10 5 cells on the left flank were implanted subcutaneously. When right 

tumors reached 100 mm 3 they were locally irradiated followed by i.t. AAV injection (5×10 10 vg), while left tumors received only local 

irradiation.

For the lung metastatic model, tumor burden was monitored by in vivo bioimaging using the IVIS Spectrum Imaging system 

(PerkinElmer, USA). Three days after the primary tumor inoculation (s.c), 2x10 5 B16-Luciferase or B16 tumor cells were inoculated 

intravenously. When s.c. tumors reached 100mm 3 and lung metastases are established, animals were treated with local radiotherapy 

followed by i.t. of AAV vectors (5×10 10 vg). For the antitumor effect, luciferase expression was measured every 2/3 days until the end 

of the experiment.

Hemogram and biochemical blood analysis

Blood samples from tumor-bearing mice were collected in tubes with 0.5% heparin (Mayne Pharma) at indicated time points. Hemo-

grams were analyzed using the Drew Scientific HemaVet Hematology Analyzer (CDC Technologies) following the manufacturer’s 

recommendations. For biochemical analysis, serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), bili-

rubin, and creatinine (CRE) were measured using an automatic biochemical analyzer (Cobas C711). Mice were euthanized fifteen 

days after treatment and lungs, spleen, kidneys, intestine, and liver were harvested for cell infiltration analysis.

AAV biodistribution analysis

On day 12 after tumor inoculation, MC38 tumor-bearing mice received local radiotherapy (8Gy) followed by AAV-iLuc or AAV-cLuc 

(5x10 10 vg/mouse) injection. Five days after treatment, in vivo imaging was performed. For the intravenous biodistribution study, bilat-

eral MC-38 tumor-bearing mice received different doses of radiation (0, 8, or 20 Gy) in the right tumors followed by intravenous in-

jection of AAV-iLuc (1x10 11 vg/mouse). Bioluminescence was measured two days after treatment. To examine the effect of tumor 

radiation in the dual-flank antitumor model, MC38 tumor-bearing mice received 8Gy in the right tumor, followed by a single injection 

of AAV-iLuc (5x10 10 vg/mouse). Three days later, the left tumors received 8Gy. In vivo bioluminescence was analyzed on days 1, 4, 

10, and 15 after treatment. In vivo imaging was performed upon i.p. D-luciferin injection (20 mg/mL) as substrate and visualized using 

the IVIS Spectrum Imaging System (PerkinElmer). Regions of interest (ROIs) were quantified as average radiance (ph/s/cm 2 /sr) rep-

resented as color-scaled images superposed on grayscale photos of mice using Living Image software (Caliper Life Sciences).

To evaluate the presence of viral particles in tumors, ITR2 DNA sequence copies were determined by Real-Time PCR two days 

after treatment. Tumors were mechanically disrupted and DNA extraction was performed using the Macherey Nagel NucleoSpin 

Tissue® kit (Macherey-Nagel). Real-time PCR analysis was performed in a CFX Connect Real-Time PCR System (Bio-Rad, Hercules, 

CA, USA) with iQ SYBR Green Supermix (Bio-Rad) using specific primers for AAV ITR2. The actine gene was used to standardize (Fw:

5 ′ -CTA AGG CCA ACC GTG AAG-3 ′ and Rev: 5 ′ -TGC AAA GAT CCA AGG GAG AC-3 ′ ). The amount of viral DNA was expressed by 

the formula 2 -ΔCt [ct(Actin) – ct(ITR)] , Ct being the point at which the fluorescence rises significantly above the background fluorescence. 

For SPECT/CT in vivo biodistribution studies, single photon emission computed tomography (SPECT) scans were acquired in a 

U-SPECT6/E-class (MILabs) 30 minutes, 3 and 24 hours post-administration using a UHR-RM collimator and a multi-mouse bed. 

Two groups of animals were studied depending on the route of virus administration. In the first group, 99m Tc-AAV8 was administered 

intravenously through the tail vein (110 μL/11,8±0,8 MBq). In the second group, 99m Tc-AAV8 was administered with i.t. injection 

(40 μL/3,5±0,3 MBq) in mice bearing control or irradiated tumors. For image acquisition, animals were placed prone on the scanner 

bed under continuous anesthesia with isoflurane (2 % in 100 % O 2 gas), and a whole-body scan was acquired over 30 min. Following 

the SPECT acquisition, CT scans were performed to obtain anatomical information using a tube setting of 55 kV and 0,33 mA. The 

SPECT images were reconstructed using the technetium-99m photopeak centered at 140 keV with a 20% energy window width and 

using a calibration factor to obtain the activity information (MBq/mL); then, the attenuation correction was performed using the CT 

attenuation map. Studies were analyzed using PMOD software (PMOD Technologies Ltd., Adliswil, Switzerland). To properly 

compare all the images, they were corrected with a numerical factor to compensate for the radioactive decay of 99m Tc. After the 

last image (24 h p.i.), animals were sacrificed and the 99m Tc signal was ex vivo measured using a gamma counter (Hidex Automatic 

Gamma Counter, Hidex Oy, Turuk, Finland) calibrated for 99m Tc to calculate the percentage of injected dose in the tumors and in liver 

and brain samples (used as reference tissues with and without AAV arrival).
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Tissue collection and histological analysis

All tissue samples were harvested, fixed in 4% formaldehyde (PanReac AppliChem) for 48 h, and then in 70% ethanol until being 

embedded in paraffin blocks. Tissue sections were stained with Hematoxylin and Eosin. Tumor samples were incubated overnight 

at 4 ◦ C with anti-GFP or anti-Fas (Abcam). After rinsing in TBS-T, they were incubated with goat anti-rabbit labeled polymer 

EnVision TM+ System (Dako, Glostrup, Denmark) for 30 min at room temperature, and peroxidase activity was revealed using 

DAB + (Dako). Sections were lightly counterstained with Harris hematoxylin, dehydrated, coverslipped with Eukitt (Labolan), and 

scanned using a Scanscope CS2 scanner (Leica Biosystem). Images were analyzed by outlining tumors and determining the percent-

age of pixels with intense GFP staining according to ‘‘Algoritm9’’ of ImageScope software (Leica Biosystem).

Multiplex immunofluorescence staining and analysis

Multiplex immunofluorescence staining and analysis was performed as previously described on a Bond RX autostainer. 83,84 Four-

microns-thick FFPE tissue sections were deparaffinized (Bond DeWax, Leica Biosystems) and rehydrated per standard protocols. 

Antigen retrieval was performed with Bond Epitope Retrieval Solution 1 (ER1, Leica Biosystems) or 2 (ER2, Leica Biosystems, prod-

uct number AR9640), followed by four sequential cycles of staining with each cycle including a 30-minute combined block and pri-

mary antibody incubation (Akoya antibody diluent/block), followed by a secondary HRP-conjugated polymer. Signal amplification 

was achieved with TSA-Opal fluorophores. Between cycles of staining, tissue sections underwent heat-induced epitope retrieval 

to remove the primary/secondary-HRP antibody complexes before staining with the next antibody. The primary antibodies and cor-

responding fluorophores are anti-CD8 (rabbit monoclonal, IgG, clone D4W2Z, dilution: 1:75, product number: 98941; Cell Signaling) 

in Opal 570; anti-Foxp3 (rabbit monoclonal, clone D6O8R, dilution: 1:200, product number: 12653; Cell Signaling) in Opal 780; anti-

CD31 (IgG, rabbit monoclonal, clone D8V9E, dilution: 1:100, product number: 77699; Cell Signaling) in Opal 520; and anti-ICAM (IgG, 

rabbit monoclonal, clone EPR16608, dilution: 1:2000, product number: Ab179707; Abcam) in Opal 620. Nuclei were counterstained 

with Spectral DAPI (Akoya Biosciences, FP1490) and mounted the stained tissues with ProLong Diamond Antifade mounting medium 

(Thermo Fisher Scientific). The stained slides were scanned using the PhenoImager™ HT Automated Quantitative Pathology Imaging 

System (Akoya Biosciences). After image acquisition, unmixing of the spectral libraries was performed with inForm software (Akoya 

Biosciences). Unmixed images were then imported into the open-source digital pathology software QuPath version 0.4.4 for stitch-

ing, cell segmentation and cell phenotyping. Marker expression was used to identify CD8 + , FOXP3 + , CD31 + ICAM+, and CD31 + 

ICAM- cells. Total cell counts, cell densities, or cell percentage of each cell population were quantified. Spatial analysis of cell– 

cell distances were calculated on QuPath software using the Euclidean distances between their centroids.

Flow cytometry

Tumors and draining lymph nodes were collected 5-6 days after treatment and processed to obtain single-cell suspensions. Tumors 

were disrupted using the Tumor Dissociation Kit and gentleMACS™ dissociator (Miltenyi Biotec). The resulting suspensions were 

filtered through 70 μm-cell strainers (Miltenyi Biotec), centrifugated at 300 g at 4 ◦ C and resuspended in FACS buffer (1% FBS, 

0.5 mM EDTA in Ca 2+ and Mg 2+ -free PBS). Dissociated cells were centrifuged with Lymphoprep™ density gradient medium 

(STEMCELL Technologies), making a gradient to eliminate parenchymal cells. Lymph nodes and spleens were disrupted mechan-

ically, followed by incubation with collagenase and DNase (Roche) for 30 min at 37 ◦ C. Samples were incubated with ACK buffer (In-

vitrogen) for 5 minutes at room temperature, followed by centrifugation at 400 g at 4 ◦ C for 5 min. Samples were then stained with 

Zombie NIR (Biolegend) on ice for 15 minutes. To reduce nonspecific staining, samples were pretreated with Fc-Block (anti-

CD16/32, eBioscience), followed by staining with mAbs against different markers (see key resources table) for 30 min on ice in 

the dark. Cytofix/cytoperm fixation permeabilization kit (BD Bioscience) was used for the analysis of transcription factors. Intracel-

lular staining was performed to detect Granzyme B and IFNγ production after T cell stimulation for 4 h with 5 ng/ml of PMA (Sigma-

Aldrich) and 0.5μg/ml ionomycin calcium salt (Sigma-Aldrich), two hours in the presence of the protein secretion inhibitors GolgiPlug 

and GolgiStop (BD). CytoFlex LX cytometer, Cytoflex XS, and Cytoflex DxFlex (Beckman Coulter) were used for cell acquisition, and 

data analysis was performed using FlowJo 10 (Tree Star Inc.).

Phosphoproteomic analysis

Sample preparation

B16 cells were stimulated overnight with IFNγ before irradiation (8Gy). Pellets from irradiated or control cells were homogenized in a 

lysis buffer (8 M urea, 50 mM dithiothreitol (DTT), supplemented with protease (cOmplete Mini, Roche) and phosphatase inhibitors 

(PhosSTOP, Roche). Lysates were centrifuged at 20,000 g (1 h, 15 ◦ C), and the resulting supernatant was quantified with the Bradford 

assay kit (BioRad). To obtain the phosphorylated peptide sample fraction, 600 μg of protein was separated for protein digestion. Pro-

teins were reduced with DTT (final concentration of 20 mM; room temperature, 30 min), alkylated with iodoacetamide (final concen-

tration of 30 mM; room temperature, 30 min in the dark), diluted to 0.9 M with ABC and digested with trypsin (Promega; 1:20 w/w 

enzyme protein ratio, 18 h, 37 ◦ C). Protein digestion was interrupted by acidification (pH < 6, acetic acid), and the resulting peptides 

were cleaned-up using Pierce™ Peptide Desalting Spin Columns (ThermoFisher Sci.). The following phosphorylated peptide enrich-

ment was performed using the High-Select™ TiO2 Phosphopeptide enrichment Kit (ThermoFisher Sci.) according to the manufac-

turer’s instructions. Finally, the enriched phosphopeptide sample fraction was cleaned- up as described before and dried down in 

a Speed-Vac system. A 10μg aliquot of cleaned-up peptides from protein digestion was set aside for total protein analyses.
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Data independent acquisition (DIA)-mass spectrometry

Dried down peptide samples were reconstituted with 2% ACN-0.1% FA (Acetonitrile-Formic acid), spiked with internal retention time 

peptide standards (iRT, Biognosys), and quantified by NanoDropTM spectrophometer (ThermoFisher Sci.) prior to LC-MS/MS anal-

ysis using an EVOSEP ONE system coupled to an Exploris 480 mass spectrometer (ThermoFisher Sci.). Peptides were resolved using 

C18 Performance column (75μm x 15cm, 1.9 μm particles; Evosep) with a predefined Xcalibur Whisper100 20 SPD (58min, 

IonOpticks Aurora Elite, EV1112) method. Peptides were ionized using 1.6 kV spray voltage at a capillary temperature of 275 ◦ C. Sam-

ple data were acquired in data-independent acquisition (DIA) mode with full MS scans (scan range: 400 to 900 m/z; resolution: 

60,000; maximum injection time: 22 ms; normalized AGC target: 300%) and 24 periodical MS/MS segments applying 20 Th isolation 

windows (0.5 Th overlap: Resolution: 15000; maximum injection time: 22 ms; normalized AGC target: 100%). Peptides were frag-

mented using a normalized HCD collision energy of 30%.

Bioinformatics and statistical analysis

Mass spectrometry data files were analyzed using Spectronaut (Biognosys) by direct DIA analysis (dDIA). MS/MS spectra were 

searched against the Uniprot proteome reference from human database using standard settings. Enzyme was set to trypsin in a spe-

cific mode. On the one hand, Carbamidomethyl (C) was set as a fixed modification, and oxidation (M), acetyl (protein N-term), dea-

midation (N), and Gln-> pyro-Glu as variable modifications for total protein analysis. On the other hand, Carbamidomethyl (C) was set 

as a fixed modification, and oxidation (M), acetyl (protein N-term), and Phospho (STY) as variable modifications for phospho-prote-

ome analysis. Identifications were filtered by a 1% Q-value. The obtained quantitative data for total protein were exported to Perseus 

software (version 1.6.15.0) 85 for statistical analysis and data visualization. For total protein analysis, unpaired Student’s t test was 

used for direct comparisons. Statistical significance was set at p-value lower than 0.05 in all cases and 1% peptide FDR threshold 

was considered. Differentially expressed proteins were considered significant when their absolute fold change was below 0.77 

(downregulated proteins) and above 1.3 (up-regulated proteins) in linear scale. Quantitative data obtained from the phosphopro-

teome were collapsed using a custom coded plugin Peptide Collapse (v.1.4.4) in Perseus (v.1.6.15.0) that convert a normal Spec-

tronaut report into a site-level report. 86 Plugin settings were set as default grouping posttranslational modifications (PTMs) by sample 

(FileName), collapsing matrix by site-level and setting the PTM localization probabilities filter at more than 0.75. Statistical analyses 

were conducted following the same protocol as the total protein study. Differential (phospho) proteins was analyzed using Meta-

scape 87 using default settings (min. overlap: 3, min. enrichment: |1.5|, p<0.05), and false discovery rate (FDR) adjusted p<0.05. Spe-

cifically, for signature (phospho) proteins, Reactome database was used under the same statistical significance cut-off. Functional 

protein association networks were generated using STRING. 88 Mass-spectrometry data and search results files were deposited in 

the Proteome Xchange Consortium via the JPOST partner repository (https://repository.jpostdb.org) 89 with the identifiers 

PXD056537 for ProteomeXchange and JPST003410 for jPOST.

RNA-seq of and data analysis

For transcriptomic studies of tumor cells, single-cell suspensions from B16 tumors taken 5 days after treatment were stained with 

antibodies against CD45 and CD31 and Zombie Nir staining. CD45 - CD31 - cells were sorted in a MoFlo Astrios-EQ cell sorter (Beck-

man Coulter). RNA was extracted from cell pellets using the Qiagen RNeasy Mini kit according to the manufacturer’s instructions. 

RNA was subjected to quantity and quality control using Qubit HS RNA Assay Kit (ThermoFisher Scientific) and 4200 Tapestation 

with High Sensitivity RNA ScreenTape (Agilent Technologies). All RNA samples were high-quality, with RIN values higher than 8. Li-

brary preparation was performed using the Illumina Stranded mRNA Prep Ligation kit (Illumina) following the manufacturer’s protocol. 

All sequencing libraries were constructed from 50 ng of total RNA according to the manufacturer’s instruction. Briefly, the protocol 

selects and purifies poly(A) containing RNA molecules using magnetic beads coated with poly(T) oligos. Poly(A)-RNAs are 

fragmented and reverse transcribed into first cDNA strand using random primers. The second cDNA strand is synthesized in the pres-

ence of dUTP to ensure strand specificity. Resulting cDNA fragments are purified with AMPure XP beads (Beckman Coulter), adeny-

lated at 3 ′ ends and then ligated with uniquely indexed sequencing adapters. Ligated fragments are purified and PCR amplified to 

obtain the final libraries. The quality and quantity of the libraries were verified using Qubit dsDNA HS Assay Kit (Thermo Fisher Sci-

entific) and 4200 Tapestation with High Sensitivity D1000 ScreenTape (Agilent Technologies). Libraries were then sequenced using a 

NextSeq2000 sequencer (Illumina). 20-30 million pair-end reads (100 bp; Rd1:51; Rd2:51) were sequenced for each sample and de-

multiplexed using bcl2fastq. RNAseq was carried out at the Genomics Unit of CIMA-Universidad de Navarra.

RNA sequencing data analysis was performed using the following workflow: (1) the quality of the samples was verified using 

FastQC software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and the trimming of the reads with trimmomatic 90 ; 

(2) alignment against the mouse reference genome (GRCm39) was performed using STAR 91 ; (3) gene expression quantification using 

read counts of exonic gene regions was carried out with featureCounts 92 ; (4) the gene annotation reference was Gencode vM32 93 ; 

and (5) differential expression statistical analysis was performed using R/Bioconductor (https://www.R-project.org/). First, gene 

expression data was normalized with edgeR 94 and voom. 95 After quality assessment and outlier detection using R/Bioconductor, 

a filtering process was performed. Genes with read counts lower than 4 in more than the 50% of the samples of all the studied con-

ditions were considered as not expressed in the experiment under study. LIMMA 95 was used to identify the genes with significant 

differential expression between experimental conditions. Further functional and clustering analyses and graphical representations 

were performed using R/Bioconductor and clusterProfiler. 96
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Single cell RNA-seq and data analysis

For scRNAseq studies, single-cell suspensions from tumors taken 6 days after treatment were stained with Zombie Nir and CD45. 

Viable CD45 + cells were sorted in a MoFlo Astrios-EQ cell sorter (Beckman Coulter). Droplet-based isolation of single cells was per-

formed with the Chromium Controller (10x Genomics). Subsequent generation of 3 ′ sequencing libraries was performed per the man-

ufacturer’s instructions (10x Genomics). Briefly, 17000 to 20000 cells were loaded at a concentration of 1000 cells/μL on a Chromium 

X instrument (10X Genomics) to capture single cells in gel bead-in-emulsions (GEMs). In this step, each cell was encapsulated with 

primers containing a fixed Illumina Read 1 sequence, a cell-identifying 16 nt 10X barcode, a 12 nt Unique Molecular Identifier (UMI) 

and a poly-dT sequence. Upon cell lysis, reverse transcription yielded full-length, barcoded cDNA. This cDNA was then released from 

the GEMs, PCR-amplified and purified with magnetic beads (SPRIselect, Beckman Coulter). Enzymatic Fragmentation and Size Se-

lection was used to optimize cDNA size prior to library construction. Fragmented cDNA was then end-repaired, A-tailed and ligated to 

Illumina adaptors. A final PCR-amplification with barcoded primers allowed sample indexing. Library quality control and quantifica-

tion was performed using Qubit 3.0 Fluorometer (Life Technologies) and Agilent’s 4200 TapeStation System (Agilent), respectively. 

Sequencing was performed in a NextSeq2000 (Illumina) using paired-end 91-base pair reads.

Raw sequencing data were demultiplexed with bcl2fastq v2.20.0 and, aligned and quantified using 10x Genomics Cell Ranger 

v7.1.0 and mm10 reference (2020-A) downloaded from the 10× Genomics website. Downstream quality control, filtering, normali-

zation, and analysis were performed using Scanpy (v1.9.3). Cells with mitochondrial gene content exceeding 10%, with less than 

200 detected genes, or with greater than 2,500 detected genes were removed from the dataset. Genes not recovered in at least 

1 of the remaining cells were also removed from the dataset. Doublets were computationally predicted and removed using the 

built-in Scanpy Scrublet function. Raw counts were then normalized to 100,000 and log-transformed with a pseudo-count of 1. Mani-

fold Approximation and Projection (UMAP) plots were generated using the built-in Scanpy Principal Component Analysis (PCA) and 

nearest neighbor graph functions on the top 10,000 highly variable genes. To minimize technical batch effects, embeddings were 

corrected using Harmony. 97 Cells were then grouped into 29 distinct clusters using the Leiden algorithm. Cluster-level analysis re-

vealed three clusters composed mostly of cells with high predicted doublet scores, so these cells were also removed from the data. 

The final collection of cells (n=45,958) was then re-embedded, corrected, and grouped into 26 distinct clusters using the Leiden al-

gorithm. Cluster density (‘‘galaxy’’) plots depict a downsampled quantity of cells to ensure equal representation across treatment 

groups (n=22,731/group). Sub-clustering was performed on T and NK cells (defined as cells in clusters differentially expressing 

Cd8a, Cd4, or Ncr1 transcripts based on the built-in Scanpy cluster vs. rest gene expression function). After sub-clustering, new 

PCA and UMAP embeddings, nearest neighborhood graphs, and Harmony batch corrections were calculated on a new set of 

10,000 highly variable genes. T and NK cells (n=7,635) were then grouped into 17 distinct clusters using the Leiden algorithm. Cluster 

density (‘‘galaxy’’) plots depict a downsampled quantity of cells to ensure equal representation across treatment groups (n=2,635/ 

group). Differentially expressed genes between clusters were calculated using a logistic regression model. 98 To perform GSEA, 

ranked lists of differential genes were created using signed p-values calculated by the logistic regression model and passed to 

GSEA Preranked using GSEApy library (v1.0.4) in Python to search for enriched gene sets.

Cytokine determination

Blood samples were incubated for 15-30 min at room temperature and centrifuged at 2000 g for 10 min at 4 ◦ C. Tumors were homog-

enized by mechanic disruption in PBS buffer with Complete Protease Inhibitors and incubated 15 min on ice. Samples were then 

centrifuged, and the supernatant was collected and stored at -80 ◦ C until use. Protein was determined by the BCA method (Pierce 

BCA Protein Assay Kit). All samples were stored at -80 ◦ C until used. IFNβ levels were measured using a VeriKine™ Mouse Interferon 

Alpha ELISA Kit (PBL Assay Science, Piscataway, NJ) following the manufacturer’s recommendations. Single determinations of IL-

12, IFNγ, IL-15/IL-15Rα and FLT3L levels were carried out with BD OptEIA Mouse IL-12 (p70) (BD Biosciences), Mouse IL-15/IL-15Rα 
(Invitrogen), Mouse FLT3 Ligand Immunoassay (R&D Systems) and BD OptEIA Mouse IFNγ (BD Biosciences) ELISA sets, respec-

tively. For multiple determinations, Mouse Luminex Discovery Assay (R&D Systems, catalog number: LXSAMSM) was used to mea-

sure IFNγ, TNF-α, CXCL10, CXCL16, GM-CSF, and IL-12 (p70), in tumor homogenates according to the manufacturer’s instructions. 

Data were collected by using the Magpix instrument (LuminexCorp.) and expressed in pg/mL. Samples in which beads count was 

below 50 events per cytokine were excluded for further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism version 8.2 software (GraphPad Software, Inc.) was used for statistical analysis. Shapiro-Wilk test was used to 

confirm normal distribution of the data before the use of parametric tests. Data were analyzed by unpaired two-way Student’s 

t-test, one-way or two-way ANOVA followed by Tukey’s multiple comparisons as indicated in the figure legends. Kaplan-Meier 

curves were analyzed by log-rank test.
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