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WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Interleukin (IL)- 12 is a potent pro- inflammatory cy-
tokine in the tumor microenvironment, able to con-
trol tumor growth, favoring immune activation but 
causes severe adverse effects when systemically 
administered.

WHAT THIS STUDY ADDS
 ⇒ In this study, we propose a novel approach based 
on the use of Modified Vaccinia Ankara (MVA) vector 
encoding IL- 12 for intratumoral delivery, combining 
the safety profile of MVA and its pro- inflammatory 
properties with the strong immunostimulatory func-
tion of IL- 12 in combination with α- programmed 
cell death protein- 1, for effective antitumor re-
sponse while sparing systemic adverse effects due 
to IL- 12 circulating levels.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ This study highlights the potential of MVA- IL- 12 
for the treatment of solid tumors resistant to 
immunotherapy.

AbSTRACT
background Tumor microenvironment (TME) represents 
a critical hurdle in cancer immunotherapy, given its 
ability to suppress antitumor immunity. Several efforts 
are made to overcome this hostile TME with the 
development of new therapeutic strategies modifying 
TME to boost antitumor immunity. Among these, 
cytokine- based approaches have been pursued for 
their known immunomodulatory effects on different 
cell populations within the TME. IL- 12 is a potent 
pro- inflammatory cytokine that demonstrates striking 
immune activation and tumor control but causes severe 
adverse effects when systemically administered. Thus, 
local administration is considered a potential strategy to 
achieve high cytokine concentrations at the tumor site 
while sparing systemic adverse effects.
Methods Modified Vaccinia Ankara (MVA) vector is a 
potent inducer of pro- inflammatory response. Here, we 
cloned IL- 12 into the genome of MVA for intratumoral 
immunotherapy, combining the immunomodulatory 
properties of both the vector and the cargo. The 
antitumor activity of MVA- IL- 12 and its effect on TME 
reprogramming were investigated in preclinical tumor 
models. RNA sequencing (RNA- Seq) analysis was 
performed to assess changes in the TME in treated and 
distal tumors and the effect on the intratumoral T- cell 
receptor repertoire.
Results Intratumoral injection of MVA- IL- 12 resulted in 
strong antitumor activity with the complete remission 
of established tumors in multiple murine models, 
including those resistant to checkpoint inhibitors. The 
therapeutic activity of MVA- IL- 12 was associated with 
very low levels of circulating cytokine. Effective TME 
reprogramming was demonstrated on treatment, with 
the reduction of immunosuppressive M2 macrophages 
while increasing pro- inflammatory M1, and recruitment of 
dendritic cells. TME switch from immunosuppressive into 
immunostimulatory environment allowed for CD8 T cells 
priming and expansion leading to tumor attack.
Conclusions Intratumoral administration of MVA- IL- 12 
turns immunologically ‘cold’ tumors ‘hot’ and overcomes 
resistance to programmed cell death protein- 1 blockade.

bACKGROUND
Despite the great success of immunotherapy 
as a beneficial tool for cancer treatment, the 
efficacy of immune checkpoint inhibitors 
(CPI) is unfortunately restricted to a limited 
number of patients.1 The differences in the 
outcome of cancer immunotherapy are often 
attributed to the tumor microenvironment 
(TME) that can play an opposite role both 
in tumor immune surveillance or in immu-
nological evasion.2 3 TME consists of tumor 
cells, cancer- associated fibroblasts, the tumor 
vasculature, the extracellular matrix and the 
immune cells, including T and B lympho-
cytes, tumor- associated macrophages (TAM), 
dendritic cells (DC), natural killer (NK), 
neutrophils and myeloid- derived suppressor 
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cells (MDSC). In this milieu, cytokines, released by cancer 
cells and by TME components, are key players to generate 
feedback loop that can promote tumor transformation, 
protect the tumor from host immunity, support tumor 
growth and invasion, foster therapeutic resistance and 
provide niches for dormant metastases to thrive.4

Therefore, multiple strategies to overcome resistance 
and therapeutically target the TME have been devel-
oped, including depletion of cancer- promoting cells or 
their re- education toward immune stimulating, tumor 
suppressive phenotypes.5 Recently, numerous clinical 
trials have been conducted to investigate the potential 
antitumor activity of a number of recombinant cytokines 
that can generate a potent and coordinated immune 
response against cancer cells, turning immunologically 
‘cold’ tumors to ‘hot’'.5 Intratumoral (IT) administration 
represents a valuable and promising therapeutic option to 
develop potentially more effective and less toxic immuno-
therapies, including cytokines- based therapies. Given the 
several advantages of local immunotherapy, a plethora of 
agents are currently tested with intratumoral injections 
in clinical trials, including monoclonal antibodies, cyto-
kines, non- oncolytic and oncolytic viral therapies.6

Interleukin (IL)- 12, a potent pro- inflammatory cyto-
kine, normally produced by antigen presenting cells, 
bridges the innate and adaptive immune systems.7 
Belonging to a family of heterodimeric cytokines, IL- 12 is 
comprised of two subunits, p35 and p40, linked by three 
disulfide bridges to form a p70 heterodimer.8 9 Among its 
different functions, IL- 12 is responsible for the induction 
and enhancement of cell- mediated immunity: induces 
TH1 cell differentiation,10–12 increases activation and 
cytotoxic capacities of T and NK cells13 14 and inhibits or 
reprograms immunosuppressive cells, such as TAMs.15–18 
Not surprisingly, although IL- 12 has demonstrated robust 
antitumor activity in preclinical studies, its systemic 
administration has been shown to be exceedingly toxic, 
inducing the production of large amounts of interferon 
(IFN)-γ, which is cytostatic and cytotoxic. For this reason, 
localized delivery strategies are needed to enhance 
IL- 12 concentrations in the TME and decrease systemic 
toxicity.19–21

To this aim, we developed a novel approach of ‘Vector 
Aided Microenvironment programming: VAMP’ to turn 
immunologically ‘cold’ tumors ‘hot’, with the generation 
of Modified Vaccinia virus Ankara (MVA) encoding IL- 12. 
MVA is a highly attenuated poxvirus unable to replicate in 
most mammalian cells, originally developed in the 1970s 
as a vaccine against smallpox. Moreover, MVA has been 
recently approved as a vaccine against monkeypox.22 23 
The virus has unimpaired expression of early and inter-
mediate genes as well as most late genes but its replica-
tion cycle is blocked at a very late stage and thus cannot 
produce infectious progeny and spread after vaccina-
tion. Since the replication defect occurs at a late stage 
of virion assembly, MVA is still able to efficiently express 
viral genes, including encoded genes (vaccine antigens 
or immunomodulatory molecules).24 Due to its favorable 

safety profile, MVA has been used in a number of clin-
ical trials for infectious disease and cancer and no serious 
adverse events were reported until now.24–29

In this study, we coupled the immunostimulatory 
properties of MVA and its safe profile with the pro- 
inflammatory function of IL- 12 by generating an MVA 
encoding IL- 12 for IT administration to remodel TME 
and enhance antitumor response in both CPI sensi-
tive and resistant tumor models. We demonstrated that 
IT injection of MVA- IL- 12 exerts strong therapeutic 
responses in various tumor models, alone and in combi-
nation with α- programmed cell death protein- 1 (αPD- 1). 
Therapeutic activity of IT MVA- IL- 12 is associated with 
recruitment of conventional type 1 DC (cDC1), reduc-
tion of immunosuppressive M2 macrophages, increase of 
pro- inflammatory M1 macrophages and CD8 T effectors 
in the tumor. Our data strongly support the use of MVA- 
IL- 12 as a novel strategy to overcome TME- mediated resis-
tance to immunotherapy.

METHODS
Viruses
For generation of MVA- mIL- 12 vectors, single chain 
murine IL- 12 transgene30 was synthesized by GeneART 
(Thermo Fisher Scientific) and subcloned into shuttle 
plasmid green (same as described31) but with a synthetic 
early/late promoter driving transgene expression via 
BamH1/Asc1 restriction enzymes (New England Biolabs). 
The transgene cassette was transferred into the Deletion 
III locus of MVA by homologous recombination in AGE1.
CR.pIX cells (ProBioGen, Berlin, Germany). Recombi-
nant MVA were isolated by combination of marker gene 
swapping and fluorescence- activated cell sorting as previ-
ously reported31 followed by a limiting dilution step to 
obtain a pure viral population. The obtained recombi-
nant vectors were amplified by infecting eight T175 flasks 
of chicken embryo fibroblasts (CEF) at not controlled 
Multiplicity of Infection (MOI). Infected cells were 
collected at full cytopathic effect (CPE) and centrifuged 
for 1 hour at 24,000 g; the resulting pellet was resuspended 
in 10 mM Tris- HCl pH 9.0 and cells lysed by three cycles 
of freeze/thaw followed by 5’ sonication (max ampli-
tude, Bioruptor Plus, Diagenode) and passage through 
a syringe with a 26G needle. Cell debris were pelleted 
at 1800 g for 5’, and supernatant loaded on 15 mL of 
36% Sucrose in 10 mM Tris- HCl pH 9.0 and centrifuged 
for 1 hour at 30,000 g at 4°C. The obtained virus pellet 
was resuspended in 140 mM NaCl, 10 mM Tris pH 7.7, 
sonicated for 10’ (Bioruptor Plus, Diagenode), filtered 
through 0.45 µM syringe filters and stored at −80°C. No 
DNA digestion steps were performed during purification 
process nor the virus was tested for Mycoplasma. The 
sequence is indicated in online supplemental material.

Cell cultures
The MC38 (murine C57BL/6 colon adenocarci-
noma) cell line, the CT26 (murine BALB/c colorectal 
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carcinoma) cell line, the B16F10 (murine C57BL/6 mela-
noma) cell line and the HeLa cell line were purchased 
from American Type Culture Collection (ATCC). MC38 
and B16F10 cells were maintained in Dulbecco’s Modi-
fied Eagle Medium (DMEM) (Gibco, cat. 41966052), 
supplemented with heat- inactivated 10% fetal bovine 
serum (FBS) (Gibco, cat. 26140079), 1% (v/v) peni-
cillin/streptomycin (Gibco, cat. 15140122); CT26 cells 
were cultured in Roswell Park Memorial Institute (RPMI) 
1640 medium (Gibco, cat. 21875091), supplemented with 
heat- inactivated 10% FBS and 1% (v/v) penicillin/strep-
tomycin. HeLa cells were maintained in Eagle’s Minimum 
Essential Medium (EMEM) (ATCC, cat. 30–2003) supple-
mented with heat- inactivated 10% FBS and 1% (v/v) 
penicillin/streptomycin. Cell lines were maintained at 
37°C in 5% CO2 and routinely tested for mycoplasma 
contamination by PCR.

Mice
Six- week- old female C57BL/6 and BALB/c mice were 
purchased from Envigo. Daily animal care was performed 
by trained mouse house staff at Plaisant, Castel Romano. 
All experimental procedures were approved by the Italian 
Ministry of Health (Authorizations 213/2016 PR) and 
have been done in accordance with the applicable Italian 
laws ( D. L. vo 26/14 and following amendments), the Insti-
tutional Animal Care and Allevamenti Plaisant SRL. Six- 
week- old B6.129S(C)- Batf3tm1Kmm/J and 6- week- old 
female C57BL/6 mice (Charles River Laboratories) 
were kept in pathogen- free conditions in the animal 
facility of the Molecular Biotechnology Center (Univer-
sity of Turin). Experiments with mice were carried out in 
accordance with the ethical guidelines of the European 
Communities Council Directive (2010/63/EU). Exper-
imental approval was obtained from the Italian Health 
Ministry (673/2022- PR).

In vivo studies
For established tumor setting experiments, 2×105 MC38 
or 5×105 B16F10 cells were subcutaneous (SC), injected 
into the right flank of C57BL/6 mice. In dual tumor 
models 2×105 MC38 cells were implanted in the right flank 
(treated tumor) and 1×105 MC38 cells in the left flank 
(distant). After 7 days, at day 0, tumor mass was measured 
with a digital caliper, applying the formula: a2 × b/2, where 
a<b. Animals were then randomized based on their tumor 
size (tumor size average per group ~50–100 mm3) and 
started to receive treatments based on the study. Animal 
survival was monitored for the entire experiment and 
tumor growth was measured every 3–4 days and mice 
were euthanized as soon as signs of distress or a tumor 
volume above 1500 mm3 was reached. For intraperitoneal 
(IP) tumor challenge BALB/c mice were administered 
with 3×105 CT26 in the peritoneum. Mice were weighted 
and randomized into their respective groups 3 days after 
tumor challenge. Animal survival was monitored for 
the entire experiment and weight was measured every 
3–4 days. Mice were euthanized when they gained >20% 

of initial weight or when they displayed other signs of 
distress (eg, pallor, lethargy, poor mobility, poor feeding, 
poor ambulation). For re- challange experiments, tumor- 
free and surviving animals were re- challenged SC or IP 
with parental tumor cell line (in the same amount of the 
first challenge).

In vivo drug administration
Schematic representation of each experiment is shown 
in figures. MVA empty or MVA- IL- 12 were prepared at 
the desired concentration (6×105 Infectious Unit, IFU or 
107 IFU) in phosphate- buffered saline (PBS) to a final 
volume of 50 µl and administered by IT injection in anes-
thetized mice or to a final volume of 100 µl and admin-
istered by IP injection. Murine αPD- 1 (Bio X Cell, clone 
RMP114, cat. BE0146) was administered IP at a dosage of 
200 µg two times per week, starting from day 0 until day 
21. For immune depletion studies murine αCD4 (Bio X 
Cell, clone GK1.5, cat. BE0119), αCD8 (Bio X Cell, clone 
YTS 169.4, cat. BE0117) or anti rat IgG2b Isotype Control 
(Bio X Cell, clone LTF- 2, cat. BE0090) were administered 
IP at a dosage of 200 µg every 4 days, starting from day 
0, for a total of five administrations. For NK depletion 
murine αNK1.1 (Bio X Cell, clone PK136, cat: BE0036) 
was administered IP at a dosage of 200 µg at day −2, 3, 8, 
12 as described in Kirchhammer et al, 2022.32 Mice were 
checked daily for adverse clinical reactions.

Flow cytometry
Murine tumors were dissociated mechanically with 
lancet and then using the tumor tissue dissociaton kit 
(Miltenyi Biotec, cat. 130- 096- 730). Tumor homogenates 
were then depleted from erythrocytes using ACK Lysing 
Buffer (Gibco, cat. A1049201), washed in Fluorescence- 
Activated Cell Sorter (FACS) buffer (1× PBS, 0.5% FBS) 
and filtered through a 70 µm cell strainer to generate 
single- cell suspension. For analysis of the peritoneal cavity 
cells, peritoneal lavage of mice was performed by infusing 
5 mL of cold PBS intraperitoneally and collecting the 
infusate as described by Ray and Dittel.33 Samples were 
incubated with anti- mouse CD16/32 (BD, clone 2.4G2, 
cat. 553142) 1:50 in FACS buffer for 20’ at 4°C. After 
washing with PBS, samples were stained with LIVE/DEAD 
Fixable Near- IR Dead Cell Stain Kit (Thermo Fisher 
Scientific, L10119) 1:100 in PBS for 20’ at room tempera-
ture (RT) in the dark. After washing with FACS buffers, 
samples were stained for surface antigens in FACS buffer 
for 30’ at RT in the dark. Foxp3 intracellular staining was 
performed following the instructions of Foxp3/Tran-
scription Factor Staining Buffer Set (eBioscience, cat. 
00- 5523- 00). IFN-γ intracellular staining was performed 
following the instructions of Fixation/Permeabilization 
Kit (BD, cat. 554714). Myeloid compartment: CD45 (BD, 
clone 30- F11, cat. 563891), CD11b (BioLegend, clone 
M1/70, cat. 101206), F480 (BioLegend, clone BM8, cat. 
123113), Ly6C (BioLegend, clone hk1.4, cat. 128012), 
Ly6G (BioLegend, clone 1A8, cat. 127614), MHCII 
(BioLegend, clone M5/114.15.2, cat. 107632), CD206 
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(BioLegend, clone C068C2, cat. 141706). Lymphoid 
compartment: CD3 (BioLegend, clone 145–2 C11, cat. 
100312), CD4 (BioLegend, clone RM 4–5, cat. 100512), 
CD8 (BioLegend, clone 53–6.7, cat. 100732), CD19 (BD, 
clone 1D3, cat. 553785). Treg: CD45 (eBioscience, clone 
30- F11, cat. 45- 0451- 82), CD4 (BioLegend, clone RM 
4–5, cat. 100531), CD8 (BioLegend, clone 53–6.7, cat. 
100752), Foxp3 (eBioscience, clone FJK- 16s, cat. 17- 5773- 
82). CD8 memory subpopulations: CD8 (BioLegend, 
clone 53–6.7, cat. 100752), CD44 (BioLegend, clone IM7, 
cat. 103022). Dendritic Cells: CD14 (BioLegend, clone 
Sa14- 2, cat. 123314), CD11c (BioLegend, clone n418, cat. 
117310) or MHCII (BioLegend, clone M5/114.15.2, cat. 
107626), CD11b (BioLegend, clone M1/70, cat. 101206), 
CD8 (BioLegend, clone 53–6.7, cat. 100752), CD103 
(BioLegend, clone 2E7, cat. 121426), XCR1 (BioLegend, 
clone ZET, cat. 148216), SIRP/CD172 (BioLegend, clone 
P84, cat. 144012). Natural killer: CD45 (BioLegend, clone 
30- F11, cat. 103137), CD3 (BioLegend, clone 145–2 C11, 
cat. 100312), CD49b (BioLegend, clone DX5, cat. 
553858), NK- 1.1 (BioLegend, clone PK136, cat. 108732).

Circulating and tumor cytokine measurement
Murine tumors were weighted and then minced with 
lancet. The T- PER Tissue Protein Extraction Reagent 
(Thermo Fisher Scientific, cat. 78510) was used as a 
homogenizing buffer for the tumors (500 µl of T- PER 
per 100 mg of tissue) in presence of protease inhibitors 
(Thermo Fisher Scientific, cat. 78437). Dissociation by 
tissue lyser was performed for 5’ at 30 Hz; then samples 
were centrifuged at 10,000 g for 30’ at 4°C. Supernatant 
was collected, proteins were quantified with Bio- Rad 
Protein Assay Kits (Bio- Rad, cat. 5000006) and 1 µg was 
loaded in each well. Murine bleed or cell supernatants 
were centrifuged at 12,500 g for 5’ at RT and the super-
natant was collected. For the analysis of murine IL- 12 
was used the IL- 12 p70 Mouse ELISA Kit (Thermo Fisher 
Scientific, cat. BMS6004) following the kit instructions.

Gene expression analysis
RNA was extracted from tumor samples (AllPrep DNA/
RNA Micro Kit, Qiagen, cat. 80284). Next Generation 
Sequencing (NGS) of tumor samples was performed at 
CeGat GmbH. RNA was subject to initial quality control. 
During the library preparation ribosomal RNA was 
depleted and total RNA was analyzed and sequenced 
on the Illumina platform (NovaSeq 6000, Read length 
2×100 bp, output 50M clusters (10 Gb) per sample). Raw 
NGS reads were aligned on the mm10 genome by using 
hisat2 software.34 Differentially expressed genes (DEGs) 
were determined by using four alternative methods: 
Deseq2,35 EdgeR,36 limma with Voom correction37 and 
NOISeq.38 Each method was applied to a count matrix 
reporting the number of reads mapped to each gene as 
estimated by the Rsubread package.39 For each compar-
ison, we retained only genes identified by the consensus 
of three out of four methods, with a log2FC of at least 
±1 and a Benjamini- Hochberg corrected p value≤0.05. 

Only the DEGs with <10 total count of mapped reads in 
all samples in at least one condition and expressed with a 
median Transcripts per Million (TPM) ≥1 in at least one 
of the compared condition were retained.

After RNA extraction with AllPrep DNA/RNA Micro 
Kit, Qiagen, cat. 80284, 1 µg of RNA was retro- transcribed 
with SuperScript First- Strand Synthesis System (Thermo 
Fisher Scientific, cat. 11904018) following the instruc-
tions. RT- PCR was performed with TaqMan Universal 
PCR Master Mix (Applied Biosystems, cat. 4304437) 
and the following probes (Best coverage, Probe spans 
exones, FAM, cat. 4453320): Actin Mm00607939_s1, 
Ccl5 Mm01302427_m1, CD86 Mm00444540_m1, Clecl7a 
Mm01183349_m1, Cxcl9 Mm00434946_m1, Gran-
zyme B Mm00442837_m1, H2- Ab1 Mm00439216_m1, 
Ifnγ Mm01168134_m1, Il7r Mm00434295_m1, Itgb2 
Mm00434513_m1, Nos2 Mm00440502_m1, Perforin 1 
Mm00812512_m1.

Intratumoral TCR repertoire
TCR repertoire was characterized by reconstructing T- cell 
receptor β-chains from whole tissue RNA- Seq. The derived 
CDR3 sequences were further analyzed by tracking the 
expansion of clonotypes among different treatments.

Statistical analysis
The data are presented as mean±SEM. For statistical 
analyzes, significance was tested using the Student’s 
t- test, one- way analysis of variance (ANOVA), and two- way 
ANOVA with Fisher least significant difference post hoc 
test. A minimum value of p<0.05 was considered statisti-
cally significant. Statistical analyzes were performed using 
GraphPad Prism V.9.

RESULTS
Intratumoral treatment with MVA-mIL-12 is highly effective 
alone and in combination with αPD-1 in CPI sensitive and 
resistant model
The expression of MVA encoded mIL- 12 (MVA- mIL- 12) 
(figure 1A) was first evaluated in vitro, by ELISA assay on 
HeLa cells infected at MOI 5 and analyzed at different 
time points post infection, compared with mock infected 
cells (figure 1B) showing a good expression levels 
detected over- time. The levels and kinetic of expression 
of the encoded mIL- 12 were then confirmed in vivo on 
intratumoral injection of MVA- mIL- 12 (6×105 IFU) in 
MC38 tumor bearing mice (figure 1C). Blood and tumors 
were collected at different time points and ELISA assay 
was performed to quantify the level of mIL- 12 protein. 
In tumors, the peak of IL- 12 was observed at 6- hour post 
injection, with a complete drop of the protein at 96 hours 
(figure 1C). Serum IL- 12 levels were also detected on 
intratumoral injection, likely due to secretion of the cyto-
kine from the tumor into the periphery. These serum 
levels quickly became almost undetectable 48 hours post 
IT injection, supporting a favorable pharmacokinetics 
(PK) profile.
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Figure 1 Potent efficacy of intratumoral MVA- mIL- 12 in different syngeneic preclinical models. (A) Schematic structure of 
MVA- mIL- 12. (B) HeLa cells were infected at MOI 5 with MVA- mIL- 12 or MVA empty and supernatants were collected at 
different time points to quantify IL- 12 by ELISA. (C) In vivo levels of IL- 12. C57BL/6 mice were challenged subcutaneously 
(SC) with MC38 cells. After 7 days, mice with established tumors were randomized, treated intratumoral (IT) with MVA- mIL- 12 
(6×105 IFU), and serum was collected at different time points post injection. The amount of IL- 12 was measured by ELISA in 
tumor tissue and serum (n≥3). (D) C57BL/6 mice were challenged SC with MC38 cells. After 7 days, mice with established 
tumors were randomized and treated IT three times with MVA- mIL- 12 at 107 IFU alone or in combination with αPD- 1, with 
MVA- mIL- 12 at 6×105 IFU alone or in combination with α-PD- 1 or α-PD- 1 as control. Tumor volume was monitored over time. 
Lines in the graphs represent each individual tumor (full lines, responder tumors showing a complete response (CR); dot lines, 
non- responder tumors). Percentages on the graphs indicate the rate of CR. (E) Tumor volumes are shown as mean±SEM with 
n≥6 (day 25). (F) Mice considered complete responders were re- challenged with MC38, 40 days after tumor challenge. Tumor 
volumes post re- challenge are shown as mean±SEM with n=10. One- way ANOVA test with Fisher’s LSD test was performed to 
obtain p value. (G) Survival curves of C57BL/6 mice SC injected with B16F10 cells. After 7 days, mice with established tumors 
were randomized and treated IT eight times with MVA- mIL- 12 at 6×105 IFU or MVA empty at 6×105 IFU alone or in combination 
with αPD- 1 or αPD- 1 as control. n≥6. Comparison of survival curves with Gehan- Breslow- Wilcoxon test. *, p<0.05; ***, p<0.001; 
****, p<0.0001. ANOVA, analysis of variance; IFU, Infectious Unit; IL, interleukin; LSD, least significant difference; m, murine; 
MOI, Multiplicity of Infection; MVA, Modified Vaccinia virus Ankara; ns, not significant; PD- 1, programmed cell death protein- 1.

The therapeutic potential of MVA- mIL- 12 was explored 
in the CPI responsive murine model of MC38. Cancer 
cells were subcutaneously injected in mice and, after 
tumor establishment, MVA- mIL- 12 was administered 
three times IT at day 0, 2 and 4 at two different doses, 
6×105 IFU and a 20- fold higher dose of 107 IFU, in 

presence or absence of αPD- 1 (figure 1D). The dose of 
6×105 IFU corresponds to a human equivalent dose of 
~2×109 IFU that falls in the range of MVA dosages already 
used in humans. Treatment with αPD- 1 alone was effective 
only in curing 20% of mice. MVA- mIL- 12 monotherapy 
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at 6×105 IFU controlled tumor growth with shrinkages 
of the tumor masses observed in some cases but without 
reaching complete tumor eradication; the combination 
of MVA- mIL- 12 (6×105 IFU) and αPD- 1 resulted in 90% of 
cure, demonstrating a significant improvement over the 
αPD- 1 monotherapy and complete tumor eradication in 
the majority of mice (figure 1D). The higher dose of 107 
IFU resulted in more effective antitumor activity as mono-
therapy, with 80% of complete responses in treated mice. 
However, the combination of MVA- mIL- 12 (107 IFU) with 
αPD- 1 was not found to be significantly superior to the 
lower dose (figure 1D), with 90% of cure observed post 
treatment. No effect was observed on tumors treated with 
MVA empty (at different doses) as monotherapy, while the 
combination of MVA empty with αPD- 1 was comparable 
to αPD- 1 (figure 1E and online supplemental figure 1A). 
The reduction of the number of injections to one and two 
administrations was less effective (online supplemental 
figure 1B). Complete responder mice were resistant to 
tumor re- challenge with MC38 cells (figure 1F) demon-
strating the development of immunological memory.

To assess the efficacy of MVA- mIL- 12 in CPI resistant 
models, we used the highly aggressive B16F10 murine 
melanoma model, known to be resistant to immuno-
therapy. For this resistant model, we used a total of eight 
IT injections of MVA- mIL- 12 at 6×105 IFU. Mice treated 
with αPD- 1 monotherapy succumbed to tumor burden 
and death within about 15 days (figure 1G). Treatment 
with MVA- mIL- 12 significantly improved mice survival, 
alone and combined with αPD- 1 compared with MVA 
empty (figure 1G). The therapeutic efficacy of MVA- 
mIL- 12 was confirmed in a second CPI resistant model, 
the peritoneal CT26, refractory to the activity of αPD- 1 
(online supplemental figure 1C,D). These results high-
lighted that MVA- mIL- 12 IT administration controls 
cancer progression as monotherapy and in combination 
with αPD- 1, promoting antitumor activity in CPI sensitive 
and resistant models.

Local MVA-mIL-12 injection combined with αPD-1 exerts 
antitumoral activity on non-injected distant tumors
To test the abscopal antitumor response induced by 
MVA- mIL- 12, bilateral tumor implantation models were 
used to evaluate whether treatment with MVA- mIL- 12 
could have antitumor activity also against distant, not 
injected tumors. IT injection of MVA- mIL- 12 at the dose 
of 6×105 IFU or 107 IFU in combination with αPD- 1 was 
performed in one of the masses of bilateral MC38 tumor 
bearing mice. In line with previous experiments, combi-
nation of αPD- 1 and MVA- mIL- 12 resulted at both doses 
in complete tumor regression of most injected tumors 
(figure 2A–C). Distant, not injected tumors were also 
eradicated on treatment in 50% and ∼80% of animals, 
at the dose of 6×105 IFU and 107 IFU, respectively, under-
lying MVA- mIL- 12 capability in controlling cancer growth 
at distant sites (figure 2D–F). Interestingly, the amount 
of murine IL- 12 in distant tumors was very low compared 
with that one found in injected masses (figure 2G).

Intratumoral MVA-mIL-12 delivery remodels the TME from 
suppressive to pro-inflammatory
To elucidate the mechanism of action of MVA- mIL- 12 
and the impact on TME, we analyzed the immune 
composition of the MC38 TME by multicolor flow cytom-
etry characterization. Briefly, MC38 tumor- bearing 
mice were treated with MVA- mIL- 12 (6×105 IFU on days 
0 and 4), αPD- 1 or the combination of MVA- mIL- 12 
and αPD- 1. MVA empty was used as control. On day 7, 
tumors were harvested and analyzed to characterize M1 
pro- inflammatory macrophages, M2 anti- inflammatory 
macrophages, cDC1 and cDC2 DCs, NK cells, CD4 and 
CD8 lymphocytes. MVA- mIL- 12, either alone or in combi-
nation with αPD- 1, switches the TME from suppressive 
to pro- inflammatory with significant increase of the M1 
pro- inflammatory macrophages, decrease of the M2 anti- 
inflammatory macrophages and recruitment of cDC1 
cells (figure 3A–E). MVA- mIL- 12 in combination with 
αPD- 1 induces also a significant increase in CD8 and CD4 
lymphocytes and a reduction of 50% in TREG, favoring 
a pro- inflammatory TME (figure 3G,H). No effect was 
instead observed on the levels of cDC2 (figure 3F), 
and NK (figure 3I). Moreover, on combined treatment 
with MVA- mIL- 12 and αPD- 1, IT CD8 T cells displayed 
increased cytotoxic markers,40 such as augmented ability 
to produce IFN-γ and upregulation of CD69, and showed 
a memory phenotype (figure 3J).

The efficacy of MVA- mIL- 12 in combination with αPD- 1 
was completely lost in BATF3KO mice41 lacking cDC1 cells 
compared with control wild- type mice (figure 4A).

Antibody depletion studies to dissect the role of 
different immune cells in the MVA- mIL- 12 mediated anti-
tumor response showed loss of efficacy in CD8 and CD4 
depleted mice (figure 4B), compared with isotype control 
treated mice. Instead, NK depletion did not affect MVA- 
mIL- 12 efficacy (figure 4B).

These results were confirmed in the CT26 peritoneal 
metastatic model. Here, mice were treated IP with MVA- 
mIL- 12 or MVA empty at day 0, 2 and 4 and groups of 
these mice were sacrificed at different time points. 
Treatment with both viruses caused at days 1 and 3 the 
complete disappearance of macrophages, known to 
encounter apoptosis after MVA infection42 43 (online 
supplemental figure 2A). Interestingly, at day 14, when 
macrophages were recruited again in the peritoneal 
cavity, they were M1 or M2 polarized in mice treated with 
MVA- mIL- 12 or MVA empty, respectively (online supple-
mental figure 2B). MVA- mIL- 12 induced an increase in 
DC compared with controls while no differences in cDC1 
were observed in this model (online supplemental figure 
2C). Also in this model, both CD8 and CD4 are essen-
tial for MVA- mIL- 12 efficacy against cancer progression 
(online supplemental figure 2D,E). In addition, at day 
14 a significant reduction in TREG cells was observed 
in the peritoneum of mice treated with MVA- mIL- 12 
compared with controls (online supplemental figure 2F). 
The key role of TME for the activity of MVA- mIL- 12 is also 
suggested by the fact that intramuscular administration of 
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Figure 2 Local MVA- mIL- 12 injection combined with αPD- 1 exerts antitumoral activity on non- injected distant tumors. 
(A–F) C57BL/6 mice were challenged SC with MC38 cells on both flanks. After 7 days, mice with established tumors of similar 
volume were randomized. One tumor (treated) was injected IT with MVA- mIL12 at 107 IFU or 6×105 in combination with αPD- 1 
(A, B) the other one (distal) did not receive any IT treatment (D, E). Mice treated with αPD- 1 only were used as control for both 
flanks (C, F). Tumor volume was monitored over time. Lines in the graphs represent each individual tumor (full lines, responder 
tumors; dot lines, non- responder tumors). Percentages on the graphs indicate the rate of complete response (CR). n≥9. 
(G) C57BL/6 mice were challenged SC with MC38 cells on both flanks. After 7 days, mice with established tumors of similar 
volume were randomized. One tumor (treated) was injected IT with MVA- mIL12 6×105 and the other one was left untreated 
(distal). ELISA was performed on both tumors: blue dots represent treated tumors, violet dots untreated (n=3). IFU, Infectious 
Unit; IL, interleukin; IT, intratumoral; m, murine; MVA, Modified Vaccinia virus Ankara; PD- 1, programmed cell death protein- 1; 
SC, subcutaneous.

the virus in MC38 tumor bearing mice, did not give any 
complete responders, compared with intratumoral injec-
tion (online supplemental figure 2G).

MVA-mIL-12 induces expansion and diversification of the 
intratumoral TCR repertoire and affects the TME signature
To explore whether MVA- mIL- 12 induces changes on 
tumor TCR repertoire, we compared the TCR repertoire 
from bulk RNA- Seq of MC38 tumors in the different treat-
ment groups. MVA- mIL- 12 alone and in combination 
with αPD- 1 induced the expansion and diversification 
of intratumoral TCR-β repertoire, with the major effect 
achieved in the combination group showing a 10- fold 

higher counts of total TCRs compared with MVA empty 
treated mice and a more diverse repertoire (figure 5A,B). 
Transcriptional profiles of tumors from the different 
treatment groups were also evaluated by RNA- Seq. Tumor 
samples were harvested at day 7 from untreated, αPD- 1, 
MVA empty (lower dose 6×105, day 0 and day 4) and 
MVA- mIL- 12 (lower dose 6×105, day 0 and day 4) alone 
or in combination with αPD- 1. Hierarchical clustering 
of the DEGs demonstrated that the major changes in 
gene expression compared with the untreated mice were 
induced on the combination of MVA- mIL- 12 and αPD- 1 
treatment, followed by MVA- mIL- 12 treatment and αPD- 1 
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Figure 3 The TME is re- shaped by intratumoral treatment with MVA- mIL12. C57BL/6 mice were challenged SC with MC38 
cells. After 7 days, mice with established tumors were randomized and treated IT as in the scheme with αPD- 1, MVA- IL- 12 at 
6×105 IFU, the combination of MVA- IL- 12 (6×105 IFU) with αPD- 1 or with MVA empty (6×105 IFU). Tumors from all the groups 
were collected and analyzed by Flow Cytometry. n≥3. In (A) representative contour plot of macrophages subpopulations; in (B) 
the frequency of MHCII+ CD206− M1 macrophages, in (C) CD206+ MHCII− M2 macrophages; in (D) representative contour plot of 
cDC1; in (E) graph represents CD103+ XCR1+ cDC1, in (F) XCR1− SIRP+ cDC2, in (G) CD8+ and CD4+ lymphocytes, in (H) TREG 
CD4+ FOXP3+, in (I) NK cells, in (J) CD8+ IFN-γ+, CD8+ CD69+ and memory CD8+ CD44+ lymphocytes. Data are presented as 
median values+SEM; n≥3 mice. One- way ANOVA with the Fisher LSD test was performed to obtain p values. *, p<0.05; **, 
p<0.005; ***, p<0.001. ANOVA, analysis of variance; cDC1, conventional type 1 DC; DC, dendritic cell; FACS, Fluorescence- 
Activated Cell Sorter; IFN, interferon; IFU, Infectious Unit; IL, interleukin; IT, intratumoral; LSD, least significant difference; m, 
murine; MHC, Major Histocompatibility Complex; MVA, Modified Vaccinia virus Ankara; NK, natural killer; PD- 1, programmed 
cell death protein- 1; SC, subcutaneous; TME, tumor microenvironment; TREG, Regulatory T cells.

(figure 5C). The combination of MVA- mIL- 12 and αPD- 1 
significantly induced major changes in the expression 
of genes associated with antigen presentation (H2- Ab1), 
CD8 proliferation (Il7r), cytotoxic effector signature 

(Gzmb, IFN-ɣ), DC (Clec7a), inflammatory cytokines 
and receptors (Ccl5, Nos2, Cxcl9), leukocyte motility 
(Itgb2) and macrophages and DC activation (CD86) 
(figure 5D and online supplemental figure 3A). These 
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Figure 4 The efficacy of MVA- mIL- 12 + αPD- 1 is dependent on cDC1, CD4 and CD8. (A) C57BL/6 WT or BATF3KO mice 
were challenged SC with MC38 cells. After 7 days, mice with established tumors were randomized and treated IT with MVA- 
mIL- 12 (6×105 IFU) and αPD- 1. Lines in the graphs represent each individual tumor (full lines, responder tumors; dot lines, 
non- responder tumors). Percentages on the graphs indicate the rate of efficacy. (B) C57BL/6 mice were challenged SC with 
MC38 cells. After 7 days, mice with established tumors were randomized and treated IT with MVA- mIL- 12 (6×105 IFU) and αPD- 
1 in combination or not with isotype control, αCD8, αCD4 or αNK1.1 depletion antibody. Lines in the graphs represent each 
individual tumor (full lines, responder tumors; dot lines, non- responder tumors). Percentages on the graphs indicate the rate of 
efficacy. CR, complete response; IFU, Infectious Unit; IL, interleukin; IT, intratumoral; m, murine; MVA, Modified Vaccinia virus 
Ankara; NK, natural killer; PD- 1, programmed cell death protein- 1; SC, subcutaneous; WT, wild- type.

results support the increased intratumoral recruitment of 
macrophages and DC as well as T cells and their cytotox-
icity in the MVA- mIL- 12 with αPD- 1 group.

MVA-mIL-12 reprograms the TME also of distant tumors
To gain a deeper understanding on the effect of MVA- 
mIL- 12 on the distant uninjected tumors, we performed 
RNA- Seq by using the bilateral MC38 tumor models. 
Treated and distal tumor samples were harvested at day 
7 from untreated and MVA- mIL- 12 (dose 6×105 IFU, day 
0 and day 4) in combination with αPD- 1. The expansion 
of intratumoral TCR clones was observed also in this 
context, in both treated and distal not injected tumors 
compared with untreated (figure 6A). Interestingly, 
common TCR clones in injected and uninjected tumors 
were identified on MVA- mIL- 12 and αPD- 1 treatment, 
suggesting induction of systemic antitumor immunity 
capable of mediating the regression of distal tumors 
(figure 6B), with a frequency of shared TCR between 
treated and distal tumors treated with MVA- mIL- 12 
and αPD- 1 of 23% compared with 8% in the untreated 
group (figure 6C). Also here, the combination of MVA- 
mIL- 12 and αPD- 1 induced a high number of DEG with a 

significant upregulation of genes in both treated and distal 
tumors compared with untreated controls (figure 6D). 
The analysis of DEG genes between treated and distal 
tumors versus the untreated controls displayed an over-
lapping set of genes in the two groups with an overlap of 
38% (figure 6E). Among the common genes, we found 
increased expression of Ccl5, Nos2, Cxcl9, Cxcl2, Gzmb, 
IFN-γ in both treated and distal tumors, suggesting the 
acquisition of an immune- inflamed phenotype also in 
distant masses permissive for T- cell trafficking and activity 
(figure 6F,G).

DISCUSSION
TME represents a barrier for the development of effective 
cancer immunotherapies. The possibility to revert this 
immunosuppressive TME by using immune- activating 
cytokines is hampered by their toxicity on systemic 
administration. Here, we generated a non- replicative 
MVA encoding IL- 12 for intratumoral delivery in a 
tight space- controlled and time- controlled manner, as 
strategy to turn ‘cold’ tumors into ‘hot’ tumors, while 
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Figure 5 MVA- mIL- 12 induces expansion and diversification of the intratumoral TCR repertoire and affects immune- related 
TME signature. MC38 tumor bearing mice were treated with MVA- IL- 12 (6×105 IFU IT; d0, d4) with or without αPD- 1, MVA 
empty, αPD- 1 or left untreated. Tumors were harvested at day 7 and RNA- Seq was performed. (A) Bar charts reporting the 
number of TCR-β clones detected by RNA- Seq. Each bar represents a TCR-β individual clonotype. On the vertical axis the 
number of copies of each clonotype is reported. A representative mouse TCR-β repertoire for each group is shown. (B) Mean 
(+SEM) number of TCR clonotypes in each group (n=3). One- way ANOVA test with Fisher’s LSD test was performed to obtain 
p value. *, p<0.05; **, p<0.005; ***, p<0.001. (C) Heatmap representing the differentially expressed genes (red: up- regulated; 
blue: down- regulated) detected by RNA- Seq on tumors of mice for each group of treatment versus untreated (n≥3) (median 
log2 fold change ≤1 or >1; consensus of 3 methods; Benjamini- Hochberg corrected p value<0.05). (D) Violin plots of select 
genes. Genes found differentially expressed when compared with untreated are indicated with an asterisk (*), while a cross 
(×), or a dot (·) indicates genes found differentially expressed versus αPD- 1 and MVA empty, respectively. ANOVA, analysis of 
variance; IL, interleukin; IT, intratumoral; LSD, least significant difference; m, murine; MVA, Modified Vaccinia virus Ankara; PD- 1, 
programmed cell death protein- 1; TCR, T- cell receptor; TPM, Transcripts per Million; RNA- Seq, RNA sequencing.

sparing systemic adverse effects due to IL- 12 circulating 
levels. This approach of ‘Vector Aided Microenviron-
ment Programming’ couples the safety profile of the 
MVA and its pro- inflammatory properties with the strong 

immunostimulatory function of IL- 12. Intratumoral 
delivery of IL- 12 by oncolytic viruses has been demon-
strated to promote antitumoral response.44 However, the 
effect of oncolytic viral therapy as well the expression of 
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Figure 6 MVA- mIL- 12 reshapes the TME of both treated and distant tumors. (A) Mean (+SEM) number of intratumoral TCR 
clonotypes in treated and distal MC38 tumors (bilateral tumor model) (n=3). Treated tumors were injected IT with MVA- mIL- 12 
at 6×105 IFU (d0, d4) in combination with αPD- 1, while the distant tumors did not receive any IT treatment. One- way ANOVA 
test with Fisher’s LSD test was performed to obtain p value. *, p<0.05; (B) Representative bar chart reporting the total number 
of T- cell clones detected in treated and distal tumors. Shared clonotypes are represented with the same color. Gray clones are 
unique for each group. (C) Frequency of shared TCR between treated and distal tumors treated with MVA- mIL- 12 and αPD- 1 
compared with the untreated group. (D) Bar chart showing the number of DEG (red: upregulated; blue; downregulated) detected 
by RNA- Seq on treated/distal tumors and untreated controls compared with each other. (E) Venn diagram displaying the overlap 
among the lists of DEGs obtained in each comparison. (F) Heatmap showing the expression values (TPM) of immune- related 
genes of interest detected in treated and distal tumors of mice receiving MVA- mIL- 12 and αPD- 1 versus untreated controls 
(left and right tumors). The annotation columns indicate DEGs in a specific comparison (median log2 fold change of at least 
±1; consensus of three different methods Benjamini- Hochberg corrected p value in each method <0.05). (G) MC38 bilateral 
tumor bearing mice were treated with the combination of MVA- mIL- 12 and αPD- 1, MVA empty and αPD- 1 or left untreated. 
Treated and distal tumors were collected and analyzed by RT- PCR. One- way ANOVA test with Fisher’s LSD test was performed 
to obtain p value. *, p<0.05; **, p<0.005; ***, p<0.001. ANOVA, analysis of variance; DEG, differentially expressed gene; IFU, 
Infectious Unit; IL, interleukin; IT, intratumoral; LSD, least significant difference; m, murine; MVA, Modified Vaccinia virus Ankara; 
PD- 1, programmed cell death protein- 1; RNA- Seq, RNA sequencing; TCR, T- cell receptor; TME, tumor microenvironment; TPM, 
Transcripts per Million.

the encoded cargo relies on the infection and viral repli-
cation in cancer cells, which may be variable according 
to the tumor genotypes and not always guaranteed in 
all tumor cells.45 In contrast, MVA is capable to infect 
and activate preferentially macrophages, DC, beside the 
cancer cells.43 Moreover, MVA can encode therapeutic 

molecules transiently and at high levels making the repli-
cative capacity of the virus dispensable and therefore less 
risky both for the operator and for the patient. We showed 
that the treatment with MVA- IL- 12 reprogrammed the 
TME towards a pro- inflammatory state while reducing 
pro- tumoral and immunosuppressive populations. Based 
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Figure 7 Working model of MVA- IL- 12. Intratumoral 
administration of M- IL- 12 resulted in TME reprogramming, 
reduction of immunosuppressive M2 macrophages while 
increasing pro- inflammatory M1, and recruitment of 
dendritic cells. This switch from immunosuppressive into 
immunostimulatory TME allows CD8 T cells to exert cytolytic 
activity against the tumor. IL, interleukin; MVA, Modified 
Vaccinia virus Ankara; TME, tumor microenvironment.

on our results, we proposed that intratumoral injection of 
MVA- IL- 12 leads to localized IL- 12 production by infected 
cells and induction of pro- inflammatory cytokines and 
chemokines in the TME (figure 7). This pro- inflammatory 
biased TME, favors polarization of M1 macrophages while 
reducing M2 macrophages, in line with the ability of 
IL- 12 to convert TAM from suppressor macrophages into 
either inflammatory, pro- immunogenic macrophages.46 
M1 macrophages are themselves producers of IL- 12 and 
chemokines such as CXCL9 and CXCL10 attracting 
DC and favoring T- cell priming. We have demonstrated 
herein that intratumoral injection of MVA- mIL- 12 is able 
to induce potent antitumor immunity and worked in 
synergy with immune checkpoint blockade in multiple 
tumor models, including CPI resistant models. Impor-
tantly, MVA- mIL- 12 combined to αPD- 1 also promoted 
regression of untreated lesions in a dual flank MC38 
model although the levels of IL- 12 measured in distant 
tumors were much lower than the ones found in injected 
tumors. This suggests that the abscopal effects are likely 
due to trafficking from injected tumor to the distant one 
of cells of the innate immunity specifically activated in the 
injected tumor by MVA- mIL- 12, in line with the acquisi-
tion of an immune- inflamed phenotype also in distant 
masses. This finally resulted in the expansion of intra-
tumoral TCR clones observed in both treated and distal 
tumors and, more specifically, to the identification of 
shared clonotypes in both tumors. The ‘re- programmed’ 
TME is favorable to immune activation, allowing effec-
tive T cell mediated tumor cell killing, as demonstrated 
by the abolishment of the therapeutic activity after T- cell 
depletion and induction of T- cell memory supported 
by resistance of mice cured by MVA- mIL- 12 to tumor 
re- challenge. Moreover, data in models resistant to αPD- 1 
activity support the hypothesis that MVA- mIL- 12 might 
expand the utility of PD- 1/programmed death- ligand 1 
blockade to some patients resistant to CPI. It would be 

of interest to further investigate the potential for other 
combination immunotherapies to synergize with MVA- 
mIL- 12. One potential limitation for translation to the 
clinic could be the challenges posed by the intratumoral 
delivery. Intratumoral therapies need an accessible lesion 
for administration. However, image- guided technology 
might be used to target deep- seated lesions, and today 
increasing numbers of novel localized immunotherapy 
strategies and agents are currently pursued in clinic.47 
The translation plan and potential clinical applications 
of MVA- IL- 12 are under investigation. The neoadjuvant 
treatment prior to tumor resection could be an ideal 
setting for clinical studies. Another indication of MVA- 
IL- 12 could be the treatment of metastatic solid tumors in 
combinations with αPD- 1 therapy in tumors resistant to 
immunotherapy, given our preclinical findings.

One aspect to be considered for clinical translation is 
the potential impact of anti- vector immunity for those 
subjects vaccinated against smallpox. Several clinical 
trials of recombinant MVA- based vaccines have shown 
that previous vaccination against smallpox had no 
effect on the development of an immune response to 
an MVA- administered antigen,48 49 suggesting that prior 
anti- vector immunity will not impede the effect of MVA- 
IL- 12. Overall, our findings provide a strong rationale for 
exploring this approach in the clinic as a strategy to over-
coming tumor resistance to immunotherapies. 
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