
Original Article
Local administration of IL-12 with an
HC vector results in local and metastatic
tumor control in pediatric osteosarcoma
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Osteosarcoma is the most frequent and aggressive bone tumor
in children and adolescents, with a long-term survival rate of
30%. Interleukin-12 (IL-12) is a potent cytokine that bridges
innate and adaptive immunity, triggers antiangiogenic re-
sponses, and achieves potent antitumor effects. In this work,
we evaluated the antisarcoma effect of a high-capacity adeno-
viral vector encoding mouse IL-12. This vector harbored a
mifepristone-inducible system for controlled expression of
IL-12 (High-Capacity adenoviral vector enconding the EF1a
promoter [HCA-EFZP]-IL-12). We found that local adminis-
tration of the vector resulted in a reduction in the tumor
burden, extended overall survival, and tumor eradication.
Moreover, long-term survivors exhibited immunological mem-
ory when rechallenged with the same tumor cells. Treatment
with HCA-EFZP-IL-12 also resulted in a significant decrease
in lung metastasis. Immunohistochemical analyses showed
profound remodeling of the osteosarcoma microenvironment
with decreases in angiogenesis and macrophage and myeloid
cell numbers. In summary, our data underscore the potential
therapeutic value of IL-12 in the context of a drug-inducible
system that allows controlled expression of this cytokine, which
can trigger a potent antitumor immune response in primary
and metastatic pediatric osteosarcoma.

INTRODUCTION
The American Cancer Society estimates that a total of 11,060 new pe-
diatric cancer cases are diagnosed each year, with 1,190 deaths among
children and adolescents in the United States.1 Bone tumors represent
5% of all pediatric cancer cases, with osteosarcoma being the most
aggressive. Osteosarcoma affects children and teenagers during their
first or second decade of life, is associated with growth spurts, and is
preferentially localized in large bones with high growth potential,
such as the femur or tibia.2 Even with the current multimodal treat-
ment for osteosarcoma, which is based on pre- and postoperative
polychemotherapy and surgery, the overall survival (OS) rate is
approximately 70% and drops to less than 20% for those patients
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who relapse or develop metastatic disease.3,4 This poor survival un-
derscores the urgent need for alternative effective therapeutic ap-
proaches. Interleukin-12 (IL-12) is a powerful cytokine, which due
to its central role in bridging the innate and adaptive arms of immu-
nity, has been extensively used as a therapeutic antitumor agent (re-
viewed in Colombo and Trinchieri5). IL-12 induces the activation of
natural killer (NK) cells and T cells (both CD4+ and CD8+) and in-
hibits angiogenesis.6 However, clinical trials in which IL-12 was
administered systemically or subcutaneously showed severe toxicities,
such as lethal inflammatory syndrome.6–8 Therefore, several strate-
gies, based on the use of a virus as a delivery system to allow local
administration of IL-12, have been used.9 One of these strategies in-
volves the use of high-capacity adenoviral vectors (HC-AdVs), also
known as helper-dependent or “gutless” vectors. These vectors are
devoid of mostly all adenoviral sequences and therefore, harbor a
large transgene coding space.10 Based on this strategy, Wang et al.11

developed an HC-AdV-encoding mouse IL-12 (mIL-12) with a mife-
pristone (Mif; RU)-inducible system for controlled liver-specific
expression of IL-2 (HC-Ad/RUmIL-12). This approach allowed for
high-level, liver-specific, and time-controlled IL-12 expression and
resulted in a reduction in hepatic colon metastasis and an increase
in the survival of these animals. Moreover, the combination of HC-
Ad/RUmIL-12 with oxaliplatin further improved the therapeutic ef-
fect of the vector on hepatic colon cancer metastases.12 The inducible
system was further modified to eliminate all prokaryotic components
and allow activity in all types of tumors, giving rise to the HCA-EFZP-
IL-12 vector.13 Based on these considerations, the focus of the present
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Figure 1. The HCA-EFZP-IL-12 vector as a therapy for osteosarcoma

(A). Schematic illustration showing the backbone of the HC-AdV HCA-EFZP-IL-12. The adenovirus encodes mouse IL-12 (mIL-12) with a mifepristone (RU-486)-inducible

system for controlled expression of IL-12. (B) Scheme of the experimental schedule. K7M2murine osteosarcoma cells (5� 105 per tibia) were injected into the tibial tuberosity

of BALB/c mice (day�10). Animals were treated twice intratumorally with either a saline solution (control group) or 2� 108 IU of HCA-EFZP-IL-12 (days �5 and�7). 3 days

later, both groups were administered mifepristone intraperitoneally for 2 weeks with increasing doses (1 mg/kg on days 0–4, 4 mg/kg on days 7–9, and 8 mg/kg on days 10

and 11). Animals were sacrificed when they presented symptoms of disease, or the tumor volume reached 430mm3. (C) Serum concentrations of IL-12 determined 10 h after

mifepristone induction on the indicated days. (D) Determination of IL-12 specificity expression after mifepristone induction. K7M2 cells were engrafted into the tibial tuberosity

following the same schedule as (B). Animals were randomized to four groups and serum concentration of IL-12 determined 10 h after mifepristone induction on the indicated

days. The groups were as follows: (1) control without mifepristone (PBS�), (2) control plus mifepristone (PBS+), (3) HCA-EFZP-IL-12 without mifepristone (HCA-IL-12�), and

(4) HCA-EFZP-IL-12 plus mifepristone (HCA-IL-12+).
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work was to test the antitumor effect and safety of local administra-
tion of HCA-EFZP-IL-12 in a model of murine pediatric
osteosarcoma.

RESULTS
Antitumor effect of HCA-EFZP-IL-12 on an immunocompetent

osteosarcoma mouse model

The aim of this work was to evaluate whether intratumoral expression
of IL-12 delivered with an HC-AdV and regulated by mifepristone
would result in an antisarcoma effect (schematic representation of
HCA-EFZP-IL-12; Figure 1A). To this end, osteosarcoma K7M2 cells
were injected into the tibial tuberosity of immunocompetent mice,
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followed by two intratibial injections of either PBS (control group)
or HCA-EFZP-IL-12 (2 � 1011 infectious units [IUs]; treatment
group) at 7 days after implantation (Figure 1B). Activation of the
inducible system was carried out by intraperitoneal (i.p.) injection
of mifepristone starting 3 days after the last vector injection. The in-
duction regime consisted of two cycles of 5 consecutive days, as
described in Materials and Methods. Tumor development and mouse
weight were monitored twice per week until the end of the experiment
(Figure 1B). To confirm the expression of IL-12, blood samples were
collected 10 h after the first and sixth mifepristone injections. IL-12
was readily detected after induction cycle 1 and late induction
(24.9 ± 12.2 and 11.63 ± 7.5 ng/mL, respectively; Figure 1C). To



Figure 2. Characterization of the antisarcoma effect of the HCA-EFZP-IL-12 vector

Sarcoma-bearing mice were treated as described in Figure 1 and sacrificed on day 80. (A) Differences in tumor growth shown as percentages in comparison with the control

groups. (B) Analyses of tumor burden development in the saline (control group) and HCA-EFZP-IL-12-treated (HCA-IL-12) groups. Tumor volume in the mouse tibias was

measured on different days until the end of the experiment. (C) Survival curves. Graphs represent the overall survival of mice treated with HCA-EFZP-IL-12 (gray line) or PBS

(black line). (D) Representative macroscopic images and H&E-stained sections of tibias from PBS- or HCA-EFZP-IL-12-treated mice.
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confirm the specificity of the vector, we performed a second experi-
ment that included the following groups: (1) PBS without mifepris-
tone, (2) PBS plus mifepristone, (3) virus without mifepristone, and
(4) virus with mifepristone. Again, blood samples were collected after
the induction cycles. Importantly, we could only detect IL-12 expres-
sion in the group treated with the virus and mifepristone (20.2 ± 16.6
and 4.8 ± 3.3 ng/mL, cycle 1 and 2, respectively; Figure 1D). Tumor
growth (DeltaT median/DeltaC median) was significantly bigger in
the control group than in the HCA-EFZP-IL-12 group (100% ±

44.9% versus 25% ± 37.6%, respectively, p = 0.0002) (Figure 2A).
All control mice developed visible bone tumors faster than the treated
animals, and by day 20, all control mice showed measurable tumors
(Figure 2B). Moreover, only 2 out of 12 tibias in the treated group
developed tumors, which were not visible before day 35. The tumor
diameters of the control mice ranged between 90 and 500 mm3,
whereas in the HCA-EFZP-IL-12-treated group, the only two tumors
that grew presented volumes of 400 mm3 and 288 mm3 (Figure 2B).

Kaplan-Meier survival curves showed that local administration of
HCA-EFZP-IL-12 led to significantly extended OS, with PBS-treated
mice showing a median survival time of 31 days, whereas HCA-
EFZP-IL-12-treated mice had a median survival time of 47 days
(p < 0.0001; Figure 2C). Moreover, HCA-EFZP-IL-12 treatment of
K7M2 cell-injected mice led to three long-term survivors (more
than 80 days) (Figure 2C).
Macroscopically and pathologically, tumors had the characteristic
morphology of osteosarcoma with notable production of malignant
osteoid or immature bone (Figure 2D). In some control mice, the tu-
mors had grown such that they crossed the epiphysis of the tibiae,
penetrated the cortex of the bone, and destroyed it, resulting in trans-
articular tumors with some necrotic areas. In contrast, tibias from the
treated mice looked normal macroscopically, and pathological ana-
lyses showed bones free of disease (Figure 2D). Finally, we assessed
the expression of proliferation marker Ki67 and apoptosis marker
caspase-3 by immunohistochemistry in tibias and lungs of both
groups. We could not detect significant differences in either of these
markers at the time point evaluated (sacrifice time; Figures S1A and
S1B).

HCA-EFPZ-IL-12 vector treatment hinders the development of

metastasis

To assess disease progression, we collected the lungs from the animals
employed in the above experiment to quantify the extent of metas-
tasis, a characteristic of osteosarcoma. In this experiment, 83.3% of
the control mice showed metastasis (10/12), whereas only 58.3% (7/
12) of HCA-EFZP-IL-12-treated mice showed tumors in the lungs
(Figure 3A). Importantly, 2 out of the 7 mice that presented metas-
tasis also presented a local tumor, as indicated above (Figure 2B);
therefore, 42% of the mice were free of lung metastases. These data
suggest that treatment with HCA-EFZP-IL-12 is able to control local
Molecular Therapy: Oncolytics Vol. 20 March 2021 25
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Figure 3. Administration of HCA-EFZP-IL-12 results in a significant decrease in the percentage of spontaneous lung metastasis

Sarcoma-bearingmice were treated as described in Figure 1 and sacrificed on day 80. (A) Table summarizing the percentages and raw numbers of primary tumor in the bone

and spontaneous metastasis found in each group (PBS and HCA-EFZP-IL-12). (B and C) Evaluation of lung metastasis using micro-CT. Quantification of the normal lung

parenchyma using micro-CT (B). Representative 3D image reconstruction of the normal lung parenchyma and corresponding histological macroscopic images of tumors in

PBS- and HCA-EFZP-IL-12-treated animals (C).
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disease; however, it is not so efficient at controlling the dissemination
of lung metastases. In addition, we used micro-computed tomogra-
phy (micro-CT) to detect lungmetastases in vivowith high sensitivity.
Micro-CT analysis showed that the integrity of the normal lung pa-
renchyma was significantly preserved in mice treated with HCA-
EFZP-IL-12 compared with control mice (p = 0.039; Figure 3B).
Additionally, micro-CT imaging showed that treated mice harbored
fewer tumor nodules than control mice (Figure 3C).

HCA-EFPZ-IL-12 vector treatment results in the development of

partial immunological memory

To evaluate the generation of immunological memory, we reinjected
K7M2 cells orthotopically in the three long-term survivors in the
HCA-EFZP-IL-12-treated group. All of the control mice died within
25 days, with a median survival time of 23 days. In comparison, the
HCA-EFZP-IL-12-treated mice had a median survival time of
63 days (p = 0.01; Figure 4A). Two out of the three treated (67%)
mice showed protection against the rechallenge, indicating the devel-
opment of immunological memory. Again, all of the control animals
developed tumors earlier, with a median volume of 328.4 ±

136.8 mm3 (Figure 4B). Pathological analyses of the rechallenged
HCA-EFZP-IL-12-treated mice showed that one mouse was free of
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disease (both in the bone and lungs) (Figure 4C). One of the other
long-term survivors did not develop a primary bone tumor, but we
found a lung metastasis. The third long-term survivor was sacrificed
because of its tumor burden in the leg. These data suggest that treat-
ment with HCA-EZP-IL-12 provides only partial protection against
recurrent tumors.

Intratumoral injection of HCA-EFZP-IL-12 results in mild toxicity

in a subset of mice

To assess the toxicity associated with the use of this powerful cyto-
kine, we measured the body weight of mice, since body weight
changes are one of the early indicators of toxicity. Our data showed
a significant decrease in weight within the control group versus the
HCA-EFZP-IL-12-treated group (19.4 gr versus 20.6 gr; p < 0.0001)
(Figure S2A). In the virus-treated group, even though there was a
slight reduction in body weight at the beginning of the experiment,
most of the mice regained that weight by day 20. Additionally, we
examined the liver of these mice, since IL-12 is known to induce hep-
atotoxicity.14 We observed hepatic damage in 25% of the mice (3/12).
Macroscopically, the affected livers presented a lighter appearance
(Figure S2B). Nevertheless, none of the mice died from the hepatic al-
terations. Altogether, these data suggest that localized administration



Figure 4. Treatment with the HCA-EFZP-IL-12 vector results in immunological memory in treated animals

(A) Rechallenge experiment performed with the long-term survivors identified in Figure 1D. The long-term survivors in the HCA-EFZP-IL-12-treated group (N = 3) were

subjected to rechallenge with K7M2 cells and compared with PBS-treated control mice (N = 5). Kaplan-Meier survival curves were constructed, and the p value was

calculated with the log-rank test (p = 0.0123). (B) Analyses of tumor burden development in the PBS group (control group) and HCA-EFZP-IL-12-treated group. Tumor

volume in mouse tibias was measured on different days until the end of the experiment. (C) Representative macroscopic H&E images of the tibias and lungs from a long-term

survivor. Note that the tissues are completely normal.
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of IL-12 buffers the secondary side effects of IL-12 and that the dis-
played side effects were well tolerated.
HCA-EFZP-IL-12 treatment results in long-term remodeling of

the local tumor and lung metastasis stroma

Since IL-12 is a very pleiotropic cytokine, we assessed its long-term
effects on different cellular and stromal components. First, we
analyzed T cell infiltration. Administration of HCA-EFZP-IL-12
increased CD3+ cell infiltration compared to control treatment. How-
ever, the difference was not statistically significant (p = 0.21). Simi-
larly, we observed an increase in CD8+ cell infiltration (p = 0.07).
We did not find any difference in FOXP3+ cell infiltration between
the groups (p = 0.63) (Figure S3A). We obtained similar results for
lung metastasis (Figure S4A).

Since IL-12 is known to impair tumor angiogenesis, we next assessed
the effect of local expression of this cytokine on this process. Interest-
ingly, we observed a profound decrease in the expression of CD31 in
the local tumor environment (p = 0.006) and spontaneous lung me-
tastases (p < 0.0001) when we compared tumor tissue versus control
tissue (Figure 5A). These data suggest that angiogenesis was disrup-
ted, and this effect was maintained over time. We also observed
that intratumoral delivery of IL-12 had a striking effect on the mac-
rophages, with these populations nearly disappearing from the pri-
mary tumor (p = 0.0047) and lungmetastases (p < 0.0001) (Figure 5B).
We obtained similar results when we assessed the myeloid (GR1+)
population. Although this cell population is much less abundant
than the macrophage population in the osteosarcoma stroma, we
observed a significant decrease in the population in the local tumor
site in treated animals compared with PBS-treated animals (p <
0.0003; Figure 5C). We did not observe differences in this population
in lung metastases (Figure 5C).

Altogether, these data suggest that IL-12 works at many levels,
inducing remodeling of the tumor stroma that persists over time.
HCA-EFZP-IL-12 treatment results in T cell infiltration

To understand better the immune mechanism underlying the thera-
peutic effect of the HCA-EFZP-IL-12, we performed an additional
in vivo study. This time mice were sacrificed 25 days after the induc-
tion of IL-12 with mifepristone, and the tumor-infiltrating lympho-
cytes (TILs) in bone and lung were characterized by flow cytometry
(Figure 6A). We observed a significant increase in the CD4+ and
CD8+ obtained from the tibias of the treated animals (Figure 6B).
Molecular Therapy: Oncolytics Vol. 20 March 2021 27
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Figure 5. Local HCA-EFZP-IL-12 administration induces changes in the osteosarcoma microenvironment in the long term

(A�C) Sarcoma-bearing mice were treated as described in Figure 1 and sacrificed on day 80. Tumor samples were collected for analysis of CD31 (A), F4/80 (B), and GR1 (C).

Upper panel: representative images (scale bar, 200 mm). Lower panels: quantification of the stained area as a percentage of the total area in bones and lungs (CD31, p = 0.01

and 0.02, respectively; F4/80, p = 0.001 and 0.05, respectively; and GR1, p = 0.001 and 0.2, respectively). Mann-Whitney test.
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Similar results were obtained in the lungs of treated animals, where we
observe an increase in NK cells and CD4+ and CD8+ cells (Figure 5C).
We did not observe differences in either bone or lung inmacrophages,
dendritic cells, and regulatory T cells (Tregs; Figures 6B and 6C).
These data suggest the triggering of an immune response following
the induction of IL-12.

DISCUSSION
In this study, we demonstrated that HCA-EFZP-IL-12 administration
caused a potent antitumoral effect on a murine model of pediatric os-
teosarcoma with spontaneous lung metastasis. We demonstrated that
local administration of IL-12, using an HC-AdV, was able to control
not only the local tumor but also lung metastasis development while
maintaining a safe profile.
28 Molecular Therapy: Oncolytics Vol. 20 March 2021
Although the antitumor effect of IL-12 has been extensively studied in
numerous preclinical and clinical approaches (reviewed in Colombo
and Trinchieri5 and Del Vecchio et al.6), its therapeutic effect on os-
teosarcoma is not fully understood. Treatment with IL-12 upregu-
lated Fas ligand expression in human osteosarcoma cells, and this
mechanism is involved in the sensitivity of osteosarcoma cells to 4-
hydroperoxycyclophosphamide.15,16 In this line of thinking, intra-
nasal delivery of IL-12 as an aerosol or with the aid of gene therapy
improves the antisarcoma effect of ifosfamide in osteosarcoma lung
metastasis.17,18

One of the caveats of IL-12 is that despite its potent antitumor effect,
its clinical implementation has been hampered by its toxicity.7,8,19 To
overcome this hurdle, oncolytic viruses have been extensively utilized



Figure 6. Local HCA-EFZP-IL-12 administration results in T cell infiltration in the osteosarcoma microenvironment

(A) Scheme of the experimental schedule. K7M2murine osteosarcoma cells (5� 105 per tibia) were injected into the tibial tuberosity of BALB/c mice (day�10). Animals were

treated twice intratumorally with either a saline solution (control group) or 2 � 108 IU of HCA-EFZP-IL-12 (days �5 and �7). 3 days later, both groups were administered

mifepristone intraperitoneally for 2 weeks with increasing doses (1 mg/kg on days 0–4, 4mg/kg on days 7–9, and 8mg/kg on days 10 and 11). Animals were sacrificed at day

25 after first mifepristone induction. (B and C) Flow cytometry of T cell populations in tumor-infiltrating lymphocytes (TILs) in tibia (B) or lung (C) of mice bearing K7M2 intratibial

tumors at 25 days after IL-12 induction. Bars indicate mean ± SD (N = 4–5). Mann-Whitney test.
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to deliver IL-2 intratumorally. For example, the herpes virus
G47Delta-mIL-12 produced responses in glioblastoma models,20,21

as have other viruses, such as adenovirus, Semliki Forest virus, and
Newcastle disease virus (for a review, see Nguyen et al.9). One inter-
esting strategy implemented to avoid systemic exposure to the cyto-
kine consists of including IL-12 in the backbone of an adenovirus
but deleting the N-terminal signal peptide to prevent IL-12 secretion.
Delivered i.p., such an adenovirus was shown to produce a significant
antitumor effect, which was reflected by enhanced survival and elim-
ination of disseminated tumors on a pancreatic cancer model.22 More
importantly, treatment with this adenovirus showed no toxic effect
when compared to treatment with an adenovirus carrying unmodi-
fied IL-12.

Other gene-therapy approaches have been used to deliver IL-12.23 In
this work, we used an HC-AdV to deliver the cytokine to tumors. Pre-
viously, a similar vector was very successful when used in
combination with oxaliplatin to ameliorate the immunosuppressive
microenvironment and eliminate metastases in a colorectal cancer
model.12 A replication-deficient (E1/E3-deleted) AdV carrying the
IL-12 gene transcriptionally regulated by veledimex (an oral acti-
vator) has been assessed in a phase I clinical trial for recurrent
high-grade gliomas (ClinicalTrials.gov: NCT02026271). In this trial,
31 patients were enrolled, and the data showed acceptable tolerability
and evidence of an antitumor immune response.24 Altogether, these
works reflect the potential of delivering IL-12 to the tumor to limit
the toxic effects of IL-12.

Currently, other systems utilizing adoptive cell therapy are being
investigated. In this line of thinking, Etxeberria et al.,25 using a very
elegant approach, demonstrated that intratumoral delivery of IL-12
mRNA by transiently engineered antitumor CD8+ T cells resulted
in a safe and effective immune response, epitope spreading, and con-
trol of distant metastasis. Again, this information indicates that there
is a need to find strategies that circumvent the toxicity of this cytokine
while taking full advantage of its therapeutic potential.
Molecular Therapy: Oncolytics Vol. 20 March 2021 29
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In this work, we employed an HC-AdV to deliver the cytokine to the
tumor site in a controlled fashion. Compared with previous ver-
sions,12 HCA-EFZP-IL-12 allows intratumoral administration and
reduced leakage of transgene expression, increasing the safety of
this approach.13

One of the attractive aspects of using IL-12 in this model was the pro-
found effect of IL-12 on the tumor microenvironment. It is well
known that the microenvironment determines tumor progression
and metastasis. The presence and density of tumor-associated macro-
phages correlate with tumor cell proliferation, invasion, metastasis,
and a poor prognosis.26 We observed that macrophage numbers
were greatly reduced after IL-12 treatment. M2 tumor-associated
macrophages have been correlated with exhausted T lymphocytes
in osteosarcoma and increased proinflammatory cytokine levels.27

Moreover, these types of cells have also been described to be involved
in tumor growth and vascularization.28 Nevertheless, a limitation of
our study was that although we did observe a decrease in macrophage
numbers, we did not assess the functional status of this population. It
would be interesting to elucidate whether in addition to the decrease,
there is also a change in the functional status of the macrophages. We
also observed that IL-12 treatment resulted in a significant decrease in
the population of myeloid suppressor cells (GR1+); the accumulation
of this cell population in the osteosarcoma microenvironment is
known to hamper the response to anti-PD-1) therapy.29 Therefore,
the combination of this vector with anti-PD-1 therapy could prove
beneficial in osteosarcoma models.

We observed a striking effect of IL-12 treatment on the number of
blood vessels (CD31). Whether this change was a direct effect of
this cytokine on angiogenesis, a secondary effect due to the decrease
in tumor-associated macrophage numbers, or both factors needs
further elucidation. Of clinical significance, low vascular density in
the tumor mass has been associated with a relatively good response
to chemotherapy in a cohort of 131 osteosarcoma patients.30 Based
on this fact, onemight speculate that IL-12 treatment could also sensi-
tize patients to further chemotherapy treatment.

In summary, our results constitute proof-of-concept evidence for the
potential of IL-12 as a therapeutic option for osteosarcoma. The un-
derstanding of the effect of this powerful cytokine can help us design
more rational treatments for these rare tumors, which could be used
in combination with immune checkpoint blockade agents to improve
the survival and quality of life of all osteosarcoma patients.

MATERIALS AND METHODS
Cell line and culture conditions

The osteosarcoma cell line K7M2 (ATCC CRL-836) was purchased
from the American Type Culture Collection (Sigma-Aldrich). The
K7M2 cell line was derived by harvesting pulmonary metastases
generated with the K7 murine osteosarcoma cell line, reimplanting
the metastatic cells orthotopically, and repeating the harvest of a pul-
monary metastatic lesion.31 The cell line is considered highly aggres-
sive with a reported pulmonary metastasis rate of over 90% in mice.
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K7M2 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% heat-inactivated fetal calf serum
and 1% penicillin/streptomycin in an incubator at 37�C and 5% car-
bon dioxide. Cells were split when they reached approximately 70% to
80% confluence.

Viral vector

The HCA-EFZP-IL-12 vector has been previously described.13 In this
vector, all viral genes have been deleted and substituted with human
noncoding DNA (“stuffer”), plus an expression cassette containing a
ubiquitous mifepristone-inducible system for the expression of a sin-
gle-chain version of mIL-12. The fully humanized ZP65 transactiva-
tor is controlled by the elongation factor 1a (EF1a) promoter. The
vector was produced as previously described.32 Purification was per-
formed by double CsCl density gradient ultracentrifugation and de-
salting using Sephadex columns. Quantification of IU was performed
by qPCR detection of vector genomes after a short infection of
HEK293 cells, as described previously.33 The titer was 1.77 � 1010

IU/mL with a total to infective particle ratio of 78.

Orthotopic intratibial murine model and treatment procedures

6- to 8-week-old female BALB/c mice were purchased from Charles
River Laboratories (Wilmington, MA, USA). Animals were main-
tained under standard conditions, and all procedures were approved
by the Institutional Ethical Committee (CEEA), in accordance with
the guidelines of the University of Navarra. For orthotopic intratibial
injection, the cortex of the tibial crest was penetrated using a 25-gauge
needle. Cells were then injected with a second needle with a Hamilton
syringe (500,000 cells/10 mL). 5 days after injection, the animals were
randomized to receive either a saline solution (control) or 2� 108 IU
HCA-EZP-IL-12 (N = 12 per group). Treatment was administered by
intratibial injection, and the vector was diluted in 10 mL of saline so-
lution on days 5 and 7 after cell implantation.

Mifepristone (RU-486; Sigma, St. Louis, MO, USA) was dissolved in
100 mL of sesame oil and administered by i.p. injection, starting
10 days after cell implantation, which was defined as day 0 of treat-
ment (Figure 1B). The induction regimen was designed to maintain
IL-12 expression12 and consisted of 2 cycles of 5 consecutive days.
The doses were 1 mg/kg on days 0 to 4, 4 mg/kg on days 7–9, and
8 mg/kg on days 10 and 11. Both groups received mifepristone.

For the rechallenge experiment performed with the surviving mice,
K7M2 (5 � 105 cells/mouse) cells were implanted in the previously
implanted tibia and monitored until the end of the experiment.

Quantification of IL-12 levels

Blood samples were obtained by retro-orbital bleeding under inhaled
anesthesia (isoflurane, Forane; Abbott Laboratories, Madrid, Spain),
10 h after mifepristone induction, and were collected the first day
of each induction cycle. Serum was recovered by double centrifuga-
tion at 10,000 rpm for 5 min and stored at �20�C until use. The
serum concentrations of mIL-12 (70 kDa) were determined with
Opt E1A mIL-12 (p70) (BD Biosciences) enzyme-linked
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immunosorbent assays. The quantification ranges for the IL-12 assay
were 62.5–2,000 and 20–4,000 pg/mL, respectively. Dilutions ranging
from 1:5 to 1:1,000 were used.

Primary bone tumor growth

Tumor sizes were determined by measuring 2 perpendicular diame-
ters by using a caliper, and tumor volume was calculated by using
the formula: volume = D� (d)2� 0.5, where D represents the largest
diameter, and d represents the smaller diameter. Tumor volume was
monitored serially using a digital caliper. Animals were sacrificed
when the tumor volume of the tibia reached 430 mm3 or when the
corporal mass loss was more than 20%. The tibias, lungs, and liver
were collected to perform different studies.

Immunohistochemical analysis

Organs were fixed for 24 h in 3.7%–4% w/v formaldehyde buffered to
pH 7 and shaken at room temperature, followed by incubation for
another 48 h in 70% ethanol. Tibias were decalcified in 4% ethylene-
diaminetetraacetic acid (EDTA) before embedding in paraffin.

Paraffin-embedded sections of mouse tibias and lungs were immuno-
stained with antibodies specific to Ki67 (1:500; Cell Signaling Tech-
nology; 12202S), caspase-3 (1:500; Cell Signaling Technology;
9662), CD3 (1:150; Abcam; ab16669), CD8 (1:500; Cell Signaling
Technology; 98941), Foxp3 (1:100; Cell Signaling Technology;
12653), CD31 (1:100; Cell Signaling Technology; 77699), GR1
(1:3,000; BioLegend; 108402), and F4/80 (1:200; Cell Signaling Tech-
nology; 70076), following conventional procedures and according to
the manufacturers’ instructions. Immunodetection was performed
using biotinylated secondary antibodies and streptavidin horseradish
peroxidase (HRP) complex (EnVision complex; Dako), and immune
complexes were visualized with 3,30-diaminobenzidine (DAB) sub-
strate-chromogen (Dako, Glostrup, Denmark), followed by counter-
staining with hematoxylin. Slides were scanned at 20� using Aperio
CS2 (Leica Biosystem, Barcelona, Spain), regions of the samples were
extracted using Aperio ImageScope version (v.)12.3.2.8013, and
quantification was performed using Fiji/ImageJ platform 18.

In vivo pulmonary metastasis animal study

Thorax tomography scans were performed on mice anesthetized with
an i.p. injection of ketamine and xylazine. Afterward, the mice were
intratracheally cannulated and connected to a flexiVent rodent venti-
lator (Scireq, Montreal, QC, Canada) set at a rate of 200 breaths/min
and a tidal volume of 10 mL/kg. Animals were kept breathing 2% iso-
flurane until completely relaxed.

Tomographic 3D images of the lungs were acquired using X-ray mi-
cro-CT (Quantum-GX; Perkin Elmer, Waltham, MA, USA) with the
following parameters: 90 kVp X-ray source voltage, 88 mA current,
and the high-speed scan protocol for a total acquisition time of
14 min and a gantry rotation of 360 degrees. Breathing-derived arti-
facts were de-noised using respiratory gating in each acquisition.
Tomographic 3D images containing a whole lung had a total of 512
slices with an isotropic 72-mm voxel size and a resolution of 512 �
512 pixels per slice. The analysis of lung volume in each sample
was carried out using Fiji/ImageJ, an open-source Java-based im-
age-processing software. Briefly, lung images were segmented by
applying a fixed threshold, and total lung volume was measured
over the obtained mask (cubic millimeters). Quantifications were
normalized to the results for normal, healthy lung parenchyma.
Immune cell phenotyping

TILs were obtained from osteosarcoma and lung tumor samples and
incubated for 15 min while rotating in 2 mL of DMEM plus 5 mg/mL
collagenase (17-018-029; Roche) at 37�C. Next, DNase I (11-284-932-
001; Roche) was added at final concentration of 10 mg/mL, and sam-
ples were mechanically excised and incubated for an additional
10min at 37�C. Then, samples weremechanically disaggregated again
and incubated for 10 min longer at 37�C. After the incubation, sam-
ples were filtered through a 40-mm cell strainer, and 10 mL of Hank’s
balanced salt solution (HBSS; 14175-053; Gibco) was added for
centrifugation at 450 � g (5 min at 4�C). The pellet was resuspended
in 12 mL of HBSS containing 30% Percoll (17-0891-02; GE Health-
care) and 10% fetal bovine serum (FBS) and was centrifuged for
15 min at 800 � g (4�C). Samples were rinsed with 10 mL of HBSS
and centrifuged for 5 min at 450 � g (4�C). Pellets were resuspended
in 3 mL ammonium-chloride-potassium (ACK) buffer to remove
erythrocytes. Finally, samples were centrifuged and resuspended in
fluorescence-activated cell sorting (FACS) buffer for staining.

To identify the immune populations, immune infiltrates were surface
stained with the following antibody panel: CD11c-PECy7 (Bio-
Legend, San Diego, CA, USA), IA/IE-BV650 (BioLegend, San Diego,
CA, USA), F4/80-allophycocyanin (APC; BioLegend, San Diego, CA,
USA), NK1.1-BV605 (BioLegend, San Diego, CA, USA), CD11b-
BUV395 (BioLegend, San Diego, CA, USA), and CD4-BUV496 (Bio-
Legend, San Diego, CA, USA). Intracellular staining of Foxp3 using
the mouse/human (mo/hu)Foxp3-PEeFluor610 antibody (eBio-
science) was performed with the Foxp3/Transcription Factor Staining
Buffer Set (eBioscience), according to the manufacturer’s instruc-
tions. PromoFluor 840 maleimide (PromoKine) was used as a
viability marker. Samples were acquired with the CytoFlex flow cy-
tometer (Beckman Coulter), and data analyses were performed using
FlowJo v.10 (FlowJo).
Statistical analysis

Data are expressed as the mean ± SD, and comparisons were per-
formed using Mann-Whitney’s t test. Statistical significance was
defined as *p < 0.05, **p < 0.01, and ***p < 0.001. The survival of
different treatment groups was compared using the log-rank test.
The program GraphPad Prism 8 (Statistical Software for Sciences)
was used for the statistical analyses.
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