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Targeted inducible delivery of immunoactivating 
cytokines reprograms glioblastoma microenvironment 
and inhibits growth in mouse models
Filippo Birocchi1,2, Melania Cusimano1†, Federico Rossari1,2†, Stefano Beretta1,2†,  
Paola M. V. Rancoita3, Anna Ranghetti1, Stefano Colombo1, Barbara Costa4,  
Peter Angel4, Francesca Sanvito5, Marcella Callea5, Rossana Norata6, Linda Chaabane7, 
Tamara Canu7, Antonello Spinelli7, Marco Genua1, Renato Ostuni1,2, Ivan Merelli1,8, 
Nadia Coltella1*†, Luigi Naldini1,2*†

Glioblastoma multiforme (GBM) is the most common and lethal brain tumor characterized by a strongly immuno-
suppressive tumor microenvironment (TME) that represents a barrier also for the development of effective immuno-
therapies. The possibility to revert this hostile TME by immunoactivating cytokines is hampered by the severe 
toxicity associated with their systemic administration. Here, we exploited a lentiviral vector–based platform 
to engineer hematopoietic stem cells ex vivo with the aim of releasing, via their tumor-infiltrating monocyte/
macrophage progeny, interferon- (IFN-) or interleukin-12 (IL-12) at the tumor site with spatial and temporal 
selectivity. Taking advantage of a syngeneic GBM mouse model, we showed that inducible release of IFN- within 
the TME achieved robust tumor inhibition up to eradication and outperformed systemic treatment with the 
recombinant protein in terms of efficacy, tolerability, and specificity. Single-cell RNA sequencing of the tumor 
immune infiltrate revealed reprogramming of the immune microenvironment toward a proinflammatory and antitu-
moral state associated with loss of a macrophage subpopulation shown to be associated with poor prognosis in 
human GBM. The spatial and temporal control of IL-12 release was critical to overcome an otherwise lethal hemato-
poietic toxicity while allowing to fully exploit its antitumor activity. Overall, our findings demonstrate a potential 
therapeutic approach for GBM and set the bases for a recently launched first-in-human clinical trial in patients with GBM.

INTRODUCTION
Tumors coevolve with their microenvironment (TME), shaping it 
toward an immunosuppressive state, favoring immune escape (1). 
A paradigmatic example of immunosuppressive tumor is glioblastoma 
multiforme (GBM), the most aggressive brain tumor. To date, GBM 
remains a fatal disease with limited benefit of standard therapies, 
namely, surgical resection, radio- and chemo-therapy with temo-
zolomide (2, 3), and innovative immunotherapies (4–6). The failure 
of immunotherapies in GBM has been ascribed to the immune distinct 
site in which these tumors grow, the limited biodistribution of thera-
peutics from the systemic circulation, and a strongly immuno-
suppressive TME (7, 8). Targeted delivery of immunoactivating 
cytokines may surmount these hurdles; however, their controlled 
expression and tight regulation remain challenging. Gene- and cell-
based delivery of cytokines may overcome severe adverse events 
linked to their systemic administration and enhance safety and efficacy 
of the treatment (9). Rather than relying on systemic biodistribution, 

this strategy aims to spare off-target tissues and reach effective and 
stable expression only at the disease site without undergoing large 
fluctuations, thus limiting the risk of adverse events, off-target 
effects, and desensitization from exposure to excessive dosing. 
Potential candidates are interferon- (IFN-) and interleukin-12 
(IL-12), whose therapeutic benefits depend on pleiotropic activities 
on tumoral, stromal, and immune components of the TME but are 
undermined by concomitant systemic toxicity (9–12).

To deliver IFN- at the tumor site, we took advantage of a popu-
lation of tumor-associated TIE2-expressing monocytes/macrophages 
(TEMs) and naturally infiltrating the TME. Hematopoietic stem 
cells (HSCs) were transduced with a lentiviral vector (LV) express-
ing the cytokine under positive regulation of the Tie2 enhancer/
promoter and negative regulation of HSC-specific microRNAs 
(miRNAs) recognizing complementary target sequences in the vec-
tor (mirT) (13, 14). Transplantation of these engineered HSCs in-
duced TEM-specific release of IFN- in the TME, favoring immune 
activation and therapeutic responses in different experimental 
tumor models (14–17). However, whether this strategy might be 
effective also in a stringent immunocompetent model of a tumor 
poorly responsive to immunotherapies such as GBM is unknown. 
The possibility to tightly control cytokine secretion in a temporal 
manner and switch it ON and OFF according to disease progression 
and response remains unavailable.

Exogenously operated transcriptional switches, such as tetracycline-
based ones, require distinct transcriptional components under 
the control of orthogonal promoters, calling for challenging simul-
taneous delivery of multiple actionable elements (18). Recently, 
single-component switches, based on the fusion of drug-responsive 
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destabilizing domains (DDs) to the protein of interest, have been 
described to control gene expression at the post-translational level 
(19–21). Whereas the fusion protein is recognized as incorrectly 
folded and sent to proteasome degradation, it acquires a stable con-
formation in the presence of a small drug binding the DD.

Here, we assessed the efficacy of DD-fused IFN- and IL-12 by 
intratumoral TEM-mediated gene delivery and showed therapeutic 
effects in a relevant mouse model of GBM (22). Inducible release of 
IFN- effectively reprogrammed the GBM TME toward immune 
activation, sparing peripheral organs. These effects were accompanied 
by loss of a protumoral gene expression program in tumor-associated 
macrophages (TAMs) correlating with a worse prognosis in the hu-
man disease.

RESULTS
TEM-based IFN- delivery inhibits tumor growth 
and prolongs survival in a relevant GBM mouse model
To apply our LV-based IFN- delivery platform, we took advantage 
of a syngeneic model of mouse glioma (mGB2) that recapitulates 
most features of the human tumor (22). Green fluorescent protein 
(GFP)–marked GBM cells injected in the striatum of mice showed 
infiltration in surrounding parenchymal regions (fig. S1A). Immu-
nofluorescence staining showed abundant F4/80-IBA1 (ionized calcium-
binding adapter molecule 1)  double-positive microglia/macrophages 
within the tumor with ameboid morphology (fig. S1B). A small 
fraction of the hematopoietic infiltrate was composed of TEMs, as 
defined by coimmunostaining for TIE2 and CD45, which were present 
selectively within the tumor mass and not in the unaffected brain 
(fig. S1, C and D). Consistent with TIE2 tissue expression, not all TIE2+ 
cells were TEMs, but some of them stained positive for the endothelial 
marker CD31 and morphologically appeared as endothelial cells (fig. S1E). 
As expected, the TME was largely composed of myeloid cells and, to 
a lower extent, lymphoid CD3+ cells (fig. S1F). Infiltration of hu-
man glioma by TEMs was previously reported (23).

We transplanted lethally irradiated C57Bl/6 mice with HSCs 
transduced either with Tie2-Ifna1-mirT LV (hereafter referred to 
as “IFN-” mice) or with an empty LV [control (“CTRL”) mice] 
(Fig. 1A). Hematopoietic reconstitution with transplanted cells 
had a median of about 82% and a vector copy number (VCN) of 
about 0.6 in the blood cells of IFN- mice, whereas it was higher 
in the CTRL (Fig. 1B and fig. S2A). White blood cell (WBC) counts 
remained significantly lower in IFN- mice compared to CTRL 
(P < 0.0001) (Fig. 1C), mostly due to lower numbers of lympho-
cytes (fig. S2, B to D). IFN- was measurable in the plasma of IFN- 
mice (median, 47 pg/ml), whereas it was at or below the detection 
amount in CTRL mice (Fig. 1C).

To evaluate the antitumor activity of engineered hematopoiesis, 
we injected 5 × 105 mGB2 cells in the striatum of IFN-– or 
CTRL-transplanted mice. Tumor growth was significantly inhibited 
in IFN- mice compared to CTRL, as shown by magnetic resonance 
imaging (MRI) and gross tumor burden measurement (P = 0.007) 
(Fig. 1, D and E). IFN- concentrations in the plasma of tumor-bearing 
IFN- mice at the end of the experiment were comparable to those 
measured in tumor-free IFN- mice, indicating that the basal sys-
temic transgene output was independent of the tumor growing 
in the central nervous system (CNS) (Fig. 1, C and F). We then per-
formed another set of experiments to evaluate survival to tumor 
challenge while monitoring tumor growth by MRI. Mice belonging to 

the IFN- group survived significantly longer than CTRL (P = 0.0085), 
and a fraction of them cleared the tumor and survived long term 
(Fig. 1, G and H).

To better assess the role of TEM-mediated IFN- release within 
the TME in mediating antitumor response, we tested our gene ther-
apy strategy in another GBM mouse model (GL261) (6), which is 
not infiltrated by TEMs (fig. S2E). Although transduction efficiency 
and IFN- concentration in peripheral blood (PB) were similar or 
even higher than in the GBM model tested previously, we did not 
detect any prolonged survival in IFN- mice compared to CTRL 
(fig. S2, F to L). Overall, these findings indicate that TEM-based 
IFN- gene delivery can effectively delay or even suppress GBM 
growth, whereas the sole presence of low circulating amounts of 
IFN- is not sufficient to elicit antitumor responses.

IFN-–DHFR shows inducible secretion and is 
functional in vitro
To overcome any potential systemic effect due to basal IFN- ex-
pression, we designed a switchable version of the LV delivery plat-
form. We built an inducible form of IFN- by fusing the transgene to 
a mutant DD from Escherichia coli dihydrofolate reductase (DHFR), 
whose stabilizing ligand, trimethoprim (TMP), is a clinically approved 
drug that crosses the blood-brain barrier (20, 24). We cloned DHFR 
either at the N or C terminus of mouse Ifna1 complementary DNA 
and compared the expression and activity of the fusion proteins with 
wild-type (wt) IFN- by LV transduction of TIE2-expressing brain 
endothelial cells (bEnd.3) (fig. S3, A to C). Fusion of DHFR to the N 
terminus of IFN- (DHFR–IFN-) abolished cytokine secretion in 
all conditions. On the contrary, fusion to the C terminus (IFN-–
DHFR) resulted in low basal expression at steady state but robust 
(~12-fold) induction upon TMP administration, although the output 
was lower than that of wt IFN- per LV copy (fig. S3D). As DHFR 
fusion can interfere with binding to the IFN- receptor, we measured 
the induction of two IFN-stimulated genes (ISGs; Irf7 and Oas1a) 
in response to increasing concentrations of wt and IFN-–DHFR 
molecules (fig. S3, E and F). Both molecules showed a dose-dependent 
increase in activity, with IFN-–DHFR reaching a lower plateau at 
a higher dose than wt IFN-, suggesting that the presence of the 
DHFR moiety may limit binding rate and affinity for the receptor. 
Because the lower specific activity of IFN-–DHFR may help sup-
press basal expression in the OFF state and limit the spreading of 
the response from a local source in the ON state, we further investi-
gated its application to GBM gene therapy.

IFN-–DHFR gene therapy inhibits GBM growth in a 
switch-dependent manner
The TMP-inducible strategy adds an additional level of control to 
the TEM-cytokine delivery system as it allows to timely regulate the 
secretion of the cytokine through an ON/OFF switch. Moreover, it 
allows testing its efficacy in vivo after tumor onset, thus better mod-
eling a therapeutic intervention. To examine the efficacy of induc-
ible IFN- gene delivery in vivo, we injected mGB2 cells and started 
TMP treatment of both CTRL and IFN-–DHFR mice 2 weeks after 
tumor challenge, when tumor lesions were already detectable by MRI 
(Fig. 2, A and D). In the OFF state, IFN- was under the lower limit 
of quantification (LLOQ) in the plasma of IFN-–DHFR mice, and 
WBC counts were comparable in CTRL and IFN-–DHFR (Fig. 2B). 
After repeated TMP administrations, IFN- crossed the LLOQ in 
the plasma of some mice, and WBC counts were slightly lower in 
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IFN-–DHFR compared to CTRL 
mice (Fig. 2C). Sequential MRIs 
showed significant inhibition of 
tumor growth in the IFN-–DHFR 
group as confirmed by tumor 
burden evaluation at 25 days (P = 
0.0102) and 40 days (P = 0.0002) 
(Fig. 2, D and E). IFN-–DHFR 
mice survived longer than CTRL 
(P = 0.0014), with one mouse clearing the tumor and remaining 
tumor-free even upon TMP withdrawal, when IFN- in the plasma 
returned under the LLOQ (Fig. 2, F to I).

We then compared the survival of IFN-–DHFR mice treated or 
not with TMP with CTRL (fig. S4A). Whereas IFN-–DHFR mice 
treated with TMP displayed prolonged survival (P = 0.0009), un-
treated IFN-–DHFR mice were undistinguishable from CTRL, 

confirming tight control of the switch in the OFF state (fig. S4B). 
One mouse belonging to the ON group survived long term, cleared 
the tumor, and overcame tumor rechallenge in the contralateral 
brain hemisphere even in the absence of TMP, suggesting induction 
of protective immunity upon the first challenge (fig. S4C).

Overall, these findings indicate that gene delivery of inducible 
IFN- inhibits growth up to clearance of already established tumors 
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Fig. 1. Antitumor effects of TEM-based 
IFN- gene delivery in GBM. (A) Sche-
matic representation of the experimental 
design. HSCs were transduced with an 
empty LV vector (CTRL) or with Tie2-Ifna1-
mirT LV vector (IFN-) and transplanted 
into lethally irradiated C57Bl/6 mice. After 
hematopoietic reconstitution, mice were 
challenged with 5 × 105 mGB2 cells in-
jected orthotopically in the striatum of 
their brains. Mice were followed by 
MRI analyses. (B) VCN measured in 
the blood cells of CTRL and IFN- mice 
(n = 17 per group). (C) WBC in the PB of 
CTRL and IFN- mice (left) (****P < 0.0001, 
U statistic = 12, Mann-Whitney test) and 
IFN- measured in the plasma of the same 
mice at hematopoietic reconstitution 
(right) (****P < 0.0001, U statistic = 289, 
Mann-Whitney test, considering that all 
CTRL values were below the LLOQ; 
yellow box). (D) Representative images 
of T2-weighted MRI scans of four CTRL 
and four IFN- mice 42 days after tumor 
injection. Dashed lines highlight tumor 
lesions. (E) Tumor burden, calculated by 
MRI scans, of CTRL and IFN- mice (n = 7 
per group) 42 days after tumor injection 
(median) (**P = 0.007, U statistic = 4, 
Mann-Whitney test). (F) IFN- measured 
in the plasma of mice by enzyme-linked 
immunosorbent assay (ELISA) 44 days 
after tumor injection (***P = 0.0006, 
U statistic = 49, Mann-Whitney test, con-
sidering that all CTRL values were below 
the LLOQ). (G) Kaplan-Meier survival 
curves of mGB2-bearing CTRL (n = 7) and 
IFN- (n = 6) mice (**P = 0.0085, 2 = 6.919, 
df = 1, log-rank Mantel-Cox test). (H) Serial 
MRI scans of two long-term survivors 
(LTS) of the IFN- group. Dashed lines 
reveal the extent of the tumor lesions.
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and in the near absence of IFN- in the periphery, demonstrating 
that TEM-based delivery mostly acts within the tumor.

wt and inducible IFN- gene therapies similarly improve 
survival of GBM-bearing mice
To compare the efficacy of wt and inducible IFN- gene therapy 
and assess cell dose dependence, we transplanted mice with HSCs 

transduced with IFN-–DHFR, IFN-, CTRL LV, or a 1:1 mix of 
IFN- and CTRL (IFN- 50%) (fig. S5A). VCN measured in the PB 
after hematopoietic reconstitution was 1.2 copies per genome for 
IFN-–DHFR, 0.7 for IFN- 100%, and 0.24 for IFN- 50% (fig. S5B). 
IFN-mediated effects on the hematopoietic compartment were pre-
vented both in the IFN- 50% and IFN-–DHFR (fig. S5, C to F), 
also consistently with the lower IFN- concentration measured in 
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Fig. 2. Inducible TIE2–IFN-–DHFR gene 
therapy inhibits GBM growth and prolongs 
mice survival. (A) Schematic representation 
of the experimental design. HSCs were trans-
duced with an empty LV vector (CTRL) or 
with Tie2-Ifna1-DHFR-mirT LV vector (IFN-–
DHFR) and transplanted into lethally irradiated 
C57Bl/6 mice. After hematopoietic reconsti-
tution mice were challenged with 2.5 × 
105 mGB2 cells as in Fig. 1A. Mice were treated 
with TMP 14 days after tumor challenge by 
intraperitoneal injection (60 mg/kg, every 
48 hours) and followed by MRI. (B) WBC in 
the PB of CTRL and IFN-–DHFR mice (left) 
(P = 0.1996, not significant, U statistic = 22, 
Mann-Whitney test) and IFN- measured in 
the plasma of the same mice after hemato-
poietic reconstitution (right) (n = 8 in CTRL 
and n = 9 in IFN-–DHFR). Concentrations of 
IFN- in CTRL and IFN-–DHFR mice were 
below the LLOQ of the assay (yellow box). 
(C) WBC in the PB of CTRL and IFN-–
DHFR mice (left) (*P = 0.036, U statistic = 14, 
Mann-Whitney test), and IFN- measured in 
the plasma of the same mice after six doses 
of TMP (right) (n = 8 in CTRL and n = 9 in 
IFN-–DHFR). (D) Serial, T2-weighted MRI 
scans of two representative CTRL and IFN-–
DHFR mice (14, 25, 40, and 48 days after 
mGB2 challenge). Dashed lines highlight 
tumor lesions. (E) Tumor burden (median), 
calculated by MRI, of CTRL (n = 8), and IFN-–
DHFR (n = 9) mice 14 days after tumor injec-
tion and before TMP treatment (P = 0.3704, 
not significant, U statistic = 26, Mann-Whitney 
test). Subsequent MRIs at 25 days (*P = 0.0102) 
and at 40 days (***P = 0.0002) after tumor 
injection. LME model described in Materials 
and Methods. (F) Kaplan-Meier survival curves 
of mGB2-bearing CTRL (n = 8) and IFN-–
DHFR (n = 9) mice (**P = 0.0014, 2 = 10.16, 
df = 1, log-rank Mantel-Cox test). Dashed line 
highlights TMP withdrawal. One mouse in 
the treatment group survived long term in 
the absence of TMP. (G) Subsequent MRI 
scans of the long-term survivor, before, 
during, and after TMP treatment. White 
dashed lines highlight the extent of tumor 
lesion during time. (H) Growth kinetics of 
GBM in the long-term survivor and (I) plasma 
concentration of IFN- of the same mouse 
overtime.
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the plasma of these mice (fig. S5G). To possibly maximize the ex-
pression of IFN-–DHFR in the ON state, we used the lactate salt of 
TMP (TMP-L) at high dose (200 mg/kg) (21). This high dose, how-
ever, induced a robust WBC reduction independently from the 
expression of IFN-, as shown by a similar decrease induced in 
tumor-free wt mice (figs. S5, F and H to K). Whereas all treatment 
groups achieved a similarly prolonged survival compared to CTRL, 
tumor growth inhibition showed a different kinetic. IFN- 100% 
group showed a lower tumor burden at the first MRI, the IFN-–
DHFR group matched the effect of the IFN- 100% group at the 
second MRI, whereas the IFN- 50% group was comparable to 
CTRL (fig. S5, L to M). This suggests that, although the survival 
benefit induced by gene therapy may be the result of a threshold 
IFN- signaling eventually reached by all the groups, the kinetic of 
response might depend on the dose of transduced cells transplanted 
and on the specific activity of the molecule.

IFN-–DHFR gene therapy shows higher specificity 
and antitumor activity than systemic IFN- administration
We then compared efficacy and specificity of our inducible gene 
delivery strategy with that of systemic delivery of mouse recombinant 
IFN-1 (rIFN-) at the dose equivalent of a pharmacological treat-
ment in humans (Fig. 3A) (25).

We started rIFN- or TMP administration 10 days after GBM 
injection and measured IFN- in the plasma of mice 4.5 hours after 
the first dose. Whereas TMP-administered IFN-–DHFR mice showed 
barely detectable IFN- in the plasma (median at the LLOQ of 
about 5 pg/ml), mice treated with rIFN- experienced a strong peak 
(median, 2.4 ng/ml) (Fig. 3B). Subsequent dosing reached higher 
concentration (median, 5.7 ng/ml) in the plasma of rIFN-–treated 
mice, whereas it remained at or below the LLOQ in gene therapy–
treated ones (Fig. 3B). At the first MRI, the median tumor burden of 
both treatment groups appeared slightly lower than that of CTRL.  
However, at the second MRI, tumor growth was significantly reduced 
in the IFN-–DHFR group (P = 0.041), whereas mice treated with 
rIFN- showed increased tumor burden approaching that of CTRL 
(Fig. 3C). In another set of experiments, we analyzed the impact of 
rIFN- and IFN-–DHFR treatments on mice survival. We detected a 
sharp drop in WBC counts 4.5 hours after treatment with rIFN-, 
which was almost overlapping with the one induced by the high 
dose TMP-L treatment in the IFN-–DHFR group (figs. S6, A and 
B, and S5, F and H). Although at the first MRI both treatments 
dampened GBM growth, only IFN-–DHFR mice survived signifi-
cantly longer than CTRL (P = 0.0069), suggesting that the effect of 
rIFN- is lost overtime (fig. S6C and Fig. 3D). Furthermore, rIFN- 
mice experienced an early body weight loss during the treatment, as 
compared to the other groups (fig. S6D).

We then compared on- and off-tumor effects of both strategies. 
We interrogated a panel comprising representative ISGs and genes 
encoding for Programmed death-ligand 1 (PD-L1), C-X-C Motif 
Chemokine Ligand 10 (CXCL10), IL-10, IFN-, and IL-12B (fig. S6, 
E to G). GBM samples showed strong up-regulation of most inter-
rogated genes compared to the respective unaffected brain tissue in 
all groups (fig. S6F). This up-regulation was highest in the IFN-–
DHFR group, which did not show any change in the unaffected brain 
tissue, and lowest in the rIFN- group, in which these genes were 
highly expressed in both GBM and tumor-free brain tissue (fig. S6, 
E to G, and table S1). Moreover, when assessing a smaller panel of 
ISGs in the peripheral organs, we found their strong up-regulation 

by rIFN- in all organs analyzed, whereas IFN-–DHFR mice showed 
some induction in the bone marrow, consistent with an expected low 
basal transgene expression in the ON state in some marrow myeloid 
cells (Fig. 3I and table S1).

In a second set of experiments, we performed whole transcrip-
tomic analyses [RNA sequencing (RNA-seq)] on unaffected brain 
samples and sorted tumor cells from all treatment groups. Although 
we did not detect any differentially expressed gene (DEG) [false dis-
covery rate (FDR) < 0.05] in the comparison between IFN-–DHFR 
and control unaffected brain, rIFN- induced strong up-regulation 
of several genes involved in IFN response, inflammation, apoptosis, 
and p53 pathway (Fig. 3, E to G). We then compared the impact 
of the two IFN- treatments on GBM cells by gene set enrichment 
analysis (GSEA) on differential gene expression (DGE) results and 
found positive enrichment of genes belonging to the hallmark cate-
gories of epithelial mesenchymal transition, hypoxia, angiogenesis, 
glycolysis, inflammatory response, and apoptosis in the gene therapy 
group (Fig. 3H). These findings suggest that gene-based delivery 
of IFN- results in more hypoxic conditions in tumors, which may 
drive adaptive responses and apoptosis in tumor cells, as compared 
to recombinant administration, which instead relatively enriches 
for IFN response categories in the tumor cells.

These data provide evidence that targeted IFN- expression in 
GBM, as achieved by our gene therapy strategy, not only spares most 
of the brain and periphery from the effects of the cytokine but also 
achieves a more robust and durable response within the tumor, which 
does not depend on higher induction of IFN response in the tumor 
cells but rather on tumor stroma and/or immune infiltrate.

IFN- gene therapy targets the GBM TME and promotes 
immune cell activation
We then investigated the mechanisms through which IFN-–DHFR 
gene therapy inhibits GBM growth. Transplanted CTRL and IFN-–
DHFR mice were treated with TMP after mGB2 challenge and 
histopathological evaluation performed when tumor burden in 
IFN-–DHFR was significantly reduced compared to CTRL (P = 
0.0106) (fig. S7A). CTRL and IFN-–DHFR tumors showed similar 
GBM cell morphology and occurrence of apoptotic cells but lower 
vessel density and fewer cell mitoses in the latter group, as confirmed 
by quantification of CD31 immunostaining and mitotic counts (Fig. 3J 
and fig. S7B). These effects are consistent with the up-regulated hypoxic 
responses observed by RNA-seq in tumor cells and likely contribute 
to the delayed tumor growth observed in gene therapy–treated mice 
confirming our previous report of reduced angiogenesis in human 
glioma xenografts in immunodeficient mice treated with an early 
version of our platform expressing wt IFN- (15).

We then investigated the impact of IFN- gene therapy on the 
different immune cell populations infiltrating the mGB2 TME. We 
performed single-cell RNA-seq (scRNA-seq) on sorted donor-derived 
GBM-infiltrating hematopoietic cells of CTRL, IFN-–DHFR, and 
IFN- gene therapy mice (n = 3 per group, mean of 3081 cells per 
sample retained after quality control filtering; Fig. 4A). Unsupervised 
graph-based clustering on the overall dataset obtained by integrating 
all samples and correcting for batch effect identified 19 clusters 
(Fig. 4B). Cell identities were inferred on the basis of the presence of 
known lineage-associated genes among the clusters markers (fig. S8A 
and table S2). Most cells were identified as macrophages (M 1 to 3, 
proliferating M, and resident-like M), T cells (naïve, CD8, CD4, reg-
ulatory T cells (Tregs), and proliferating), and, less represented, dendritic 
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Fig. 3. Comparison between TIE2–IFN-–
DHFR gene therapy and systemic rIFN- 
treatment. (A) Schematic representation 
of the experimental design. See legend of 
Fig. 2. Mice were treated with TMP 10 days 
after tumor challenge by intraperitoneal 
injection. CTRL mice were randomized into 
two groups and treated with rIFN- (intraperi-
toneal injection, 0.05 mg/kg, every 48 hours) 
or with PBS and followed by MRI. (B) IFN- 
measured in the plasma of mice by ELISA 
before tumor injection (untreated), 4.5 hours 
after rIFN- or TMP first treatment, and 
4.5 hours after the last dose (end, 56 days). 
(C) Tumor burden (median), calculated by 
MRI, of CTRL (n = 8), rIFN- (n = 8), and 
IFN-–DHFR (n = 9) mice 43 and 54 days 
after tumor injection (post hoc analysis per-
formed only at 54 days: rIFN- versus CTRL, 
P = 0.2611, not significant; IFN-–DHFR ver-
sus CTRL, *P = 0.041; rIFN- versus IFN-–
DHFR, P = 0.5, not significant; LME model 
described in Materials and Methods). (D) Mice 
were treated with TMP-L 10 days after tumor 
challenge by daily intraperitoneal injection 
(200 mg/kg). CTRL mice were randomized 
into two groups and treated with rIFN- as 
in (A) or with PBS. Kaplan-Meier survival 
curves of mGB2-bearing CTRL (n = 15), rIFN- 
(n = 13), and IFN-–DHFR (n = 16) mice (rIFN- 
versus CTRL, P = 0.3657, 2 = 2.393, df = 1, 
not significant; IFN-–DHFR versus CTRL, 
**P = 0.0069, 2 = 9.294, df = 1; rIFN- versus 
IFN-–DHFR, P = 0.2487, 2 = 3.007, df = 1, 
not significant; log-rank Mantel-Cox test 
with Bonferroni correction). (E to H) Three 
mice per group coming from the experi-
ment in (D) and fig. S6 (A to D) were eutha-
nized 52 days after GBM injection (4.5 hours 
after the last dose of TMP-L or rIFN-). RNA-seq 
was performed on sorted GBM tumor cells 
and unaffected brain hemisphere samples. 
Volcano plots showing the results of the 
differential gene expression (DGE) analysis 
between (E) IFN-–DHFR versus CTRL and 
(F) rIFN- versus CTRL unaffected brains. 
Up-regulated genes (FDR < 0.05 and logFC > 
0) are highlighted in red, and down-regulated 
genes (FDR < 0.05 and logFC < 0) are high-
lighted in green. (G) Preranked GSEA per-
formed on DGE results between rIFN- and 
CTRL unaffected brains (Hallmark MSigDB). 
(H) Preranked GSEA performed on DGE 
results between IFN-–DHFR– and rIFN-–
sorted GBM cells (Hallmark MSigDB). NES, 
normalized enrichment score. (I) In a sepa-
rate set of experiments, mice were treated 
as described in (A), and, at the end of the experiment (41 days after tumor injection), organs and tumor samples were collected for RNA expression analyses (CTRL, n = 5; 
rIFN-, n = 5; IFN-–DHFR, n = 7). Heatmap representing the differential expression (fold induction) of three ISGs (Ifit1, Irf7, and Oas1a) in treatment groups over CTRL in 
different tumor-unrelated organs. Values represent the geometric mean. (J) Representative immunohistochemistry of CD31-stained (brown) sections of GBM samples 
from CTRL and IFN-–DHFR mice counterstained with hematoxylin. Dot plot shows CD31 staining (%; see Materials and Methods) per mouse in CTRL and IFN-–DHFR 
mice (n = 9 per group; **P = 0.0095, U statistic = 12, Mann-Whitney test). JAK, Janus kinase; NF-B, nuclear factor B; STAT, signal transducer and activator of transcription; 
TNF-, tumor necrosis factor–; UV, ultraviolet; DN, downregulated (up, upregulated); mTORC1, mammalian target of rapamycin complex 1; MYC, MYC Proto-Oncogene.
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cells [DC1, DC2, mature DCs enriched in immunoregulatory molecules 
(mregDC), and plasmacytoid DC (pDC)], as well as other cell types 
(monocytes, natural killer cells, B cells, and mast cells) (Fig. 4B 
and fig. S8A). All treatment groups contributed to each cluster to 
variable extent at this level of analysis (fig. S8B). Enrichment analysis 
on positive DEGs [log fold change (logFC) > 0 and FDR < 10−6] 
between all the cells belonging to both IFN- gene therapy groups 
compared to CTRL ones showed an enrichment of hallmark gene 
sets belonging to IFN- response, as well as proinflammatory response 
pathways [such as tumor necrosis factor– (TNF-) signaling via 
nuclear factor B and IFN-] and hypoxia (Fig. 4C). GSEA on genes 
preranked on the basis of logFC confirmed positive up-regulation of 
the IFN- hallmark category (Fig. 4, D and E). These findings further 
attest functional IFN- delivery to the tumor immune infiltrate even 
in its inducible form. When considering DEGs between treatments 
and CTRL in each cluster, we found the up-regulation of several ISGs 
throughout most cell types, with the strongest induction in mono-
cytes (Fig. 4F) and the highest expression in monocytes and DC2 
(fig. S8C). These findings are consistent with the expected targeted 
expression of the TIE2-driven cassette in monocytes, which also 
showed the largest set of DEGs among all the other clusters. Ccl8 was 
the most down-regulated gene across multiple cell types, especially 
in macrophages, which also showed the down-regulation of several 
other genes, including Pf4, Clec4a1, and Cd72 (Fig. 4F).

We further characterized the changes induced by IFN- gene 
therapy in the most represented immune populations by subclustering 
and reanalyzing separately T cells, DCs, and monocytes/macrophages 
(Mo/M). Unsupervised clustering of T cells identified eight clusters, 
of which three comprised CD4+ cells and two CD8+ ones, whereas 
the remaining were identified as naïve, regulatory, and proliferating 
T cells (Fig. 5A, fig. S9A, and table S3). Although all groups contrib-
uted to each cluster, the contribution from IFN- and IFN-–DHFR 
was enriched for cluster 7 (CD4_3, enriched in Ifitm1,2,3, Lgals1, 
and glycolytic genes such as Pgk1, Hk2, and Eno1) and cluster 4 
(CD8_2, enriched in Ly6c2, Ccl5, Gzmk, and Irf7) (fig. S9B and table S3). 
GSEA on DGE results, comparing both IFN- and IFN-–DHFR with 
CTRL T cells, showed a negative enrichment of T cell exhaustion genes 
in gene therapy groups (Fig. 5B) (26). Flow cytometry analyses con-
firmed these data at the protein level, showing reduced percentage 
of cytotoxic CD8+ T cells coexpressing the exhaustion markers Pro-
grammed cell death protein 1 (PD-1) and Lymphocyte-activation gene 3 
(LAG3) in the tumors of IFN-–DHFR mice compared to CTRL (Fig. 5C). 
These data suggest that IFN- gene therapy supports T cell activa-
tion and limits their exhaustion. Although B cells accounted for a 
small fraction of the immune infiltrate, we observed that IFN- 
induced immunoglobulin switch from immunoglobulin M (IgM) 
in the CTRL to IgG in the treatment groups (fig. S9C) (27).

IFN- gene therapy also affected dendritic cells. Unsupervised 
clustering identified four populations: pDC, DC1, DC2, and the 
recently described mregDC (Fig. 5D, fig. S9D, and table S4) (28). 
GSEA performed on DGE results, between IFN- and IFN-–DHFR 
compared to CTRL DCs, showed positive enrichment of genes in-
duced upon in vitro lipopolysaccharide (LPS) stimulation of DCs 
and negative enrichment of genes involved in oxidative phosphoryl
ation, in the gene therapy groups, suggesting activation of tumor-
infiltrating DCs (Fig. 5, E and F) (29).

Together, these data confirm broad activation of innate and adap-
tive immune cells of the GBM TME by IFN- gene therapy, both with 
the wt and inducible molecule.

IFN- gene therapy reprograms GBM TAMs toward a 
proinflammatory phenotype, suppressing a gene expression 
signature associated with poor prognosis in the human disease
We then evaluated the impact of IFN- gene therapy on reclustered 
Mo/M (Fig. 6A). Enrichment analysis performed on positive DEGs 
(logFC > 0 and FDR < 10−6) between the two IFN- gene therapy 
strategies compared to CTRL showed up-regulation of genes belong-
ing to IFN-, IFN-, and TNF- signaling (fig. S10A). Among the 
most down-regulated genes in the gene therapy groups were Ccl8, 
Pf4, Ccl7, Selenop, Clec4a1, Cd72, Cd81, Eno1, Mrc1, and Msr1 
(Fig. 6B and table S5). A similar gene combination was recently 
shown to be down-regulated in CNS-associated macrophages upon 
neuroinflammation (30, 31). Moreover, several of these genes were 
found down-regulated in TAMs of other tumor models upon genetic 
knock-out of Trem2 or Dab2, which suppressed TAM protumoral 
or prometastatic activity (32, 33). This suggests that IFN- gene 
therapy phenocopies, at least in part, the genetic knockout of 
emerging therapeutic targets in a GBM model. GSEA on DGE results, 
between IFN- and IFN-–DHFR compared to CTRL Mo/M, per-
formed using published signatures of murine macrophages stimu-
lated in vitro with proinflammatory (LPS + IFN-) or immune 
modulatory (IL-4) stimuli, showed positive enrichment of M1 genes 
and negative enrichment of M2 genes in gene therapy–treated groups 
(fig. S10B) (34).

Unsupervised clustering of GBM-infiltrating Mo/M revealed 
high heterogeneity with the identification of 11 clusters (Fig. 6A). 
Some of these clusters could be assigned to specific differentiation 
stages, functional or polarization states based on marker gene ex-
pression: cluster 10, nonclassical monocytes (Pglyrp1, Ace, Adgre4, 
and Ear2); cluster 7, classical monocytes (Plac8, S100a4, Ms4a4c, Ifitm6, 
Ly6c2, and Ccr2); cluster 9, proliferating monocytes/macrophages 
(Stmn1, Pclaf, Top2a, and Birc5); and cluster 5, macrophages with 
features of alternative activation (Chil3, Arg1, and Mmp12). Clus-
ters 4 and 1 expressed markers of microglia (Tmem119, Cx3cr1, 
Itgam, P2ry12, and Olfml3), suggesting acquisition of microglia-like 
features by some donor-derived cells in the brain of transplanted 
mice. Clusters 8, 3, and 0 could not be univocally assigned, possibly 
reflecting a continuum of states from undifferentiated monocytes/
macrophages toward more defined phenotypes (Fig. 6, A, C, and D; 
fig. S10C; and table S6). Some clusters showed skewed contribution 
per treatment. Cluster 2 showed higher contribution from the IFN- 
gene therapy groups and had features of proinflammatory macro-
phages (Dusp1, Socs3, Il1b, and Tnf). Cluster 6, on the contrary, 
showed near exclusive contribution from CTRL cells (Fig. 6, C to E; 
fig. S10C; and table S6). Moreover, marker genes of cluster 6 com-
prised nearly all the genes listed above that were prominently down-
regulated in the IFN- gene therapy groups (Fig. 6B, fig. S10D, and 
table S6), highlighting a gene expression program enriched in 
protumoral/immunosuppressive features and sensitive to IFN- gene 
therapy. Because hypoxia is a major feature of human GBM and it is 
known to promote recruitment and protumoral function of TAMs 
(35), we interrogated our Mo/M dataset with a published hypoxia 
gene signature and found that cluster 6 displayed the highest ex-
pression of hypoxia-associated genes among a broader population 
also comprising cells of clusters 5, 3, and 0 (fig. S10, E and F).

Pseudotime and velocity analyses on Mo/M highlighted two al-
ternative main trajectories between treatment and control tumors. 
In CTRL GBM, a directional flow emerged from cluster 7 monocytes 
toward intermediate/differentiated macrophages of cluster 3. Instead, 
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in IFN- and IFN-–DHFR GBMs, the major flow emerging from 
monocytes pointed toward TAMs of the treatment-enhanced cluster 2, 
suggesting IFN-–induced polarization toward proinflammatory 
features (Fig. 7, A and B). These analyses suggest a dynamic TME 
with high plasticity at the level of blood-derived tumor monocytes, 
consistent with the finding that IFN- response is prevalent in cluster 7 
and partially in cluster 2 (Fig. 7C).

To investigate whether IFN- expression by TEMs can affect 
their ability to infiltrate GBM and locally proliferate or change 
their polarization status, we quantified their abundance in CTRL, 
IFN-, and IFN-–DHFR GBMs by immunofluorescence staining of 
tumor sections. We observed a consistent and significant reduction 
in TEMs in both IFN groups compared to CTRL (IFN-, P = 0.0002; 
IFN-–DHFR, P < 0.0001) (fig. S10G). Because TEMs are a known 

protumoral Mo/M subset, this finding supports the IFN-induced 
TAM reprogramming uncovered by scRNA-seq.

To study whether the contribution of adaptive immunity was 
necessary to dampen GBM growth and increase mice survival, we 
monitored the effect of IFN- gene therapy in immunocompromised 
Rag2−/−  chain−/− mice injected with mGB2 cells (fig. S11A). These 
mice completely lack the lymphoid compartment while retaining 
the myeloid one (36). PB analyses at hematopoietic reconstitution 
showed reduced WBC counts in IFN- mice compared to CTRL 
and similar amounts of IFN- in the plasma as in immunocompetent 
mice (fig. S11, B and C). IFN- gene therapy did not significantly 
affect tumor burden compared to CTRL (P = 0.115); however, it pro-
longed survival (P = 0.0284) (fig. S11, D and E). These findings support 
the contention that some myeloid cells within the TME promote 
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Fig. 5. Effects of IFN- gene therapy on tumor-infiltrating T cells and DCs. (A) UMAP plot representing the subset of T cells obtained by merging all the samples and 
applying fastMNN batch correction. Clusters were obtained with Louvain unsupervised clustering at resolution 0.6. (B) GSEA plot on published T cell exhaustion signature 
(26) performed by considering genes preranked on the basis of logFC values resulting from the DGE analysis comparing IFN- and IFN-–DHFR with CTRL T cells. (C) Flow 
cytometry analyses of tumor infiltrating CD4+ (left) and CD8+ (right) T cells expressing PD-1 and LAG3 markers (CD4+, P = 0.7013, not significant, U statistic = 12.5; CD8+, 
*P = 0.0498, U statistic = 4, Mann-Whitney test). (D) UMAP plot representing the subset of DCs obtained by merging all the samples and applying fastMNN batch correc-
tion. Clusters were obtained with Louvain unsupervised clustering at resolution 0.1. (E) GSEA plot of published signatures of DCs stimulated with LPS (4-hour LPS versus 
unstimulated DC up-regulated, GSE14000) and (F) oxidative phosphorylation (Hallmark gene set) performed by considering genes preranked on the basis of logFC values 
resulting from the DGE analysis comparing IFN- and IFN-–DHFR groups with CTRL DCs.
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tumor growth and that this activity is counteracted by their repro-
gramming induced by IFN- gene therapy, together with IFN-–
mediated angiogenic inhibition.

To investigate the potential clinical role of the IFN-–down-
regulated genes highlighted in cluster 6, we defined a 10-gene signature 

from the top marker genes (based on logFC) of this cluster (Fig. 7D) 
and evaluated its association with clinical outcome in The Cancer 
Genome Atlas (TCGA, Cell 2013) GBM cohort (n = 154). High ex-
pression of a score defined as the sum of the standardized intensities 
of the genes of this signature was associated with significantly reduced 
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Fig. 6. IFN- gene therapy reprograms GBM TAMs toward immune activation. (A) UMAP plot representing the subset of tumor-infiltrating CD45.2+ Mo/M obtained 
by merging all the samples and applying fastMNN batch correction. Clusters were obtained with Louvain unsupervised clustering at resolution 0.6. (B) Volcano plot showing 
significant down-regulated (green) and up-regulated (red) genes (adjusted P value < 0.01) in Mo/M coming from gene therapy–treated mice (IFN- and IFN-–DHFR) 
compared to CTRL. (C) UMAP plot showed in (A) split by group. (D) UMAP plots showing the average expression of selected genes and signatures characterizing the 
clusters of UMAP plot showed in (A). (E) Relative contribution of the different groups to each cluster of the UMAP plot showed in (A). The percentage of contribution is 
normalized on the number of cells of each sample.
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Fig. 7. A group of genes in cluster 6 predicts worse PFS in human GBM. (A) UMAP plot of Mo/M with clusters as in Fig. 6A with Monocle3 trajectory graphs of pseudo-
time built on Seurat embedding and split by group. (B) RNA velocity trajectories computed with scVelo and represented with PAGA velocity graph projected onto Mo/
M UMAP plot. Arrows indicate inferred RNA velocity direction among clusters. (C) UMAP plot of Mo/M cells split by group, showing the average expression of genes 
from the Hallmark IFN- response category from MSigDB. (D) Top 10 marker genes (by logFC values) of cluster 6 of Mo/M dataset. (E and F) Kaplan-Meier curves of the 
PFS with respect to the scores categorized with the corresponding median value obtained from the TCGA GBM (Cell 2013) dataset (for the definition of the scores see 
statistics in Materials and Methods). In (F), the genes reported are the ones selected by the Cox’s proportional hazards model with Lasso penalty. In both (E) and (F), 
log-rank Mantel-Cox test was used for comparing the two curves [(E) **P = 0.0097, 2 = 6.7, df = 1; (F) ****P < 0.0001, 2 = 16.2, df = 1, log-rank Mantel-Cox test].
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progression-free survival (PFS; P = 0.0097) (Fig. 7E). Cox’s regres-
sion with Lasso penalty analysis identified a score based on three 
genes (PF4, MRC1, and CD81) driving the negative prediction of GBM 
PFS (P < 0.0001) (Fig. 7F).

Collectively, these data suggest that IFN- gene therapy strategies 
reprogram a heterogeneous GBM TAM repertoire with protumoral 
features toward immune activation. The absence of a unique gene 
expression program associated with poorer prognosis in human 
GBM in the IFN- and IFN-–DHFR groups supports the transla-
tional value of TEM-based gene therapy.

Inducible delivery of IL-12 overcomes its hematopoietic 
toxicity and prolongs mice survival
We then evaluated the anticancer potential of another immuno-
stimulatory cytokine, IL-12 taking advantage of our cell and gene 
therapy approach. We cloned a single-chain IL-12 (sc-Il12) trans-
gene encoding the p35 and p40 subunits in the Tie2-mirT LV. Al-
though the LV design limits cytokine exposure in the BM, all mice 
transplanted with HSCs transduced with the constitutive transgene 
died within 30 days after transplant, highlighting a strong toxicity 
of the molecule in the hematopoietic recovery phase (Fig. 8A). We, 
therefore, applied the DHFR platform previously described for IFN-. 
On the basis of in vitro inducibility, we selected the N-terminal 
fusion for high IL-12 secretion upon TMP administration and low 
basal expression in its absence. This fusion molecule induced IFN- 
secretion by splenocytes with similar dose dependence as wt IL-12 
although reaching a slightly lower plateau (Fig. 8, B and C). We then 
evaluated the antitumor activity of the inducible DHFR–IL-12 in 
the GBM model. The toxicity observed with Tie2-Il12-mirT LV was 
fully overcome when transplanting the inducible version in the OFF 
state, allowing complete hematopoietic reconstitution with a similar 
range of VCN as that observed for the IFN-–DHFR (Fig. 8, D and E). 
We then compared the antitumor effects of inducible IFN- and 
IL-12 gene therapies. Both cytokines became barely detectable in the 
circulation upon TMP treatment (Fig. 8, F and G). IL-12–transplanted 
mice did not experience hematopoietic toxicity even upon TMP in-
duction (Fig. 8E). Both cytokine gene therapies significantly pro-
longed survival as compared to CTRL (IFN-–DHFR, P = 0.0036; 
DHFR–IL-12, P = 0.0432), although only IFN-–DHFR resulted in 
significantly reduced tumor volume at the second MRI (P = 0.0183) 
(Fig. 8, H and I). One mouse belonging to the DHFR–IL-12 group 
survived long term, cleared the original tumor, and resisted tumor 
rechallenge (Fig. 8, I and J). These data confirm the portability of 
our inducible cell and gene therapy strategy to antitumoral payloads 
and demonstrate its potential to unleash the therapeutic power of 
otherwise toxic immunostimulatory cytokines.

DISCUSSION
Here, we show inhibition up to eradication of a syngeneic GBM 
mouse model closely resembling the human disease (22) by an 
inducible gene–based platform for targeted delivery of immuno-
activating cytokines to the tumor site in a tight space- and time-
controlled manner. Selective IFN- delivery inhibited angiogenesis 
and induced pervasive remodeling of the immune cells infiltrating the 
GBM TME, with decreased exhaustion of T cells and reprogramming 
of the recruited TAMs toward a proinflammatory state while sup-
pressing a protumoral signature comprising genes associated with 
immune suppression, tumor progression, and metastasis (32, 37), 

and here shown to have negative prognostic value in the human 
disease. A possible source of this reprogramming was ascribed to 
monocytes, conceivably recruited from the bloodstream, which may 
sense local signaling cues and mature correspondingly into different 
TAM subsets. Accordingly, the frequency of TEMs was lower in 
GBM of gene therapy–treated than CTRL mice, possibly reflecting 
the occurrence of an autocrine loop in IFN-–producing cells that 
shift the balance from protumoral to antitumoral features, and may 
also prevent excessive transgenic IFN- release by negative feedback. 
Follow-up studies investigating the mechanisms underlying proneo-
plastic effects of the gene expression program characterizing TAMs of 
cluster 6 and suppressed by IFN- may further validate our thera-
peutic strategy and unravel potential therapeutic targets in the TME.

Although tumor clearance was observed only in a small fraction 
of mice, its occurrence is consistent with the potential of our strategy 
to induce a protective immune response directed against tumor-
associated antigens observed in other tumor models (17). Stochastic 
variation in the individual T cell receptor repertoire, the extent of 
T cells recovery after conditioning, or treatment-induced perturbation 
(as upon high dose TMP-L) may determine whether emergence of 
adaptive immunity leads to tumor eradication or not, as it is often 
observed when testing immunotherapies on fast-growing tumors 
(6). Because our gene therapy improved survival also in immuno-
compromised mice, which lack the lymphoid compartment, its anti-
tumor effects must also derive from the myeloid cell reprogramming 
per se with associated inhibition of angiogenesis. Up-regulation of 
ISGs was widespread across the tumor immune infiltrate and asso-
ciated with enhanced activation features, such as DC maturation, 
reduced T cells exhaustion, B cell immunoglobulin class switching, 
and TAM proinflammatory polarization. These readouts of immune 
cell activation in the TME are reported as predictors and effectors of 
antitumor responses in several tumors and upon different therapeutic 
strategies in experimental models and in the clinic (38–41).

The antitumor activity achieved by IFN-–induced TME repro-
gramming might be further enhanced by combination with other 
immunotherapeutic agents such as checkpoint blockers and chimeric 
antigen receptor T cells, as we previously reported in a B cell acute 
lymphoblastic leukemia model (17). Clinical translation of our strategy 
using wt IFN- is now under investigation in a dose-escalating phase 
1/2a clinical trial performed in patients with poor-prognosis GBM 
(NCT03866109, clinicaltrials.gov) and will provide the first-in-human 
validation of the safety and potential efficacy of this versatile and 
innovative platform. Because our IFN- gene therapy strategy sim-
ilarly prolonged mice survival when administering only a fraction 
of transduced HSCs, we envision that efficacy can be achieved upon 
reaching a low threshold dose in the tumor.

Specific intratumoral release of proinflammatory cytokines with 
our inducible delivery platform was superior to standard systemic 
administration both in terms of efficacy and safety. Upon induction, 
IFN- was specifically released in the TME, leaving tumor-free tissues 
and distal organs unaffected, whereas recombinant IFN- treatment 
induced IFN gene signature in a broad set of tissues. Moreover, 
systemic treatment of GBM-bearing mice resulted in early tumor 
growth inhibition that was lost overtime and associated with a lack 
of survival benefit. Therefore, we envision that sustained secretion 
of the cytokine from tumor-infiltrating cells could not only over-
come the limits of local distribution from the systemic circulation 
but also blunt the “peak and trough” pharmacokinetics of exogenous 
administration. Large fluctuations in cytokine concentration may 
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Fig. 8. Development and application 
of inducible IL-12 gene therapy strategy. 
(A) Kaplan-Meier survival curves of lethally 
irradiated C57Bl/6 mice transplanted 
with HSCs transduced with either Tie2-
GFP-mirT or Tie2-Il12-mirT (n = 10 mice 
per group) (****P < 0.0001, 2 = 21.03, 
df = 1, log-rank Mantel-Cox test). (B) LVs 
containing IL-12, DHFR–IL-12, or IL-12–
DHFR were used to transduce bEnd.3 
cells. Cells were treated or not with TMP 
and supernatant collected 24 hours after 
TMP induction. IL-12 was measured in 
the supernatant by ELISA (median of 
10 replicates + range for IL-12 and 
DHFR–IL-12 and median of 3 replicates + 
range for IL-12–DHFR). Values are ex-
pressed in picograms per milliliter nor-
malized on the VCN. (C) Induction of 
IFN- in the supernatant of primary 
mouse splenocytes treated with increas-
ing doses of IL-12, DHFR–IL-12, and IL-12–
DHFR. IFN- was measured by ELISA 
(picograms per milliliter). Lines represent 
the extimated trend of the specific activity 
obtained from an asymptotic NLME 
model (see Materials and Methods). The 
dots represent five biological replicates 
for each dose. In the analysis, few obser-
vations were excluded since identified 
as outliers for the model: one for IL-12 
and one for DHFR–IL-12. (D) VCN mea-
sured in the blood cells of CTRL (n = 10), 
IFN-–DHFR (n = 10), and DHFR–IL-12 
(n = 9) gene therapy mice after hemato-
poietic reconstitution. (E) WBC in the 
same mice as (D) measured at reconsti-
tution (PRE), after the first TMP dose 
(7 days, intraperitoneal, 60 mg/kg daily) 
and 25 days after mGB2 cells injection. 
(F) ELISA performed in the same mice as 
(D) of IL-12 (serum) and (G) IFN- (plasma). 
Yellow box, LLOQ of the assay. (H) Tumor 
burden (median), calculated by MRI, 
33 days and 49 days after tumor injection 
(post hoc analysis performed only at 
49 days: IFN-–DHFR versus CTRL, *P = 
0.0183; DHFR–IL-12 versus CTRL, P = 0.4754, 
not significant; IFN-–DHFR versus DHFR–
IL-12, P = 0.6242, not significant; LME 
model described in Materials and Meth-
ods). (I) Kaplan-Meier survival curves of 
mGB2-bearing CTRL (n = 10), IFN-–DHFR 
(n = 10), and DHFR–IL-12 (n = 9) mice 
(IFN-–DHFR versus CTRL, **P = 0.0036, 
2 = 9.767, df = 1; DHFR–IL-12 versus 
CTRL, *P = 0.0432, 2 = 5.275, df = 1; log-
rank Mantel-Cox test with Bonferroni correction). One mouse in the DHFR–IL-12 group survived long term even in the absence of TMP. (J) Serial MRI scans of the long-term 
survivor (DHFR–IL-12). Dashed lines show extent of tumor lesion; white arrows highlight the disappearance of the tumor over time. The horizontal red line indicates TMP 
treatment; black line indicates TMP removal. The long-term surviving mouse received tumor rechallenge in the contralateral brain hemisphere at day 110 after the first 
tumor injection.
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span from subtherapeutic to potentially toxic, leading to counter-
regulatory responses limiting efficacy (42).

The post-translational control of the switch gives the possibility 
to rapidly and reversibly turn OFF its expression upon tumor erad-
ication or emergence of severe untoward effects without relying on 
more complex engineering strategies and/or irreversible elimination 
of transduced cells (18, 43). A marked example was that of IL-12, 
which caused high toxicity during hematopoietic recovery but not 
after full reconstitution, thus requiring tight temporal control on 
delivery. This finding is consistent with clinical experience with IL-12 
that was accompanied by severe toxicity and highlighted the need 
for more sophisticated delivery strategies (9, 12). Among them, an 
on-demand, ligand-inducible IL-12 delivery approach based on 
adenoviral vector has been recently tested in a phase 1 clinical trial 
for patients with GBM. The results not only confirmed the anticancer 
potential of IL-12 for GBM treatment but also remarked the require-
ment for fine regulation of IL-12 expression to mitigate systemic side 
effects, even in the case of tumor-targeted delivery strategies (44). In 
this regard, our DD-based platform allowed to fully capture the anti-
tumor potential of IL-12 without evident toxicities in a GBM pre-
clinical model. Although further studies are necessary to detail the 
molecular mechanisms involved in the antitumor effects of IL-12, 
the occurrence of GBM clearance and the resistance to tumor re-
challenge in the absence of TMP in one treated mouse support the 
potential for induction of adaptive immunity.

A potential caveat of our strategy comes from the bacterial origin 
of the DHFR-DD, which may raise concerns about its potential im-
munogenicity. Although we did not observe any evidence of trans-
duced cell clearance in our experimental conditions, future clinical 
translation of the platform may benefit from the development of 
fully humanized DD controlled by clinically approved drugs. Other 
limitations of our study pertain to its performance only in mouse 
GBM models, although mGB2 tumors closely reproduce key features 
of human GBM.

The IFN- fusion protein had reduced specific activity in induc-
ing ISGs as compared to its native counterpart. This might be due to 
the steric hindrance afforded by the DD, which can limit the diffu-
sion rate of the molecule and/or oligomerization of its receptors on 
target cell membranes. The decreased specific activity of the fusion 
molecule did not compromise the therapeutic benefit as compared 
to the use of the wt transgene. This might indicate that effective 
immune activation can be elicited at the tumor site once a signaling 
threshold has been reached and that this threshold was met and 
likely surpassed by the transduced cell doses used in our study. Fur-
ther fusion protein improvements might be investigated to increase 
the functionality of the transgene, including proteolytic release and 
flexible linkers.

The experimental design makes it difficult to distinguish a con-
tribution of prophylactic compared to therapeutic effects of our gene 
therapy strategy when using the wt molecule. The time required to 
achieve hematopoietic reconstitution and the confounding effect of 
the conditioning regimen on the tumor hinder transplanting mice 
with engineered HSCs after tumor challenge. Transplanting HSCs 
before tumor challenge, however, may mimic an adjuvant treatment 
where surgical resection of the primary tumor precedes administra-
tion of the transduced HSCs. The similar efficacy achieved by the wt 
and inducible platform, when the latter was switched ON after tumor 
engraftment, rules out a dependence of the benefit from transgenic 
IFN- expression in tissues or plasma before tumor challenge and 

indicates robust activity against established tumors. The absence of 
antitumor effects in the GL261 GBM model, where TEMs are absent, 
whereas IFN- is detectable in the plasma before tumor injection, 
corroborates this hypothesis and confirms the crucial role of TEM-
based delivery for anticancer response. Exposure to low cytokine con-
centrations occurs with our constitutive and even inducible platform 
in the ON state, potentially affecting hematopoietic output above 
certain transduction doses. Overall, our data provide a potential 
paradigm for developing next-generation cytokine therapy and 
addressing the long-sought goal of capturing their full therapeutic 
power for fighting lethal diseases such as GBM while preventing side 
effects of off-target exposure (9).

MATERIALS AND METHODS
Study design
The objective of this study was to develop an inducible system based 
on DD for TEM-mediated cytokine delivery in the TME of GBM 
that can be switched ON/OFF “on demand” by administration of a 
small drug, allowing cytokine expression in a space- and time-
controlled manner. In vitro experiments were set up to find the best 
cytokine-DD fusion to ensure low basal activity in the OFF state 
and high inducibility in the ON state. In vitro experiments included 
at least five biological replicates (specified for each experiment in 
the figure legends) with some observations excluded since identified 
as outliers by the statistical model (see the “Statistical analysis” 
section). Best cytokine-DD candidates were tested in vivo for anti-
cancer efficacy (tumor growth inhibition and mice survival) in a 
mouse model of GBM. In vivo efficacy experiments using IFN- 
and IFN-–DHFR were reproduced in at least three independent 
experiments. Statistical analyses to determine the necessary number 
of mice to obtain valid insights on therapeutic efficacy were based 
on the variability observed in preliminary experiments. We aimed 
to reach a minimum of five samples per group to carry out nonpara-
metric statistical comparisons. For experiments involving the use of 
rIFN- in vivo, CTRL mice were split and randomly assigned to one of 
the two groups [phosphate-buffered saline (PBS)– or rIFN-–treated].

In in vivo experiments, where mice of the same group were 
treated differently (IFN-–DHFR ON compared to OFF), random-
ization was performed on the basis of VCN in the PB and IFN- 
plasma concentration at the time of hematopoietic reconstitution. 
Specific procedures like scRNA-seq, bulk RNA-seq, gene expres-
sion, and histopathological analyses were conducted only once 
because of the complexity and the relative abundance of replicates 
involved.

Blinding was not applied for objectives measurements of tumor 
volumes performed by two different operators. For histopathological 
analyses, evaluation was performed by two independent pathologists 
in double-blind manner.

Statistical analysis
The Kaplan-Meier estimator was used to estimate survival curves, and 
comparisons between survival curves were performed with log-rank 
Mantel-Cox test. Correlations between numerical variables were 
evaluated with Spearman’s correlation coefficient. Numerical 
variables between two independent groups were evaluated with 
the Mann-Whitney test. Kruskal-Wallis test followed by post hoc 
Dunn’s analysis was performed when analyzing more than two in-
dependent groups.
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Longitudinal comparisons of tumor burden (calculated by MRI) 
among groups were performed using a linear mixed-effects (LME) 
model (with random effects defined to account for repeated mea-
sures of the same mice), followed by an appropriate post hoc analysis 
with the R package phia, as described in the corresponding figure 
legend. In the LME model, the tumor burden was used in natural 
logarithmic scale to meet the assumption of normality of the resid-
uals of the model.

The nonlinear trend of Irf7 and Oas1a in cells treated with dif-
ferent doses of wt and inducible IFN- was estimated with an 
asymptotic nonlinear mixed-effects (NLME) model with respect to 
the dose Asym + (R0 − Asym)e(−dose*elrc), accounting also for data 
coming from different experiments. The parameter Asym represents 
the horizontal asymptote (value of the plateau reached by the de-
pendent variable). The parameter R0 represents the intercept, and 
the lrc parameter is the natural logarithm of the rate constant. All 
parameters of the model were allowed to depend on the group vari-
able. In the analysis, few observations were excluded since identified 
as outliers for the model (as indicated in the figure legend).

The score from the top 10 gene list of cluster 6 was obtained by 
(i) a linear combination of the standardized intensities of the genes 
with all coefficients equal to 1 and (ii) the Cox’s proportional hazards 
model with Lasso penalty (implemented in the glmnet R package) 
on the standardized intensity of the genes to predict PFS). The 
parameter λ of the model was defined as the one minimizing the 
error obtained with a 10-fold cross-validation. In both cases, the 
score was then categorized with the corresponding median value 
obtained in the data (> median versus ≤ median). The ability of the 
categorized scores in distinguishing two groups with different risk of 
PFS was then assessed, estimating the corresponding Kaplan-Meier 
curves and testing their difference with the log-rank Mantel-Cox test.

In all post hoc analyses or, in general, when the analysis involved 
multiple comparisons and/or testing, the P values were adjusted 
with Bonferroni’s correction. In all the analyses, two-sided tests 
were performed, and P values lower than 0.05 were considered 
significant. All statistical analyses were performed using R 3.5.0 
(www.R-project.org/) or GraphPad Prism v.9.1.0.
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Controlling cytokine delivery
The immunosuppressive nature of the tumor microenvironment (TME) in glioblastoma (GBM) hinders the development
of effective tumor-eradicating immunotherapies. To overcome this obstacle, Birocchi et al. now engineered
hematopoietic stem cells (HSCs) to release of IFN-# or IL-12 via an inducible system. In a mouse model of GBM, after
HSC transplant, triggered cytokine release promoted immune cell activation in the TME. The treatment inhibited tumor
growth and improved survival. The inducible HSC-mediated treatment was more effective and safer than systemic
cytokine administration, suggesting that spatial and temporal precision are key factors in determining the therapeutic
effects of the approach.
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