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The outcomes of metastatic and nonresponder pediatric osteo-
sarcoma patients are very poor and have not improved in the
last 30 years. These tumors harbor a highly immunosuppres-
sive environment, making existing immunotherapies ineffec-
tive. Here, we evaluated the use of Semliki Forest virus (SFV)
vectors expressing galectin-3 (Gal3) inhibitors as therapeutic
tools, since both the inhibition of Gal3, which is involved in
immunosuppression and metastasis, and virotherapy based
on SFV have been demonstrated to reduce tumor progression
in different tumor models. In vitro, inhibitors based on the
Gal3 amino-terminal domain alone (Gal3-N) or fused to a
Gal3 peptide inhibitor (Gal3-N-C12) were able to block the
binding of Gal3 to the surface of activated T cells. In vivo,
SFV expressing Gal3-N-C12 induced strong antitumor re-
sponses in orthotopic K7M2 and MOS-J osteosarcoma tumors,
leading to complete regressions in 47% and 30% of mice,
respectively. Pulmonary metastases were also reduced in
K7M2 tumor-bearing mice after treatment with SFV-Gal3-N-
C12. Both the antitumor and antimetastatic responses were
dependent on modulation of the immune system, primarily
including an increase in tumor-infiltrating lymphocytes and a
reduction in the immunosuppressive environment inside tu-
mors. Our results demonstrated that SFV-Gal3-N-C12 could
constitute a potential therapeutic agent for osteosarcoma
patients expressing Gal3.

INTRODUCTION
Osteosarcoma is the most aggressive bone cancer in pediatric pa-
tients. It has an incidence of five cases per year per million in children
ranging from 0 to 16 years old, which represents the first peak for this
pathology.1 A second peak appears in patients over 65 years old. Os-
teosarcoma originates from the aberrant production of osteoid and
immature bone from mesenchymal stem cells.2 Primary tumors
may occur preferentially in the metaphyseal growth plates of the
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long bones, such as the femur (42% of cases), the tibia (19% of cases),
and the humerus (10% of cases).1 The first line of therapy for osteo-
sarcoma consists of complete surgical resection of the primary tumor
and metastases, combined with pre- and postsurgical chemotherapy
(doxorubicin and cisplatin with or without subsequent treatment
with high-dose methotrexate) for the most advanced stages.3 Howev-
er, although the 5-year survival rate is approximately 70% after local-
ized tumor resection, for recurrent and metastatic patients this rate
drops to less than 30%.4 Current treatments have a very poor perfor-
mance in these patients. Therefore, novel therapeutic strategies are
urgently needed.

Therapeutic strategies based on virotherapy have been demonstrated
to be a powerful tool for combating cancer, mainly solid tumors.5

Viral vectors based on Semliki Forest virus (SFV), a self-replicating
RNA virus, have been shown to be promising therapeutic agents for
the treatment of different cancers.6–10 Treatment of an aggressive or-
thotopic osteosarcoma mouse model with a propagation-competent
SFV vector exhibited a potent oncolytic effect, induced a robust
type I interferon (IFN) response, and produced an increase in survival
among treated mice. However, treatment with this oncolytic SFV vec-
tor failed to generate long-term survivors.11 These data indicate that
although SFV vectors are potentially interesting, there is room to
improve their efficacy. In this work, we hypothesized that arming
SFV with an immunomodulatory agent could enhance its antitumor
capacity. In this context, to improve the efficacy of an SFV vector in
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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osteosarcoma tumors, non-propagation-competent SFV vectors were
engineered to express inhibitors of galectin-3 (Gal3). Although these
types of vectors cannot propagate owing to the lack of viral structural
genes, they can replicate their RNA genomes, promoting a very high
and transient expression of the transgene and inducing type I IFN re-
sponses and apoptosis in transduced cells.12 The lack of propagation
makes these vectors safer in comparison with fully propagative SFV
virus.

Gal3 is a lectin protein upregulated in different types of tumors, such
as osteosarcoma, in which its expression and secretion correlate with
tumor progression and metastasis.13–16 Apart from promoting the
adhesion, migration, and invasion of osteosarcoma cells, this protein
contributes to chemotherapy resistance.17–19 Gal3 is also considered
an immune checkpoint target in musculoskeletal tumor patients,
including osteosarcoma patients.20 In fact, tumor-secreted Gal3 pro-
motes immunosuppression by triggering the polarization of macro-
phages/monocytes into protumoral M2 macrophages,21 in which
the binding of Gal3 to its binding protein (Gal3bp) induces the secre-
tion of interleukin-6 (IL-6).22 Gal3 can also capture cytokines such as
IFN-g and IL-12, reducing the CXCL9/10 gradient and thereby
limiting the tumor infiltration of T cells.23 Moreover, tumor-secreted
Gal3 binds to glycosylated receptors on the surface of effector CD4+

and CD8+ T cells, promoting T cell receptor (TCR) exclusion,
inactivation, and apoptosis, as well as reducing the expansion of
plasmacytoid dendritic cells (pDCs).24–26

In this work, we demonstrated that local treatment of osteosarcoma
tumors with SFV vectors expressing Gal3 inhibitors could promote
a powerful specific antitumor immune response with the capacity
to control not only local disease but also distant untreated lung
metastases.

RESULTS
Galectin-3 and its binding protein are expressed in pediatric

osteosarcoma patient and mouse model samples

To elucidate whether Gal-3 could be a therapeutic target in osteosar-
coma, we first assessed its expression in patient biopsies (n = 6); the
expression of Gal3bp, which is the main Gal3 ligand, and IL-6 was
also evaluated. IL-6 promotes tumor progression and metastasis
development and is upregulated following tumor-secreted Gal3bp
binding to Gal3.22,27 Pair-based analysis comparing healthy and pri-
mary tumor tissues from each patient showed a significant increase in
the expression of Gal3bp (p < 0.05), whereas Gal3 (p > 0.05) and IL-6
(p = 0.061) expression was slightly augmented in tumor samples, but
the difference did not reach significance (Figure 1A). Interestingly, we
found a negative correlation between the expression of IL-6 and
C1GALT1, an enzyme involved in the production of highly glycosy-
lated ligands that reduces apoptosis triggered by the binding of
Gal3 to tumor cells (p < 0.01; Figure 1A). Analysis of Gal3 and Gal3bp
expression in human and murine osteosarcoma cell lines revealed
that both molecules were highly expressed at the protein and
mRNA levels (Figures 1B, 1C, and S1A). We also observed
increased expression of Gal3 (p > 0.05), Gal3bp (p < 0.01), and IL-6
(p > 0.05) in primary tibia tumors from mice bearing orthotopic
K7M2 osteosarcomas compared with normal tissue, similar to the
results obtained with the patient samples (Figure 1D). This increase
was more modest in pulmonary metastases than in primary tibia,
with Gal3bp (p > 0.05) and Gal3 (p = 0.08) expression but not IL-6
expression being significantly upregulated (p < 0.05) (Figure 1D).
However, in the murine primary tumor or pulmonary metastases
we did not find any correlation between IL-6 and C1GALT1
(Figure S1B).

SFV vectors express Gal3 inhibitors that could block the binding

of Gal3 to activated CD8+ and CD4+ T cells

Since we showed that Gal3 could be a potential target in osteosar-
coma, we next generated SFV vectors expressing Gal3 inhibitors
based on truncated forms of Gal3. These constructs included the
Gal3 carboxy-terminal domain (SFV-Gal3-C) and its amino-terminal
domain by itself (SFV-Gal3-N) or fused to the Gal3 peptide inhibitor
C12 28 (SFV-Gal3-N-C12). Gal3-C is a dominant-negative form
of Gal3 that has the capacity to reduce tumor growth.29 In the case
of Gal3-N, we reasoned that it could interfere with the formation of
Gal3 lattices, since this domain is important for Gal3 oligomeriza-
tion.30 Finally, fusion of Gal3-N with C12 could combine the inhibi-
tory functions of both molecules. An additional construct expressed
only the C12 peptide (SFV-C12) (Figure 2A). We confirmed the
correct expression of each Gal3 inhibitor in cell extracts (CEs) and
supernatants (SNs) of baby hamster kidney-21 (BHK) cells infected
with the different SFV vectors by western blotting and immunofluo-
rescence staining (Figures 2B and 2C). Since our aim was to use SFV
vectors to treat osteosarcoma, we first confirmed that these vectors
could infect osteosarcoma cells both in vitro and in vivo. In vitro,
we were able to show that the K7M2 and MOS-J murine osteosar-
coma cell lines expressed the SFV receptors and could be infected
with SFV-Gal3-N-C12 with similar efficacy (Figures S2A–S2C).
Using an SFV vector expressing luciferase (SFV-Luc), we also
confirmed the capacity of SFV to infect K7M2 orthotopic tumors in
mice in vivo. In this case, we observed high and transient expression
of luciferase that peaked at days 2–6 and then decreased progressively
until day 16, at which point it had decreased to background levels
(Figure 2D). On the other hand, we also detected the Gal3-N-C12
inhibitor and SFV replicase in orthotopic K7M2 tumors after
treatment with SFV-Gal3-N-C12 (Figure S2D).

As the binding of Gal3 to highly glycosylated receptors on the
surface of CD8+ T cells has been shown to induce T cell dysfunc-
tion,31–33 we studied the capacity of our Gal3 inhibitors to block
the binding of this protein to IL-10-activated CD8+ and CD4+

T cells. Notably, recombinant Gal3-N-C12 and Gal3-N efficiently
blocked the binding of Gal3 to CD8+ and CD4+ T cells
(p < 0.0001), with Gal3-N-C12 being slightly more efficient in
CD8+ T cells. The inhibition achieved with Gal3-N-C12 was similar
(in CD4+ T cells) or higher (in CD8+ T cells) than that achieved
with an anti-Gal3 antibody used as a positive control. However,
Gal3-C had the opposite effect, increasing the binding of Gal3 (Fig-
ure 2E). In addition, since tumor-secreted Gal3 tends to bind to the
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Figure 1. Expression of Gal3 and related genes in human patients and mouse models of osteosarcoma

(A) mRNA expression of Gal3 (LGALS3), Gal3bp (LGALS3BP), IL-6, and C1GALT1 in tumor versus paired healthy samples from osteosarcoma patients (n = 6). The level of

expression was determined using microarray analysis with the robust multiarray analysis (RMA) algorithm. Correlation of IL-6 versus C1GALT1 mRNA expression in tumor

samples, **p < 0.01 by Pearson’s r. (B and C) mRNA (B) and protein (C) expression of Gal3 and Gal3bp in murine osteosarcoma cell lines (K7M2, MOS-J, and POS-1) and the

murine melanoma cell line B16OVA determined by qRT-PCR (n = 3) and western blotting. (D) mRNA expression of Gal3, Gal3bp, and IL-6 in tibias and lungs representing

healthy versus tumor tissue from orthotopic K7M2 tumor-bearing mice determined by qRT-PCR (n = 3). The data in (B) and (D) were calculated as 2E(�DCt) normalized to

GAPDH � 10,000 and are presented as the mean ± SD. *p < 0.05; **p < 0.01; ns, not significant. Student’s t test.
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surface of effector CD8+ T cells after activation,24 we analyzed
whether our Gal3 inhibitors could block Gal3 binding to CD8+

and CD4+ T cells expressing PD-1, which is a marker of T cell acti-
vation. The results showed that all recombinant inhibitors blocked
the binding of Gal3 to the surface of CD8+PD1+ T cells
248 Molecular Therapy: Oncolytics Vol. 26 September 15 2022
(p < 0.0001) and that this inhibition was significantly higher
with Gal3-N-C12 than with Gal3-N (p < 0.01), Gal3-C (p < 0.01),
and the anti-Gal3 antibody used as a positive control (p < 0.05)
(Figure 2F). The inhibitory effect on CD4+PD1+ T cells was very
similar to that observed for CD4+ T cells (Figure 2F). In addition,



Figure 2. Characterization of SFV vectors expressing Gal3 inhibitors

(A) Diagrams of SFV vectors expressing Gal3 inhibitors: SFV-Gal3-C, SFV-Gal3-N, SFV-C12, and SFV-Gal3-N-C12. Constructs contained an SFV replicase sequence

(composed of four nonstructural subunits [nsps]) followed by the viral subgenomic promoter (sgPr), a translation enhancer (b1) linked to the 2A FMDV protease fused in-frame

to each Gal3 inhibitor sequences, and an HA tag. (B and C) Gal3 inhibitor expression in BHK-21 cells 24 h after infection with SFV vectors at an MOI of 20, as determined by

western blot analysis of cell extracts (CEs) and supernatants (SNs) using an anti-HA antibody (B) and by immunofluorescence staining (C) using anti-nsp2 and anti-HA an-

tibodies. Cell nuclei were stained with DAPI (magnification, 200�; scale bar, 100 mm). (D) Luciferase activity was determined in orthotopic K7M2 tumor-bearing mice at the

indicated times after intratumoral injection of 1� 108 VPs SFV-Luc; signal is measured in photons/s. Data represent the mean ± SD (n = 3). Images of luciferase expression in

mice are shown. (E and F) Inhibition of Gal3 binding to activated T cells. CD8+ and CD4+ T cells activated with anti-CD3 and anti-CD28 antibodies and incubated with IL-10

were treated with the indicated recombinant Gal3 inhibitors at 50 mM (CD8+) or 25 mM (CD4+), with an anti-Gal3 antibody (a-Gal3) at 20 mg/mL (CD8+) or 10 mg/mL (CD4+) in

the presence of 5 mg/mL recombinant Gal3 (+) for 30 min (CD8+) or 48 h (CD4+). Cells incubated without inhibitors and Gal3 indicated by (�). The binding of Gal3 was deter-

mined by flow-cytometric measurement of the mean fluorescence intensity (MFI) of Gal3 on total CD8+ and CD4+ T cells (E) or in CD8+PD1+ and CD4+PD1+ T cells (F). Data

are presented as the mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; one-way ANOVA. N, Gal3-N; C, Gal3C; N-C12, Gal3-N-C12.
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Gal-N-C12 was able to induce decreases in the percentages of
CD4+PD1+ and CD4+CD25+ T cells compared with the anti-Gal3
antibody (p < 0.0001, p < 0.0001) and other Gal3 inhibitors tested
(Figure 2E).

SFV-Gal3-N-C12 displays a robust antiosteosarcoma effect

in vitro and in vivo

Before testing the antitumor effect of SFV vectors expressing Gal3 in-
hibitors in vivo, we evaluated the cytopathic effects of these vectors in
two osteosarcoma cell lines in vitro. We observed that all SFV vectors
were able to kill murine osteosarcoma cells at 24 and 72 h after infec-
tion and that this effect was greater in K7M2 cells than inMOS-J cells,
being dependent on multiplicity of infection (MOI) in both cell lines.
In both cell lines, SFV-Gal3-N-C12 displayed the best half-maximal
inhibitory concentration (IC50) (Figure S3A). To estimate the thera-
peutic effectiveness of our strategy, we evaluated the antitumor effect
of SFV vectors administered to two orthotopic models of murine os-
teosarcoma by intratumoral injection. Both K7M2 tumors andMOS-J
tumors were injected 7 days after intratibial injection of tumor cells
with 108 viral particles (VPs) of SFV vectors, as shown in Figure 3A.
We observed that SFV-Gal3-N-C12 treatment significantly delayed
tumor growth in comparison with treatment with the other vectors
or PBS (Figures 3B and 3C). For example, on day 15 post treatment,
SFV-Gal3-N-C12-injected mice showed tumors with an average size
of 132.10 ± 20.25 mm2, which was approximately half the size of the
tumors in mice treated with PBS (245.45 ± 32.75 mm2), SFV-Luc
(212.54 ± 50.09 mm2), or SFV-Gal3-C (219.36 ± 65.47 mm2).
SFV-Gal3-N also produced a significant antitumor effect (147.61 ±

26.10 mm2), although this effect was maintained for a shorter time
in most tumors (Figure 3B). We confirmed the high antitumor effi-
cacy of SFV-Gal3-N-C12 in a second experiment that included
SFV-C12, although this vector did not produce a significant
antitumor effect (Figure S4A). Importantly, treatment of K7M2 tu-
mor-bearing mice with SFV-Gal3-N-C12 significantly increased the
median survival time of the treated mice (PBS: 24 days; SFV-Luc:
22.5 days; SFV-C12: 28 days; SFV-Gal3-N-C12: 85 days; SFV-Gal3-
N: 26 days; SFV-Gal3-C: 24 days). Furthermore, treatment with
SFV-Gal3-N-C12 led to a higher rate of long-term survivor mice
(47%) in comparison with the other treatments. The rates for the
other treatments were as follows: PBS (6%, p < 0.001), SFV-Luc
(20%, p < 0.05), SFV-C12 (0%, p < 0.05), SFV-Gal3-N (5%,
p < 0.01), and SFV-Gal3-C (0%, p < 0.001) (Figure 3D, pooled data
from both experiments). Monitoring of mouse weight showed normal
weight gain among the treatments, suggesting that the injection of
SFV vectors did not produce toxicity (Figures S4B and S4C). Howev-
er, only 25% of long-term survivors showed protection after rechal-
lenge with the same tumor cells (p = 0.09; Figure 3E). SFV-Gal3-N-
C12 also showed antitumor effects in MOS-J tumor-bearing animals,
significantly controlling tumor growth (Figures 3F and S4D) and pro-
longing survival (30% long-term survivors) in comparison with PBS
(p < 0.05) or SFV-Luc (p < 0.05) (Figure 3G). In this model, 100%
of long-term survivors showed protection after rechallenge with
MOS-J cells, which was significantly different from the lack of protec-
tion in naive mice (p < 0.05) (Figure 3H).
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Treatment with SFV-Gal3-N-C12 partially reduces spontaneous

osteosarcoma pulmonary metastases

Since metastasis constitutes the main cause of death in pediatric
patients with osteosarcoma, we also investigated the antimetastatic
effect of SFV vectors expressing Gal3 inhibitors. We conducted ana-
tomopathological analyses of the lungs of K7M2 tumor-bearing mice
treated with SFV vectors in the efficacy study presented in Figure 3B;
the lungs were evaluated at the time of sacrifice/death. SFV-Gal3-N-
C12-treated mice showed fewer metastases than mice treated with
other SFV vectors (Figure 4A). Pulmonary metastases were observed
in 32% of the total lungs in the SFV-Gal3-N-C12-treated group,
whereas SFV-Gal3-C, SFV-Gal3-N, and SFV-Luc showed milder
antimetastatic effects, with metastases observed in 50%, 69%, and
60% of the total lungs in each group, respectively. In contrast, neither
SFV-C12 nor PBS reduced pulmonary metastases, with metastases
observed in 88% of the total lungs in both groups (Figure 4A).
MicroCT analysis, performed on day 14 post treatment, revealed a
partial antimetastatic effect of SFV-Gal3-N-C12 (p > 0.05) compared
with PBS or SFV-Luc (n = 3). The average healthy lung parenchymal
area was higher in the SFV-Gal3-N-C12 group (245 ± 96.13 mm2)
than in the SFV-Luc (178 ± 36.98 mm2) and PBS (148 ±

65.45 mm2) groups, although it did not reach the levels observed in
healthymice (305± 13.94mm2) (Figure 4B). More interestingly, anal-
ysis of RNA sequencing (RNA-seq) data from primary K7M2 tumors
collected on day 14 post treatment revealed downregulation of genes
previously reported to be prometastatic in osteosarcoma34 in the SFV-
Gal3-N-C12 group compared with the SFV-Luc and PBS groups
(p < 0.01; Figure 4C). Some of the prometastatic genes that were
downregulated after treatment with SFV-Gal3-N-C12 included
EZR, TGFB1, HIF1a, CD276, EGFR, CCN1, and ITGB4, which are
involved in the hypoxia-induced response, immunosuppression,
tumor growth, or migration and invasion (Figure 4D).

SFV-Gal3-N-C12 remodels the immune landscape in primary

osteosarcoma tumors and pulmonary metastases

Since both Gal3 and SFV vectors can induce changes in the tumor
microenvironment that can affect immune responses,35–37 we next
investigated the impact of SFV-Gal3-N-C12 on antitumor immune
responses. For this study, we used mice bearing K7M2 tumors that
were sacrificed 14–17 days after vector treatment. SFV-Gal3-N-
C12-treated mice showed a slight increase in the number of CD3+

cells in the primary tumor compared with PBS- or SFV-Luc-treated
mice, although this increase did not reach significance (p = 0.06) (Fig-
ure 5A). Furthermore, transcriptomic analysis of primary tumors
showed differences in the relative abundances of several immune
cell populations when comparing the PBS, SFV-Gal3-N-C12, and
SFV-Luc treatments (Figure 5B). Interestingly, SFV-Gal3-N-C12
increased the abundance of pDCs compared with SFV-Luc
(p < 0.05). SFV-Gal3-N-C12 also increased natural killer (NK) cell
(p < 0.0001) and type 1 conventional dendritic cell (cDC1)
(p < 0.001) levels and decreased the abundances of M1 (p < 0.01)
and M2 (p < 0.01) macrophages in comparison with PBS. In contrast,
SFV-Luc induced only a reduction in M2 macrophages in treated tu-
mors compared with PBS (p < 0.05) (Figure 5C). Of relevance, we



Figure 3. Evaluation of the antitumor effect of SFV vectors expressing Gal3 inhibitors in osteosarcoma

(A) Treatment schedule for orthotopic osteosarcomamousemodels. Tumor cells were injected intratibially on day 0. The tumors were treated with 1� 108 VPs SFV on day 7,

and tumor size and survival weremonitored. (B) K7M2 tumor growth in mice treated with the indicated vectors (n = 10) or PBS (n = 9). A representative experiment is shown of

two experiments with similar results. Data are shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; extra sum-of-squares F test. (C) Individual tumor

growth of the mice presented in (B). Discontinuous red line indicates time when control mice developed tumors >400 mm2. (D) Kaplan-Meier survival plot of the mice

described in (A). The graph corresponds to pooled data from two experiments using SFV-Gal3-C (n = 10), SFV-Gal3-N (n = 19), SFV-Gal3-N-C12 (n = 19), SFV-C12 (n = 9),

SFV-Luc (n = 10), and PBS (n = 17). *p < 0.05, **p < 0.01, ***p < 0.001; log-rank test. (E) Kaplan-Meier survival curves of cured K7M2 tumor-bearing mice rechallenged with

K7M2 cells (n = 5). p > 0.05 (not significant); log-rank test. (F) Tumor growth evaluation of MOS-J tumor-bearingmice treated as described in (A) with the indicated vectors (n =

9–10). Data are shown as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; extra sum-of-squares F test. (G) Kaplan-Meier survival plot of the MOS-J tumor-

bearing mice described in (A). *p < 0.05, log-rank test. (H) Kaplan-Meier survival plot of cured MOS-J tumor-bearing mice rechallenged with MOS-J cells (n = 3). *p < 0.05,

log-rank test.
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Figure 4. Assessment of the antimetastatic effect of SFV vectors in an orthotopic K7M2 osteosarcoma mouse model

(A) Summary table for survival, presence of metastases, and presence of bone tumors from two pooled experiments evaluating K7M2 tumor-bearing mice treated with the

indicated SFV vectors or PBS. (B) Analysis of lung metastases. K7M2 tumor-bearing mice were analyzed on day 15 after treatment with PBS, SFV-Luc, or SFV-Gal3-N-C12,

and healthy mice without tumors were used as controls. MicroCT analysis (upper images) and H&E staining (lower images) of lung tissue samples from one representative

mouse in each group (magnification, 20�; scale bar, 4 mm). Quantification of the volume of the healthy lung parenchyma in all mice in the different treatment groups. Data are

presented as the mean ± SD (n = 3, each group). p > 0.05 (not significant); one-way ANOVA. (C and D) Analysis of gene expression by RNA-seq. Mice bearing K7M2 tumors

were treated with SFV-Gal3-N-C12 (NC12, n = 4), SFV-Luc (LUC, n = 3), or PBS (n = 5) as described in Figure 3A. On day 14 the mice were sacrificed, and total RNA was

extracted from the tumors for sequencing. (C) Upon gene set enrichment analysis, an enriched gene set of prometastatic genes involved in osteosarcoma pathology was

downregulated in the SFV-Gal3-N-C12 (NC12) group compared with the SFV-Luc (LUC) group at nominal p < 0.01 and false discovery rate (FDR) < 0.05. Normalized enrich-

ment score (NES), �1.82; **padjusted < 0.01. (D) A heatmap and hierarchical clustering representing the differential expression of the most significant prometastatic genes

between the treatment groups.
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Figure 5. Analysis of immune cell populations in primary K7M2 tumors after treatment with SFV vectors by immunohistochemistry and RNA-seq

(A) Immunohistochemistry (IHC) analysis of CD3+ T cells in primary osteosarcoma tumors from mice sacrificed at 14–17 days after intratumoral treatment with the indicated

vectors or PBS. Representative IHC images are shown. Quantification of CD3+ T cells presented as the percentage of cells stained positive for CD3 in IHC images (magni-

fication, 400�; scale bar, 200 mm). CD3+ T cells were counted in five different fields in each sample, and the mean was used to perform statistical analysis. Data are shown as

the mean ± SD (n = 3). p > 0.05 (not significant); one-way ANOVA. (B) Relative abundances (in percentages) of 29 different immune cell populations determined by analysis of

RNA-seq data for primary tumors from K7M2 tumor-bearing mice obtained as described in Figure 4C with the online tool ImmuCellAI-mouse. The abundance of each pop-

ulation was normalized by considering 1 to be the total (100%) population abundance. (C) Normalized abundances of natural killer (NK) cells, type 1 dendritic cells (cDC1s),

plasmacytoid dendritic cells (pDCs), M1macrophages, andM2macrophages. Data are shown as themean ± SD (n = 3–5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;

one-way ANOVA. (D) Heatmap representing the differential expression and hierarchical clustering of the most significant immunomodulatory genes between treatment

groups. NC12, SFV-Gal3-N-C12; LUC, SFV-Luc.
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observed downregulation of the expression of several genes encoding
immunomodulatory molecules. The genes downregulated after treat-
ment with SFV-Gal3-N-C12 included the immunosuppressive mole-
cules Gal3, Gal3bp, IL-4, IL-10, Ido, Arg-1, Tgf-b, and Gal9, as well as
gene sets related to different pathways involved in immunosuppres-
sion (Figures 5D and S5A). On the other hand, some important im-
munostimulatory genes, such as IL-12 and TRAIL (TNFSF10), were
upregulated by SFV-Gal3-N-C12, suggesting that SFV-Gal3-N-C12
treatment could disrupt the immunosuppressive environment inside
osteosarcoma tumors and remodel the immune landscape.
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Figure 6. Characterization of the tumor microenvironment of K7M2 tumors after treatment with SFV vectors

(A and B) Flow-cytometric analyses of different immune cell populations in primary K7M2 tumors (tibias) (A) and lung metastases (B) on day 3 after treatment with PBS, SFV-

Gal3-N-C12 (N-C12), or SFV-Luc (Luc). Data are shown as the number of cells/mg tissue and as the mean ± SD (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA.

(C) Ratios of CD4+/CD8+ T cells, CD8+ T cells/M2macrophages, and CD8+/CD4+Foxp3+ T cells in the tumor samples analyzed in (A). Data are shown as the mean ± SD (n =

5). *p < 0.05; one-way ANOVA. (D) Gp70 tetramer (Tet+) staining (%) of the CD8+ T cell population (%) and surface expression of Gal3 in the CD8+Tet+ T cell population (MFI) in

K7M2 tumors on day 14 after treatment with the indicated vectors. Data are shown as the mean ± SD (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA. (E) IFN-g

production in TILs isolated from K7M2 primary tumors on day 14 after treatment with the indicated SFV vectors. IFN-g levels were measured by ELISA, and IFN-g spot

numbers and IFN-g mean spot sizes were measured by ELISPOT. Data are shown as the mean ± SD (n = 3). *p < 0.05, **p < 0.01; one-way ANOVA. +, splenocytes

plus mitogen; �, only splenocytes; K7M2, only K7M2 cells.
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To confirm the implications for the immune system, specifically the
antitumor response induced by SFV-Gal3-N-C12 against K7M2 oste-
osarcomas, we analyzed immune cell populations at different times
after treatment by flow cytometry (Figure S6A). On day 3 after treat-
ment, both CD8+ T cells and conventional CD4+Foxp3� T cells were
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increased in primary tumors from mice treated with SFV-Gal3-N-
C12 compared with those treated with SFV-Luc or PBS (Figure 6A).
Interestingly, evaluation of the same populations in pulmonary me-
tastases at the same time point showed significant increases in
CD8+ T cells, CD4+ (Foxp3+ and Foxp3�) T cells, dendritic cells
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(DCs), monocytes, and NK cells in mice treated with SFV-Gal3-N-
C12 and to a lesser extent in those treated with SFV-Luc compared
with those treated with PBS (Figure 6B). Treatment with SFV-Gal3-
N-C12 also induced increases in the CD8+/CD4+Foxp3+ T cells
(p < 0.05) and CD8+ T cell/M2 macrophage (p < 0.05) ratios in pri-
mary tumors, as well as a decrease in the CD4+/CD8+ T cell ratio
(p < 0.05) in both primary tumors and pulmonarymetastases, in com-
parison with treatment with PBS (Figures 6C and S7A). These data
indicated an early proinflammatory response induced by SFV-Gal3-
N-C12. However, on day 7 after treatment, the responses were
more attenuated, with no significant differences in myeloid or
lymphoid populations in primary tumors found among the groups;
in contrast, in lung metastases, DCs and monocytes were still signif-
icantly elevated (Figure S7B). However, despite the lower abundance
of CD8+ T cells at times later than 3 days post treatment, we observed
an increase in the percentage of tumor-specific CD8+ T cells
(CD8Tet+) in the primary tumors of SFV-Gal3-N-C12-treated mice
(p < 0.05) compared with those of PBS-treated mice at 14 days (Fig-
ure 6D). These cells also showed less Gal3 expressed on the surface,
along with increased secretion of IFN-g upon stimulation with tumor
cells (Figure 6E). All of these data suggested that SFV-Gal3-N-C12
could trigger a rapid immune response led by early increases in the
CD8+ and CD4+Foxp3� T cell populations, generating a strong
specific antitumor immune response over time.

Treatment with SFV-Gal3-N-C12 prevents tumor-infiltrating

CD8+ T cells from acquiring an exhausted phenotype in the

context of K7M2 tumors

To further elucidate the phenotypic changes that may explain the
potent antitumor immune response triggered by SFV-Gal3-N-C12,
we analyzed the expression of the activation/exhaustion markers
PD-1, LAG-3, and TIM3 in CD8+ and CD4+ T cells from primary tu-
mors at two different time points after treatment. On day 3, CD8+

T cells showed no differences in the expression of PD-1 or LAG3
among treatments. However, TIM3 expression was increased in these
cells after treatment with SFV-Luc (p < 0.01) or SFV-Gal3-N-C12
(p < 0.05) compared with PBS treatment, although these increases
were lost on day 7 (Figure 7A). When analyzing the percentage of
CD8+ T cells coexpressing several exhaustion markers, we observed
that the percentage of CD8+PD1+LAG3+ T cells was greater in the
SFV-Gal3-N-C12 group on day 3 (Figure 7B). Interestingly, on day
7, CD8+ T cells coexpressing PD1 and/or LAG3 and/or TIM3 from
SFV-Gal3-N-C12-treated tumors remained almost unchanged,
whereas these populations were increased in the SFV-Luc group.
Notably, the percentage of CD8+ T cells with a highly exhausted
phenotype (PD1+LAG3+TIM3+)38 was 4.97% ± 2.68% in the SFV-
Luc group compared with 0.56% ± 0.51% in the SFV-Gal3-N-C12
group (Figure 7B). In summary, these results suggested that whereas
the SFV vector could trigger the activation of CD8+ T cells, Gal3-N-
C12 expression could prevent exhaustion. On the other hand, similar
results, albeit with a weaker effect, were observed for CD4+ T cells spe-
cifically for both the individual expression of PD1, LAG3, and TIM3
(Figure 7C) and the percentage of cells with an exhausted phenotype
(Figure 7D).
SFV-Gal3-N-C12 decreases the accumulation of immune cell

populations upregulated in osteosarcoma pulmonary

metastases

Since the modulation of immune cell populations in primary tumors
can have an effect onmetastasis formation, we studied the presence of
CD4+PD1+ and CD4+CD25+ T cells in both primary tumors and lung
metastases. These populations have been described to have positive
correlations with the number and progression stage of osteosarcoma
pulmonary metastases in patients.39,40 We also studied the presence
of CD8+ T cells expressing Gal3 on the surface, as Gal3 can cause
dysfunction in these cells, leading to a failure to control tumor inva-
sion. Interestingly, on day 14 after treatment, we observed reductions
in the percentages of CD4+PD1+ (p < 0.05), CD4+CD25+ (p < 0.05),
CD4+Gal3+ (p > 0.05), and CD8+Gal3+ (p < 0.05) T cells in the pri-
mary tumors of mice treated with SFV-Gal3-N-C12 compared with
those of mice treated with PBS. Moreover, SFV-Luc also decreased
CD4+Gal3+ and CD8+Gal3+ T cells to the same levels as SFV-Gal3-
N-C12 (Figure 8A). Similar results were obtained when these popula-
tions were analyzed in the pulmonary metastases of the same animals.
Nevertheless, in these metastases, SFV-Gal3-N-C12 treatment
decreased the percentages of CD4+PD1+, CD4+CD25+, and
CD4+Gal3+ T cells in comparison with either PBS or SFV-Luc treat-
ment (Figure 8B). In primary tumors, the CD4+PD1+ and
CD4+CD25+ T cell populations from PBS-treated mice had more
Gal3 expressed on the surface than the same populations from mice
treated with SFV-Gal3-N-C12 (p < 0.05) or SFV-Luc (p < 0.05) (Fig-
ure S8A). However, in pulmonary metastases, only SFV-Gal3-N-C12
was able to decrease the amount of Gal3 expressed on the surface of
these populations (Figure S8B). Treatment with both SFV vectors also
reduced the accumulation of CD4+Foxp3�CD25hi T cells in primary
tumors but not in pulmonary metastases compared with PBS treat-
ment (Figures 8A and 8B). This population may have an essential
role in establishing immunosuppression, since these cells express
higher levels of the immunosuppressive cytokine IL-10 than the
CD4+Foxp3+CD25hi population (Figure S8C). These results showed
that whereas both SFV vectors could reduce the expansion of
CD4+PD1+ and CD4+CD25+ T cell populations in primary tumors
and partially control tumor invasion, complementation with a
Gal3-N-C12 inhibitor also reduced the accumulation of these
immune cell populations in pulmonary metastases.

DISCUSSION
Osteosarcomas that do not respond to therapy or present with metas-
tasis constitute an unmet clinical need. In this context, the use of SFV-
based vectors poses an alternative approach for treating this disease.
In fact, a previous study showed the feasibility of using an oncolytic
SFV vector expressing GFP to treat a highly aggressive orthotopic
osteosarcoma model.11 Although this propagating-competent virus
displayed some efficacy, it failed to generate long-term survivors,
highlighting the need to enhance the efficacy of SFV vectors.
Currently, arming an oncolytic virus with immunomodulatory
ligands can improve the antisarcoma effect of other oncolytic vi-
ruses.41,42 There is a plethora of potential targets available to be
used; however, human osteosarcoma samples express high levels of
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Figure 7. Analysis of exhaustion markers expressed by tumor-infiltrating lymphocytes in K7M2 tumors after treatment with SFV vectors

(A) Expression of PD1, LAG3, or TIM3 (MFI) in CD8+ T cells from K7M2 tumors on day 3 and day 7 after treatment with PBS, SFV-Luc (LUC), or SFV-Gal3-N-C12 (N-C12).

Data are shown as the mean ± SD (n = 5, each group). *p < 0.05, **p < 0.01; one-way ANOVA. (B) Pie charts showing the percentage of CD8+ T cells coexpressing the

activation/exhaustion markers PD1, LAG3, and TIM3. (C) Same analysis as in (A) performed with tumor-infiltrating CD4+ T cells. Data are shown as the mean ± SD (n =

5, each group). p > 0.05 (not significant); one-way ANOVA. (D) Pie charts showing the percentage of CD4+ T cells coexpressing the activation/exhaustion markers PD1,

LAG3, and TIM3.
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Gal3,13 and its silencing in cultured human osteosarcoma cells was
shown to decrease cell migration and invasion capabilities.17 Impor-
tantly, Gal3 acts as a negative regulator of the innate and adaptive im-
mune systems, thereby diminishing the immune response against the
tumor, which underscores the potential of this protein as a therapeu-
tic target. It seems that the highly immunosuppressive environment
inside the tumor produces therapeutic failure in nonresponders and
metastatic patients mainly triggered by a high concentration of
IL-6, among other protumoral cytokines.27,43–45 Along this line,
the binding of Gal3bp (the main ligand of Gal3) secreted by neuro-
blastoma cells to Gal3 expressed on the surface of bone marrow
mesenchymal stem cells (BMMSCs) and monocytes was shown
to induce the expression of IL-6 via the Gal-3BP/Gal-3/Ras/MEK/
ERK signaling pathway and lead to immunosuppression.22 We
observed notable overexpression of Gal3bp but a modest increase
in IL-6 expression in primary tumor samples from osteosarcoma pa-
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tients. However, primary tumors from an orthotopic osteosarcoma
mouse model showed increases in the expression of Gal3, Gal3bp,
and IL-6 compared with healthy paired samples. The slight correla-
tion between the levels of Gal3bp and IL-6 in human samples sug-
gested that tumor-secreted Gal3bp could trigger the induction of
IL-6, perhaps by binding to Gal3 on the surface of BMMSCs. The in-
hibition of Gal3bp binding to Gal3 might reduce the immunosup-
pressive environment inside osteosarcoma tumors to favor tumor
eradication by the immune system. Nevertheless, further analyses
are needed to fully understand the relationship among these three
proteins in the context of osteosarcoma. Despite the rather small dif-
ference we observed in Gal3 levels in human samples perhaps due to
the small samples (n = 6), it has been previously described that Gal3 is
significantly upregulated in osteosarcoma patients both in serum and
in tumor tissues, which also correlated with the Enneking stage of
cancer and the occurrence of metastasis.13 Of note in our samples,



Figure 8. Modulation of immune cell populations involved in pulmonary osteosarcoma metastases

Flow-cytometric analyses of CD4+ or CD8+ T cells expressing PD1, Foxp3, CD25, and/or Gal3 in the primary tumors (tibias) (A) and pulmonary metastases (B) of mice bearing

K7M2 tumors on day 14 after treatment with PBS, SFV-Gal3-N-C12 (N-C12), or SFV-Luc (Luc). Data are shown as the mean percentage ± SD of the total CD4+ or CD8+

T cells (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA.
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Gal3bp was significantly increased in tumor tissue compared with the
normal one. These data together with our observations underscore
the potential of Gal3 as a therapeutic target in osteosarcoma.

A single dose of SFV-Gal3-N-C12 showed remarkable inhibition of
tumor growth and led to long-term survival in both osteosarcoma
models tested. A modest antitumor effect was also observed with
SFV vectors expressing either Gal3-N or C12, indicating that both
components of Gal3-N-C12 could contribute to the inhibition of tu-
mor growth. Additionally, treatment with SFV-Gal3-N-C12 led to a
robust antimetastatic effect that was accompanied by a reduction in
the CD4+PD-1+ T cell population, which has been reported to favor
pulmonary metastasis in osteosarcoma patients and correlate with
more advanced stages of this disease.39

The mechanism of action underlying the therapeutic effect of this
vector can be attributed to several facts. On the one hand, we and
others have shown that SFV vectors mediate the induction of type I
IFN responses triggered by RNA replication,37 as well as the induction
of apoptosis in tumor cells, which can lead to the release of tumor
antigens that can be taken up by antigen-presenting cells to favor anti-
tumor immune responses.12 On the other hand, Gal3, as mentioned
above, has numerous immunosuppressive functions and is consid-
ered an immune checkpoint.46 One of these functions is the capacity
to bind activated antigen-committed CD8+ T cells, decreasing their
function.31–33,47 We demonstrated that Gal3-N-C12 displayed a
potent effect in abrogating Gal3 binding to CD8+ T cells stimulated
with IL-10 and to CD4+ T cells, with an efficacy similar to that of
an anti-Gal3 antibody.48 This inhibition was stronger in the
CD8+PD1+ T cell population, which suggested that Gal3-N-C12
could improve the functionality of these activated cells. Interestingly,
the N-terminal domain of Gal3 by itself (Gal3-N) was also able to
inhibit Gal3 binding to CD8+ and CD4+ T cells. Gal3-N can interact
with itself and with a part of the carbohydrate recognition domain
(CRD) present in the C terminus of Gal3, forming a fuzzy complex
via inter- and intramolecular interactions.30,49 To our surprise,
Gal3-C was not able to inhibit the binding of Gal3 to T cells, even
though this molecule has been described as a dominant-negative
form of Gal-3 and has been shown to reduce the growth of cultured
ovarian cancer cells and control the progression of human breast
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tumor xenografts in a nudemouse model.29,50 It is possible that in our
assay, Gal3-C, which contains the CRD, could interact with Gal3 to
form hybrid complexes that could still efficiently bind to carbohy-
drates on the T cell surface. In fact, we did not observe antitumor
effects in K7M2 osteosarcoma tumors treated with SFV-Gal3-C,
confirming the lack of antitumor activity for this molecule.

In addition to inhibiting the binding of Gal3 to activated CD8+

T cells, Gal3-N-C12 was able to significantly increase the infiltration
of CD8+ T cells in both primary tumors and pulmonary K7M2 me-
tastases. A possibility that could explain this higher infiltration is
that the Gal3-mediated sequestration of glycosylated cytokines,
such as IL-12 and IFN-g, could decrease the generation of chemo-
kines required for T cell infiltration, such as CXCL9 and CXCL10.23

An increase of DC was also observed in primary tumors, suggesting
more cross-presentation of tumor antigens. In addition, our thera-
peutic treatment reduced the expression of IL-10, an immunosup-
pressive cytokine able to increase Gal3 binding to CD8+ T cells,
inhibiting their effector function.46 Apart from increasing total
CD8+ T cell levels inside tumors, SFV-Gal3-N-C12 increased the
number of tumor-specific CD8+ T cells and decreased the CD4+/
CD8+ T cell ratio, although this effect was also observed with the
control SFV-Luc vector. This last parameter is considered a marker
of a good prognosis and extended survival in osteosarcoma pa-
tients,51 highlighting the therapeutic effect of our treatment strategy.
An interesting observation was that CD8+ T cells from tumors
treated with SFV-Luc exhibited a more exhausted phenotype than
those from tumors that received SFV-Gal3-N-C12, as indicated by
the coexpression of the markers LAG3, PD1, and TIM3, which
would help explain the difference in therapeutic efficacy between
these two groups.

This therapeutic strategy also presented the advantage that viral
replication will remain local, which reduces the potential risks and
toxicities associated with using this virotherapy systemically.52 Never-
theless, no life-threatening side effects attributed to Gal3 inhibitors
were observed after systemic administration of the Gal3 inhibitor
GR-MD-02 in the clinical trials NCT02117362 (GR-MD-02 and
ipilimumab in patients with metastatic melanoma), NCT02575404
(GR-MD-02 and pembrolizumab in patients with metastatic
melanoma, non-small cell lung cancer, or head and neck squamous
cell carcinoma), and NCT00514696 (study of the safety of Gal3
antagonist GCS-100 in subjects with chronic lymphocytic leukemia).
Moreover, the results from a first-in-human clinical trial evaluating
the immunomodulatory effects and safety of Vvax001 (a replication-
incompetent SFV vector-based cancer vaccine) in (pre-)malignant
cervical lesions (NCT03141463) indicated that Vvax001 was safe
and well tolerated and induced strong human papillomavirus
(HPV) 16 E6- and E7-specific immune responses.53

In summary, our data underscore the potential therapeutic value of an
SFV-Gal3-N-C12 vector as a therapeutic agent for patients affected by
osteosarcoma, especially metastatic patients for whom no efficacious
therapy is currently available.
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MATERIALS AND METHODS
Cell lines and culture conditions

The hamster cell line BHK and the spontaneousmurine osteosarcoma
cell line K7M2were obtained fromAmerican Type Culture Collection
(Manassas, VA). The murine POS-1 andMOS-J cell lines, which were
derived from spontaneous mouse osteosarcomas, were provided by
Dr. Kamijo54 and Dr. Shultz,55 respectively, and were cultured in
RPMI medium and DMEM, respectively, supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL strep-
tomycin. All cells were maintained in a humidified atmosphere with
5% CO2 at 37�C. The cell lines were routinely tested for mycoplasma
contamination (MycoAlert Mycoplasma Detection Kit; Lonza,
Switzerland).
Viral vector construction

Three different mouse Gal3-derived constructs were designed and
cloned into an SFV vector. Two of them were Gal3 inhibitors based
on truncated forms of Gal3, Gal3-N-C12, and Gal3-C, which are
based on the N-terminal domain of Gal3 (amino acids 1–135) linked
to the Gal3 peptide inhibitor C-1256 and on the Gal3 C-terminal
domain (amino acids 122–264), respectively. In addition, two other
constructs were generated to be used as controls, one containing
Gal3-N and the other containing the peptide inhibitor C-12
(ANTPCGPYTHDCPVKR).28 All constructs contained a signal pep-
tide (SALLILALVGAAVA) at the amino-terminal end and an HA tag
for detection, as indicated in Figure 2A. Synthetic DNA constructs en-
coding Gal3-N-C12, Gal3-C, and C-12 were supplied by GenScript
(Nanjing, Hong Kong); they were all cloned into the pUC57 plasmid
except for C-12, which was cloned into pcDNA3.1(�). All constructs
were flanked by ApaI sites, which were used for subcloning each
synthetic gene into pSFV-b1-2A,57 generating pSFV-Gal3-N-C12,
pSFV-Gal3-C, and pSFV-Gal3-C-12, respectively. pSFV-Gal3-N
was obtained by digestion of pSFV-Gal3-N-C12 with NheI, whose
restriction sites flanked the C-12 peptide sequence, and the purified
plasmid was religated.
Generation of SFV viral particles

Synthetic RNAs were generated by in vitro transcription using SFV
plasmids as templates and transfected into BHK-21 cells by electropo-
ration. Both RNA synthesis and BHK-21 cell electroporation were
performed as described previously.58 To produce VPs to be used as
therapeutic tools, SFV RNAs were packaged into VPs by coelectropo-
ration of these RNAs together with two helper RNAs (SFV-helper-C-
S219A and SFV-helper-S2), which provided the SFV capsid and
envelope proteins, respectively, in trans.59 Cells were incubated at
33�C for 48 h, and the supernatants were collected and used for the
purification of SFV VPs by ultracentrifugation as described previ-
ously.60 SFV-Luc was also produced.57 The titers of each vector
were determined by indirect immunofluorescence staining using a
rabbit polyclonal antiserum specific for the nsp2 subunit of SFV repli-
case as the primary antibody61 and an anti-rabbit immunoglobulin G
(IgG) conjugated with Alexa Fluor 488 (Thermo Fisher, Waltham,
MA) as the secondary antibody (Table S1).
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Immunofluorescence staining

Indirect immunofluorescence staining was performed to detect the
expression of recombinant proteins. BHK-21 cells were seeded in
M6 wells and grown on coverslips for 24 h. The BHK-21 cells were
then infected for 1 h with SFV VPs expressing Gal3 inhibitors. After
24 h, the infected cells were washed and fixed withmethanol at�20�C
for 20 min. Recombinant proteins were detected by using a primary
anti-HA antibody (BioLegend, San Diego, CA) and a secondary
anti-mouse IgG antibody conjugated with Alexa Fluor 488 (Thermo
Fisher) (Table S1). Finally, the coverslips were placed on amicroscope
slide with a drop of Vectashield mounting medium containing DAPI
(Vector Labs, Burlingame, CA) and visualized with a fluorescence
microscope (Nikon, Japan).
In vitro infectivity

To assess the infectivity of SFVVPs in vitro, the K7M2 andMOS-J cell
lines were plated on six-well plates at densities of 3� 105 and 2� 105,
respectively, and infected with SFV-Gal3-N-C12 for 1 h at different
MOIs. After 24 h the infected cells were fixed with methanol, and
the SFV nsp2 replicase subunit was detected by indirect immunoflu-
orescence staining.
RNA extraction and qRT-PCR

Gene expression analysis was assessed by qRT-PCR. RNA was ex-
tracted either from osteosarcoma cell lines using a Maxwell RNA
extraction kit (Promega, Madison, WI) or from tibia and lung tissues
using TRIzol reagent (Invitrogen, Waltham, MA) according to the
manufacturer’s protocols. RNA levels were quantified using a
CFX96 real-time system (Bio-Rad, Hercules, CA) and an iQ SYBR-
Green Supermix kit (Bio-Rad) with the following specific mouse
primer sets: Gal-3: forward primer, 50-CCA AAG AGG GAA TGA
TGT TGC C-30 and reverse primer, 50-TGA TTG TAC TGC AAC
AAG TGA GC-30; Gal-3-BP: forward primer, 50-CCA AAG AGG
GAA TGA TGT TGC C-30 and reverse primer, 50-TGA TTG TAC
TGC AAC AAG TGA GC-30; IL-6: upstream primer, 50-GTG TTG
CCT GCT GCC TTC CCT G-30 and downstream primer, 50-CTC
TAG GTA TAC CTC AAA CTC CAA-30; C1GALT1: upstream
primer, 50-CAC CAC TTA ATC AAA GGT TAT CTA CCA A-30

and downstream primer, 50-AGG ACC CTC TAT GGG AGG ATA
ATA G-30; VLDLR: upstream primer, 50-TGA CGC AGA CTG TTC
AGA CC-30 and downstream primer, 50-GCC GTG GAT ACA GCT
ACC AT-30; ApoER2: upstream primer, 50-AGA TGG GCT CAA
CAG TCA CC-30 and downstream primer, 50-AGT GGG CGA
TCA TAG TTG CT-30; NC12: upstream primer, 50-TCC ATC TGC
TTA CCC AGG C-30 and downstream primer, 50-ACA GTC GTG
TGT GTA AGG-30; SFV rep: upstream primer, 50-CTG TTC TCG
ACG CGT CGT C-30 and downstream primer, 50-GAG GTG TTT
CCA CGACCC-30. The following primers were used for human oste-
osarcoma cell lines: Gal-3: forward primer, 50-CCA AAG AGG GAA
TGA TGT TGC C-30 and reverse primer, 50-TGA TTG TAC TGC
AAC AAG TGA GC-30; Gal-3-BP: forward primer, 50-GTG AAC
GAT GGT GAC ATG CG-30 and reverse primer, 50-ATG ATG
GGG CCT GAT CCT TG-30.
Cell viability assay

The K7M2 and MOS-J cell lines were seeded at a density of 4 � 103

cells per well in 96-well plates and infected with SFV-Gal3-N, SFV-
Gal3-C, SFV-Gal3-N-C12, SFV-C12, or SFV-Luc at MOIs ranging
from 0 (mock) to 40. Cell viability was assessed 24 and 72 h after
infection using a CellTiter-Glo Luminescent Cell Viability kit (Prom-
ega). The absorbance was measured using an Orion L Microplate
Luminometer (Berthold Detection Systems, Pforzheim, Germany).
The dose-response curves and IC50 values were analyzed using
GraphPad Prism software (GraphPad Software, San Diego, CA).
Immunoblotting

Conditioned medium (CM) and CEs were collected 24 h after infec-
tion of BHK-21 cells with the different SFV VPs. CEs were obtained
by treating samples with lysis buffer (PBS 1� + 1% Triton X-100)
together with cOmplete, Mini Protease Inhibitor Cocktail (Sigma-Al-
drich, St. Louis, MO) for 30 min on ice and centrifuging them for
20 min at 4�C. CM proteins were concentrated using 10% trichloro-
acetic acid (Merck, Kenilworth, NJ). Samples were subjected to SDS-
Tris-Gly gel electrophoresis under denaturing conditions and then
transferred to nitrocellulose membranes, which were incubated
with antibodies specific for the following molecules (Table S1):
nsp2 subunit of SFV replicase, HA tag (BioLegend), Gal3 (R&D Sys-
tems, Minneapolis, MN), Gal3-BP (ProteinTech, Rosemont, IL), and
a-tubulin (Cell Signaling Technologies, Danvers, MA).
Gene expression analysis in osteosarcoma patients

Differential gene expression analysis of several genes of interest was
performed by using the available gene expression data from a prior
study performed by our laboratory group.62 This study included
processed microarray data for primary tumor and paired normal
osteoblast samples that were obtained from six high-grade osteosar-
coma patients before induction chemotherapy, by needle biopsy,
and during surgery.
Animal studies

To establish osteosarcoma animal models, 5 � 105 K7M2 or 1 � 106

MOS-J cells were injected into female BALB/c and C57BL/6 mice,
respectively, through the tibial plateau into the primary spongiosa
of the right tibia. PBS or SFV (1 � 108 VPs per mouse) was adminis-
tered intratumorally on day 7 after tumor engraftment. Tumor devel-
opment and mouse weight were monitored twice weekly from the
beginning of the experiment until the day of sacrifice. Tumor volumes
were determined by measuring tumor size along two perpendicular
diameters with a caliper and calculating the tumor volume with the
following formula: Volume = D � (d)2 � 0.5, where D is the largest
diameter and d is the smaller diameter. The time point for sacrifice
was set as the time when the tibial tumor volume reached 400 mm3

or when the mice lost more than 20% of their body weight. Tibias
were harvested to examine primary bone tumors, lungs were har-
vested to examine metastases, and livers were harvested to evaluate
safety. The indicated organs were fixed with 3.7%–4.0% formaldehyde
(PanReac AppliChem, Germany).
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In vivo infectivity assay

Mice bearing orthotopically injected K7M2 cells were treated with
1� 108 SFV-Luc VPs intratumorally 7 days after tumor engraftment.
The mice were anesthetized with ketamine and xylazine, and luciferin
(Sigma-Aldrich) was administered to the mice by intraperitoneal in-
jection. Five minutes later, luciferase activity was recorded. Luciferase
activity was measured every 2 days for up to 16 days with a Photon
Imager Optima (Biospacelab, France). The luciferase signal was
analyzed with Imaris software (Bitplane, Belfast, UK) and is expressed
as the mean ± SD in photons per second.

Immunohistochemical analysis

Paraffin-embedded sections of mouse tibias and lungs were stained
with H&E to analyze the presence of tumor regions and identify me-
tastases in the lungs. Thereafter, these samples were immunostained
following conventional procedures with an anti-CD3 antibody (clone
SP7; NeoMarkers, Fremont, CA) and Vectastain ABC kits (Vector
Labs) used according to the manufacturer’s instructions. Quantifica-
tion of CD3-stained cells was performed using ImageJ software (NIH,
Bethesda, MD).

In vivo pulmonary metastasis evaluation

Thorax tomography was performed on day 23 after K7M2 cell inoc-
ulation. Mice were anesthetized by intraperitoneal injection of keta-
mine and xylazine and maintained on 2% inhaled isoflurane until
they were completely relaxed. Mouse lung inhalation was controlled
by placing an intratracheal cannula in mice connected to a flexiVent
rodent ventilator (SCIREQ, Montreal, Canada), which was set at a
rate of 200 breaths/min and a tidal volume of 10 mL/kg 3D.

Three-dimensional lung tomographic images were acquired using an
X-ray microCT system (Quantum-GX; PerkinElmer, Waltham, MA,
USA) with the following parameters: X-ray source voltage of 90 kVp,
current of 88 mA, high-speed scan protocol for a total acquisition time
of 4 min, and gantry rotation of 360�. Breathing artifacts were
denoised using respiratory gating in each acquisition. Three-dimen-
sional tomographic images containing the whole lung included a total
of 512 slices with an isotropic voxel size of 72 mm and a resolution of
512� 512 pixels per slice. Analysis of the lung volume in each sample
was carried out using Fiji/ImageJ, which is open-source Java-based
image-processing software. In brief, lung images were segmented by
applying a fixed threshold, and total lung volume was measured
over the obtained mask (mm3).

Flow-cytometric analysis

The immune cell populations in primary K7M2 tumors and corre-
sponding lung metastases were evaluated on days 3 and 7 after treat-
ment. These tissues were processed by mechanical digestion and
chemical digestion using DNase I and collagenase D (Sigma-Aldrich).
The disaggregated cells were then passed through a 70-mm cell
strainer and subjected to 30% Percoll (Fisher Scientific, Waltham,
MA) treatment to obtain the tumor-infiltrating lymphocytes (TILs).
For the identification of immune cell populations and evaluation of
their phenotypic statuses, infiltrating immune cells were surface
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stained with the following antibodies resuspended in PBS containing
0.5% FBS and 0.5% EDTA: anti-mouse CD3 (clone 17A2), anti-
mouse CD4 (clone GK1.5), anti-mouse CD8a (clone 53-6.7), anti-
mouse CD11b (clone M1/70), anti-mouse CD11c (clone N418),
anti-mouse CD19 (clone 6D5), anti-mouse CD25 (clone PC61),
anti-mouse CD45 (clone 30-F11), anti-mouse CD206 (clone
C068C2), anti-mouse F4/80 (clone BM8), anti-mouse Gal-3 (clone
M3/38), anti-mouse IA/IE (clone M5/114.15.2), anti-mouse LAG3
(clone C9B7W), anti-mouse Ly6C (clone HK1.4), anti-mouse Ly6G
(clone 1A8), anti-mouse NKP46 (clone 29A1.4), anti-mouse PD-1
(29F.1A12), anti-mouse TCRb (H57-597), and anti-mouse TIM3
(clone B8.2C12). For intracellular staining, cells were treated
with Invitrogen Fixation/Permeabilization concentrate and diluent
(Sigma-Aldrich) and stained with anti-mouse Foxp3 (clone FJK-
16s), anti-mouse Granzyme B (clone NGZB), and anti-mouse IL-10
(clone JES5-16E3) antibodies (Table S2). PromoFluor-840 staining
(1:10,000) was used to remove dead cells from the analysis
(PromoCell, Heidelberg, Germany). An H-2Ld-restricted MuLV
gp70-APC tetramer (MBL International, Woburn, MA) was used to
identify tumor-specific CD8+ T cells, as K7M2 cells have been shown
to express the gp70 protein.63 All samples were acquired on a
CytoFLEX flow cytometer (Beckman Coulter, Brea, CA) with
FACSDiva software (BD Biosciences, Franklin Lakes, NJ). Data
analyses were performed using FlowJo v.10 (FlowJo, Ashland, OR)
and SPICE software.64

IFN-g ELISA and ELISPOT

K7M2 cells were cultured with recombinant murine IFN-g (Fisher
Scientific) at 100 IU/mL. Forty-eight hours later, splenocytes were
isolated from K7M2 tumor-bearing mice that received different treat-
ments and cocultured with irradiated K7M2 cells at an effector/target
cell ratio of 40:1 (ELISA) or 10:1 (ELISPOT) in a 96-well plate for 72 h
(ELISA) or 24 h (ELISPOT). Wells containing only splenocytes or
K7M2 cells were used as controls for IFN-g expression. For ELISA,
the supernatant of each well was collected and analyzed using amouse
IFN-g ELISA kit (BD Biosciences) following the manufacturer’s
instructions. For ELISPOT, a mouse IFN-g ELISPOT kit (BD Biosci-
ences, Franklin Lakes, NJ) was used according to the manufacturer’s
instructions. Results were measured using an IMMUNOSPOT S6
Macro Analyzer (CTL, Shaker Heights, OH).

Inhibition of the binding of Gal3 to the surface of CD4+ and CD8+

T cells

Splenocytes from BALB/c mice were collected, and CD4+ or CD8+

T cells were negatively isolated using a CD4+ or CD8+ T cell Isolation
KitMouse (MiltenyiBiotec,BergischGladbach,Germany), respectively.
CD4+ T cells were activated by incubation in anti-CD3-coated (1 mg/
mL) and anti-CD28-coated (1 mg/mL) wells for 48 h. The cells were
then placed in other plates and incubated with recombinant mouse
Gal3 with an N-terminal 9His-2(SGGG)-IEGR tag (BioLegend) with
or without recombinant Gal3 inhibitors (Gal-N-C12, Gal3-N, and
Gal3-C) produced in E. coli from pET30a vectors (custom synthesized
and purified by GenScript) or an anti-Gal3 antibody (clone B2C10; BD
Pharmingen, San Diego, CA). Forty-eight hours later, the cells were
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collected and prepared for staining with mouse anti-mouse CD45
(clone 30-F11), anti-mouse CD3 (clone 17A2), anti-mouse CD4 (clone
GK1.5), anti-mouse PD1 (clone 29F.1A12), anti-mouse CD25 (clone
PC61), and anti-mouse Gal3 (clone M3/38). Similarly, CD8+ T cells
were activated with anti-CD3 and anti-CD28 antibodies and recombi-
nant mouse IL-10 (150 ng/mL; BioLegend) for 48 h. The CD8+ T cells
were then collected and cultured for 6 more days in the presence of re-
combinant mouse IL-10 without the anti-CD3 and anti-CD28 anti-
bodies. On day 8, the CD8+ T cells were collected and treated with
Gal3 with or without Gal3 inhibitors (Gal-N-C12, Gal3-N, and
Gal3-C) or anti-Gal3 (clone B2C10) for 30 min at 4�C. Finally, the
CD8+ T cells were collected and prepared for staining with mouse
anti-mouse CD45 (clone 30-F11), anti-mouse CD3 (clone 17A2),
anti-mouse CD8 (clone 53–6.7), anti-mouse PD1 (clone 29F.1A12),
and anti-mouse Gal3 (clone M3/38).

Library preparation and RNA-seq

Primary tumor tissues were collected from orthotopic K7M2 tumor-
bearing mice in TRIzol reagent (Invitrogen) on day 14 after intratu-
moral treatment with PBS, SFV-Luc, or SFV-Gal3-N-C12, as
described above (n = 5). RNA was isolated from the tumor samples
using TRIzol reagent following the manufacturer’s instructions
(Invitrogen). Thereafter, the isolated RNA was further purified
and isolated using an RNeasy Mini Kit following the manufacturer’s
instructions (Qiagen, Hilden, Germany). RNA quantity and quality
were tested with a Qubit (1.0) Fluorometer (Life Technologies,
Carlsbad, CA) and High Sensitivity RNA ScreenTape following
the manufacturer’s instructions (Agilent, Waldbronn, Germany).
Samples with an RNA integrity number (RIN) > 7 (based on the
28S/18S ratio) were processed with the stranded full-length RNA-
seq mRNA preparation protocol by using a TruSeq RNA Sample
Prep Kit according to manufacturer’s instructions (Illumina, San
Diego, CA). In brief, total RNA samples were poly(A) enriched
with poly(T) oligo-conjugated magnetic beads and then reverse
transcribed into double-stranded cDNA using random primers.
The double-stranded cDNA samples were fragmented, end-re-
paired, and polyadenylated before ligation of TruSeq adapters con-
taining the index for multiplexing. The fragments containing
TruSeq adapters on both ends were selectively enriched by PCR. Af-
ter PCR amplification, the enriched cDNA libraries were sequenced
using a NextSeq2000 (Illumina).

Analysis of RNA-seq data

RNA-seq data analysis was performed using the following work-
flow: (1) the quality of the samples was verified using FastQC soft-
ware (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/),
(2) the alignment of reads to a mouse genome (mm10) was per-
formed using STAR,65 (3) gene expression quantification using
read counts of exonic gene regions was carried out with feature-
Counts,66 (4) the gene annotation reference was Gencode M25,67

and (5) differential expression statistical analysis was performed us-
ing R/Bioconductor.68 Data are publicly available from the Gene
Expression Omnibus database under the accession number GEO:
GSE197902.
First, gene expression data were normalized with edgeR69 and
voom.70 After quality assessment and outlier detection using R/Bio-
conductor,68 a filtering process was performed. Genes with read
counts lower than 6 in more than 50% of the samples for all the stud-
ied conditions were considered not expressed in the experiment un-
der study. LIMMA70 was used to identify the genes with significant
differential expression between the experimental conditions. Genes
were selected as differentially expressed using a cutoff of p < 0.01.
Further functional and clustering analyses were performed, and
graphical representations were generated using clusterProfiler71 and
R/Bioconductor.68

The functional analyses included gene set enrichment analysis
(GSEA) with the MsigDB C7 collection of gene sets.71,72 This collec-
tion contains gene sets that represent cell states and perturbations
within the immune system. In addition, GSEA was performed using
a gene set of prometastatic genes previously described to favor metas-
tasis in osteosarcomas.34 For this analysis, p < 0.01 and false discovery
rate of q < 0.05 were considered statistically significant.

To evaluate changes in the tumor microenvironment, we analyzed the
abundances of immune cell populations in primary tumors after
treating K7M2 tumor-bearing mice with PBS, SFV-Luc, or SFV-
Gal3-N-C12 using the online tool ImmuCellAI-mouse.73 We further
analyzed the expression of interesting immunomodulatory molecules
in primary tumors among the treatment groups. The expression of
the selected immunomodulatory genes is represented in a heatmap.

Statistical analysis

Data from in vitro and ex vivo studies are expressed as the mean ± SD.
Statistical comparisons were performed by applying a convenient
two-tailed Student’s t test or ANOVA followed by Tukey’s multiple
comparison test, as indicated in each figure legend. For in vivo studies,
survival differences among treated groups are represented by Kaplan-
Meier plots, and survival curves were compared using the log-rank
test. For time-series analysis (tumor growth curves), data were
compared using the extra sum-of-squares F test in the Prism software
package and fitted to a second-order polynomial equation. GraphPad
Prism 9 software was used for all statistical analyses. p values of <0.05
were considered statistically significant.

Study approval

The Ethical Committee of the University of Navarra (Comite Etico de
Experimentacion Animal (CEEA)) approved the animal protocols
performed in this study (CEEA/044-21).

All animal studies were performed at the animal facilities of Cima
Universidad de Navarra following institutional, regional, and national
laws and ethical guidelines for experimental animal care.

Data and materials availability

The data that support the findings of this study are available within
the paper or supplemental information or are available from the cor-
responding author upon request.
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