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Triple-negative breast cancer (TNBC) metastasis is driven, in part, by the epithelial-to-mesenchymal 
transition (EMT), a process critical for cancer cell migration and invasion. Current treatment options, 
including immunotherapies and targeted therapies, demonstrate limited efficacy in this aggressive 
disease, underscoring the need for innovative therapeutic approaches. Here, we present a novel 
approach integrating oncolytic virotherapy with RNA interference by engineering two variants of 
vesicular stomatitis virus (VSVd51) expressing pri- or pre-miR-199a-5p, a microRNA implicated in 
the regulation of EMT. We demonstrate that both viral constructs are functional and capable of 
overexpressing mature miR-199a-5p. In the human TNBC cell line MDA-MB-231, both viral variants 
inhibited the expression of ZEB1, a transcription factor central to EMT. However, in the mouse TNBC 
cell line 4T1, miR-199a-5p delivered via VSVd51 failed to disrupt EMT-related gene expression. In vivo 
testing of VSVd51-pre-miR-199 in the syngeneic BALB/c-4T1 mouse model revealed no significant 
survival benefits or reduction in tumor growth, even when coupled with primary tumor resection. 
Additional in vivo testing in immunodeficient mice using the MDA-MB-231 xenograft model showed no 
effect on tumor reduction. Our study highlights the challenges of integrating miRNA-based strategies 
with oncolytic viruses in a cancer context-specific manner and underscores the importance of vector 
selection and tumor model compatibility for therapeutic synergy.
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In recent years, with the advent of immune checkpoint inhibitors (ICI), triple-negative breast cancer (TNBC) 
has become a target of immunotherapies due to its augmented immunogenicity compared to other breast cancer 
subtypes. The treatment regimen for advanced stages of TNBC includes the ICI pembrolizumab, a monoclonal 
antibody targeting PD-1, but its efficacy remains limited, suggesting the need for more potent immunotherapies1. 
Despite the overall increase in survival of patient with breast cancer over the last decades, TNBC remains fatal in 
a significant proportion of cases. This can be attributed to its propensity to develop metastases more frequently 
and rapidly than other breast cancer subtypes2. Once metastases are detected, pathologic complete response 
at resection following neoadjuvant treatment is the best indicator of long-term survival3,4. Therefore, crafting 
immunotherapies that can promote a powerful immune response in situ while helping to target metastases could 
have good therapeutic potential for patients with advanced TNBC.

Oncolytic viruses (OV) are a type of viro-immunotherapy that can remodel the tumor microenvironment 
(TME) and elicit a strong antitumor immune response by selectively targeting and lysing tumor cells5. Their 
tumor tropism enables in situ delivery of genetically encoded therapeutic payloads, which has led to the 
development of OV with improved immunostimulatory properties and therapeutic efficacy. To this end, we 
have recently demonstrated the superiority of the oncolytic vesicular stomatitis virus (VSVd51) expressing 
GM-CSF on reducing tumor growth and improving survival, in a murine model of bladder cancer, through 
enhanced activation of antitumor immunity6. VSVd51 is a potent inducer of the immune system and has been 
shown to promote antitumor immune responses in a variety of cancers, including TNBC. We have previously 
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demonstrated the ability of a VSVd51-infected cell vaccine to remodel the systemic immune landscape in TNBC, 
in part through activation of CD8+T cells, NK cells, and dendritic cells. This led to long-term survival in the 
BALB/c-4 T1 model of mouse TNBC7,8. These studies highlight the strong antitumor immune response that can 
be generated by OV infection, directly or indirectly.

Metastasis relies on the migration and invasion of cancer cells, processes that are facilitated by the epithelial-
mesenchymal transition (EMT). The transition into a migratory and invasive phenotype is regulated by 
transcription factors (TFs), namely SNAI1, SNAI2, TWIST1, ZEB1, and ZEB2 in a context-dependent manner9,10. 
This can lead to the presence of hybrid epithelial-mesenchymal phenotypes induced by the expression of various 
combinations of TFs differentially expressed, as not all transitions follow the same morphogenic path11,12. 
Inflammation, hypoxia, and other cellular stresses as well as growth factors regulate the activity of TFs including 
ZEB1 that can reprogram cell identity and enable migration to distant tissues10,13. Interestingly, ZEB1 and 
other molecular regulators of EMT also have immunosuppressive functions in breast cancer14,15. Therefore, an 
immunotherapy targeting the EMT could inhibit metastases and reverse immunosuppression16.

These processes, and others, are regulated by microRNAs (miRNA, miR). MiRNAs are short non-coding 
interfering RNAs that regulate the post-transcriptional expression of multiple genes by targeting untranslated 
regions (UTR) of mRNAs. They are first transcribed as primary miRNAs (pri-miRNA) in the nucleus and 
exported into the cytoplasm after being processed into shorter precursor miRNAs (pre-miRNAs) from which 
the mature miRNA is derived17. Their role in cancer is well established and justifies investigations into miRNAs 
as therapeutic molecules18. In breast cancer and TNBC subtypes, the miRNA miR-199a-5p (miR-199) has been 
associated with tumor-suppressive functions, inhibition of migration and invasion, and response to PD-L1 
inhibitors19–21. Genes reported to be targeted by miR-199 include EMT-related genes, HIF1 A, and HSPA5, 
which are all involved in breast cancer, and TNBC progression19,22–24. However, a study by Turashvili et al.. 
correlated miR-199 expression with decreased overall survival in TNBC, highlighting gaps in our understanding 
of miR-199 function in TNBC and the difference between expression and overexpression25.

Recent studies have explored the therapeutic potential of combining OV with microRNAs to modulate 
tumor pathways and enhance immune responses26. For example, Wedge et al.. engineered VSVd51 to express 
artificial miRNAs targeting tumor resistance genes, demonstrating enhanced oncolysis and immune activation 
in melanoma and pancreatic cancer models27. Other reports have linked mir-199 to suppression of EMT and 
PD-L1 pathways in breast and lung cancers19–22. However, few studies have systematically evaluated miR-199 
delivery via VSVd51 in the context of TNBC, particularly using both human and syngeneic mouse models. This 
represents a critical gap that our study addresses.

Despite encouraging in vitro data, many prior studies lack comprehensive in vivo validation across multiple 
TNBC models or fail to examine miRNA-mediated effects in the context of viral replication kinetics, immune 
evasion, or tumor microenvironment remodeling. Moreover, the compatibility of miRNA biogenesis with 
cytoplasmic virus replication is often assumed but remains poorly defined. To contribute to the field of TNBC 
viro-immunotherapy, we sought to test a novel VSVd51 overexpressing miR-199 in the syngeneic BALB/c-4 
T1 mouse model of TNBC to simultaneously lyse cancer cells and inhibit the expression of genes involved in 
tumor migration, invasion, and immunosuppression. Specifically, we hypothesized that delivery of miR-199a-
5p via VSVd51 could suppress EMT-promoting genes, such as ZEB1, SNAIL1, and HIF1 A, thereby reducing 
tumor invasiveness and enhancing the immunotherapeutic and oncolytic effects of the virus in TNBC models. 
Given the cytoplasmic nature of VSVd51 replication, we hypothesized that expressing pre-miR-199a-5p, which 
directly enters into the Dicer processing pathway would be more compatible with the viral lifecycle and therefore 
more efficient in producing mature miRNA and achieving gene silencing. In contrast, expression of pri-miR-
199a-5p, which requires nuclear Drosha processing, might be less effective due to spatial mismatch between 
transcriptional output and miRNA biogenesis.

The main contributions of this study are:

•	 We engineered two novel VSVd51 constructs expressing pri- and pre-miR-199a-5p and validated their ex-
pression and cytotoxicity in TNBC cell lines.

•	 We demonstrated that pre-VSVd51-miR-199 partially suppresses EMT-related mRNA targets in human 
TNBC cells, but not in mouse cells.

•	 We showed that the addition of miR-199 does not improve therapeutic outcomes over control virus in both 
immunocompetent and immunodeficient TNBC models.

•	 We discuss the limitations of combining miRNAs with cytoplasmic OV backbones and suggest future direc-
tions to improve compatibility and efficacy.

Results
VSVd51 over-express miR-199 in TNBC cell lines
MiRNA expression is regulated by complex processes that are highly dependent on the exact sequence of 
nucleotides (nts) that is transcribed and the resulting secondary structure, which folds like a hairpin upon itself 
through partial self-complementarity17. Thus, we engineered two VSVd51 variants expressing each stage of 
miRNA maturation to evaluate efficacy: VSVd51 expressing pri-miR-199 (VSVd51-pri-miR-199) and VSVd51 
expressing pre-miR-199 (VSVd51-pre-miR-199). The genetic sequence of MIR199 A1, the gene encoding miR-
199 was collected from NCBI and constituted the pre-miR-199 transgene, 71 nts in length. To generate the pri-
miR-199 sequence, we added 50 nts at the 5’ and 3’ end corresponding to the DNA sequence flanking MIR199 
A1 in the hg38 genome assembly from the UCSC genome browser. We note that that the term “pri-miR-199” 
here refers to an engineered 171 nts sequence consisting of the canonical pre-miR-199 flanked by 50 nts on either 
side (Fig. 1a). While this does not reflect the full endogenous pri-miRNA length, it was designed to enhance 
nuclear Drosha processing while remaining compatible with viral genomic insertion. The OVs expressing miR-
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199 were compared to VSVd51-shNTC, which expresses a short hairpin RNA targeting GFP, and serves as a 
non-targeting, negative control (shNTC) for viral infection.

Evaluation of cytotoxicity after genetic modification is essential to ensure OV functionality. Therefore, we 
performed cell viability assays following viral infection at various multiplicity of infection (MOI), a ratio of 
plaque forming units (pfu) to cancer cells, ranging from 10−5 to 101 in mouse 4 T1 (Fig.  1b) and in human 
MDA-MB-231 (Fig. 1d) TNBC cell lines. These results show that the viral constructs retained cytotoxic potency 
across both mouse and human TNBC cell lines, highlighting their use as functional platforms for transgene 
delivery. Next, to validate the functionality of VSVd51-pri-miR-199 and VSVd51-pre-miR-199, we quantified 
the relative overexpression, or fold increase, of miR-199 after infection in 4 T1 and MDA-MB-231 cells. We 
observed that both viruses induced overexpression of miR-199 in each of the TNBC cell line tested, with a trend 
towards elevated levels of miR-199 over-expression by VSVd51-pre-miR-199 infection (Fig. 1c and e). However, 

Fig. 1.  VSVd51 over-express miR-199 in TNBC cell lines. (a) Graphical representation of VSVd51 expressing 
pri-miR-199a-5p or pre-miR-199a-5p. The transgene is inserted between VSV-G and VSV-L. To design 
VSVd51-pri-miR-199, the sequence of MIR199 A1 was flanked by 50 nucleotides (nts) corresponding to the 
genomic DNA (gDNA) sequence upstream and downstream of the MIR199 A1 gene. (b) Cellular viability 
(MTT assay) of 4 T1 cells following infections with 10−5 to 101 plaque forming units per cells (MOI). 
(c) Quantification of relative miR-199 expression (stem-loop qPCR) in 4 T1 cells infected with VSVd51-pri-
miR-199 (V1) or VSVd51-pre-miR-199 (V2) presented as fold increase. (d) Cellular viability (MTT assay) of 
MDA-MB-231 following infections with 10−5 to 101 plaque forming units per cells (MOI). (e) Quantification of 
relative miR-199 expression (stem-loop qPCR) in MDA-MB-231 cells infected with VSVd51-pri-miR-199 (V1) 
or VSVd51-pre-miR-199 (V2) presented as fold increase.
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this result is not statistically significant. Together, these data demonstrate the functionality of our novel OVs, by 
measuring their cytotoxicity and validating the expression of their inserted transgenes.

VSVd51-miR-199 does not inhibit EMT-related gene expression in the 4 T1 TNBC cell line
4 T1 is a mouse stage IV TNBC cell line that is associated with invasion, migration, and metastasis through 
mechanisms relying on the EMT28. Prior to in vivo testing of our novel OV, we aimed at validating the ability 
VSVd51-pri-miR-199 and VSVd51-pre-miR-199 to silence its predicted target genes by qPCR in vitro. We 
selected to quantify Hspa5, Map3k11, Hif1a, and Ets1, four genes predicted to be targeted by miR-199 in mouse 
and experimentally validated in human cells20,22–24,29. We compared the expression of these four predicted 
targets in VSVd51-pri-miR-199- and VSVd51-pre-miR-199-infected 4 T1 cells to samples infected with the 
control OV VSVd51-shNTC. No statistically significant differences were observed between these conditions 
(p-value (p) > 0.05), suggesting that miR-199 expressed by VSVd51 cannot effectively inhibit the expression of 
these genes (Fig. 2a). We additionally quantified the expression of Snai1 and Twist1, two important EMT TFs. 
The latter was shown to be regulated by ectopic expression of miR-199 in the human MDA-MB-231 TNBC cell 
line, which warranted its addition to our panel of potential mouse target genes19. However, our analyses revealed 
that the expression of both Snai1 and Twist1 was not specifically inhibited by either virus (Fig. 2b). Interestingly, 
OV infection upregulated the expression of Twist1 (p = 0.0198) and downregulated the expression of Ets1 
(p = 0.0018) and Snai1 (p = 0.0020), independent of miR-199 (Fig. 2a and b, Supplementary Fig. S1). Lastly, 
E-cadherin (Cdh1) and Vimentin (Vim) are markers of epithelial and mesenchymal states, respectively. Thus, 
they were used to assess potential effects of VSVd51-miR-199 infection on 4 T1 cells. The expression of Cdh1 
and Vim was not altered by miR-199 expressing VSVd51 (Fig. 2c). Together, these results suggest that VSVd51-
pri-miR-199 and VSVd51-pre-miR-199 do not inhibit the expression of the selected EMT-related genes in vitro.

VSVd51-miR-199 does not reduce tumor growth, nor improve survival in the BALB/c-4 T1 
TNBC mouse model
Considering the number of genes potentially targeted by miR-199 that are excluded from our qPCR analysis, 
which might mask the potential impact of miR-199, we proceeded to test VSVd51-pre-miR-199 in vivo using 
the BALB/c-4 T1 mouse model. We chose to test only VSVd51-pre-miR-199 because it produced miR-199 at 
slightly higher rates, albeit not significantly so, in both cell lines (Fig. 1c and e). To do so, we orthotopically 
implanted immune competent BALB/c mice with 1 × 105 4 T1 cells in the third mammary fat pad. At day 6, 
tumors in each group averaged around 50 mm3 and treatments began. Intratumoral (IT) injections of 5 × 108 

Fig. 2.  VSVd51-miR-199 does not inhibit EMT-related gene expression in the 4 T1 TNBC cell line. Relative 
mRNA quantification (qPCR) of (a) Hspa5, Hif1a, Map3k11, and Ets1 (Top, left to right) and (b) Snai1, Twist1, 
(c) Cdh1, and Vim (Bottom, left to right). One-way ANOVA with Tukey’s multiple comparison test (ns p > 0.05, 
* p ≤ 0.05, ** p ≤ 0.01).
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pfu/ml per dose were administered to 12 mice per treatment cohort (VSVd51-shNTC and VSVd51-miR-199). 
Four doses were administered, 1 day apart, from day 6 to day 9 post-implantation, after which tumor volumes 
were measured 3 times a week until end point (Fig. 3a). The tumor growth observed in mice from both treatment 
cohorts were similar throughout the experiment, as reflected by the tumor volume of individual mice (Fig. 3b). 
Experimental end points were reached between day 22 and 36 to produce similar survival curves from both 
groups (Fig. 3e). Together, these results suggest that VSVd51-miR-199 does not reduce tumor growth or improve 
survival. However, when comparing the averaged tumor volumes, we noticed that the volume of tumors treated 
with VSVd51-miR-199 were lower than those treated with VSVd51-shNTC, at approximately day 19, but with 
a p-value of 0.0792, which is outside the limit of statistical significance (647.15 vs. 938.99 mm3 (Fig. 3c and d). 
This suggests a possible partial biological activity of miR-199 in a subset of animals. However, this effect was 
ultimately overshadowed by the rapid progression of 4 T1 primary tumors.

Fig. 3.  VSVd51-miR-199 does not reduce tumor growth, nor improve survival in the BALB/c-4 T1 TNBC 
mouse model. (a) Experimental timeline. (b) Individual tumor volumes of mice treated with VSVd51-shNTC 
(black) or VSVd51-miR-199 (grey). (c) Average tumor volumes of mice treated with VSVd51-shNTC (black) 
or VSVd51-miR-199 (grey). Two-way ANOVA with Sidak’s multiple comparison test (ns p > 0.05). (d) Tumor 
volume of mice at day 19 post-implantation. Unpaired t test (ns p > 0.05). (e) Kaplan-Meier curves representing 
survival odds across time of mice treated with VSVd51-shNTC (n = 12) or VSVd51-miR-199 (n = 12). Log-rank 
Mantel-Cox test (ns p > 0.05). Note that panels b-e display complementary views of tumor growth and survival: 
individual trajectories (b), group averages over time (c), endpoint volume comparison (d), and survival.
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Neoadjuvant VSVd51-miR-199 does not improve survival the BALB/c-4 T1 mouse model of 
TNBC
In human TNBC patients, surgical resection is standard-of-care and is often combined with neoadjuvant or 
adjuvant therapy3,4. Given the well documented aggressive nature of the 4 T1 mouse model, we decided to 
combine VSVd51-miR-199 treatment with a primary tumor resection before day 19 to recapitulate a clinically 
relevant treatment context and to provide a larger treatment window. Therefore, we repeated the previous in 
vivo experiment while adding a primary tumor surgical resection 3 days after the last dose of OV (Fig. 4a). 
As expected, primary tumor resection increased survival in our model of advanced TNBC, which agrees with 
previous reports30. However, treatment with VSVd51-miR-199 did not further improve survival compared 
to VSVd51-shNTC treated cohort (Fig.  4b). This data suggests that VSVd51-miR-199 administered in the 
neoadjuvant period, does not enhance survival in the BALB/c-4 T1 TNBC model.

ZEB1 mRNA, but not protein expression is significantly reduced by VSVd51-miR-199 in the 
human MDA-MB-231 TNBC cell line
MDA-MB-231 is a human late-stage TNBC cell line that exhibit increased invasiveness in vitro and high 
metastatic potential in vivo when used in xenograft models31. The EMT contributes to this phenomenon and 
can be targeted to inhibit invasion and metastasis in the MDA-MB-231 model16. It is therefore an ideal model 
to evaluate the capacity of miR-199 overexpressed by VSVd51 to modulate EMT-related gene expression. ZEB1, 
MLK3 (Map3k11) and GRP78 (Hspa5) are targets of miR-199 predicted by publicly available bioinformatical 
tools (TargetScan, targetscan.org; MiRDB, mirdb.org) and experimentally validated19,23,24,29. MLK3 appears high 
on the list of predicted targets and therefore was selected to highlight gene silencing by miR-199. MLK3 has also 
been linked with the EMT to promote breast cancer cell invasion, migration, and metastasis32,33. As for GRP78, 
multiple studies have demonstrated its inhibition by miR-19923[,24. GRP78 is a master regulator of the unfolded 
protein response pathway and plays a critical role in the proliferation, migration, and invasion of cancer cells34,35. 
Thus, we proceeded to infect MDA-MB-231 cells with either VSVd51-shNTC, VSVd51-pri-miR-199 or VSVd51-
pre-miR-199, and quantified protein expression after 48 h. Our results show that infection with VSVd51-miR-199 
does not inhibit the protein expression of ZEB1, GRP78 or MLK3 (Fig. 5a and b, Supplementary Fig. S2). We 
next sought to quantify mRNA as a more sensitive method for detection of gene silencing. Following total RNA 
extraction, we detected a significant decrease in the relative expression of ZEB1 mRNA in MDA-MB-231 cells 
infected with VSVd51-pri-miR-199 (p = 0.0182) or VSVd51-pre-miR-199 (p = 0.0122) (Fig. 5c). These results 
suggest that ZEB1 is differentially regulated by VSVd51-miR-199 in the human MDA-MB-231 TNBC cell line.

VSVd51-miR-199 does not reduce tumor growth in a xenograft mouse model of TNBC
The human MDA-MB-231 cell line was implanted in immunodeficient Nude mice to promote tumor cell 
establishment and treated with either PBS (n = 5) as controls, VSVd51-shNTC (n = 10), or VSVd51-pre-miR-199 
(n = 11). Treatment began on day 14 and 3 doses were given, at 3-day intervals (d14, d17, d20) (Fig.  6a). 
Tumor growth was then monitored for up to 50 days. While OV-treated mice exhibited reduced tumor growth 
(VSVd51-shNTC, p = 0.0388; VSVd51-miR-199, p = 0.0124), there was no difference in average tumor growth 
between mice treated with VSVd51-shNTC and mice treated with VSVd51-pre-miR-199 (Fig. 6b and c). Taken 
together, this data suggests that VSVd51-miR-199 does not play a significant role in reducing tumor volume in 
the xenograft MDA-MB-231 mouse model of TNBC.

Fig. 4.  Neoadjuvant VSVd51-miR-199 does not improve survival the BALB/c-4 T1 mouse model of TNBC. 
(a) Experimental timeline. (b) Kaplan-Meier curve representing survival odds across time and comparing mice 
treated with VSVd51-shNTC (n = 7) or VSVd51-miR-199 (n = 7). Log-rank Mantel-Cox test (ns p > 0.05).
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Discussion
Our study explored the potential of VSVd51 as a live, replicating vector for delivering the tumor-suppressor 
miRNA miR-199 in TNBC models, combining viral oncolysis with RNA interference. VSVd51 replicates in the 
cytosol, where pre-miRNAs are exported, processed, and loaded onto Argonaute proteins, potentially facilitating 
miRNA function17,36. This colocalization may explain the superior overexpression of miR-199 by VSVd51-
pre-miR-199 compared to VSVd51-pri-miR-199, although this difference was not statistically significant. In 
addition, our use of a shortened pri-mRNA may have limited processing efficiency. Future constructs may 
benefit from including longer upstream and downstream sequences or incorporating native promoter elements. 
Despite this, our findings revealed that the addition of miR-199 did not enhance therapeutic efficacy beyond 
VSVd51-mediated oncolysis alone. Interestingly, infection with VSVd51-shNTC alone led to downregulation 
of ETS1 and SNAIL1 and upregulation of TWIST1. This may reflect OV-induced stress responses or non-
specific immunomodulation, consistent with prior reports37–39. We did observe a 2-fold decrease in ZEB1 
mRNA expression in MDA-MB-231 cells infected with VSVd51-pre-miR-199 (p = 0.0122), although this did not 
translate to a significant reduction at the protein level. This could be due to high protein stability or insufficient 
duration of exposure to elicit post-transcriptional depletion. This finding highlights the need to account for 
kinetic delays and miRNA potency when interpreting downstream effects. From in vivo studies, tumor volumes 
in BALB/c-4 T1 model at day 19 were 647.15 mm3 (VSVd51-miR-199) versus 938.99 mm3 (control), nearing 
but not reaching statistical significance (p = 0.0792). These findings support the presence of modest biological 
activity, but underscore the need for more robust target engagement to yield therapeutic benefit.

Fig. 5.  Zeb1 mRNA, but not protein expression is significantly reduced by VSVd51-miR-199 in the human 
MDA-MB-231 TNBC cell line. (a) Quantification of ZEB1, GRP78, and MLK3 relative protein expression 
(Western Blot) in MDA-MB-231. (b) Representative Western blot (cropped, full blot images in Supplementary 
Fig. S2) of whole-cell protein extract from non-infected control MDA-MB-231 (1) and infected with VSVd51-
shNTC (2), VSVD51-pri-miR-199 (3), and VSVd51-pre-miR-199 (4) (c) Relative mRNA quantification (qPCR) 
of ZEB1 in MDA-MB-231. One-way ANOVA with Tukey’s multiple comparison test (ns p > 0.05; * p ≤ 0.05).
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One explanation for these null findings is the incomplete overlap between human and mouse miR-199 targets, 
despite their identical mature sequences. For instance, miR-199 has been reported to regulate human HSPA5, 
HIF1 A, MAP3 K11, and ETS1, which are involved in stromal remodelling and hypoxia responses. Modulation 
of these pathways may affect not only EMT, but also viral dissemination through the tumor. Additionally, by 
modulating the unfolded protein response and GRP78 levels, miR-199 may influence tumor susceptibility to 
viral stress and lysis. These context-dependent interactions between miR-199, the tumor microenvironment, 
and viral adaptability merit further investigation in future mechanistic studies. However, these targets were 
not significantly modulated in 4 T1 cells, and this was mirrored in the corresponding syngeneic mouse model. 
Similarly, while miR-199 inhibited ZEB1 expression in MDA-MB-231 cells, the effect was limited to mRNA 
suppression and did not result in sufficient protein depletion to outpace VSVd51 oncolysis. This indicates that 
the tumor-suppressive impact of miR-199 may not be fully compatible with the rapid cytotoxic activity of 
VSVd51 in TNBC. Further research should broaden the scope of cell lines, in vitro methods tested, and models 
tested to include diverse phenotypes. Although, miR-199 did not significantly suppress most EMT targets in 
vitro, we proceeded with in vivo testing based upon on prior studies showing its therapeutic potential and 
observed trends in our dataset. Future efforts will emphasize additional functional in vitro validation, including 
cell migration and invasions assays. Furthermore, future animal models could include immunodeficient mice 
to enable in vivo testing with other human breast tumor cell lines, such as MCF7 (albeit not TNBC), which has 
been previously to be regulated by miR-19919

The subcellular compartmentalization of miRNA biogenesis (nuclear processing of pri-miR versus 
cytoplasmic viral replication) may reduce the efficiency of endogenous pri-miR-199 processing. Even for pre-
miR-199, limited Dicer accessibility or suboptimal strand loading onto RISC complexes may further attenuate 
gene silencing. The differential effects seen between cell lines also likely reflect context-specific miRNA 
machinery activity and target gene expression levels. Moreover, we will use synthetic miR-199 and scrambled 
control constructs in future studies to further validate the specificity of miRNA-mediated effects independent 
of viral delivery.

The limited literature on miR-199 in breast cancer underscores the need for further investigation. Existing 
studies primarily highlight its role in regulating migration and invasion through the suppression of ETS1, ZEB1, 
and TWIST1 in MDA-MB-231 cells19,20. However, other reports suggest potential therapeutic relevance in 

Fig. 6.  VSVd51-miR-199 does not reduce tumor growth in a xenograft mouse model of TNBC. 
(a) Experimental timeline. (b) Individual tumor volumes of mice treated with PBS (dark), VSVd51-shNTC 
(grey), or VSVd51-miR-199 (dark grey). (c) Average tumor volume of mice treated with PBS (n = 5), VSVd51-
shNTC (n = 10), or VSVd51-miR-199 (n = 11). Two-way ANOVA with Sidak’s multiple comparison test (ns p > 
0.05, * p ≤ 0.05).
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immune regulation. For instance, miR-199 may counteract resistance to anti-PDL1 immunotherapy in 4 T1 
models by targeting pathways involving DNMT1 and PDL1 expression21. Such findings emphasize the diverse 
context-dependent effects of miR-199 across cancer types, including hepatocellular carcinoma, non-small cell 
lung cancer, and colorectal cancer22. Given the modest results observed with miR-199 in our study, alternative 
approaches should be explored. Oncolytic vectors such as vaccinia, herpes simplex, or adenovirus may provide 
better compatibility for miRNA delivery and enable broader therapeutic applications. One limitation of our 
study is the lack of viral replication or interferon (IFN) response quantification in tumor tissues. Future 
experiments examining the immunomodulatory effects could assess viral titres post-injection, and whether 
VSVd51-miR-199 alters interferon stimulated gene or IFNβ expression, antigen presentation pathways, immune 
checkpoint molecule regulation, and immune evasion in the tumor microenvironment.

Notably, recent studies have demonstrated the potential of artificial miRNAs tailored for compatibility 
with OV. For example, Wedge et al.. designed a VSVd51 expressing artificial miRNAs that improved tumor 
growth control and survival by depleting target genes critical for resistance to viral oncolysis27. Incorporating 
similar methodologies, such as screening for miRNAs that enhance VSVd51 replication and oncolysis, could 
improve therapeutic outcomes. Artificial miRNAs offer flexibility in targeting specific gene networks, potentially 
overcoming the limitations of endogenous miRNAs like miR-199.

Lastly, the immunosuppressive role of ZEB1, linked to the promotion of PDL1, CD47, and M2 macrophage 
polarization, makes it an attractive target in cancer immunotherapy14 Studies have also shown its role in reducing 
CD8+ T cell infiltration and driving immune evasion40 However, miRNAs from the miR-200 family may target 
ZEB1 more effectively than miR-199. Designing VSVd51 vectors expressing miR-200 family members could 
provide more robust suppression of Zeb1 and improve therapeutic efficacy in select cancers41.

This work highlights the challenges of developing miRNA-armed OV and underscores the importance of 
model-specific optimization in preclinical therapeutic strategies for TNBC. While therapeutic outcomes were 
limited, these data reveal biological constrains in current delivery strategies that can inform future engineering 
approaches. Our findings suggest that while miR-199 has potential as a tumor suppressor, VSVd51 may not be 
the optimal vector to unlock its therapeutic efficacy in TNBC models. Future studies should focus on identifying 
miRNAs inherently compatible with VSVd51 or other OV backbones as described above.

Artificial intelligence-based image analysis and patient stratification tools to better predict which TNBC 
phenotypes are most amenable to miRNA-based OV therapy could also be envisaged. For example, approaches 
such as a convolutional residual network for skin cancer classification and transfer learning for medical imaging 
could be adapted to TNBC lesion characterization42–44. Additionally, integrating omics-guided feature selection 
systems may aid in identifying molecular signatures of viral responsiveness45.

The translation of miRNA-armed OV therapy to the clinic may face several hurdles, including off-target 
effects due to miRNA promiscuity, heterogeneity in miRNA processing across tumors, and immune clearance 
of viral vectors. Patient-derived xenograft models may help evaluate these translational barriers, as they more 
faithfully recapitulate patient tumor heterogeneity and microenvironmental complexity. Ultimately, combining 
personalized gene therapy approaches with OV offers a promising avenue to synergistically target cancer-related 
genes and trigger potent viral oncolysis.

Materials and methods
Cell line and viruses
4 T1 and MDA-MB-231 cell lines were cultured in RPMI and DMEM respectively and supplemented with 10% 
heat-inactivated fetal bovine serum, 100U/ml penicillin, and 100ug/ml streptomycin. The 4 T1 and MDA-MB-231 
cell lines were selected based on their well-characterized aggressive phenotypes and prior documentation of 
EMT-related behavior and oncolytic virus sensitivity. 4 T1 is a metastatic murine TNBC line used in syngeneic 
immunocompetent models, while MDA-MB-231 is a human basal-like TNBC line commonly used in xenograft 
and EMT studies31,46. Cells were tested for mycoplasma contamination and exhibited appropriate morphology 
at time of use. Stojdl et al. described the method used to engineer and rescue viruses47. Briefly, miRNA-encoding 
oligonucleotides purchased from IDT (Coralville, Iowa) were cloned into the VSVd51 empty vector through 
enzymatic digestion (XhoI/NheI) and ligation. The resulting plasmids were used to rescue viral particle, as 
described here27. All infections were carried out in serum-free RPMI or DMEM media for 1 h after which media 
was replaced with complete RPMI or DMEM. OV were propagated on Vero cells and purified using Opti-Prep 
purification methods. Viral titers were determined by a standard plaque assay following a previously published 
protocol48.

Cell viability
Viral cytotoxicity was measured indirectly through the assessment of cellular viability using the CellTiter 96 
Non-radioactive Cell Proliferation Assay (Promega), a variant of the MTT assay method, following OV infection, 
in 96-well TC-treated plates.

Quantification of miRNAs and qPCR
Cells were washed in cold PBS and snap-frozen in TRIzol (#15596026, Invitrogen) prior to RNA extraction. Total 
RNA was isolated using Direct-zol RNA Miniprep (#R2050, Zymo Research) per manufacturer’s instructions 
with DNAse I treatment. Reverse transcription was then performed using QuantiTect Reverse Transcription Kit 
(#205311, Qiagen). For qPCR experiments, primers were designed using Primer-Blast (NCBI) to span exon-
exon junctions as to not amplify potential remnants of gDNA contamination and using the OligoAnalyzer Tool 
from IDT to minimize secondary structure formation49. They were then validated for specificity and efficiency 
using the standard curve method50. The Advanced qPCR Mastermix LO-ROX (#800-431-UL, Wisent) was used 
to perform qPCR on the LightCycler 96 (Roche). MiR-199 was quantified using the stem-loop qPCR method 
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as previously described and performed by the RNomics platform at the Université de Sherbrooke51. Relative 
expression was determined by calculation of the ddCT and three selected housekeeping genes (HKGs) were 
used as references [human: miR-126-5p, miR-222-3p, miR-16-5p; mouse: RNU6, miR-222-3p, miR-16-5p] 
for miRNA quantification52. Expression of the non-targeting shNTC RNA was used as a control to normalize 
against miRNA-independent viral effects. For qPCR experiments, at least three selected HKGs were used as 
references [human: GAPDH, PUM1, RPL13 A; mouse: Gusb, Mrpl39, Pgk1, Pum1]. All qPCR primers are listed 
here (Supplementary Table S1).

Western blots
Whole cell lysates were generated using the RIPA lysis buffer formulation and protein concentrations were 
measured using the Pierce BCA Protein Assay kit (#23225, Thermo Fisher). Antibodies were purchased from 
Cell Signaling Technologies [GRP78 (BIP), #3177; MLK3, #2817; Zeb1, #70512] or Sigma [ACTb, #A2228]. 
Actin beta was used to normalize protein expression. Images were acquired with the Azure western blot imaging 
system C280 (Azure Biosystems) and band intensity was quantified with Image Studio Lite (LI-COR Biosciences).

Mice
Female BALB/c mice (6–8 weeks old) and J: Nu outbred athymic mice (007850, 7 weeks old) were purchased 
from Charles Rivers (Quebec, Canada) and The Jackson Laboratory (Maine, USA) respectively. Animals were 
housed in pathogen-free conditions at the Cancer Research Institute of the Université de Sherbrooke with free 
access to food and water. Animals were euthanized by cervical dislocation under anesthesia. All studies were 
performed in accordance with Université de Sherbrooke guidelines and the Canadian Council on Animal Care. 
The animal ethics protocol (#2020–2606, #2024–4320) was approved by the Faculty of Medicine and Health 
Sciences Animal Care Committee.

Orthotopic mouse models
4 T1 syngeneic mouse model of metastatic TNBC
We have previously established a female BALB/c mouse model of spontaneous and aggressive lung metastasis 
and surgical resection of primary TNBC tumors7. The experiment begins with the implantation of 1 × 105 4 T1 
cells diluted in 100 uL of PBS injected orthotopically into the third left mammary fat pad. Intratumoral (IT) 
OV treatment began on day 6 with tumors of approximately 50 mm3 in volume, as measured with a Vernier 
caliper and calculated with the following formula: width*length*length/2. Four consecutive doses of OV were 
administered IT 1 day apart (day 6, 7, 8, 9) and, when indicated, complete resection of the primary tumor was 
performed 3 days after last treatment (day 12). This required mice to be kept under anesthesia for the duration 
of the procedure [3% induction, 2% maintenance of isoflurane with 2% oxygen]. Mice received a subcutaneous 
injection of buprenorphine [0.05 mg/kg] and saline [approx. 500 ul], and a peritumoral injection of lidocaine 
hydrochloride [7 mg/kg] and bupivacaine [3–5 mg/kg] to manage pain and prevent dehydration. 

MDA-MB-231 xenograft mouse model of TNBC
The third mammary fat pad of J: Nu outbred athymic (Nude) mice was implanted with 2 × 106 MDA-MB-231 cells 
diluted (50ul) in equal parts of Matrigel (Corning) and DMEM. Treatments began 14 days after implantation, 
when tumors had grown to approximately 60 mm3. Three doses of PBS or OV were given with 2 days rest 
between each dose. Tumors were measured and mice were weighed twice each week until day 50.

Statistical analyses
All statistical analyses were performed using Prism software (GraphPad v10). Experiments were repeated at least 
3 times, except for the qualitative assessment of miR-199 transgene expression. An unpaired t test was performed 
to compare tumor volumes of mice from different treatment regimen at end point. One-way ANOVAs with 
Tukey’s multiple comparison tests were used to analyze qPCR and western blot data involving three or more 
groups. Two-way ANOVA with Sidak’s correction was used for tumor volume comparisons over time. Kaplan-
Meier curves were compared statistically using the log-rank (Mantel-Cox) test. Data is presented as mean 
± standard error (SEM) unless otherwise indicated. All p-values were two-tailed, and statistical significance was 
set at p ≤ 0.05, and is represented as ns p > 0.05, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author 
on reasonable request.
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