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ABSTRACT The safety-tested Modified Vaccinia virus Ankara (MVA) is a well-character-
ized mutant virus widely used in fundamental research to elucidate the functions of
Poxvirus host-interaction factors. Beyond its safety profile, MVA is an attractive viral
vector for vaccine development due to its genetic stability and ability to efficiently
infect antigen-presenting cells, such as dendritic cells and tumor cells. In this report,
we investigated the interplay between MVA and the cyclic GMP-AMP synthase-stimula-
tor of interferon genes (cGAS-STING) antiviral pathway in chicken fibroblast cell lines
(wild-type DF-1 and knock-out STING) to verify whether manipulation of the STING
axis could impact MVA replication and cell responses. Our findings demonstrate that
STING-mediated signaling plays a role in contrasting the replication of MVA. Upon MVA
infection, the loss of STING hampered the expression of type | interferons (IFNs) and,
in turn, interferon-stimulated gene 15 (ISG15) and interferon-induced transmembrane
protein 3 (IFITM3). In line with these results, the expression of early and late MVA genes
was enhanced, and DNA replication occurred earlier and was more abundant. Interferon
regulatory factor 1 (IRF1) and myeloid differentiation primary response 88 (MyD88) were
significantly induced by MVA infection in STING-KO cells, indicating that their responses
to MVA infection are independent of the cGAS/STING axis. Collectively, these results
refine our knowledge of MVA-host interaction in chicken fibroblasts and offer insights to
guide strategies for enhancing Poxvirus vaccine vector production.

IMPORTANCE Given the context-dependent nature of STING antiviral activity, it is critical
to broaden the investigation in order to clarify the virus-host response mechanisms
across different species, particularly in chicken fibroblasts, to provide insights into
MVA-based vaccine production improvements.

KEYWORDS viral-host interaction, STING, MVA, avian cells, innate immunity

he properties that made Modified Vaccinia Ankara (MVA) virus an attractive

antigen-delivery vehicle are essentially attributable to the high-level transgene
expression and the cargo capacity (1), the avirulence and inability to replicate in human
cells (2), and the general safety profile, already observed in the over 120,000 healthy
volunteers vaccinated during the last smallpox eradication campaign (1, 3).

MVA was derived in the seventies from the parental strain Chorioallantois Vaccinia
Ankara (CVA) virus after more than 570 sequential passages in chicken embryo fibroblast
cells (CEFs) (4, 5). During this adaptation, MVA lost approximately 30 Kbp of its genome,
consisting of six major deletions and further gene truncations/mutations. These changes
were shown to be decisive for its attenuated virulence, restricted host range replication,
and safety while preserving its high immunogenicity as a viral vector (6, 7).

Although Vaccinia virus has the ability to contrast host innate immune response
by releasing soluble inhibitors that interfere with cytokine, chemokine, and interferon
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activities (8-10), MVA has the unique immunological property to stimulate adequately
host innate immune response without releasing any interferon a/f (IFNa/f), interferon y
(IFNy), and tumor necrosis factor (TNF) inhibitor protein, thus representing an interesting
profile for an immunogenic but safe vaccine (8).

Indeed, MVA stimulates IFNa/f production in murine conventional dendritic cells
mostly via the cytosolic DNA-sensing axis cyclic GMP-AMP synthase/ stimulator of
interferon genes (cGAS)/STING/Interferon regulatory factor 3 (IRF3), with interferon
regulatory factor 7 (IRF7) and interferon alpha and beta receptor subunit 1 (IFNAR1)
amplifying the signal, but with the toll-like receptor 7-9/myeloid differentiation primary
response 88 (TLR7-9/MyD88) pathway playing a minor role in activating innate immune
response (9).

The STING is a transmembrane protein located in the endoplasmic reticulum and
encoded by the transmembrane protein 173 (TMEM173) gene (10). Initially identified
as a crucial player in host defense against viral infections (11), it has since been
implicated in a broader range of innate immune processes, as well as in adaptive
immunity regulation and in immunotherapy (12, 13). Cytosolic DNA, originating either
from infections, endogenously through phagocytosis, or released from mitochondria,
initiates the production of 2’3"-cGAMP (cG[2"-5]pA[3’-5"]p) via the enzyme cGAS (14).
This 2'3’-cGAMP is recognized by the adaptor protein STING, facilitating its translocation
to the Golgi apparatus and promoting the interaction with TANK-binding kinase 1 (TBK1),
which next activates the transcription factor IRF3 (15, 16). IRF3 dimerizes and enters
the nucleus to initiate a type | Interferon (IFN-I) response, leading to the expression
of a set of interferon-stimulated genes (ISGs) and the establishment of antimicrobial
immunity and inflammatory state (17). Moreover, the activation of cGAS-STING signaling
also leads to nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
activation, whose regulation relies upon TNF receptor-associated factor 6 (TRAF6),
NF-kB essential modulator (NEMO), lkappaB kinase beta (IKKB), and TBK1 (18). Thus,
the immune pathway generated by the dsDNA-sensing cGAS-STING can both counteract
viral replication and spreading. As confirmation of these issues, we have previously
demonstrated that STING knockout (KO) cell lines are more permissive to the infection of
an oncolytic herpes simplex virus (HSV) compared with their wild-type counterparts (19).
Moreover, in the STING knockout cell line, the HSV spread was faster and evidenced the
formation of larger lysis plaques compared with the wild-type cell line (19).

In this article, we demonstrate that STING-mediated signaling plays a role in
contrasting the replication of MVA in the spontaneously immortalized chicken embryo
fibroblast DF-1 cells. Remarkably, following MVA infection in DF-1 STING Knock-out (DSK)
cells, we observed reduced expression of IFNa and IFNB genes along with Interferon-
stimulated gene 15 (ISG15), a major protein induced by type | interferons (20), interferon-
induced transmembrane protein 3 (IFITM3), which interferes with vaccinia virus entry
into the cytoplasm (21), and other interferon-stimulated genes (ISGs).

Consequently, upon MVA infection, DSK cells exhibit more cytoplasmic replication
centers, higher expression of early and late viral genes, improved transgene expression,
and an overall increase in viral titer compared with the DF-1 WT cells.

Notably, TLR signaling genes interferon regulatory factor 1 (IRF1) and MyD88 are
significantly induced by MVA infection in DSK cells, probably to counterbalance the
reduced IFN-I response of the cytosolic DNA-sensing cGAS/STING/IRF3 axis.

RESULTS
STING knockout cell line generation and characterization

To investigate the cGAS-STING signaling role as mediator of the cellular response upon
MVA infection, a DF-1 chSTING KO cell line was generated. Two guide RNAs (gRNAs)
targeting the third exon of the STING chicken gene were designed (Fig. 1A), and each
gRNA was cloned into the PX458 plasmid. The resulting plasmids contain the gRNA and
the Cas9 protein fused at the N-terminus with an enhanced green fluorescent protein
(EGFP) tag. Following co-transfection with the two plasmids, single-cell clones were
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FIG 1 DF-1 STING KO cell line generation. (A) Schematic representation of the chSTING locus and the gRNA’s position. A portion of the gene is zoomed in and

shows oligo pairs positions: oligo pair A was used for genomic sequencing of the locus during clone screening; oligo pairs B and C were used for STING gene

expression analysis. (B) DNA and protein sequence alignments between wild-type DF-1 and the heterozygous mutant alleles of DSK cells. (C) Expression analysis
of STING by gqRT-PCR in DF-1 WT (black) and DSK (gray). STING levels are relative to GAPDH. Data are shown as mean + SEM (N = 2). **P < 0.01, ***P < 0.005

isolated by limiting dilution and screened by PCR (Fig. S1) using primers designed to
amplify a region spanning from the 5’ untranslated region (UTR) to the intron 4 of
the genomic DNA sequence (Fig. 1A, zoomed-in section). One clone, designated DSK,
exhibited heterozygous mutations in the STING locus. As confirmed by Sanger sequenc-
ing, the mutations in this clone consist of a single point deletion on one allele and a
107 bp deletion on the other, thus resulting in predicted nonfunctional peptides, lacking
all the functional domains (i.e,, the serine 366) and even the first transmembrane and
loop domains essential for the ER translocation (Fig. 1B). Consequently, quantitative PCR
(gPCR) analysis revealed reduced STING transcriptional levels (Fig. 1C), using both oligo
pairs within the 107 bp deletion sequence and targeting exon 4 (Fig. 1A). Taken together,
these results indicate that in DSK cells, the STING function is impaired.

Disruption of the STING gene enhances MVA viral growth

In order to evaluate whether the STING knock-out had an impact on MVA viral cycle, a
viral growth assessment by infecting DSK and DF-1 cells at MOI (Multiplicity Of Infec-
tion) 0.03 with MVA expressing HcRed fluorescent protein (MVA-red) was performed.
Seventy-two hours post-infection, the cells were collected by scraping and lysed with
one freeze-thaw cycle and sonicated for 10 minutes before the virus was titrated by
immunoassay (Fig. 2A). The analysis revealed a 1.6-fold increase in the infectious unit per
cell (ifu/cell) production in DSK compared with DF-1 WT cells. To better characterize the
viral growth increase, an infection time-course experiment was performed, harvesting
cells at 24, 48, and 72 h post-infection. Immunoassay titration confirmed an approxi-
mately 1.6-fold increase in MVA ifu/cell titer in DSK not only at 72 h post-infection but
also at 24 and 48 h post-infection (Fig. 2B). However, since the infectious titer may
not correlate with viral DNA levels, a qPCR assay amplifying the MVA DNA polymerase
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FIG 2 Virus entry and replication assay. (A) MVA-red infectious titer at 72 h post-infection in DF-1 WT and DSK cells. (B and C) MVA-red titration by immunoassay
and gPCR during time course infection in DF-1 WT and DSK cells. Hours post-infection are reported on the x-axis. (D) MVA-red ratio vp/ifu during time course

infection in DF-1 WT and DSK cells. Hours post-infection are reported on the x-axis. Percentage of infected cells (E) and MFI (F) analyzed by flow cytometry at 6
(cells infected at MOI 10), 24, and 48 h post-infection (cells infected at MOI 0.03) in DF-1 WT and DSK cells. Hours post-infection are reported on the x-axis. Broken
axis histograms allow us to appreciate low values. Data are shown as mean + SEM (N > 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

gene (E9L) was performed to measure only encapsidated viral genomes. The results
showed that the viral particle per cell (vp/cell) concentration was similar between KO
and WT cells at 48 and 72 h, whereas at 24 h, it was approximately 1.9 times higher
in DSK compared with WT cells (Fig. 2C). Considering the flattening of the viral particle
concentration at 48 and 72 h, the virus exhibits higher infectivity in DSK cells at later time
points as indicated by the vp/ifu ratio (Fig. 2D).

To support these observations, the cells were infected with MVA-red at different MOls
and harvested at 6, 24, and 48 h post-infection for flow cytometry analysis, looking at
the expression of the viral red fluorescent protein. As shown in Fig. 2E, mean fluorescent
intensity (MFI) measurements revealed no differences at 6 h but were significantly higher
in DSK compared with DF-1 WT cells at later time points. On the other side, Fig. 2F
revealed that DSK cells exhibited a higher number of infected cells compared with DF-1
WT at all three times of harvest.

Together, these findings demonstrate that the absence of STING promotes MVA viral
growth and infectivity. Furthermore, the higher percentage of infected cells at 6 h may
reflect the enhanced expression of early genes in STING-lacking cells.

Early and late MVA gene expression is enhanced in DSK-infected cells

In order to assess whether STING loss of function affects early and late stages of the MVA
replicative cycle, the expression of early and late viral genes was analyzed in infected
DF-1 WT and DSK cells. We selected E3L, K1L, and F1L as MVA early genes, and B16R
and B8 as late genes. To avoid interference in gene expression analysis due to the
presence of multiple viral particles in a single cell, DF-1 and DSK cells were infected at
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0.2 MOI. Cells were harvested at different time points, and the total RNA was analyzed by
quantitative reverse-transcription PCR (qRT-PCR). As shown in Fig. 3 (panels A, B), all the
tested early genes showed earlier and more abundant expression in DSK cells compared
with the WT. This effect was evident as early as 30 min post-infection, reaching peak
fold induction at 60 min, whereas at 2 h post-infection, the differences in the early gene
expression between DF-1 and DSK were observed to a lesser extent. Similarly, the late
gene expression showed an increase in the expression of the DSK cells from 2 to 4 h
post-infection, peaking at 3 h (B16R) and 4 h (D8) (Fig. 3A and B).

The lack of STING influences MVA DNA replication

We have previously demonstrated that there is a strict correlation between Vaccinia Virus
early genes expression and the replication of viral DNA (22). Thus, we wanted to assess
whether the lack of STING could also affect the DNA replication of MVA. To achieve
this, MVA infection with 0.1 MOI was performed, harvesting the cells at the indicated
time points post-infection. Viral entry was synchronized as described in the methods,
and following incubation for 15 min at 37°C, the unbound viral particles were washed.
As shown in Fig. 4A, in DSK cells, some DNA replication centers were already visible
at 60 min post-infection (mpi) compared with the 90-120 mpi observed in DF-1 cells.
Moreover, the number of DNA replication centers per nucleus was higher and larger in
size in the DSK cells at 90 mpi, reaching peak induction at 120 mpi (Fig. 4B).

Altogether, these data confirm that STING is also involved in the modulation of MVA
replication center number and formation.
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FIG 3 MVA early and late gene expressions in DF1- WT and DSK cells. DF-1 and DSK cells were incubated with MVA at 4°C for 30 min, washed with cold
phosphate-buffered saline (PBS), and cultured with the growth medium at 37°C for the indicated times before harvesting for RNA collection. Relative quantity
of MVA early (E3L, K3L, and F1L) and late gene (B16R, D8) was measured by gRT-PCR (A and B). In panel A, data from three independent experiments are shown
as means with relative expression levels normalized to DF-1 cells for each time point to allow comparison between the cell lines. In panel B, a representative
experiment out of three independent replicates is shown with normalization to time 0 for each cell line to highlight expression kinetics over time. *P < 0.05, **P <
0.01, ***P < 0.005 ****P < 0.0005).
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Analysis of STING downstream gene expression upon MVA infection

Several genes are regulated by STING activation upon viral infection. Among them, we
wanted to analyze the expression of interferon a and B, IFITM3, I1SG15, MyD88, and
IRF1 in DF-1 and DSK cells upon MVA infection and verify whether their expression is
affected when STING functionality is impaired. Type | interferon subtypes IFNa and IFN
are transcriptionally activated by the infection-mediated phosphorylation of STING (23,
24). By gRT-PCR, we observed that both genes are activated at 4 h post-MVA infection in
DF-1 cells. Conversely, in DSK cells, the INFa and INF expression was downregulated at 4
h post-MVA infection (Fig. 5A and B). The same result was observed when analyzing the
expression of IFITM3 (Fig. 5C), a gene that is induced by STING via the activation of type
I IFN (25). We further analyzed the expression of ISG15, a gene encoding for a ubiquitin-
like molecule that is highly induced by type | IFN during infection by viral and bacterial
pathogens (26). As expected, ISG15 was upregulated by MVA infection in DF-1 cells,
whereas its expression rate was comparable in mock-infected vs. infected DSK cells (Fig.
5D). The myeloid differentiation marker MyD88 is able to complex with STING, prevent-
ing its autophagic degradation (27). Moreover, MyD88-STING complex is required for
lipopolysaccharide (LPS)-induced aconitate decarboxylase 1 (ACOD1) expression during
septic shock. We wanted to investigate the expression of MyD88 upon MVA infection. As
shown in Fig. 5E, MyD88 is slightly upregulated at 4 h post-infection in the DF-1 cells,
whereas it is strongly upregulated in the DSK cells. Finally, we analyzed the expression
rate of IRF1. Our analysis reveals that at 4 h post-MVA infection, IRF1 expression is
specifically upregulated in DSK cells, whereas no such upregulation is observed in WT
DF-1 cells (Fig. 5F). These findings collectively demonstrate that in chicken fibroblasts,
impairment of STING function significantly affects the primary downstream effectors of
the cGAS/STING signaling pathway.
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DISCUSSION

MVA has the unique immunological property to fine-stimulate host innate immune
response, representing an interesting profile for an immunogenic but safe vaccine (9).

STING is one of the key host genes, mediating the innate immune response upon
MVA infection (9). However, the mechanisms behind its role in counteracting and
restricting viral replication remain not completely understood.

Specifically, the role of the cGAS-STING signaling pathway in activating antiviral
responses within chicken cells following MVA infection has yet to be thoroughly
investigated (28). Indeed, we generated a DF-1 STING Knock-out (DSK) cell line by
means of CRISPR CAS9-mediated genome editing technique and evaluated the impact
on MVA replication efficiency and cell interferon response in comparison to wild-type
counterpart.

The loss of STING activity in DSK cells leads to a significant increase in the infective
titer of MVA across all tested time points (Fig. 2B). Conversely, the number of genome
particles per cell in DSK cells is higher only during the initial phase of infection; over
time, it becomes comparable with that of wild-type cells, suggesting that the DNA
replication curve has likely reached a plateau (Fig. 2C). As a result, during the initial phase
of infection, the ratio of viral particles to infectious particles (vp/ifu) is similar between
DSK and DF-1 cells; however, at later stages, this ratio is significantly lower in DSK cells,
indicating higher infectivity (Fig. 2D). These data suggest that STING may have a dual
impact on the MVA replication cycle, affecting both the initial phases of infection and the
processes of viral assembly and maturation at the ER and/or trans-Golgi network levels.

The ability of MVA to replicate in the absence of STING was also evaluated through
flow cytometry, by infecting DSK and DF-1 cells with an MVA-red virus at both high (10)
and low (0.03) MOI, examining both the early and late phases of infection.
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At high MOI and during the early phase of infection, the percentage of fluorescent
cells is meaningfully higher in DSK cells, indicating that MVA replication is enhanced
in a STING knockout (KO) cell background (Fig. 2F). However, the MFI at this time
point is comparable between the two cell lines (Fig. 2E), probably because the selected
time point is still too premature to detect a measurable increase in mean fluorescence
intensity between WT and DSK cells. At low MOI and late infection phase, an increase
in both fluorescent cell percentage and MFI in DSK compared with DF-1 cells can be
appreciated, highlighting again the inhibiting impact of STING on MVA replication and
maturation.

In summary, with high MOI at the early phase of infection, it is evidenced that MVA
gene expression is faster in the absence of STING activity. On the other hand, in the
advanced phase of infection, both the percentage of the infected cells and the MFI are
consistently higher in DSK cells, highlighting that STING can intervene at different steps
of the MVA replication cycle.

A distinctive feature of Poxviruses lies in their ability to replicate in the cytoplasm
of the host cell. In particular, vaccinia virus localizes in discrete cytoplasmic nuclei
called virosomes or factories (29), where, after DNA replication and late gene expression
(~6 h), the intracellular mature virus (IMV) assembly starts with the support of mem-
branes borrowed from the ER. Later on, some extracellular enveloped virus particles are
eventually formed in the trans-Golgi network (29).

We observed a notable increase in the number of MVA factories in DSK compared
with DF-1 cells, detectable as early as 60 min post-infection (mpi). By 180 mpi, DSK cells
show an average of ~3-4 factories per cell, whereas DF-1 cells exhibit less than one
(Fig. 4A and B). These findings further support the hypothesis that MVA replication is
enhanced in a cellular environment lacking STING activity.

MVA early gene transcription begins within 20 min of infection, and approximately
2 h later, DNA replication and the transcription of late genes start. By 6 h, new
virus particles are ready to be assembled (29). To further investigate the dynamics of
STING's impact on MVA replication, we assessed the kinetics of early and late viral gene
expressions in DSK compared with DF-1 cells (Fig. 3A and B). The results showed that
in DSK cells, both early and late gene expressions were higher, indicating that the
absence of STING enhances the early stages of the viral replication cycle. However, the
expression of early, intermediate, and late genes is not synchronous because some genes
are expressed at multiple stages due to their hybrid promoters containing more than one
promoter motif (early and late), which have not been completely characterized yet (30).

Microarray analyses revealed the induction of host resistance and immune modu-
lation genes following infection of Hela cells with MVA (31). To further explore the
mechanisms of MVA infection, we assessed the interferon response and interferon-stimu-
lated genes, including interferon a and B, IFITM3, ISG15, MyD88, and IRF1 in DSK cells
and examined how their expression is affected when STING functionality is impaired.

Type | interferons a and 3 are the main effector genes of the antiviral c-GAS-STING
pathway (24). Using qRT-PCR, we analyzed their expression levels after 4 h of MVA
infection in the DF-1 and DSK cell lines. As expected, both genes were upregulated in
the WT DF-1, whereas the ablation of STING impaired their expression (Fig. 5A and B).
Interferon-inducible transmembrane 3 (IFITM3) is an intrinsic antiviral effector able to
restrict viral cytosolic entry by blocking endosomal and membrane fusion pathways.
Indeed, IFITM3 overexpression significantly reduces vaccinia virus (VACV) levels in 293T
and Vero cells (21, 32). Here, we demonstrate that upon MVA infection, mRNA levels
of IFITM3 are reduced in DSK cells compared with DF-1 (Fig. 5C), highlighting the role
of STING in amplifying and sustaining antiviral response following Poxvirus infection.
Moreover, the MVA-mediated upregulation of the interferon-stimulated gene 15 (ISG15)
observed in the DF-1 was also hampered in the DSK cells. The lack of ISG15 activation can
be explained by the fact that it is highly induced by type | IFN. It has been shown that
in ISG15-deficient THP-1 cells, the infection of HIV-1 was enhanced in both undifferen-
tiated and phorbol-12-myristate-13-acetate (PMA)-differentiated 1SG15-deficient THP-1
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cells compared with the control (33). Thus, the lack of STING, affecting the expression of
type I IFN and ISG15, may explain the observed enhancement of MVA replication.

MyD88 and STING may form a complex that acts as adaptor proteins in innate
immunity (27). However, it has been shown that the depletion of STING had no effect
on the level of MyD88 protein. As we observed that MyD88 is only slightly upregulated
at 4 h post-infection in the DF-1 cell but is strongly upregulated in the DSK cells, we
may speculate that the mechanism by which MyD88 is involved in the innate immunity
is not mediated by the transcriptional regulation of the encoding gene. Moreover, we
analyzed the expression rate of the interferon regulatory factor 1 (IRF-1). Surprisingly,
we found that IRF1 is not transcriptionally activated in DF-1, whereas its transcription is
enhanced in DSK cells. However, it is reported that MVA infection induces the production
of IFN-I in dendritic cells, mainly via STING activation of the transcription factors IRF3
and IRF7 (27). In addition, it is reported that TLR9-triggered MyD88 activation caused not
only nuclear translocation of IRF1 but also activated its transcription factor function in
murine macrophages (34). In summary, in chicken cells, we observed that IFN-I-mediated
activation of MyD88/IRF1 occurs only in the absence of STING, highlighting that this is
secondary to the IRF3/IRF7 pathway in responding to MVA infection.

Conclusions

Overall, several pieces of evidence suggest that STING plays multiple roles in counteract-
ing MVA during the viral replication cycle.

First, viral replication is facilitated in DSK cells, as evidenced by a higher number of
infective and viral particles during the early phase of infection, an early and substantial
increase in both early and late viral gene expression, and a concurrent increase in the
number of cytosolic replication centers.

Second, the initial augmented number of viral particles in DSK cells tends to equalize
the number of viral particles in DF-1 cells, probably due to a saturation phenomenon.
Nevertheless, the DSK cells present an advantage during the viral maturation phase as
the number of infective particles is significantly and constantly higher than that of DF-1,
indicating that STING intervenes not only at the viral entry phase but also during the final
morphogenesis of new infectious virions.

Interestingly, it has been demonstrated that STING does not impact the replication of
MVA in the permissive cell line BHK21. In particular, the growth kinetics of MVA in BHK21
STING KO cells are indistinguishable from those shown by their wild-type counterpart
(35). In BHK21 cells, although the expression of some ISGs is upregulated upon MVA
infection, the cGAS/STING axis does not serve as the primary mediator of the antiviral
response, suggesting alternative sensing mechanisms.

Conversely, in our report, we show that the transcriptional activation of type I IFN,
IFITM3, and ISG15 is hampered in MVA-infected DSK cells. Moreover, it has been shown
that in duck cGAS-KO fibroblasts, duck adenovirus replication is enhanced, accompa-
nied by the inactivation of type | IFN and ISGs, suggesting a species-specific response
downstream the cGAS/STING axis (36).

Given the context-dependent nature of their antiviral activity, it is critical to broaden
the investigation in order to clarify the virus-host response mechanisms in the differ-
ent species, particularly in chicken fibroblasts, to give insights into MVA-based vaccine
production improvements.

In summary, the results suggest that STING could counteract MVA at different levels
of its replication cycle. Interestingly, by using an optimized version of the proximity-
dependent biotin identification (BiolD) technique applied to detect protein-protein
interactions in living cells, Motani and Kosako identified several STING interactors,
including IFITM3 (37). Likely, in collaboration with IFITM3, which is dysregulated upon
infection in DSK cells, STING may counteract MVA, particularly during the entry phase, by
targeting viral particles for elimination through the endosomal pathway.
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MATERIALS AND METHODS
Cells and viruses

DF-1 cells (spontaneously immortalized chicken embryo fibroblasts) were purchased
from ATCC (Collection number: CRL-12203). DF-1 and DF-1 STING—/— cells were cultured
in complete Dulbecco’s modified Eagle medium (high glucose, [+] L-glutamine, [+]
pyruvate), supplemented with 10% heat-inactivated fetal bovine serum (FBS) and
maintained at 37°Cin 5% CO,.

The cell lines were tested for the absence of mycoplasma contamination by PCR.

Vero cells used for virus titration were cultured in complete Dulbecco’s modified Eagle
medium (low glucose, [+] L-glutamine, [+] pyruvate), supplemented with 5% FBS and
maintained at 37°Cin 5% CO,.

MVA expressing HcRed fluorescent protein (MVA-red) was amplified in DF-1 cells and
titrated in Vero cells. MVA HcRed virus is described in (38).

MVA-red was sonicated for 10 min prior to infection and titration and used within 30
min.

At harvest, the cells were scraped, and to release the virus, one freeze/thaw cycle was
performed, followed by 10 min sonication.

Plasmid construction and cell transfection

The plasmids used for knocking out STING were obtained as described before (12).
Briefly, guide RNAs were cloned into pSpCas9(BB)—2A-GFP (PX458) (Addgene #48138)
following Bbsl digestion. The following primers were used to generate gRNAs:

STING gRNAT FW: 5-CACCGTGCCCCAGGACCCGTCAACC-3%

STING gRNA 1 REV: 5-AAACGGTTGACGGGTCCTGGGGCAC-3";

STING gRNA 2 FW: 5-CACCGGTGCTAGGGGCTCCCCGGAC-3%

STING gRNA 2 REV: 5-AAACGTCCGGGGAGCCCCTAGCACC-3";

STING gRNA 3 FW: 5-CACCGTGTCGGCGGCTCAGCCTACC-3";

STING gRNA 3 REV: 5-AAACGGTAGGCTGAGCCGCCGACAC-3".

Double-stranded DNA fragments were produced by mixing 10 uM forward primer,
10 UM reverse primer, 50 mM Tris-HCl, 10 mM MgCl,, 10 mM dithiothreitol, and 1 mM
ATP. The mixture was incubated at 37°C for 30 min, then heated to 95°C for 5 min, and
subsequently cooled slowly to room temperature. Double-stranded gRNA was digested
with Bbsl and cloned into PX458.

DF-1 cells were transfected using Lipofectamine 2000 (Invitrogen), and transfection
efficiency was evaluated by looking at GFP expression with a fluorescence microscope.
Cell cloning was performed by limiting dilution.

Genomic DNA isolation and analysis

To perform STING mutation screening of transfected cells, genomic DNA from cell
clones and DF-1 WT cells was extracted using DNeasy Blood & Tissue Kit (Qiagen),
following the manufacturer’s instructions. PCR was performed using Phusion Hot Start
Il DNA Polymerase (Thermo Fisher), following the manufacturer’s instructions, with the
following primers to amplify the STING genomic region targeted by sgRNA guides:
forward 5-AGCATCCAGAGGAAGTGGAG-3" and reverse 5-GCTAAACATCACTGCTGAGTATC
C-3".

PCR products were run on agarose gel, amplicons were excised, and DNA was purified
using Wizard SV Gel and PCR Clean - Up System (Promega), following the manufacturer’s
instructions. The DNA sequence was analyzed by Sanger sequencing.

DNA sequences from DF-1-transfected clones were aligned with DF-1 wt sequence.

Virus titration by qPCR and immunoassay

MVA genome titer was assessed by quantitative PCR on viral DNA polymerase (E9L) using
the following primers: forward 5-CGGCTAAGAGTTGCACATCCA-3’, reverse 5-CTCTGCT
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CCATTTAGTACCGATTCT-3’, and probe 5-AGGACGTAGAATGATCTTGTA-3” (FAM-TAMRA)
(from Baker and Ward, 2014). The qPCR assay was performed using TagMan Universal
PCR Master Mix (Applied Biosystems). A standard curve was generated with a plasmid
containing 1,000 bp of the E9L viral gene.

MVA infectious titer was obtained with an immunostaining assay executed on
monolayers of Vero cells. At 48 h post-infection, the infected cells were detected using
a rabbit polyclonal anti-vaccinia primary antibody (Abcam), followed by an anti-rabbit
horseradish peroxidase (HRP)-conjugated secondary antibody (Sigma).

FACS analysis

For fluorescent-activated cell sorter (FACS) analysis, the cells (infected or not infected)
were scraped and centrifuged. After washing cell pellets with PBS, the samples were
stained with LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Thermo Fisher Scientific)
1:100 in PBS for 15-20" The cells were centrifuged again and resuspended in PBS. Flow
cytometry was performed using BD FACS Canto I, and data were analyzed using FlowJo
v10 software.

Immunofluorescence assay

To assess the micronuclei formation, DF-1 cells were infected with MVA-red at an MOI
of 0.1 under the following conditions. The cells were seeded onto glass coverslips and
incubated overnight under standard growth conditions. The next day, MVA-red at a MOI
of 0.1 was added to the culture medium, and the cells were incubated on ice for 30 min,
followed by incubation at 37°C for the designated times. The cells were then washed
three times with PBS and fixed with 3.7% formaldehyde for 30 min at room temperature,
followed by a 10 min incubation with 0.1 M glycine. Nuclear staining was performed
using Hoechst (Invitrogen H3570) for 5 min at room temperature, protected from light.
Coverslips were subsequently washed three times with PBS and mounted onto glass
slides with a 1:1 PBS/glycerol solution. Images were acquired using a laser scanning
microscope (LEICA DMi8) and analyzed using LEICA LAS X software.

Gene expression analysis

RNA was extracted using Direct-zol RNA Miniprep (Zymo Research), and cDNA synthe-
sis was performed with SuperScript IV VILO Master Mix (Invitrogen) according to the
manufacturer’s instructions.

RT-PCR was performed using the PowerUp SYBR Green Master Mix (Applied
Biosystems) using the oligonucleotides listed in Table S1.

Relative gene expression was analyzed with the 2*“ method using GAPDH as an
endogenous housekeeping gene.

Statistical analyses

Statistical analyses were performed using unpaired t-test method. P values less than 0.05
were considered significant. The results are represented as mean * standard error of the
mean (SEM).
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