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Abstract: The ability of bacteria and viruses to selectively replicate in tumors has led to synthetic
engineering of new microbial therapies. Here we design a cooperative strategy whereby S.
typhimurium bacteria transcribe and deliver the Senecavirus A RNA genome inside host cells,
launching a potent oncolytic viral infection. Then, we engineer the virus to require a bacterially
delivered protease in order to achieve virion maturation, demonstrating bacterial control over the
virus. This work extends bacterially delivered therapeutics to viral genomes, and the governing of
a viral population through engineered microbial interactions.

One-Sentence Summary: Bacteria are engineered to act as a synthetic “capsid” delivering
Senecavirus A genome and controlling its spread.
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Introduction

The broad range of applications that employ bacteria and viruses for therapy mirrors the diversity of the
microbes themselves, as they target different tissues, microbiomes, and even intra- versus extra-cellular
spaces. Examples of bacteria exploiting such characteristics include E. coli that detect irritable bowel
disease (/), S. epidermidis, present in the skin microbiome, made to express tumor antigens (2), M.
pneumoniae releasing an anti- P. aeruginosa bacteriocide (3), and L. monocytogenes and Salmonella
enterica ser. typhimurium for tumor antigen and apoptotic protein delivery into host-cell cytoplasm (4—6).

Perhaps even more diverse are the viral families under investigation for therapy deployment.
Examples of this assortment include the small ssDNA adeno-associated virus (AAV) whose natural and
engineered serotypes provide tissue-specific targeting for monogenic gene therapies (7, 8), the negative-
stranded RNA Rabies Virus used for retrograde neuronal circuit tracing (9), the engineered
mycobacteriophage to treat lethal, multi-drug resistant mycobacterial infections (/0), and the diminutive
but strongly cytopathic plus-stranded RNA viruses, like PVSRIPO, an engineered poliovirus derivative
whose receptor binding capacity and host-translational determinants guide tropism for targeting
glioblastoma (//—15). Together, microbes of broadly distinct evolutionary histories and cellular
proclivities have each found utility in exploiting a specific application niche.

Considering the diverse range of benefits offered by various species, an innovative application of
synthetic biology involves engineering multiple interacting entities, each with unique properties, to
produce a consortium that achieves a collective objective. Applications that exploit this type of
cooperation include cancer treatment, wound healing, and re-equilibration from gut dysbiosis (/6—22). In
each case, the division of labor between interacting species — even across kingdoms — presents an
opportunity to exploit the advantages of the constituent elements.

Bacteria and viruses are generally considered separately in approaches to therapeutic delivery.
However, in the case of natural infection, enteroviruses and enterobacteria directly bind to one another
during co-infection, enhancing viral fitness (23—25). Here, we consider synthetic approaches for
interspecies cooperation and apply the approach to a cancer model in vivo. Specifically, we engineer S.
typhimurium to transcribe and deliver viral RNA inside cancer cells, launching a virus that spreads and
directly lyses neighboring cells. We further engineer the virus to require a bacterially donated enzyme
necessary for viral maturation and subsequent spread (Fig. 1). Such an approach where bacteria act as a
dynamic envelope for a viral genome achieves a nested strategy for viral delivery, potentially provides
shielding from innate or adaptive response; confers spatial specificity to the viral infection when made
dependent on a bacterially delivered enzyme; and expands on pathogen associated molecular patterns
(PAMPs) present as a result of multiple microbial penetrations. Together, this work demonstrates a
complementation system for bacteria-mediated viral delivery and control.

Results

Engineered S. typhimurium autonomously launches viral RNA

To establish a bacterial platform capable of delivering viral RNAs, we use S. #yphimurium, a naturally
facultative intracellular bacterium. Upon uptake into the mammalian cell, these bacteria harboring
genetically encoded environmental sensors will trigger in situ transcription of viral RNA, along with
bacterial and vacuolar lysis proteins to enable delivery of the viral genome into the host cytoplasm. S.
typhimurium achieves invasion into host cells via macropinocytosis, and then survives within the
Salmonella Containing Vacuole (SCV) by expressing a battery of genes encoded on Salmonella
Pathogenicity Islands 1 and 2 (SPI-1 and SPI-2), respectively (26). S typhimurium leveraging SPI-1 and 2
associated genes, promoters, secretion systems, and localization have been previously engineered for the
delivery of proteins and plasmids (3, 27-34). Here, we seek to exploit such a platform for delivering viral
RNA capable of direct translation in the cytoplasm. As a result, this bypasses any need for nuclear
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translocation of DNA-encoded therapeutics and subsequent expression before induction of apoptosis or
pyroptosis by Salmonella (35, 36). To achieve this requires developing a system that could efficiently
deliver long nucleic acids, and could overcome the challenges associated with bacterially-delivered RNA
such as sufficient RNA production, robust RNA integrity, RNA escape into the host cytoplasm, and the
need for the host to survive through protein translation.

To spatially control the expression of the necessary synthetic elements of such a circuit, we looked
to use genes whose activity is restricted to the intravacuolar space and chose SPI-2 promoters in order to
drive viral RNA transcription in situ (Fig 2A). We evaluated SPI-2 promoters belonging to the sse4 and
sseJ genes, which are upregulated in the SCV (29, 30, 37, 38). Using time-lapse imaging, we evaluated
their temporal activity within individual cancer cells in the attenuated S. typhimurium strain LH1301
(AaroA, AphoPQ) (39) normalized to a constitutive GFP. We observed rapid activation of both promoters
after entering mammalian cells, with no signal present during the initial 30-minute inoculation of bacteria,
suggesting that these promoters are tightly regulated (Fig 2B,C, S1A).

Because prokaryotes do not incorporate 5'm7G caps (40), we chose to deliver viral RNAs that rely
instead on cap-independent translation. Compatible with this requirement, Picornaviridae recruit
ribosomes through an elaborate secondary structure at the 5 end of their genomes known as an internal
ribosome entry site (IRES) (4/). To evaluate how such a platform might function across a range of cell
lines, we chose to utilize a poliovirus replicon, capable of replication in a number of different cell types
(42) where its structural proteins are replaced with a fluorescent reporter, GFP. This further serves to
uncouple viral genome replication from virion spread. By transfection, active replication of the viral
genome leads to GFP levels 50x higher than when the encoded viral polymerase was mutationally
inactivated, and in some cells, can reach three orders of magnitude above passively translated mRNA,
highlighting the utility of using self-amplifying RNA (Fig S1B). To couple transcription of this viral RNA
to intracellular sensing, the PsseA promoter drives the strongly processive T7-RNA polymerase, which in
turn transcribes the viral RNA off a complementary cDNA genome encoded on a plasmid. When this
circuit is transformed into S. typhimurium LH1301 and used to invade HeLa cells, these bacteria produce
the full-length viral RNA, as measured by single-molecule fluorescence in situ hybridization (smFISH)
using probes against the 3’ end of the 5.5kb RNA (Fig 2D).

Once transcribed, the viral genome must exit the bacterium and translocate through the SCV into
the cytoplasm of the mammalian host in order to replicate. To optimize efficiency of this 2-step
translocation, we used two distinct bacterial lytic proteins: Lysis protein E from phage ¢ X174 that disrupts
bacterial membranes (35, 43—45), allowing the viral RNA to exit the lysed bacterium, and Hemolysin E
(HIyE), which forms pores in the SCV, allowing the viral RNA to enter the host cytosol (46). These genes
are expressed under the control of intracellular sensing promoter PsseJ, and complemented by a deletion
of the sif4 gene in S. typhimurium LH1301, whose loss further disrupts SCV integrity (6, 47). When S.
typhimurium carries this circuit into HeLa cells, mCherry appears to diffuse out of the SCV, filling the
cytoplasm of the host cell, while in the absence of these lytic proteins, mCherry remains punctate,
indicating restricted localization within vacuoles (Fig 2E).

Finally, we couple viral transcription and the lysis circuit together in S. typhimurium and evaluate
whether poliovirus replicon could be delivered into a range of cell types to launch replication. We
observed strong GFP signals indicative of successful viral delivery and replication in both mouse and
human cell lines including 4T1, B16, HCT116, HeLa, MC38, and H446 cells, albeit with differing
efficiencies (Fig 2F, S1C). Furthermore, lysis via E and HIyE enabled dramatically more efficient delivery
than in the absence of lytic proteins, or when S. typhimurium delivered plasmid-encoded GFP across most
cell lines (Fig S1D-E). Finally, to confirm that this was not simply passive translation of the incoming
genomic viral RNA, we stained cells with an antibody against long double-stranded RNA (dsRNA), a
product of active viral replication, and observed strong signals in cells that were also GFP positive (Fig

(8]


https://doi.org/10.1101/2023.09.28.559873

10

15

20

25

30

35

40

45

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.28.559873; this version posted September 28, 2023. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

2G). Together, these data show that lysing S. typhimurium is capable of successfully delivering actively
replicating viral RNA.

Delivery of full-length oncolytic virus by engineered S. typhimurium clears subcutaneous SCLC
tumors

We next tested the ability of this system to deliver a therapeutically relevant full-length oncolytic virus,
Senecavirus A (SVA), known to infect H446 small cell lung cancer cells and other cells with
neuroendocrine origins. (48—51). Because cells infected with S. #yphimurium frequently die via induction
of apoptosis and pyroptosis (35), a spreading virus could infect surrounding S. typhimurium-free cells,
augmenting the overall therapeutic effect (Fig 3A).

For such a system to function, bacteria and virus must both be able to infect the target population,
with the former not directly inhibiting the latter. Using SVA with a genome encoded GFP (SVA-GFP)
(52), we measured whether and how viral spread was affected when introduced one hour after bacterial
pre-infection in H446 cells, a small cell lung cancer (SCLC) line. At 24 HPI there was no measurable
reduction in the spread of virus in the presence or absence of bacteria (Fig S2A).

In lysing S. typhimurium, we replaced the poliovirus replicon with SVA-GFP and inoculated
H446s to look for successful initial delivery events from bacteria and a subsequent capacity for spread
throughout the same culture. The first wave of SVA-infected cells was observed at approximately 8 hours
following bacteria inoculation, with viral spreading occurring continuously throughout the subsequent 60
hours (Fig 3B, Supplementary Movie 1).

To determine whether similar viral launch and spread could translate into an in vivo setting, we
first xenografted nude mice with bilateral hind flank H446 tumors. Then, only their right tumors were
injected intratumorally (IT) with lysing S. typhimurium carrying SVA-NanoLuc (a luminescent reporter)
and imaged over time for luminescence. Two days post-infection, some right-flank tumors showed
luminescence so strong that it saturated the detector (Fig 3C). Furthermore, at day four, the signal was
additionally observable in left tumors that had not been injected with bacteria, suggesting productive viral
infection in the right tumors and sufficient titer capable of viral translocation to left-flank tumors. In
contrast, control bacteria recombinantly expressing their own luminescent protein, luxCDABE, under the
control of PsseA, showed no detectable translocation to left tumors over the same time (Fig S2B-C).
Tumor volume measurements over more than 40 days showed complete regression of both left and right
tumors in the treatment group within two weeks, whereas all tumors treated with only buffer or lysing
bacteria alone continued to grow until reaching maximum allowable sizes (Fig 3D, S2D). Mice
experienced no decline in weight, and negligible bacteria in the liver or spleen, despite appreciable loads
present in the tumors, suggesting no adverse response to bacterial injections (Fig S2E, F). Taken together,
lysing S. typhimurium is capable of launching a viral infection and clearing H446 tumors in vivo.

Engineered synergy between virus and bacteria controls viral polyprotein cleavage and resulting
spread
Improving efficacy and safety profiles of oncolytic viruses is achieved either at the cell-surface level,
where the receptor-binding domain is altered to recognize a target cell more specifically, or intracellularly,
where replication of the virus is modulated positively or negatively by cell-type specific cytoplasmic or
nuclear determinants (53). Having constructed a bacterial platform that successfully delivers both viral
RNA as well as proteins into the host cytoplasm, we considered how further cooperation between these
microbes could present a novel strategy for selectively regulating viral life cycles.

In the life cycle of picornaviruses, all proteins are translated first as one large open reading frame.
This polyprotein must be then cleaved into individual constituents entirely by virally encoded proteases
(54). Thus, shifting a cleavage event to an orthogonal protease expressed by bacteria would enable a
control over the viral life cycle and such a protease might be delivered simultaneously by lysing bacteria
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(Fig 4A). Due to its potential for recombinant expression and thorough characterization, we chose
Tobacco Etch Virus protease (TEVp) as the orthogonal protease (55). Furthermore, TEVp has the
flexibility to recognize nearly all residues at the final position of the cognate TEV cleavage site (TEVs)
sequence (ENLYFQ"G) where cleavage occurs between the last two amino acids (55). This allows for the
ability to retain the native N-terminal residue of the downstream protein following successful cleavage.

Investigating which natural cleavage site in SVA might be amenable to TEVs substitution, we
preferentially screened all four sites flanking each structural protein, abrogating the natural cleavage
sequence in the process. This would enable successful packaging of the virus in cells containing the
protease, followed by viral entry and replication in surrounding cells. However, should the surrounding
cell not contain TEVp, further spread would be restricted. We engineered each of these four potential
variants and transfected them either into wild-type H446 cells, or H446s constitutively expressing TEVDp,
and looked for conditional spreading (Fig 4B). When the TEVs was placed between the nonstructural
Leader protein and the first structural protein VP4, the spreading of this variant became entirely dependent
on TEVp and was capable of infecting surrounding cells at a rate equivalent to wild-type virus (Fig 4C-
D).

In order to couple the spread of this variant to co-infecting bacteria, we engineered lysing S.
typhimurium to express TEVp under the control of a second PsseA intracellularly sensing promoter.
Additionally, we incorporated a series of mutations to TEVp previously shown to improve the solubility
of the protease (56, 57) (Fig S3A). When the bacteria delivered a TEVp-dependent virus without
bacterially produced TEVp, the virus launches but then fails to spread, as expected (Fig 4E, left).
However, when the S. typhimurium simultaneously delivered both the TEVp-dependent virus as well as
TEVp, localized foci of spreading infection appeared (Fig 4E, right).

We next proceeded to evaluate this platform in vivo, first aiming to characterize the stability of the
engineered genome, owing to the high error rate of RNA-dependent RNA polymerases (RdRps) and
potential to mutate away from TEVp-dependence (58). Tumors were injected IT with S. typhimurium
delivering wild-type SVA-NanoLuc and compared to TEVs-SVA-NanoLuc with co-delivered protease.
Over the course of one week, the luminescence of the group receiving bacterially delivered wild-type
SVA-NanoLuc continued to increase rapidly. In contrast, the signal from tumors injected with bacterially
delivered TEV-dependent SVA remained lower than wild-type through day eight, but then began to
increase (Fig S3B, top). Sequencing viral RNA extracted from tumors that received the TEVs-SVA
revealed that three out of five had a single-nucleotide polymorphism (SNP) in the TEVs, yielding two
different ways of producing an identical phenylalanine-to-leucine (F->L) substitution (Fig S3B, bottom).
When this mutation was cloned into the viral genome and transfected directly into H446 with or without
TEVp, we observed that this mutation was sufficient to achieve TEVp-independent spreading (Fig S3C);
a leucine at this site recapitulates the residue normally at this position immediately upstream of the scissile
Q"G cleavage site in the wild-type virus.

To prevent this escape mutation from occurring, an optimal TEVs sequence would be one where
the codon for phenylalanine requires more than one SNP to revert into a leucine. While no codon like this
for phenylalanine exists, previous interrogation of TEVs revealed that a cysteine at the phenylalanine site
maintained TEVp-mediated cleavage, while being two SNPs away from reverting to a leucine (59).
Indeed, an SVA variant with the modified TEVs sequence of ENLYCQ"G only spread in the presence of
TEVp, though at slightly reduced efficiency compared to the WT TEVs (Fig 4F, S3C). Thus, we were
able to construct a mutationally resistant variant of TEVp-dependent SVA (denoted rTEVs-SVA).

Carrying this new variant, groups of mice received lysing S. #yphimurium with and without TEVp,
or WT-SVA alone. 24 hours following injection, tumors were harvested, homogenized, and assayed for
luminescence ex vivo as a readout for replication originating from bacterial launch, as well as for viral
titer measurements as an indication of successful packaging of the virus. The initial luminescence as
measured ex vivo was statistically indistinguishable between groups, showing equivalent initial delivery
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from bacteria of WT virus compared to TEVp-dependent virus (Fig S3D). Similarly, the number of viral
particles produced by cells infected with TEVp-dependent virus was also statistically the same as WT
virus delivery at launch (Fig 4G). In contrast, no infectious particles were recovered when TEVp-
dependent virus was delivered in the absence of TEVp, as expected (Fig 4G). Furthermore, when naive
cells in vitro were infected with tumor-harvested WT virus, spreading was observed, while tumors
containing TEVp-dependent virus showed initial replication, but no further spread (Fig S3E). Together,
these data suggest that the initial launch and production of infectious viral particles are equally efficient
between both WT and TEV-dependent viruses, and that engineered virus launched from bacteria was
indeed TEVp-dependent.

Finally, when a cohort of mice injected with lysing S. typhimurium delivering TEVp-dependent
virus with and without protease was measured longitudinally, we observed that luminescence from this
mutation-resistant variant continued to remain present for up to two weeks following a single injection,
while virus delivered without protease showed a complete loss of signal over the same time period. Over
this time course, no increasing luminescent signals were observed, suggesting that reversion to TEVp-
independence did not occur (Fig 4H, S3F).

Discussion
This work explored synthetic strategies to design multiple levels of synergy between two clinically
relevant microbes - S. typhimurium and Senecavirus A. By utilizing bacteria as a dynamic and
engineerable “viral capsid”, we delivered replicons and full-length viral RNAs into the host cytoplasm,
with SVA entirely clearing subcutaneous SCLC tumors. Furthermore, the bacterial launch of replicons in
a range of mouse and human cell lines demonstrates the ability to deliver non-spreading viral RNAs while
bypassing the receptor-mediated limitations of the native viral capsid proteins. Noting that the bacterial
vehicle is able to simultaneously deliver proteins and nucleic acids, we devised a strategy to build further
synergy: a modified virus whose protein maturation depends on a bacterially provided protease (TEVp),
by substituting a natural cleavage site in the virus with an orthogonal one (TEVs). Together, we developed
a multi-layered engineering approach for coordinating a two-microbe system for oncolytic application.
Delivery of nucleic acids by bacteria, or bactofection, has been previously applied, for example by
Agrobacterium for CRISPR/CAS9 gene-editing in wheat (60); L. monocytogenes, E. coli and S.
typhimurium for siRNAs, short ORF-containing RNAs for GFP, and plasmids (28, 36, 61-69), albeit with
efficiencies that would hinder viral RNA delivery. Leveraging the flexible tools available for genetic
engineering in S. typhimurium, we were able to deliver large viral RNAs more efficiently across a broad
range of cell types than those previously reported via engineered S. typhimurium strains (64). Further,
these vectors allow for subsequent productive viral infections. Building on previous work for intracellular
delivery, here the active replication of viral RNA causes a cytopathic effect in its initial host cell, while
also enabling spread to surrounding cells potentially uninfected by bacteria, thereby enhancing therapeutic
effect. However, while SVA does not natively infect murine cells, the athymic model used here permits
study in a relevant human cell line and provides the framework for implementing a consortium of
cooperative engineered microbes in vivo.

Our efforts to insert an orthogonal cleavage site into the virus highlight the importance of
addressing the mutability of RNA viruses. RNA-dependent RNA polymerases incorporate an incorrect
base at a rate of roughly 1 in 10,000 (70—73). Here, we attempted to mitigate mutational escape by first
identifying the most common escape mechanism in vivo, a reversion to leucine at the P2 position of the
TEVs, by swapping the TEVs’ P2 amino acid to one that cannot revert to a leucine without requiring two
simultaneous SNPs. Therefore, the likelihood of reversion by two independent mutations simultaneously
occurring in the cleavage site geometrically reduces the escape probability. However, alternate types of
mutations, such as wholesale deletions of our orthogonal sequence may also occur, though were not
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observed here. Insertion of additional TEVs’, or even additional protease/cleavage site pairs, could further
increase the robustness of this system and even enable construction of logic-gated viral replication and
spread.

Through the use of simultaneous protein and RNA delivery, genetic circuits composed of
proteins, nucleic acids, and a microbial consortium all combine to produce a synergistic and unique
output with therapeutic applications.
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5 Figure 1: Programmed S. typhimurium autonomously lyse in host cytoplasm to launch viral

RNA and an essential orthogonal viral protease. (1) S. typhimurium carrying synthetic circuits
enter mammalian cells via natural effectors encoded on Salmonella Pathogenicity Island 1 (SPI-
1). (2) Internalized S. typhimurium within a Salmonella Containing Vacuole (SCV) is designed to
sense the intravacuolar space, triggering activation of SPI-2 promoters. (3) Engineered SPI-2

10 promoters are used to drive the production of viral RNAs (Poliovirus replicon, Senecavirus A
(SVA), and TEV protease-dependent SVA), lysing proteins hemolysin-E (HIyE) and E from
phage ¢X174, and TEV protease. (4) Upon successful bacterial and vacuolar lysis, viral RNAs
and TEV protease are released into the host cytoplasm. (5) Viral RNAs are translated in the
cytoplasm and viral replication is initiated. The maturation of viral particles derived from TEV-

15 dependent SVA requires cleavage by both a virally encoded protease and a bacterially donated
TEV protease. The latter cuts at the cognate TEV sequence engineered between the Leader (L)
protein and the first protein (VP4) of the structural genes (P1), enabling viral RNA encapsidation.
(6) Infectious particles are released into the extracellular space to infect neighboring cells.
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Figure 2: Engineered bacteria deliver self-replicating RNA into the cytoplasm of host
cells. (A) Intracellular S. typhimurium activates SPI-2 promoters PsseA and Pssel, to drive
mCherry expressed by either promoter. After internalization of bacterium and PsseA-
mCherry+T7pol/Psse]J-HIyE+E activation, intravacuolar S. typhimurium lyse the SCV and
themselves, releasing mCherry and T7-driven poliovirus-replicon RNA into the cytoplasm where
replication and translation produce reporter GFP. (B) Microscopy images of HeLa cells inoculated
with S. typhimurium at multiplicity of infection (MOI) 50 carrying Ptac-GFP and PsseA-mCherry
plasmids. The top panels show constitutive Ptac-GFP and SCV-induced PsseA-mCherry signals
at 0 HPIL. The bottom panels show respective signals 12 HPI. Scale = 500um. (C) Quantification
of PsseA activation is shown as the mean fluorescent intensities (MFI) of mCherry divided by
GFP, where each dot represents a single HeLa cell. At each time point the average over all cells is
plotted as a red point on the red line. The initial value is taken 1 hour post-infection (HPI). (D)
(Left), Top- circuit diagram of proteins produced by PsseA activation and PT7-driven poliovirus
replicon. Bottom- Schematic of smFISH probes binding specifically to the 3' end of the viral RNA
transcribed by bacteria. (Right) Micrograph showing DAPI staining of both mammalian and
bacterial DNA (blue), PsseA-mCherry fluorescence from S. typhimurium inside SCVs (orange)
and fluorescent signal from probes specific to viral RNA produced (red). (E) Top panels show
representative DIC and mCherry signals of HeLa cells inoculated with S. #yphimurium at an MOI
50 carrying a PsseA-mCherry plasmid. Bottom panels are HelLa cells inoculated with S.
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typhimurium at MOI 50 carrying the mCherry reporter and lysing proteins. The white arrow
indicates a cell with an mCherry signal diffusing through the host cytoplasm. Scale bar is 50pm.
(F) The efficiency of replicon delivery (GFP expressed off poliovirus replicon) in HCT116, H446,
HeLa, 4T1, B16 cells and plasmid delivery (GFP expressed off plasmid with pEF-promoter and
repeating nuclear localization signals) using S. typhimurium strains that either lyse with HIyE and
E proteins, the E protein alone or do not lyse. (G) Bacteria with lysing circuit and virus-encoding
plasmid are used to inoculate HeLa cells. DAPI indicates nuclear staining; GFP fluorescence is
derived from viral RNA reporter. Red fluorescence signal is an anti-647 secondary antibody
against an anti-dsRNA antibody indicating active replication of viral RNA.
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Figure 3: Lysing S. typhimurium launch full-length oncolytic virus Senecavirus A (SVA) and
clears subcutaneous tumors. (A) Schematic of S. #yphimurium SPI-2 driven production of viral
RNA and lysing proteins allowing the escape of viral RNA from the Salmonella containing
vacuole (SCV) and S. typhimurium. Upon release of RNA into the cytoplasm, IRES-mediated
translation produces viral proteins necessary for replication of RNA, assembly of the capsid, and
packaging of the viral genome into its capsid. (B) H446 cells inoculated with (i, top) MOI 25 S.
typhimurium Asif4 carrying SPI12-driven lysis and reporter plasmid, along with SVA-GFP plasmid.
(i, bottom) Time-lapse microscopy at three-time points of spreading SVA-GFP as launched from
bacteria. Scale bar = 500um. (ii) Time course of SVA-GFP infection throughout the course of the
72-hour acquisition period, projecting time as a color with initial events represented in light blue
hues and later events passing through yellow and red hues. (C) (i) Experimental outline of in vivo
experiment where nude mice were engrafted with H446 cells on bilateral flanks, and right flanks
were intratumorally injected with 2.5x10° lysing S. fyphimurium carrying SVA-Nanoluc RNA
when tumors reached approximately 150 mm? 14 days later. (ii) IVIS images of nude mice injected
with NanoLuc substrate intratumorally 2 days and 4 days post bacterial inoculation. (D) (i) Growth
kinetics of left tumors treated with lysing S. typhimurium with WT-SVA (black), lysing S.
typhimurium only (blue), and RPMI (red) over the first two weeks post-inoculation. The mean
and standard deviation of the mean are plotted on the graph. (ii) Growth kinetics of right tumors.
(ii1) Survival curves for mice treated with groups annotated in D (i). Survival benefit observed by
log-rank test for each survival curve.
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Figure 4: Engineering control over natural viral protein separation enables dependence on
bacterially delivered protease. (A) Schematic of viral protease cleavage at natural cleavage sites
(white arrow shade) in between the L-protein and individual structural viral proteins, and their
reprogramming as possible sites for exogenous protease cleavage (green arrow shade). (B) H446
cells transfected with piggybac plasmids to express integrated TEV protease (bottom row) and
non-transfected H446 cells (top row) were subsequently transfected with 500 ng of WT-SVA and
SVA RNA engineered to express TEV cleavage sequence motifs in place of native cleavage
between structural proteins. Images taken 24 hours post-transfection at 10x. Scale bar is 500um.
(C) Nlustration of TEV-mediated cleavage between L-protein and VP4 in the P1 structural protein
domain. TEV site is cleaved by S. typhimurium-provided TEV protease, leaving a 6 amino acid C-
terminal addition (ENLYFQ) on L protein, while all other cleavage sites are naturally cleaved by
the SV A-proteases. (D) Fraction of H446 cells expressing WT-SVA-GFP (grey), TEVs-SVA-GFP
(blue dotted), and TEVs-SVA-GFP + TEVp (solid blue) post-transfection at 12, 24, and 48 hrs.
(E) H446 cells inoculated with S. typhimurium carrying TEVs-SVA-GFP with (right) and without
(left) TEVp at MOI 50. Time course of bacterially delivered virus with (right) and without (lef)
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protease; images shown are a projection of time as a color with initial events represented in light
blue hues and later events passing through yellow and red hues over the course of the 72h
experiment (F) Representation of TEV site mutation (ENLYFQ*"G—ENLYLQ"G) addressed by
converting TEVs to a mutationally resistant (rTEVs) site (ENLYCQG) above plot for fraction of
H446 cells expressing WT-SVA-GFP (grey), rTEVs-SVA-GFP (green dotted), and rTEVs-SVA-
GFP + TEVp (solid green) post-transfection at 12, 24, and 48 hrs. (G) Tumors treated with lysing
S. typhimurium carrying WT-SVA-NanoLuc without TEV protease, TEVs-SVA-NanoLuc with
and without TEV protease, and rTEVs-SVA-NanoLuc with TEV protease were excised 18
HPI. Naive H446 cells were inoculated with viral particles from tumor solutions freeze-thawed
and centrifuged for viral particle isolation. Each point within a bar represents naive H446 cells
infected with viral particles divided by the average of virally infected naive H446 cells from the
WT-SVA group. ANOVA evaluation determined no significant difference in means in the WT-
SVA-NanoLuc without TEVp, TEVs-SVA-NanoLuc with TEV protease, and rTEVs-SVA-
NanoLuc with TEV protease groups. No indication of infectious viral particle production from
Naive H446 cells inoculated with tumors treated with S. typhimurium carrying TEVs-SVA-
NanoLuc without TEV protease, ANOVA test between all groups except TEVs-SVA-without-
protease indicated p=0.46. (H) In vivo luminescent signals from nude mice with bilateral hind
flank tumors inoculated with S. #yphimurium expressing rTEVs-SVA-NanoLuc with (black) and
without (red) TEV protease. Each point on the graph illustrates the mean and standard deviation
of the luminescent signal of n=10 tumors at each time point.
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