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Seneca Valley virus replicons are packaged
in trans and have the capacity to overcome
the limitations of viral transgene expression
Jeffrey D. Bryant,1,6 Jennifer S. Lee,1,2,6 Ana De Almeida,1 Judy Jacques,1 Ching-Hung Chang,1,3 William Fassler,1
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Oncolytic viruses (OVs) promote the anti-tumor immune
response as their replication, and the subsequent lysis of tumor
cells, triggers the activation of immune-sensing pathways. Arm-
ingOVs by expressing transgenes with the potential to promote
immune cell recruitment and activation is an attractive strategy
to enhance OVs’ therapeutic benefit. For picornaviruses, a fam-
ily ofOVswith clinical experience, the expression of a transgene
is limited by multiple factors: genome physical packaging
limits, high rates of recombination, and viral-mediated inhibi-
tion of transgene secretion. Here, we evaluated strategies for
arming Seneca Valley virus (SVV) with relevant immunomodu-
latory transgenes. Specificially in the contex of arming SVV, we
evaluated transgene maximum size and stabiltity, transgene
secretion, and the impact of transgene inclusion on viral fitness.
We find that SVV is not capable of expressing secreted payloads
andhas a transgene packaging capacity of�10%of viral genome
size. To enable transgene expression, we developed SVV repli-
cons with greater transgene size capacity and secretion capabil-
ities. SVV replicons can be packaged in trans by virus in co-in-
fected cells to express immunomodulatory transgenes in
surrounding cells, thus providing ameans to enhance the poten-
tial of this therapeutic to augment the anti-tumor immune
response.
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INTRODUCTION
Oncolytic viruses (OVs) are typically modified to be attenuated to
selectively infect and lyse tumor cells. The process of oncolysis pro-
duces a large array of danger signals sensed by tumor and stromal
cells that promote inflammation within the tumor microenvironment
and has the potential to augment the anti-tumor immune response,
particularly in combination with immune checkpoint inhibitors
(CPIs).1,2 First-generation OVs such as talimogene laherparepvec
(T-VEC) or teserpaturev (G47D) were heavily attenuated to reduce
their resistance to the host anti-viral state as a mode of selectivity.3

Efforts to improve upon these first-generation OVs includedmore so-
phisticated synthetic modes of selectivity including microRNA
(miRNA) attenuation4–6 and the inclusion of immunomodulatory
transgenes.7 Transgenes such as interleukins, chemokines, costimula-
tory molecules, CPIs, and bispecific T cell engagers expressed from
Molecular
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HSV-1 or adenovirus have made their way to clinical trials and
with the potential to enhance the therapeutic benefit of OVs by direct-
ing innate and adaptive immune cells against tumors.7–11 In contrast
to large DNA viruses, small positive-sense RNA viruses such as picor-
naviruses are less amenable to arming strategies. OVs of that genus,
including Coxsackievirus A21 (CVA21) and Seneca Valley Virus
(SVV) have progressed to clinical development.12,13 They have small
genomes (approximately 7.5 kb) encapsulated in an icosahedral
capsid. This capsid has a limited physical volume, thus limiting trans-
gene insertion capacity. Small payloads such as reporter genes have
been expressed typically with T2A sequences or flanking protease
sites in several distinct loci.14–17 However, secretion of a signal
sequence-containing transgenes is possibly challenged by virus-medi-
ated inhibition of protein secretion as described for poliovirus,18 and
attempts to express payloads from CVB3 resulted in the intracellular
retention of secreted payloads.19 Compounding these challenges, pi-
cornaviruses have a propensity for recombination during RNA repli-
cation and quickly lose foreign sequences with a fitness cost.20–23

Achieving stable expression of secreted payloads for these OVs is
an important goal to enhance their therapeutic potential, particularly
as innovative strategies, such as LNP delivered OV therapies termed
Synthetic viruses, that enable repeat intravenous (i.v.) administration
are moving toward clinical trials.24 These so-called Synthetic viruses
consider the encapsulation of a replication-competent positive-sense
RNA genome (viral RNA [vRNA]) into lipid nanoparticles (LNPs)
and, in contrast to their cognate viruses, retain anti-tumor activity
in preclinical models in the presence of virus-neutralizing titers.24

One such Synthetic virus, ONCR-788, is based on the vRNA of
SVV that has been optimized for greater potency in tumors and is
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Figure 1. SVV is capable of expression of reporter transgenes that are within the packaging limit

(A) Schematic representation of transgene-containing SVV constructs. Transgenes are inserted after the SVV 2A self-cleaving protein and 30 flanked by a T2A peptide.

Inserted are the reporter genes mCherry (red), GFP (green), nLuc (orange), and a fusion of GFP to nLuc (green to orange), which is inserted full sized (1.2 kb) or as 100 bp

truncated forms down to 0.8 kb. Viral genes are in shaded boxes, the leader protein is yellow, the capsid proteins are light blue, and the non-structural proteins are divided into

P2 (peach) and P3 (gray). IRES, internal ribosome entry site; p(A)n, polyadenylation tail; GFP, green fluorescent protein. (B–E) Dose-response infection curves of SVV and SVV

(legend continued on next page)
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potently lytic in permissive cancer cells of neuroendocrine origin.25,26

We have previously shown that ONCR-788 is potently efficacious as
monotherapy in multiple in vivo cancer models and in combination
with a PD-1 antagonist monoclonal antibody.24 We describe here ap-
proaches to launch the expression of secreted payloads from ONCR-
788 as a potential next-generation Synthetic virus with enhanced
immune-stimulatory potential.

SVV has been shown to have an intrinsically low recombination rate
and has been modified to express a reporter gene.27 However, GFP
derivatives and other reporter genes are well below the projected
packing limit inferred from other picornaviruses.17,28,29 Here, we
comprehensively evaluate the ability of SVV to express transgenes
and demonstrate that SVV is not capable of expressing secreted or
membrane-spanning proteins and that payloads are limited to small
intracellular proteins below the packaging limit. We also demonstrate
that SVV replicons can be designed after the identification of the SVV
cis-acting replication element (CRE) and that these replicons signify a
potential path to arm this class of viruses with immunomodulatory
payloads, thus providing future opportunities for enhancing the
potential therapeutic potential of this class of OVs.
RESULTS
Expression of reporter transgenes by SVV

To interrogate the transgene expression capabilities of SVV, we engi-
neered SVV to express a variety of reporter genes. The reporter pro-
teins mCherry, GFP, or nanoluciferase (nLuc) were inserted after the
SVV 2A protein, followed by a T2A peptide. These ribozyme slippage
sites assure release of the transgene with minimal impact upon poly-
protein processing and downstream viral replication (Figure 1A).
SVV without transgenes and SVV containing the reporter transgenes
were produced by RNA transfection of NCI-H1299 cells. Recovered
supernatant virus titer was determined by survival dose-response
analysis in NCI-H446 cells (Figures 1B–1E). Reporter transgene in-
clusion resulted in a minimal reduction of IC50 of less than 0.5
log10 for SVV-mCherry and less than 1.75 log10 for SVV-nLuc and
SVV-GFP (Figures 1B–1E). This limited drop in titer is attributed
to the increased genome size from the inclusion of the reporter trans-
gene.29 The resulting virus titer does not inform upon the retention of
the reporter gene, as picornaviruses are capable of rapid deletion of
transgenes by recombination.20 The recovered virus was found to
maintain robust expression of the reporter transgene, as microscopy
images of infected NCI-H1299 and NCI-H69 cells showed clear
expression of both GFP and mCherry (Figure 1F). nLuc gene expres-
encoding reporter transgenes were done on NCI-H446 cells with cell survival determi

standard deviation mean values are shown with error bars displaying SEM from four rep

images in NCI-H1299 and NCI-H69 cells 24 h post 10 MOI infection with SVV reporter

ments. (G) Luciferase expression was detected 3 days post-infection with 5 mL transfe

(mock) in infected NCI-H446 cells. Mean values are shown with error bars displaying S

fusion of different lengths (0.8–1.2 kb) was inserted into SVV and analyzed by RT-PC

containing supernatants collected 48 hr. The RNA in the supernatant was recovered and

region, and the resulting PCR product was run on a 0.7% TAE gel, with the expected ban

chosen from three replicate experiments.
sion post-infection was also confirmed by bioluminescence assay
(Figure 1G). These findings confirm that SVV can encode and main-
tain certain transgenes during infection to levels significant enough to
show clear detection of the transgene expression while retaining
potent oncolytic activity of permissive cancer cell lines.

Determination of the SVV packaging limit

The reporter transgenes that maintained expression in SVV range in
size from 0.5 to 0.7 kb (Figure 1A). These were chosen as they fall
within the previously described �10% genome size packaging limit
for poliovirus and mengovirus.17,29 Next, we explored the upper
size limit for stable transgenes expression in SVV. To assess this,
we constructed SVV payload transgene inserts composed of GFP-
nLuc fusions with incremental 100 bp deletions, as both GFP and
nLuc were shown to be retained. Viruses containing these 1.2–0.8
kb reporter fusion transgenes were then assessed for retention by
RT-PCR following transfection in two SVV permissive lung cancer
cell lines (Figure 1H). These results show an absence of the full-size
expected bands for SVV-encoded transgenes that are larger than 1
kb (Figure 1H, asterisk) and an enrichment of smaller viral recombi-
nants. These results demonstrate that the maximum size for stable
SVV transgene insertion falls above 0.9 kb but below 1 kb for a neutral
reporter sequence. This slightly exceeds the 10% genome size restric-
tion reported for enteroviral reporter construct.17,28,29

Immunomodulatory transgenes inhibit SVV growth

We next wanted to assess the ability of SVV to express transgenes that
have the potential to improve anti-tumor efficacy. We evaluated SVV
constructs encoding two immunostimulatory payloads: the cytokine
CCL21 and the transmembrane and secreted TNFSF14 (LIGHT)
co-stimulatory ligand. In addition, intrigued by the potential to
combine an OV with the potential to promote T cell recruitment
with a T cell bispecific T cell engager, we designed a minimal-size bis-
pecific T cell engager consisting of a fusion of an anti-CD3e scFv with
an anti-DLL3 single-domain antibody that we termed “LiTE.” DLL3
is frequently expressed on tumor cells of neuroendocrine origin,
particularly small cell lung cancer (SCLC),30,31 and bispecific T cell
engagers targeting DLL3 have shown preclinical and clinical benefits
in patients with SCLC.32,33 CCL21 and LIGHT cDNA sizes were well
within the packing limit of SVV, whereas the DLL3-LiTE was
1,236 bp, which is above the size limit that we previously identified
(Figure 2G). When these viruses were recovered and tested for IC50

values in the same manner as reporter SVV in Figure 1, we saw a
substantial reduction in the titer, a surprising finding for the
ned by quantification of ATP by CellTiter-Glo (Promega) assay. Calculated IC50 ±

licates. (F) mCherry and GFP reporter expression was observed by 10�microscopy

transgene viruses. Representative images were chosen from two replicate experi-

ction supernatant containing recovered SVV-nLuc virus relative to media treatment

EM from two replicates. (H) Payload composed of GFP alone (0.7 kb) or nLuc-GFP

R to determine status of the transgene at the sequence level in recovered virus-

reverse transcribed to DNA, specific primers PCR amplified the transgene insertion

d sizes for the transgenes marked with an asterisk. Representative gel images were
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Figure 2. Immunomodulatory transgenes that are within the packaging limit are not stably retained as SVV paloads

(A–F) TCID50 curves for SVV and SVV-mCherry or immunomodulatory transgenes in NCI-H446 cells were determined. The initial viruses recovered following RNA trans-

fection (circles) and after passage infection with 5 mL transfection supernatant (squares) were plotted for comparison. IC50 values were calculated as well as the fold change

between the virus before and after passage. Mean values are shown with error bars displaying SEM from four replicates. (G–J) Analysis for SVV transgenes retention by RT-

PCR in NCI-H1299 cells after transfection and after infection in recovered supernatants. Transgene sizes are listed with expected sizes of bands marked with an asterisk on

the gel images. Representative gel images were chosen from two replicate experiments.
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viruses engineered with the shorter transgenes CCL21 and LIGHT
(Figures 2A–2F). This reduction in titer was rapidly recovered
for each virus following additional infection passage (Figures 2A–
2F). This suggests that a viral mutation or deletion was acquired
to improve viral fitness, most likely targeting the foreign
transgene. This was in contrast to what was observed for the parental
SVV or the stable reporter transgene SVV-mCherry virus
(Figures 2A, 2E, and 2F). The viruses recovered from the SVV con-
structs expressing CCL21, LIGHT, and DLL3-LiTE, when analyzed
by RT-PCR following transfection, showed limited transgene mainte-
nance (Figure 2G). Full-length transgenes were nearly or totally unde-
tectable 3 to 5 days after infection (Figure 2H) with recovered viruses.
Most of the PCR products detected for these SVV payload viruses
324 Molecular Therapy: Oncolytics Vol. 28 March 2023
after transfection, and all detected post-infection, were much smaller
than anticipated but larger than empty SVV. This indicates that these
viruses acquired deletions within or including portions of the
payload. This loss was not observed with mCherry (Figures 2I and 2J).

Signal sequences are selected against in SVV transgenes

To assess the sequence-specific determinants that direct loss of these
transgenes, constructs were designed with �0.4 kb segments of the
DLL3-LiTE gene including the N-terminal sequence with and without
the signal sequence (ss) (Figure 3A). RT-PCR analysis of SVV recov-
ered following transfection (Figure 3B) and infection in two cell lines
(Figure 3C) demonstrated that the inclusion of the signal sequence
was detrimental to the retention of the transgene in SVV. This SVV
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transgene signal sequence negative selection was further explored by
assessing transgene retention following infection with a virus
expressing interleukin-36g (IL-36g), a cytokine naturally devoid of
a signal sequence; the CCL21-ss; or the IL2-ss when compared with
wild-type IL-36g or SVV-GFP (Figure 3D). Again, the inclusion of
the signal sequence of either CCL21 or IL-2 led to the loss of the trans-
gene. Next, to assess the nature of the recovered recombinants, we gel
extracted the RT-PCR product bands identified from both IL-
36g-CC21-ss and CCL21 SVV 5 days post-infection and IL-
36g-CCL21-ss in recovered viruses 24 and 48 h post-transfection
(Figures 3E and 3G). RT-PCR gel-extracted bands were subjected
to cDNA synthesis and TA cloning to isolate 40 individual full-size
PCR amplicon clones per construct for Sanger sequencing analyses.
Late after infection (5 days), both IL-36g-CCL21-ss and CCL21
showed complete loss of full-sized payload in all sequenced clones,
with all confirmed viral sequences showing transgene deletion origi-
nating from the signal sequence (Figure 3F). This selection against the
signal sequence was found to occur immediately after RNA transfec-
tion, as SVV isolates 24 h after transfection showed 65% deletion of
the transgene signal sequence, which then increased to 98% by 48 h
(Figure 3H, bottom panel). Our data indicate that there is a strong
negative selection pressure to immediately eliminate the signal
sequence. Therefore, SVV cannot stably encode secreted or trans-
membrane transgenes, as stocks of viruses containing a signal
sequence cannot be rescued. Because this functionally important class
of transgenes cannot be enabled for SVV and likely all picornaviruses,
we pivoted our effort to developing an SVV replicon.

Identification of the SVV CRE

CREs are RNA structural elements in picornavirus genomes that are
necessary for facilitating the switch from translation to replication.34

These elements have been identified for many picornaviruses, but for
SVV, the location of the CRE element has not yet been defined. Based
on related cardioviruses, we evaluated virus replicon constructs with
targeted deletions of the VP2 protein in the SVV-mCherry construct
(Figure 4A). SVV replicon constructs that contain the CRE will
display the mCherry signal following transfection and viral replica-
tion; the only construct that exhibited no mCherry fluorescence
was the Trunc6 replicon construct (Figure 4B). The retention of the
mCherry signal indicates that the CRE is likely within in the 144 bp
between the Trunc10 and Trunc6 deletions (Figure 4C). As the
CRE is known for other members of the cardioviridae family, we
Figure 3. Transgene signal sequences are detrimental to viral fitness and sele

(A) Diagram of the five DLL3 LiTE diagnostic transgene fragments including fragment 1 w

Full-length (FL) and the LiTE gene fragments were tested for transgene retention by tran
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two replicate experiments. (E and F) Analysis of transgene deletions after infection with S

PCR products from RT-PCR gel isolated bands (red boxes in E). DNA from indicated ban

containing DNA inserts from single PCR products. 40 colonies were picked and sequenc

corresponding to bp of the beginning and end of detected deletion. (G and H) Analysis o

by sequencing individual PCR products from RT-PCR gel isolated bands (red boxes).

(13/40–280-end-modified deletion) had a few bp at both ends of the deletion that did n

sizes for all gels are marked with an asterisk.
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employed Turbofold,35 a tool that evaluates sequence and structural
conservation of RNA features to identify the potential locus. The Tur-
bofold structures of the SVV VP2 region reveal a stem loop that has
strikingly similar features to the identified CREs in related cardiovi-
ruses encephalomyocarditis virus (ECMV) and Theiler’s murine
encephalomyelitis virus (TMEV) (Figure 4D).36 The necessity of
this SVV CRE stem loop for the functionality of the replicon was as-
sessed bymutating base pairs, indicated in red in Figure 4D, to disrupt
the RNA structure of this region so it no longer emulates other cardi-
ovirus CREs (Figure 4E). The base pairs were mutated to not disrupt
the amino acid codons. Therefore, the only difference between the
CREmutated Truc10 replicon and the parental Trunc10 replicon
was the RNA structure of this SVV CRE region. When the SVV-
CREmutated was transfected into NCI-H1299 cells, it no longer re-
sulted in a mCherry signal (Figures 4F and 4G). The SVV CRE’s
structural similarity to closely related cardiovirus CREs along with
the requirement of this specific stem-loop structure for the SVV repli-
con to express its mCherry payload identifies that this RNA stem-
loop structure functions as the SVV CRE.

Expression and secretion of transgenes by trans-encapsidation

following SVV replicon transfection

A functional replicon based upon the truncation 10 construct
“Trunc10” (Figure 5A) was designed by deleting SVV structural pro-
teins andwas evaluated for transgene expression in subsequent rounds
of infection by the process of trans-encapsidation.37 Trans-encapsida-
tion is the incorporation of the replicon viral genome including the
transgene within the viral capsid derived from co-infection/transfec-
tion with a viable full-length virus. To evaluate SVV trans-encapsida-
tion, amCherry repliconwas generated. Cells were co-transfectedwith
both the mCherry replicon and full-length parental SVV RNA
(without mCherry), and the cells were washed to remove excess trans-
fection reagent and RNA 4 h after transfection. At 48 h supernatants
were harvested, clarified, and filtered to remove cell debris, and the
recovered media were then used to infect new NCI-H1299 cells (Fig-
ure 5B). Microscopy analysis of these cells infected with the recovered
virus particles was found to be able to induce mCherry expression
(Figure 5C). To assess the ability of the SVV replicon trans-encapsida-
tion to circumvent both the restriction on SVV payload size and on
payload secretion, new SVV replicons were designed to express the
1.6 kbmurine IL-12 cytokine (Figure 5D). Following the experimental
plan of the SVV-mCherry replicon (Figure 5C), trans-encapsidation
cted against

ith and without the signal sequence (ss) to be tested as payloads in SVV. (B and C)

sfection in NCI-H1299 cells and infection in NCI-H1299 and NCI-H69 cells with RT-

e experiments. (D) RT-PCR for detection of the retention of GFP or IL-36g transgenes

wing transfection of NCI-H1299 cells. Representative gel images were chosen from

VV IL-36g+CCL21-ss (blue) and CCL21 (green) transgene by sequencing individual

ds was isolated and cloned by Taq polymerase TA cloning to get individual colonies

ed. Discovered deletions are shown as dotted segments in diagrams, with numbers

f transgene deletions after transfection with SVV IL-36g+CCL21-ss (blue) transgene

Discovered deletions are shown as dotted segments in diagrams. The 48 h results

ot align with the parental sequence, which is marked with a short red line. Expected
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infection tests were performed with a signal sequence containing a
murine IL-12 (mIL-12) replicon. RT-PCR analysis of the payload re-
gion (see Figure 5D, where F and R indicate the locations of the
primers) of RNA collected from lysates post-transfection and post-
trans-encapsidation infection showed bands corresponding to ex-
pected sizes of fragments for full-length virus and replicon both in
transfections and infections with post-transfection supernatants (Fig-
ure 5E), suggesting the passage of the complete signal sequence con-
taining the SVV-mIL-12 replicon via trans-encapsidation. The
trans-encapsidation infection detection of the mIL-12 replicon was
also seen in the SCLC cell lines NCI-H69 andNCI-H1963 (Figure 5E).
To validate the secretion of the trans-encapsidated sequence-encoded
cytokine, an ELISAwas performed on the supernatants collected post-
trans-encapsidation infection before cell lysis for SVV-mIL-12 repli-
cons with and without the signal sequence deleted (see construct sche-
matic in Figures 5D and 5F–5H). NCI-H1299 supernatants were
collected at 8 and 48 h for NCI-H69 andNCI-H1963. In addition, var-
iable ratios of SVV-mCherry RNA and SVV-mIL-12 replicon (0.8/0.2,
0.5/0.5, and 0.95/0.05 mg, respectively) were evaluated to see if the
trans-encapsidation efficiency could be improved upon. Robust IL-
12 secretion was observed in all cell lines when the signal sequence
was included (Figures 5F–5H). The lack of a signal sequence led to a
much-reduced detection ofmIL-12 in supernatants. It should be noted
that both NCI-H1963 and NCI-H69, while permissive to SVV infec-
tion and replication, are resistant to SVV oncolysis. Increasing the ra-
tio of replicon RNA to vRNA resulted in about a 2-fold increase in
mIL-12 secretion. These data demonstrate that expression of a
secreted transgene can occur when an SVV replicon is packaged in
trans in a co-infected/transfected cell with a replication-competent
SVV. This approach circumvents both the SVV viral payload restric-
tions by (1) the SVV-mIL-12 replicon stably expressing a payload of
1.6 kb, much larger than the previously identified �0.9 kb limit, and
(2) the SVV replicon overcoming the deleterious effect of a signal
sequence on SVV replication, enabling the secretion of a potent im-
mune-stimulatory cytokine.

DISCUSSION
Picornaviruses have been developed as OVs and some, such as the
CVA21, CAVATAK/V937, have shown promising clinical activity as
monotherapy and in combination with immune CPIs.12,13 To date,
none of these have been armed with transgenes that may further
enhance the ability of these viruses to stimulate a productive anti-tumor
immune response. This challenge stems from several viral characteris-
Figure 4. Identification of the SVV CRE locus.

(A) Diagram displaying the SVV-mCherry deletion constructs removing capsid proteins V

and 10. (B)2 mg of the listed Trunc SVVmCherry replicon candidate RNAs were transfec

showing both phase contrast and black-and-white mCherry images. Representative im

gap in SVV VP2 between Trunc6 and Trunc10 constructs was structurally aligned with

published EMCV and TMEV CRE sequences36 and structures are shaded in gray with the

loop structure shown. Predicted structures and structural alignment performed by Turbo

pairs annotated in red in (D)’s SVV CRE structure were changed to obliterate the CRE s

listed Trunc SVVmCherry replicon candidate RNAs were transfected into NCI-H1299 c

contrast and black-and-white mCherry images. mCherry expression was quantified by I

SEM, and the representative images are from two replicate experiments.
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tics that limit their ability to express and secrete exogenous payloads.
The size of transgenes encoded within the vRNA is physically limited
by picornaviruses’ icosahedral capsid, with a maximum transgene size
of approximately 10% of the genome size. As transgenes encoded in
the vRNA approach this limit, they become inherently unstable.29

SVV is a porcine picornavirus that has found an application as an OV
due to its unique tropism for human tumors of neuroendocrine origin
including SCLC and a subset of castration-resistant prostate cancer,25,26

two indications that poorly respond to immune CPIs. Payload expres-
sion is therefore a potentially very attractive approach to increase
SVV therapeutic benefit in these indications of high unmet medical
need. Here we show that SVV transgene capacity is limited to about
0.9kb. Transgenes containing signal sequence, i.e. secreted payloads
such as cytokines or bispecific T cell engagers or transmembrane pro-
teins, are rapidly edited out indicating a specific lack of tolerance of
SVV replication for signal sequences. Therefore, the SVV packaging
limit only supports the expression of small intracellular transgenes,
but not the better established immune-stimulatory payloads that have
been expressed from other OV genera.

SVV’s inability to express signal sequence-containing proteins has
also been described for numerous picornaviruses from diverse genera.
Notably, poliovirus and foot and mouth disease virus are known to
inhibit the protein secretory pathway with distinct nonstructural pro-
teins.18,38 In the case of SVV, we observe a high viral fitness cost and
intense negative selection on signal sequence-containing secreted or
membrane-spanning payloads, demonstrating that they effectively
inactivate the virus. We show this with multiple naturally secreted
or plasma membrane-associated transgenes and by artificially fusing
signal sequences to genes lacking them.While the mechanism for this
in SVV is unknown and has not been addressed in our work, it is well
established that enteroviruses inhibit protein secretion entirely, and it
is thought that this prevents antigen presentation and the type I inter-
feron (IFN) cascade.18,39,40 Alternatively, picornavirus replication is
highly compartmentalized within a cell,41,42 and the presence of a
signal sequence within SVV polyprotein may perturb this tightly
regulated process. Recombination during vRNA replication facilitates
rapid subsampling of the ensemble of RNAs generated, resulting in
the rapid selection of higher fitness variants as the virus spreads.
Even though SVV retains payloads such as GFP, we observe that in
the presence of transgenes greater than �0.9 kb or containing signal
sequence are rapidly selected with inframe recombination. The nega-
tive selection pressure upon exogenous sequence included in
P1 and VP3 and varying amounts of the VP2 protein referred to as Trunc 2, 4, 5, 6, 8,

ted into NCI-H1299 cells and 24 h later assessed by 10�microscopy, with images

ages were chosen from two replicate experiments. (C and D) The 114 bp sequence

the VP2 CRE regions of two closely related cardioviruses, TMEV and EMCV. The

potential CRE sequence of SVV highlighted in yellow, with the predicted RNA stem-

Fold.35 (E)TurboFold35 structural prediction of SVV with the CRE mutated. The base

tem loop without changing the amino acid sequence encoded. (F and G) 1 mg of the

ells and 24 h later assessed by 10� microscopy, with images showing both phase

ncuCyte image analysis software. Mean values are shown with error bars displaying
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picornaviral OVs, and SVV in this case, facilitates the selection of mu-
tants with higher relative fitness after rapid recombination during
RNA replication. This process would yield unpredictable truncations
and deletions of these transgenes with undefined biology. To effec-
tively arm SVV with the well-characterized payloads able to robustly
promote anti-tumor immune response, we turned our attention to
designing a replicon system by deleting SVV structural protein genes,
therefore adding 2.1 kb transgene capacity for a total of �3 kb with
the addition of the SVV maximum packaging limit shown herein.
Critical to the generation of a functional replicon, we identified the
previously undescribed SVV CRE element. We have shown here
that SVV possesses a CRE in a similar locus to the most evolutionary
proximal picornavirus to SVV: ECMV, mengovirus, and TMEV.36 Its
secondary structural confirmation also models the CREs of these vi-
ruses with the adenosines A5 and A6 required for VPG uridylation
that are proximal to the 50 base of the loop.

We demonstrate that SVV replicons can be co-packaged in trans when
co-infected/transfected with a wild-type virus and that these particles
can transduce cells. Importantly, we also observe, with the immune-
stimulatory cytokine IL-12, that payloads above the packaging limit
are permitted and that secretion is observed in the supernatants from
transduction with trans-encapsidated replicon RNA-containing SVV
viral particles. These findings indicate the plausibility that co-treat-
ment, either intratumorally or i.v., with SVV and a replicon enabled
to express secreted or membrane-spanning immune-stimulatory pay-
loads could enhance the potential therapeutic benefit of this class of vi-
ruses for patients with cancer. This work facilitates future studies in
which we will develop an armed SVV candidate, including screens
for indication-appropriate transgenes that are efficacious, relevant im-
mune-competent models, and effective formulations to translate these
in vitro finding to efficacy in vivo.

MATERIALS AND METHODS
SVV, transgene, and replicon RNA construction

SVV was assembled from the SVV-001 GenBank reference sequence
(DQ641257.1) (PubMed: 18420805) into a plasmid cloning vector.
Figure 5. SVV replicons are trans-encapsidated with expression, and secretion

(A) Schematic representation of SVV and the SVV-mCherry replicon. The Trunc10 delet

SVV 2A self-cleaving protein and followed 30 by a T2A peptide. (B) Procedural diagram

virus or control, and/or SVV-replicon RNA. After transfection, the cell supernatant is coll

indicate that the replicon genome has been trans-encapsidated. Created with Biorende

100 mL supernatants from mixed transfection (collected 48 h post-transfection) with S

chosen from two replicate experiments. (D) Schematic representation of SVVmCherry vir

The locations of primers used for PCR detection of payloads are indicated by F and R. (E)

lysates of cells 48 h after infection with 100 mL supernatants from transfection or 48 h aft

transfection of 0.5 mg SVV-mCherry with 0.5 mg SVV-mIL-12 replicon. Transfections we

done in NCI-H1299 and SCLC lines NCI-69 and NCI-H1963. Expected sizes for SVV

asterisk (*) or a plus symbol (+), respectively. Representative gel images were chosen

capsidation infection supernatants collected before cell lysis, 8 h for NCI-H1299 and

performed as previously described, done here with both the mIL-12 replicon (SS) and

SVVmCherry viral RNA were varied with increased replicon and decreased viral RNA, i

0.5/0.5 mg RNA ratios. Total transfected RNA remained at 1 mg for all variations. Mock tre

t tests. Mean values are shown with error bars displaying SEM from four replicates.
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All payload inserts for SVV or replicon reverse genetics construct
were either ordered as IDT Geneblocks or were amplified with homol-
ogy arm fusion primers overlapping the virus sequence and inserted via
Gibson Assembly between the endogenous SVV 2A and an additional
3’ T2A with a unique internal restriction site. The mIL-12 payload was
designed with a 3� GGGGS linker separating IL-12b and IL12a. The
signal sequence sequencing is the first 11 amino acids of mIL-12b.
SVV-NEG was created by introducing triple-stop codons in all reading
frames in the suspected SVV CRE region of VP2. The sequences of the
DLL3 bispecific T cell engager were obtained from the VIB Nanobody
Core (Brussels, Belgium). Briefly, VHH libraries were constructed from
llamas lymphocytes after immunization with recombinant human
DLL3 and panned on solid-phase-coated antigen. Specific single-
domain antibodies binding to DLL3 were cloned in frame to an anti-
human CD3e scFv (provided by Adimab, Lebanon, NH, USA), gener-
ating a LiTE construct that was then recombinantly expressed, and
purified on a Ni column by Olympic Protein Technologies (Seattle,
WA, USA). The most potent LiTE in a T cell-dependent killing assay
of DLL3-expressing cells was selected for cloning as a transgene
in SVV.

In vitro transcription (IVT) was performed with the HiScribe T7 RNA
synthesis kit (NEB #E2040S) following manufacturer instructions.
IVT products were treated with DNAse I (NEB #M0303S) (10 mL,
10� DNase I buffer, 70 mL H2O, 2 mL DNase I enzyme per reaction;
incubated at 37�C, 30 min). RNAs were purified by phenol-chloro-
form extraction and ethanol precipitation (1:10 volume:volume
sodium acetate [pH 5.3], 2.2� vol 100% ethanol, 20 min at �20�C,
20 min spin at max speed, 4�C). After a 75% ethanol wash, RNA
pellets were air dried and resuspended in 200 mL water.

Transfection and infections

The suspension SCLC cell lines NCI-H69 (HTB-119, ATCC,
Manassas, VA, USA) and NCI-H1963 (CRL-5982, ATCC) and the
adherent non-SCLC NCI-H1299 (CRL-5803, ATCC) cells were
grown in RPMI-1640 supplemented with 10% FBS. Transfections
were done using SVV and/or SVV-replicon RNAs as indicated. Cells
of transgenes upon transduction

ion of VP2-VP1 is combined with the reporter mCherry transgene inserted after the

detailing trans-encapsidation experiments. Cells are transfected with a mix of SVV ,

ected, 0.45 mm filtered, and used to infect a new set of cells. Red cells after infection

r.com (C) mCherry expression detected by microscopy following 24. h infection with

VV and/or SVV-mCherry replicon RNA as indicated. Representative images were

us and the SVVmurine IL-12 replicons with and without the signal sequence deleted.

PCR products from primers F and R in (D) from cDNAmade fromRNA collected from

er transfection with 1 mg SVV-mCherry or SVV-mIL-12-replicon alone or in the mixed

re performed in NSCLC NCI-H1299 cells, while trans-encapsidation infections were

-mCherry viral payload and SVV-mIL-12 replicon are indicated on images with an

from four replicate experiments. (F–H) Detection by ELISA of mIL-12 in trans-en-

48 h for NCI-H69 and NCI-H1963. Transfection and infection experiments were

the signal sequence deleted (DSS) version. Furthermore, the ratios of replicon to

.e., 0.8 mg replicon/ 0.2 mg SVVmCh viral RNA compared with the previously used

atments were transfected with 1 mg SVV-NEG RNA. *p > 0.05 in unpaired two-tailed
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were transfected with RNAiMax (Invitrogen, Thermo Fisher Scienti-
fic #13778075, Waltham, MA, USA) according to the manufacturer’s
instructions in duplicate in 12-well plate wells seeded with 1 � 105

cells/well with 3 mL RNAiMax and 2 mg RNA per well. 48 h post-
transfection samples were harvested. For virus recovery, supernatants
were collected and passed through a 0.45 mm filter. For RNA recovery,
cells were collected in 500 mL Qiazol (Qiagen #79306, Hilden, Ger-
many). For luciferase assay, supernatants and cell lysates were
collected in cOmplete Lysis-M (Roche #04 719 956 001, Basel,
Switzerland) (250 mL). For additional passage infections, 5 or
100 mL recovered replicon transfection supernatants were used to
infect a new set of cells. After 48 h, collections were performed.

IC50 assay

SCLC NCI-H446 (HTB-171, ATCC) cells were seeded at 1 � 104

cells/well in black clear-bottomed 96-well tissue culture plates
grown in RPMI-1640 supplemented with 10% FBS. The next morn-
ing, viral infection supernatant samples collected and frozen at
�80�C were thawed and diluted 10�2–10�11 in RPMI +10% FBS.
The media were removed from NCI-H446 cells and replaced with
100 mL diluted virus, and plates were returned to 37�C. After 48
h, CellTiter-Glo 2.0 cell viability assay (Promega, #G9241, Madison,
WI, USA) was used to determine viral cell killing according to
the manufacturer’s instructions. Luminescence was read on a
SpectraMax M5 plate reader.

Reporter SVV cell line infection detection

Cell lines indicated were seeded (1 � 105 cells) in complete media a
12-well tissue culture plates the night before. The following morning,
infection with the indicated virus, recovered trans-encapsidated SVV
supernatant, or transfection with indicated replicon RNAwas done as
described. Viral infected or transfected plates were kept at 37�C until
the endpoint was reached. To visually track SVV-mCherry or GFP
infection, plates were placed in an Incucyte S3 live-cell imaging and
analysis system kept in an incubator, and autofocused 10� images
were taken at the indicated time points. Images were collected and
analyzed using Incucyte S3 software. For nLuc detection, the Nano-
Glo luciferase assay (Promega, #N110) was used to measure the
expression of luciferase in the lysate after infection. ELISA was per-
formed on supernatants according to the manufacturer’s protocols
for mouse-IL-12p70 (R&D Systems Quantikine #M1270, Minneapo-
lis, MN, USA).

RT-PCR and single-cell cloning

RNA was isolated according to QIAzol (Qiagen #79306) per the man-
ufacturer’s protocol. The RNA pellet was air dried and redissolved in
20 mL water. cDNA synthesis was done following the Superscript IV
first-strand synthesis protocol from themanufacturer using 1 mL tem-
plate RNA and the SVV minus-strand primer (5’;CTGATTGGGG
GACTATTTACGCCTTTGTCCCCCG-3’). After cDNA was made,
PCR reaction was done to amplify the SVV transgene insertion region
using primers (Fwd: 5’-CTGATTGGGGGACTATTTACGCCTTTG
TCCCCCG-3’; or Fwd for replicon: 5’-AACCCTCTTGGCTACCTC
AAAGATCACAACACCG-3’; Rev: 5’-GACAGAGCCTTCCCCCAC
TAGCTCGCTGAGTAAATTGGGCC-3’). The PCR product was run
on a 0.7% TAE gel. To clone individual PCR amplicons, isolated from
gel-extracted PCR bands, the Topo cloning kit protocol from “TOPO
TA Cloning Kit, with pCR2.1-TOPO, One Shot TOP10
Chemically Competent E. coli” (Invitrogen, Thermo-Fisher Scientific
#K450001) was used following the manufacturer’s instructions.
White colonies were picked per each condition and grown up for
minipreps. The DNA was sent for sequencing using the M13F and
M13R primers.
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