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The PARP inhibitor talazoparib synergizes
with reovirus to induce cancer killing and
tumour control in vivo in mouse models

Joan Kyula-Currie 1,3 , Victoria Roulstone 1,3, James Wright 1,

Francesca Butera 1, Arnaud Legrand 1, Richard Elliott 2, Martin McLaughlin1,

Galabina Bozhanova1, Dragomir Krastev 2, Stephen Pettitt 2, Tencho Tenev1,

Magnus Dillon 1, Shane Foo 1, Emmanuel C. Patin 1, Victoria Jennings1,

Charleen Chan Wah Hak 1, Elizabeth Appleton 1, Amarin Wongariyapak1,

Malin Pedersen1, Antonio Rullan 1, Jyoti Choudhary 1, Chris Bakal 1,

PascalMeier 1, Christopher J. Lord 2, AlanMelcher 1&Kevin J. Harrington 1

Reovirus type 3 Dearing (RT3D) is an oncolytic, double-stranded RNA virus. To
identify potential RT3D drug-viral sensitizer, here we use a high-throughput
screen of therapeutic agents and find a PARP-1 inhibitor, talazoparib, as a top
hit. RT3D interacts with retinoic acid-induced gene-1 (RIG-I) and activates
PARP-1, with consequent PARylation of components of the extrinsic apoptosis
pathway. Pharmacological or genetic inhibition of PARP-1 abrogates this
PARylation and enhances extrinsic apoptosis, NF-kB signalling and pro-
inflammatory cell death. Interaction between PARP-1 and RIG-I induced by
treating RT3D-infected cells with talazoparib activates downstream IFN-β and
TNF/TRAIL production to amplify the therapeutic effect through positive
feedback. Furthermore, the effect of RT3D-talazoparib combination is phe-
nocopied by non-viral ds-RNA therapy and RIG-I agonism. In vivo, mouse
tumour model results show that RT3D/talazoparib combination regimen
induces complete control of inoculated tumour as well as protection from
subsequent tumour rechallenge with the, with accompanied innate and
adaptive immune activation.

A number of oncolytic viruses are currently under development as
potential anti-cancer therapies1–5. Drawn from a diverse range of viral
species across the spectrum of RNA and DNA genomes, these agents
have been extensively tested in wild-type, attenuated and engineered
formats in both preclinical and clinical studies. Despite significant
effort, the only therapy approved acrossmultiple jurisdictions is a type
I herpes simplex virus (HSV), talimogene laherparepvec (T-VEC), for
use as a single-agent against melanoma3. There is a growing consensus
that oncolytic viruses will only realise their full therapeutic potential as
components of combination treatment regimens. As yet, attempts to

augment their efficacy and clinical relevance through combination
with standard-of-care therapies, including surgery, chemotherapy,
radiotherapy and immune checkpoint blockers have been largely
unsuccessful6–13 and have not led to new registrations or change of
practice.

In the last two decades, following identification of the BRCA1 and
2 genes and elaboration of their role in homologous recombination
(HR)-mediated DNA repair, poly(ADP)-ribose polymerase (PARP) inhi-
bitors have been developed and approved as single-agent, syntheti-
cally lethal therapies in patients with HR-deficient breast, ovarian,
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fallopian tube, peritoneal and prostate cancers14–18. All existing
approvals for PARP1 and 2 inhibitors are predicatedon tumours having
germline or somatic mutations in components of DNA damage repair
pathways and their use is based on specific testing for such abnorm-
alities with companion diagnostic tests19. Attempts to combine PARP
inhibitors with cytotoxic chemotherapy have been significantly com-
plicated by overlapping, on-target toxicities20.

Previous studies have examined combinations of PARP inhibition
with oncolytic HSV21 or adenovirus22, with evidence of enhanced anti-
tumour effects mediated by viralmodulation of DNA repair processes.
Suchapproaches have offered the prospect of inducing a state of PARP
inhibitor sensitivity (orBRCAness), but they have not, as yet, translated
effectively to clinical trials.

Here, we describe a novel biological interaction between PARP
inhibition and the double-stranded (ds) RNA virus, reovirus type 3
Dearing (RT3D, pelareorep), that leads to synergistic anti-tumour
activity that is independent of HR deficiency or modulation of DNA
repair pathways. Instead, we demonstrate that PARP inhibition affects
dsRNA sensing at the level of retinoic acid-inducible gene 1 (RIG-I) with
consequent effects on extrinsic apoptosis, NF-κB signalling and pro-
inflammatory cell death. Critically, we demonstrate that this effect can
be phenocopied by non-viral ds-RNA therapy and RIG-I agonism, pro-
viding a clear line of sight to clinical translation of this therapeutic
partnership with either viral or non-viral agents in tumour types
beyond the relatively narrow confines of current licensed indications
for PARP inhibition.

Results
RT3D combined with the clinical PARP inhibitor talazoparib
exerts a robust synergistic effect in vitro and in vivo
We performed an unbiased, high-throughput small molecule screen in
a 384-well plate format in A375 BRAFV600E-mutant melanoma cells to
discover synergistic interactions between RT3D and 80 different small
molecule inhibitors, approved or in late-stage development for cancer
treatment (Supplementary Table 1). Talazoparib, (Lead therapeutic,
Pfizer), an approved poly(ADP)-ribose polymerase 1/2 (PARP-1/2)
inhibitor23 caused profound sensitisation to RT3D in the high-
throughput screen as highlighted in the red dots on the waterfall
plot with values below −2 being considered as a profound sensitisation
effect (Fig. 1A and Supplementary Table 2A). Olaparib, another
approved PARP-1/2 inhibitor was found to have a modest effect in
terms of sensitisation to RT3D (Supplementary Table 2B) compared to
talazoparib. This may be due to talazoparib being a more effective
PARP inhibitor (and may also reflect its greater PARP trapping cap-
abilities) as will be discussed later in the manuscript.

To validate our findings, RT3D plus talazoparib was tested on a
panel ofmelanoma cell lineswith different genetic backgrounds (BRAF
mutant, RAS mutant and wild-type BRAF/RAS), to determine if virus-
drug synergy persisted in multiple molecular contexts. Importantly,
combination with talazoparib enhanced the effects of RT3D, regard-
less of the tumour cell line used, suggesting a robust synthetic lethal
cytotoxic effect that remained irrespective of treatment schedule
(Figs. 1C, S1, and S2A). This effect was significant and supra-additive
when assessed by Bliss independence analysis (Fig. S2B). This effect is
depicted for A375 and MeWo cell lines using the sulforhodamine B
(SRB assay (Fig. 1B) and propidium iodide/Hoechst cell death assay
with effects dependent on drug concentration and viral MOI
(Fig. 1D, E). In addition, the effect of RT3D and talazoparib in triple
negative breast cancer (TNBC) cell lines was assessed and a sig-
nificantly enhanced effect was seen in the 4T1 (mouse) cell line as well
as the SUM149 and Cal51 human cell lines. The SUM149 cell line, which
harbours a BRCA1 mutation is known to be extremely sensitive to
PARP1 inhibitors and, therefore, required a much lower concentration
of talazoparib compared to the other cell lines (Fig. S2C).

To assess the wider potential of a RT3D/talazoparib combination
in an in vivo setting, CD1nudemicebearingA375 tumourswere treated
with vehicle, 0.1mg/kg talazoparib, 1 × 106 pfu RT3D or the combina-
tion [RT3D/talazoparib]. RT3D plus talazoparib significantly atte-
nuated tumour growth (Fig. 1F) and prolonged survival (Fig. 1G)
compared to either the vehicle, talazoparib or RT3D alone. Individual
tumour volumes (n of 10) per treatment cohort are sum-
marised (Fig. S3).

Synergistic activity of RT3D plus talazoparib and its effects on
DNA damage repair
Nuclear PARP-1 has a role in DNA damage repair (DDR) and the DDR
pathway has previously been implicated in the effects of combining
PARP inhibitors and oncolytic viruses21,22. Therefore, we examined the
potential role of DDR pathways in mediating synergy between RT3D
and talazoparib. First, cell cycle analysis revealed single-agent talazo-
parib caused a modest increase of cells at G2/M, consistent with the
DNA damage expected from PARP inhibition. In contrast, RT3D
infection increased the fraction of cells in S phase. Combination of
RT3D and talazoparib caused a marked increase in the sub-G1 phase,
which is indicative of apoptosis and consistent with the enhanced cell
killing observed following RT3D/talazoparib (Fig. S4A).

Talazoparib, but not RT3D, induced markers of DNA damage and
repair proteins γH2AX and 53BP1 foci in A375 and MeWo cells. The
combination of RT3D and talazoparib did not enhance γH2AX and
53BP1 any more than with talazoparib alone (Fig. S4B–E). Finally, an
alkaline COMET assay confirmed no increase in DNA damage due to
single-stranded breaks following combined RT3D-talazoparib treat-
ment (Fig. S4F). Taken together, these data suggest that the additionof
RT3D to talazoparib did not overtly increase the level of DNA damage
and, thus, an alternative mechanism must explain the observed syn-
thetic lethality between RT3D and PARP inhibition.

RT3D/talazoparib enhanced cell death is not mediated by
enhanced viral replication
We next assessed whether increased viral replication could play a role
in the RT3D-talazoparib synergistic effect. We measured viral replica-
tion in cells exposed to virus alone or the combination by one-step
growth curve and viral plaque assays.

Addition of talazoparib toRT3D-infected cells didnot result in any
significant increase in production of intact, replication-competent
RT3D in the one-step growth curve assays (Fig. S5A, B). Interestingly,
although μ1 C protein production was unaltered in all cell lines (in
keeping with the one-step growth curve data), there was a modest
increase in σ3 production in A375 and MeWo, but not D04 cells
(Fig. S5C). This observation is likely to reflect variations in the ability of
RT3D to re-direct different cell lines to produce specific reoviral pro-
teins. Nonetheless, taken together, these data clearly show that the
combinatorial effect of talazoparib and RT3D cannot be explained in
terms of increased viral replication (Fig. S5A, B).

Loss of PARP-1 is synthetically lethal with RT3D
Previous studies have found that PARP-1 activation and PARylation of
PARP-1-targeted proteins occurswhen cells are infected with oncolytic
HSV-121 and adenovirus (dl922-947)22. Similarly, we showed that RT3D
infection leads to PARP-1 activation andPARylation acrossA375,MeWo
and D04 cells. This effect was inhibited by talazoparib, as shown by
both western analysis (Fig. 2A) and PAR ELISA (Fig. 2B) and was also
manifested in vivo (Fig. 2C).

To further elucidate a potentially protective role of PARP-1 against
RT3D-induced cell death, we assessed the effect of RT3D on isogenic
HeLa cells with or without genetic ablation of the PARP-1 gene (PARP-
1+/+wild-type cells or PARP-1−/− clones G3 andG9). PARP-1−/− cloneswere
significantly more sensitive to RT3D (IC50 MOI 0.1 and 0.05,
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respectively) compared to their PARP-1+/+ counterpart (IC50 MOI > 10)
(Fig. 2D).

As anticipated, PARP-1+/+ cells showed enhanced cell kill when
RT3D was combined with talazoparib. In contrast, in matched cells
with genetic PARP-1 loss (G3 and G9), a high degree of sensitivity to
RT3D infection alone was seen and this was not enhanced by the
addition of talazoparib. Interestingly, the sensitivity of PARP-1−/− cells
to RT3D alone was equivalent to that seen in wild-type PARP-1+/+ cells

with the combination of RT3D and talazoparib (Fig. 2E, F). Similarly, A7
and F7 cells, which lack PARP-1 enzymatic function24, showed greater
levels of sensitivity to RT3D that were not further increased with
talazoparib treatment. Again, the sensitivity of A7 and F7 cells to RT3D
alone appeared equivalent to that for wild-type PARP-1+/+ cells treated
with combined RT3D-talazoparib (Fig. 2G).

We also carried out gene silencing of PARP-1, PARP-2 or PARP-3 by
siRNA in A375 cells to determine which PARPs were involved in
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regulating RT3D-induced PARylation. RT3D-induced PARylation per-
sisted despite siRNA targeting PARP-2 and PARP-3, but not PARP-1
(Fig. S6A), as expected becausePARP1 is the dominant PARP enzyme in
cells. Additionally, resistance to RT3D, which could be overcome by
talazoparib, persisted following treatment with siRNA against PARP-2
and PARP-3. In contrast, siRNA against PARP-1 completely phe-
nocopied the cell kill observed by the RT3D-talazoparib combination
(Fig. S6B–F). Taken together these data suggest PARP-1-induced PAR-
ylation confers resistance to RT3D, which can be counteracted by
talazoparib.

Proteome analysis using mass spectrometry to identify key
pathways involved in regulating RT3D/talazoparib enhanced
cell death
To further investigate the mechanistic interaction between RT3D and
talazoparib, we analysed the proteome in a non-biased way by mass
spectrometry. Briefly, we clustered the proteins into expression pro-
files across the four treatment groups (vehicle, 0.1μM talazoparib,
RT3D [MOI of 0.1] or combination and then carried out pathway
enrichment analysis on each cluster. Proteins were clustered into
expression profiles across our treatment cohort groups: vehicle,
0.1μM talazoparib, RT3D [MOI of 0.1] or combination and then path-
way enrichment analysis was carried out on each cluster.We identified
the top three pathways that were enriched in clusters in which the
highest expression was seen with combination treatment and the
lowest expression in untreated cells, with the RT3D or talazoparib
single-agent treatments showing intermediate expression, higher than
untreated but lower than the combination treatment (Fig. 3A). Pro-
teomic analyses following RT3D plus talazoparib highlight profound
increases in the RIG-I (Fig. 3B), NF-κB (Fig. 3C) and apoptotic pathways
associated with cell-surface death domains, in particular the death-
inducing signaling complex (DISC), which includes Caspase-8 and
RIPK1 (Fig. 3D).

In addition, we analyzed our data using STRING and a summary of
significant proteins following RT3D/talazoparib treatment is high-
lighted as a graphical abstract (Fig. 3E). Briefly, we focused on proteins
upregulated by RT3D compared to vehicle. Thereafter, we looked at
proteins that were even further upregulated by the addition of tala-
zoparib to RT3D (combination).We then built a network using STRING
based on high-confidence molecular interactions and clustered them
by using the MCL algorithm.

The remainder of this report focuses on these 3 key pathways and
dissects the mechanisms through which they play a role in enhancing
RT3D/talazoparib-induced cell death.

PARP-1 regulates PARylation induced by RT3D infection and
enhances death-inducing signalling complex (DISC)-mediated
apoptosis
RT3D has previously been reported to induce apoptosis25–27. To probe
the mechanisms of cell death, a caspase inhibitor screen was used to
identify key caspases involved in RT3D plus talazoparib-mediated cell
death. Caspase-8 rescued A375 and MeWo cells from RT3D-
talazoparib-induced cell death to a greater extent than other caspase
inhibitors (Fig. 4A). Western blotting confirmed Caspase-8 cleavage in
response to RT3D-talazoparib across A375, MeWo and D04 cell lines.
Caspase-8 cleavage correlated with caspase-3 and PARP cleavage
(Fig. 4B). We next investigated this effect in vivo. Western blot analysis
of A375 tumours revealed basal and RT3D-induced PARylation was
inhibited by talazoparib, as expected. In accord with in vitro studies,
RT3D-talazoparib combination resulted in increased levels of apop-
tosis as measured by cleaved PARP, Caspase-8 and -3 in the tumour
(Fig. 4C). In isogenic (PARP-1+/+/PARP-1−/−) HeLa cells, an increase in
PARylation following RT3D infection in PARP-1+/+, but not PARP-1−/−

cells, was observed as expected. The RT3D-induced increase in PAR-
ylation in PARP-1+/+ cells correlated with resistance to apoptotic cell
death, as shown by absence of caspase-8 and caspase-3 cleavage. In
contrast, cleaved caspase-8 and caspase-3 were observed in PARP-1−/−

cells in response to RT3D (Fig. 4D). Furthermore, this effect in the
PARP-1−/− cells could be phenocopied in PARP-1+/+ cells by the addition
of talazoparib (Fig. 4E).

Subsequently, we silenced components of the DISC, including
Caspase-8, RIPK1 and FADD, by siRNA in A375 cells. These conditions
protected cells against the combined effect of RT3D plus talazoparib
(Fig. 4F, G). Bywestern blot analysis, RT3D-induced PARylationwasnot
affected by Caspase-8, RIPK1 or FADD siRNA, demonstrating that it
occurred upstream of DISC activation (Fig. 4H). Conversely, PARP
cleavage, as amarker of apoptosis, was prevented by transfection with
Caspase-8, RIPK1 and FADD siRNA, implying that theDISC components
play an important role in regulating combined RT3D-talazoparib-
induced cell death.

Talazoparib inhibits RT3D-induced poly(ADP)-ribose interac-
tion with the DISC
Having shown that combined RT3D-talazoparib enhanced apoptosis
mediated by the DISC, we explored the possibility of an interaction
between DISC components and poly(ADP)-ribose (PAR) chains fol-
lowing RT3D infection. Firstly, we carried out an immunoprecipitation
assay to pull down PAR, where PAR antibody was added to lysates in
the presence of protein G-agarose beads and cleared lysates run by

Fig. 1 | RT3D combinationwith talazoparib exerts a synergistic effect. A Results
from a high-throughput screen experimental set up in the A375 melanoma cell line
showing the RT3D multiplicity of infection [MOI] (ranging from 0.10 to 5) and a
range of different drug inhibitors [ranging from 0.0005 ⌠M-1 ⌠M]. Cells were ana-
lysed 72 h post-infection using the Cell Titer Glo (CTG) Assay. The z score (DE effect
z score = virus effect z score) is plotted on the Interestingly, although axis and was
obtained from the standardised value from (i) the median of triplicate samples
normalised to virus only versus untreated (ii) the mean of virus only versus
untreatedand (iii) themedian absolute deviationbetween (i) and (ii) - also known as
Z-MAD. The z score plots are shown for talazoparib in the presence of RT3D atMOI
of 0.1, 0.5, 1 and 5 (highlighted in red dots) as displayed in the waterfall plots.BCell
survival was measured using the SRB assays following treatment with 0.05 ⌠M of
talazoparib and increasing doses of RT3D [0.01, 0.1, 0.25, 0.5 and 1] at 72 h post-
infection. CA375 andMeWo cells were treated with increasing doses of talazoparib
[0.005 ⌠M, 0.05 ⌠M or 0.5 ⌠M] and thereafter infected with increasing doses of
RT3D [MOI of 0.1, 0.25, 0.5 and 1]. Cell survival was assessed by MTT at 72 h post-
infection. Data presented are mean values ± SD, n = 3 biologically independent
experiments. P values were determined by two-way ANOVA corrected for multiple
comparisons. D A cell death assay was used to measure the uptake of propidium

iodide (PI) following RT3D [MOI of 0.1] and talazoparib (0.1 ⌠M) treatment at 48h
post-infection in A375 and MeWo cells. Representative pictures of cell death assay
where dead cells are shown for PI uptake (red) and nuclear staining by Hoechst
(blue). E Propidium iodide (PI) uptake following RT3D [MOI of 0.01 and 0.1] and
talazoparib (0.01 ⌠M, 0.1 ⌠M or 1 ⌠M) treatment at 48h. Data presented are mean
values ± SD, n = 3 biologically independent experiments. P values were determined
by two-way ANOVA corrected for multiple comparisons. F CD1 nudemice carrying
A375 tumour xenografts were treated with oral administration of vehicle (10%
DMAc, 6% Solutol and 84% PBS) or 0.1mg/kg talazoparib from Day 1–5. RT3D was
injected intratumorally on Day 3 at 1 × 106 pfu, or sham injection (PBS). Sizes of
tumours were measured for each treatment cohort. Data presented are mean
values ± SEM and p values were determined by one-way ANOVA corrected for
multiple comparisons. G Kaplan–Meier curve was evaluated for each treatment
group to assess the median survival rate. There was significant prolongation of
survival in the combination of RT3D and talazoparib compared to either agent
alone (***p =0.0003 using a Log rank [Mantel.Cox] test). For (F and G), vehicle
n = 10, RT3D n = 10, talazoparib n = 10 and combination n = 10 animals per group.
P values were derived where * = p value, **= p value < 0.01 and *** = p value < 0.001.
Source data are provided as a source data file.
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Western analysis. Our data revealed PAR interactionwith Caspase-8 (as
well as FADD, TRADD and RIPK1) at 36 h. These interactions were
reduced by talazoparib (Fig. 4I). Input protein analysis confirmed that
RT3D-induced PARylation was inhibited by talazoparib (Fig. S7A).

Conversely, we carried out a second experiment where we pulled-
down caspase-8 using the Complex II immunoprecipitation assay as
detailed in the “Methods” section. Our results revealed an interaction
betweenCaspase 8 and PAR (by 36 h) that, again, was attenuated in the
presence of talazoparib (Fig. 4J). The interaction of DISC components,
RIPK1 and FADD, with caspase-8 was also inhibited by talazoparib and

this correlated with an increase in cleaved caspase-8 as shown in the
input data (Fig. S7B). Taken together, these data suggest that RT3D
induces PARylation of DISC components to inhibit apoptosis, and that
this effect is reversed by talazoparib, leading to enhanced cell death.

RT3D plus talazoparib-induced cell death is mediated by TRAIL
and TNF
TRAIL and TNF secretion activate DISC components through TRAIL
receptors (DR4) and (DR5) or TNF receptors (TNFR1) and (TNFR2),
respectively28,29. RT-PCR data showed RT3D-induced increases in both
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DR4/DR5 (Fig. S8A) and TNFR1/TNFR2 expression (Fig. S8B) in A375
cells (that were unaltered with talazoparib treatment). RT3D induced
TRAIL and TNF, measured by ELISA, the effects of which were coun-
teracted by anti-TRAIL (2E5) (Fig. S8C) or anti-TNF neutralising anti-
bodies, respectively (D1B4) (Fig. S8D). Cell death induced by RT3D or
combination of RT3D and talazoparib was partially rescued by 2E5-
mediated TRAIL (Fig. S8E) or TNF (Fig. S8F) neutralisation. In contrast
to blocking TRAIL or TNF, activating TRAIL or TNF using soluble TRAIL
(Fig. S8G) or TNF (Fig. S8H) ligand in combination with talazoparib
showed a significant synergistic effect in A375 cells, and this phe-
nocopied the cell death effect seen between RT3D and talazoparib.
Like RT3D, TRAIL and TNF ligand induced PARylation, and this was lost
following talazoparib treatment (Fig. S8I, J), respectively.

NF-κB activity and pro-inflammatory cytokine production is
enhanced following RT3D and talazoparib treatment
To evaluate the immunogenic consequences of this combination
therapy, a humancytokine arraywas carried out in A375 cells following
RT3D plus talazoparib treatment. The pro-inflammatory cytokines
CCL5, CXCL8, CXCL1 and CXCL10were upregulated (Fig. 5A). Next, we
evaluated the dependency of these cytokines on DISC components.
Silencingof caspase-8, RIPK1 andFADDsignificantly reduced cytokines
demonstrating the importance of the DISC in regulating cytokine
production (Fig. 5B). These results correlated with previous data
showing that TRAIL-induced cytokine production is regulated through
FADD, RIPK1 and Caspase 830.

We performed an ELISA-based assay that specifically detected
increased DNA binding activity of the NF-κB p65 transcription factor
RELA (p65) in nuclear extracts from cells treated with RT3D plus tala-
zoparib compared to single-agent counterparts, in A375 and MeWo
cells (Fig. 5C). To further understand how RT3D plus talazoparib
affects NF-κB activity at the single-cell level, we tagged RELA with GFP
and PCNA with Scarlet at endogenous loci in A375 cells using CRISPR-
CAS9 to visualise changes in subcellular localisation of RELA by
microscopy, using PCNA as a nuclear marker (Fig. 5D)31. Cells were
imaged by confocal microscopy and single cells tracked using auto-
mated image analysis. NuclearRELAwas calculated for each timepoint.
The proportion of RELA-responsive cells was highest with RT3D plus
talazoparib relative to single-agent counterparts and correlated with
the highest percentage of tracked cells dying during the 48-h imaging
period (Fig. 5E, F). Figure 5G shows an exemplar cell being tracked
following RT3D plus talazoparib treatment where high RELA nuclear
localisationwas noted around 36 hprior to cell death, whichhappened
before 48h.

We further assessed the combinational effects of RT3D and PARP
inhibition oncell death andNF-κB signalling using the alternative PARP
inhibitors, olaparib and veliparib. RT3D increased NF-κB activity with
talazoparib at lower doses when compared with olaparib or veliparib
(Fig. S9A). Cell viability analysis by crystal violet staining showed that,
like talazoparib, olaparib increased RT3D-induced cell death, while

veliparib hadmodest effects on cell viability (Fig. S9C). In addition, the
cytokines CCL5, CXCL1 and CXCL10 induced by RT3D was increased
with talazoparib at 1μM, but not with olaparib and veliparib at 1μM
(Fig. S9B). Additionally, we found either talazoparib or olaparib in
combination with RT3D led to a greater increase in apoptotic markers
(caspase-8, caspase-3 and PARP cleavage) when compared to RT3D
alone, which was not seen with veliparib (Fig. S9D). However, olaparib
was used at a far higher dose (10μM) than talazoparib (0.1μM). We
found a higher dose of veliparib 20–25μM was necessary to see an
effect similar effect as that seen with olaparib at lower doses of
5–10μM (Fig. S9E).

To address whether the cytokines upregulated by RT3D plus
talazoparib are NF-κB-regulated, we used the IκBα inhibitor, BAY11-
7082, which is widely used as an inhibitor of downstreamNF-κB. RT3D
plus talazoparib-induced cytokine production of CCL5, CXCL8, CXCL1
andCXCL10was significantly reduced byBAY 11-7082, highlighting the
importance of NF-κB in regulating these cytokines (Fig. 5H).

Finally, to assess the link between p65 NF-κB activity and the DISC
complex, theDNAbinding activity ofNF-κBwasmeasured in A375 cells
after gene silencing of caspase-8, RIPK1 and FADD. NF-κB activity
induced by RT3D or RT3D plus talazoparib was abrogated after siRNA
of each DISC component (Fig. S10A). Furthermore, NF-κB activity in
A375 cells was significantly reduced by co-treatment with neutralising
TRAIL antibody (2E5) or neutralising TNFα antibody (D1B4) demon-
strating a possible link between TRAIL or TNFα and NF-κB signalling
(Fig. S10B) following RT3D plus talazoparib treatment. Collectively,
these data suggest that PARP-1 regulates TRAIL-mediated cell death
caused by RT3D infection and that this protective effect of PARP-1 can
be pharmacologicallymodulated to elicit enhanced cell death through
signalling via DISC and NF-κB pathways.

Talazoparib enhances the IFN-β signalling pathway through
RIG-I
Subsequently, we explored events upstream of NF-κB signalling. Pat-
tern recognition receptors (PRRs) such as the RNA helicase, RIG-I,
trigger activation of transcription factors NF-κB and IRF3. Indeed,
proteomic analysis showed a profound increase in the RIG-I pathway
(Fig. 3), and thiswas further confirmedbywestern analysiswhereRIG-I,
phosphorylated STAT-1 and phosphorylated IRF-3 were all increased
following RT3D plus talazoparib treatment compared to either agent
alone (also correlating with a loss of RT3D-induced PARylation)
(Fig. 6A). The effect of RIG-I signalling on RT3D plus talazoparib-
induced cell kill was assessed by silencing RIG-I. This showed that RIG-I
siRNA partially rescued enhanced cell kill following RT3D plus talazo-
parib treatment (Fig. 6B). This was confirmed further by western ana-
lysis which showed abrogation of PARP cleavage with RIG-I siRNA
(Fig. 6C). Moreover, RT3D plus talazoparib-induced IFN-β secretion
was significantly reduced following RIG-I silencing (Fig. 6D).

Given the important role of RIG-I in RT3D plus talazoparib-
mediated cell death, we tested whether apoptosis induced by RT3D

Fig. 2 | RT3D-inducedPARylation is inhibited by talazoparib. AA375,MeWo and
D04 melanoma cells were pre-treated with 0.1 ⌠M talazoparib and thereafter
infected with RT3D [MOI of 0.1 and 1]. Cells were harvested, and the lysates col-
lected at 48 h post-infection. Poly ADP ribosylation (PAR) was assessed by immu-
noblotting.B PARwas also assessed by ELISA. Data presented aremean values ± SD,
n = 2 biologically independent experiments. P values were determined by two-way
ANOVAcorrected formultiple comparisons.CCD1nudemice bearingA375 tumour
xenografts were treated with oral administration of vehicle (10% DMAc, 6% Solutol
and 84% PBS) or 0.1mg/kg talazoparib from Day 1–5. RT3D was injected intratu-
morally on Day 3 at 1 × 106 pfu, or vehicle (10% DMAc, 6% Solutol and 84% PBS).
Following the last treatment on day 5, tumours were harvested and assessed for
PAR by ELISA. Data presented are mean values ± SD, n = 2 mice. P values were
determined by one-way ANOVA corrected for multiple comparisons. D RT3D sen-
sitivity was assessed in HeLa PARP-1 paired cells: PARP-1+/+ (wild type) and PARP-1−/−

(clones G3 and G9), where cytotoxicity was measured by MTT assay 72 h post-
infection. Data presented are mean values ± SD, n = 2 biologically independent
experiments. P values were determined by two-way ANOVA corrected for multiple
comparisons. E Cell viability assays were carried out to assess RT3D plus talazo-
parib in HeLa PARP-1 paired models (PARP-1+/+ and PARP-1−/−) as shown by crystal
violet assays. F SRB cell viability assay to assess RT3D plus talazoparib in HeLa
PARP-1 paired models at 72 h post-infection. Data presented are mean values ± SD,
n = 3 biologically independent experiments. G SRB cell viability assay to assess
RT3D plus talazoparib in HeLa PARP-1 mutant models (A7 & F7) versus wild type.
Data presentedaremean values ± SD,n = 3biologically independent experiments. P
values were determined by two-way ANOVA corrected for multiple comparisons. P
values were derived where * = p value, **= p value < 0.01 and *** = p value < 0.001.
Source data are provided as a source data file.
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plus talazoparib combination treatment was virus-dependent or whe-
ther this effect could also be driven by non-viral RNA sensor agonism.
In place of RT3D, we used RNA tool compounds, poly I:C (synthetic
dsRNA) and 3p-hRNA (a RIG-I agonist), in combination with talazo-
parib. Both compounds induced PARylation and phenocopied the
effect of RT3D-talazoparib (Fig. S11A). Talazoparib inhibited PARyla-
tion induced by these tool compounds and that correlated with

increased PARP-cleavage (Fig. S11A), IFN-β production (Fig. S11B) and
cell death as shown by crystal violet and SRB assays, respectively
(Fig. S11C, D).

Given our findings that RNA sensor agonists can trigger PARyla-
tion, and since PARP-1 has nucleic acid binding capabilities, we inves-
tigated whether PARP-1 interacts directly with RNA sensors, such as
RIG-I, using a PARP-1-Trap agarose assay. Our data demonstrated an
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Fig. 3 | Proteins were clustered into expression profiles across our treatment

cohort groups: vehicle, 0.1 ⌠M talazoparib, RT3D [MOI of 0.1] or combination

(RT3D/talazoparib) and then pathway enrichment analysis was carried out on

each cluster. Three key pathways: RIG-I, NF-∣B and apoptotic proteins (associated
with death domains) were found to be enriched in the cluster where highest
expression was with combination treatment (RT3D/talazoparib) compared to 0.1
⌠M talazoparib or RT3D [MOI of 0.1] which showed higher expression than vehicle
(A). The proteins expressed in the key pathways are summarised as heatmaps with
the RIG-I pathway (B), NF-∣B pathway (C) and apoptotic proteins [associated with
death domains] (D). Graphical abstract summarising the relevant proteins involved

in the recognition, signalling and execution of RT3D infection and talazoparib
treatment following STRING analysis (E). Each protein is represented by a circle
divided in four parts: vehicle, 0.1 ⌠M talazoparib, RT3D [MOI of 0.1] or combination
(RT3D/talazoparib). These levels are color-coded from green (low expression) to
white (identical expression) to red (high expression) and represent their value
normalised to vehicle. In addition, cytokines that were analysed by ELISA are
summarised (as detailed in Fig. 5B and Supp Fig. 8). RIGI-PARP1 interaction studies
are summarised later in the paper (Fig. 6E and Supp Fig. 11E). Source data are
provided as a source data file.
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increase in PARP-1 and RIG-I interaction following RT3D infection and
this was increased further by talazoparib treatment (Fig. 6E). Next, we
assessed if similar PARP-1 and RIG-1 interactionswould occur following
RT3D infection and co-treatment with other PARP-1 inhibitors (ola-
parib and veliparib) that are less potent than talazoparib. Interestingly,
the interaction between PARP-1 and RIG-I appeared to be stronger and
required a lower concentration of talazoparib (0.1–1μM) than was the
case for olaparib, for which a concentration of 5–10μM was required.
Veliparib showed hardly any interaction between PARP-1 and RIG-I,
even at 10μM concentration (Fig. S11E).

It is interesting to note that the relative levels of PARP inhibitor-
mediated modulation of the interaction between PARP-1 and a nucleic
acid-bound PRR precisely mirrors the respective potencies of talazo-
parib (most), olaparib (intermediate) and veliparib (least) in terms of
their abilities to trap PARP on sites of DNA damage, as confirmed in
Fig. S11F. These data align with previous reports32,33. This observation
raises the possibility that PARP inhibitorsmayhave differential abilities
to stabilise the PARP-1-RIG-I complex in a manner that may be analo-
gous to PARP trapping on damaged DNA.

Combination therapy of RT3D and talazoparib enhances anti-
tumour efficacy in an immunocompetent animal model
We were keen to investigate whether the enhanced effects of RT3D/
talazoparib on apoptosis and cytokine production resulted in
increased immunogenicity in an immunocompetent in vivo tumour
model. We firstly determined the effects on 4434 BRAF-mutant mouse
melanoma cell lines in vitro to assess whether the RT3D plus talazo-
parib combination was acting in a similar fashion to the human cell
lines. Indeed, addition of talazoparib enhanced the effects of RT3D as
shown by MTT cell viability assay (Fig. S12A). Western blotting con-
firmed an increase in caspase-8, caspase-3 and PARP cleavage in
response to RT3D/talazoparib compared to either agent alone
(Fig. S12B). Furthermore, RT3D plus talazoparib-induced IFN-β secre-
tion (Fig. S12D) from supernatants collected from cells that were used
to analyse SRB cell viability staining (Fig. S12C) and increase in IFN-β
correlated with an increase in dying cells.

Oncewehad confirmed that4434mouseBRAF-mutantmelanoma
cells had a similar phenotype to that of the human cell lines, we
implanted them in an immunocompetent BL/6 mouse model and,
once established, tumours were treated with RT3D, talazoparib or the
combination (Fig. 7A). RT3D plus talazoparib led to a delay in tumour
growth (Fig. 7B), and prolonged survival (Fig. 7C) versus single-agent

counterparts. Individual tumour volumes for each mouse (n of 6) per
treatment group are summarised. All mice in the combination (RT3D/
talazoparib) group were cured (6/6), compared to 2/6 in the single-
agent counterparts (0.1mg/kg talazoparib) or (1 × 106 pfu RT3D) as
shown in the individual curves (Fig. S13A). Next, we assessed memory
response in the cohort ofmice thathadbeen curedof 4434 tumours by
re-challenging with 4434 cells on the contralateral flank. No tumour
growth occurred in this cohort of mice (whilst, in parallel, naïve mice
developed large tumours over time) (Fig. 7D).

To probe further the impact of RT3D plus talazoparib therapy in
vivo, total RNA was isolated and gene expression analysis was carried
out in the tumour cells using the Nanostring nCounter technology
platform, where deconvolution was carried out to characterise the
immune pathways that were modulated following RT3D and talazo-
parib treatment. There were increases in tumour-infiltrating immune
cells in the microenvironment by means of increased expression of
transcripts associated with immune subsets (Fig. 7E).

In support of these findings, FACS analysis of in vivo tumour
samples was carried out.

Tumour volumes of mice used to profile the immune infiltrate by
FACS analysis were measured up to Day 12 (Fig. 7F) and their weights
measured prior to profiling the immune infiltrate by FACS analysis at
time of harvest (Fig. 7G). Our data revealed an increase of CD3+, CD8+
and CD4+ cells with RT3D plus talazoparib (Fig. 7H). There was no
increase in foxp3+ cells following RT3D injection, when compared to
vehicle or talazoparib alone. These levels were increased following
RT3D/talazoparib treatment, but this was non-significant (Fig. 7I).
Additionally, PD-L1+ and PD-1+ cells were increased with treatment,
providing rationale for future testing of RT3D and anti-PD-1 antibodies
in combination with PARP inhibition (Fig. 7J). Gating strategies for
Fig. 7G–J are provided in supplementary Fig. 13B.

Discussion
By conducting a small-molecule drug screen, we have uncovered an
unexpected role for PARP-1 in modulating RIG-I-mediated sensing and
downstream signalling events in response to the presence of cyto-
plasmic dsRNA. We hypothesize that binding of viral dsRNA to RIG-I
recruits PARP-1, which in turn, PARylates components of the extrinsic
apoptotic signalling pathway and inhibits cellular apoptosis. Initially,
we postulated that this is most likely a specific property of RT3D that
would allow it to maintain cell viability long enough for successful
completion of its replication cycle. Instead, however, the observation

Fig. 4 | RT3D plus talazoparib enhances death inducing signalling complex

(DISC)mediatedapoptosis. AA375 orMeWo cells were treatedwith RT3D [MOIof
0.1] plus 0.1 ⌠M talazoparib in the presence of either pan-Caspase, or individual
Caspase- inhibitors (all at 1mM) and thereafter measured for cell survival using
MTT. Data presented are mean values ± SD, n = 2 biologically independent experi-
ments. P values were determined by one-way ANOVA corrected for multiple com-
parisons. B A375, MeWo and D04 cells were treated with 0.1 ⌠M talazoparib and
thereafter infected with RT3D [MOI of 0.1] for 48h. Western analysis was carried
out to assess Caspase-8, Caspase-3 and PARP cleavage. Equal loading of proteins
was assessed by probing for 〈-tubulin. C CD1 nude mice bearing A375 tumour
xenografts were treated with oral administration of vehicle (10% DMAc, 6% Solutol
and 84% PBS) or 0.1mg/kg talazoparib from Day 1–5. RT3D was injected intratu-
morally onDay3 at 1 × 106pfu, or shaminjection (PBS).Western analysiswas carried
out in A375 xenograft tumours for PAR, Caspase-8, Caspase-3 and PARP cleavage.
Equal loading was measured by probing for a-tubulin. D Western analysis was
carried out in HeLa PARP-1 paired models. PARP-1+/+ (wild type), and PARP-1−/−

(clones G3 and G9) were infected with RT3D [MOI of 0.1 and 1.0] and immuno-
blotted for PAR, Casapse-8 and Caspase-3 cleavage. Equal loadingwasmeasured by
probing for 〈-tubulin. EWestern analysis was carried out to assess PAR expression
and cleavage of Caspase-3 and PARP, following treatment of talazoparib (0.1⌠M) in
HeLa PARP-1+/+ and PARP-1−/− (clone G9) cells. RT3D was then infected in the cells at
MOI of 0.1 (PARP-1−/− (clone G9) and MOI of 1.0 (PARP-1+/ +). Equal loading was
measured by probing for a-tubulin. F&G. A375 cells were transfected with scramble

control (SC) or siRNA targeting RIPK-1, Caspase-8 or FADD (all at 50nM) and sub-
sequently treated with 0.1 ⌠M talazoparib and RT3D [MOI of 0.1] for 48 h and
assessed by SRB cell viability assay. Data presented in (G) are mean values ± SD,
n = 2 biologically independent experiments. P values were determined by two-way
ANOVA corrected for multiple comparisons. H Western blot analysis was carried
out inA375 cells transfectedwith scramble control (SC) or siRNA targetingCaspase-
8, FADD, or RIPKI all at 50nM and subsequently treated with talazoparib and RT3D
[MOI of 0.1] for 48 h. Lysates were immunoblotted for PAR, cleaved PARP-1, Cas-
pase-8, FADD or RIPK1 to confirm siRNA target effect. I A375 cells were pre-treated
with 0.1 ⌠M talazoparib and infected with RT3D at an MOI of 0.1 and immunopre-
cipitation (IP) assay with PAR antibody was carried out after 36h. Western analysis
was carried out to assess the interaction between PARylated proteins and the DISC
components (Caspase-8, FADD, TRADD, RIPK1 and DR5). The input (lysate) was
carried out to confirm RT3D induced PARylation (refer to supplementary Fig. 7A).
J Caspase-8 immunoprecipitation was performed in A375 cells. Z-VAD (10mM) was
added in all samples prior to any treatment to prevent destabilisation of complexes
with Caspase-8. Cells were then treated with RT3D [MOI of 0.1] and talazoparib
(0.1μM) at 0, 24 and 36h. Western analysis was carried out for PAR, RIPK1 and
FADD antibodies. The input (lysate) was carried out to confirm expected RT3D
induced PARylation and Caspase-8 cleavage. Equal loading was measured by
probing for α-tubulin (supplementary Fig. 7B). P values were derived where
* = p value, **= p value < 0.01 and *** = p value < 0.001. Source data are provided as a
source data file.
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that other non-viral dsRNA agonists can mediate signalling through
RIG-I and recapitulate PARP-1 recruitment and inhibition of apoptosis
points towards this being an important host defence mechanism to
delay cell death and maintain, or even enhance, inflammatory signal-
ling in response to a perceived viral infection. Interestingly, as antici-
pated, we found that pharmacological or genetic inhibition of the
activity of PARP-1 led to enhanced extrinsic apoptosis pathway-driven

cytotoxicity but, rather counterintuitively, an even greater degree of
NFκB-mediated proinflammatory signalling. In an immunocompetent
animal model, we demonstrated that the combination of RT3D and
talazoparib achieved tumour control in all animals and this was asso-
ciated with profound modulation of the tumour immune micro-
environment and protection against subsequent isogeneic tumour
rechallenge. Taken together, these findings support clinical evaluation
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of combinations of agonists of dsRNA sensingwith PARP inhibitors and
offer the prospect of developing novel treatment approaches that
extend the potential utility of PARP inhibition outside the current
relatively narrow confines of HR-deficient cancers.

The initial screen in A375melanoma cells highlighted talazoparib
as a strong hit, with synergistic activity at sub micromolar drug
concentrations across a range of viral MOIs. This finding was con-
firmed in multiple melanoma cell lines representing the main genetic
contexts of that disease. Contrary to our initial hypotheses, combi-
natorial synergistic activity was due neither to cooperative enhance-
ment of DNA damage nor increased viral replication-related
oncolysis, effectively ruling out the primary purported mechanism of
action of each of the respective partners of the combination. Intri-
guingly, RT3D infection was shown to activate cytoplasmic PARP-1

with resulting significant PARylation of cellular proteins. As expected,
PARP inhibitors significantly reduced virally-induced PARylation, and
this was associated with enhanced tumour cell kill. The effect was
recapitulated in PARP-1−/− cells which showed exquisite sensitivity to
RT3D but no combinatorial effect with PARP inhibition. Together,
these data point to a role for PARP-1 in protecting cells from RT3D-
induced cell death.

RT3D-induced cancer cell death involves TRAIL-mediated apop-
tosis and is associated with activation of Caspase-8-mediated extrinsic
apoptosis26,27. While we observed an increase in RT3D-induced TRAIL
and TNF plus their receptors, DR4/DR5, or TNFR1/TNFR2, respectively,
this was not increased further by combination with talazoparib.
Nonetheless, it is important to recognise that modulation of TRAIL/
TNFα signalling may represent a means of enhancing the therapeutic

Fig. 5 | NF-κB activity and pro-inflammatory cytokine production is enhanced

following RT3D and talazoparib treatment. A A human cytokine array was used
to assess cytokine secretion in A375 following RT3D [MOI of 0.1] and 0.1μM tala-
zoparib 48 h post-treatment. B A375 cells were transfected with scrambled control
(SC), RIPK1, Caspase-8 and FADD siRNA at 50 nM prior to treatment with 0.1μM
talazoparib and RT3D [MOI of 0.1]. Supernatants were collected and assessed for
CCL5/RANTES, CXCL8/IL8, CXCL1/GRO and CXCL10/IP10 cytokines by ELISA at
48h post-infection. Data presented are mean values ± SD, n = 2 biologically inde-
pendent experiments. P values were determined by two-way ANOVA corrected for
multiple comparisons. C A375 and MeWo cell nuclear extracts were used to assess
DNA binding activity of the NF-κB transcription factor RELA (p65) in nuclear
extracts following exposure to RT3D [MOI of 0.1] and 0.1μM talazoparib at 48 h
post-treatment. Data presented are mean values ± SD, n = 2 biologically indepen-
dent experiments. P values were determined by two-way ANOVA corrected for
multiple comparisons. D Representative images of PCNA-Scarlet (nuclear marker)
and Rel-A GFP tagged A375 cells with RT3D [MOI of 10] and 1μM talazoparib
treatment. E Rel-A GFP tagged A375 cells were treated with RT3D [MOI of 10] and

1μM talazoparib over a 48-h time-period. Cells were imaged by confocal micro-
scopy and single cells tracked using automated imaging analysis Nuclear RELA was
calculated as the total intensity in the nuclus region divided by the nucleus area.
Data show the mean tracks of RELA over time. F Average percentage of single cell
tracks corresponding to dying cells at 48h post treatment. G Representative ima-
ges of an A375 cell showing high nuclear RELA localisation eventually undergoing
cell death following treatment with RT3D [MOI of 10] and 1μM talazoparib over a
48-h time-period. RELA-GFP translocates to the nucleus between 34 and 36 h post
treatment and cell death is apparent from 44h post treatment. H A375 cells were
pre-incubated with the IκB phosphorylation inhibitor, BAY 11-7082 (5μM) and then
treated with RT3D [MOI of 0.1] plus talazoparib (0.1μM). Supernatants were col-
lected and assessed for CCL5/RANTES, CXCL8/IL8, CXCL1/GRO and CXCL10/IP10
cytokines by ELISA at 48h post-infection. Data presented are mean values ± SD,
n = 2 biologically independent experiments. P values were determined by two-
way ANOVA corrected for multiple comparisons. P values were derived where
* = p value, **= p value < 0.01 and *** = p value < 0.001. Source data are provided as a
source data file.

Fig. 6 | Talazoparib enhances RT3D-induced interferon signalling through RIG-

I. A A375 cells were treated with talazoparib at 0.1 ⌠Mand infected with RT3D [MOI
of 0.1]. Western analysis was carried out to assess RIG-1, pSTAT-1, pIRF3, STAT1 and
IRF3, Equal loading was of proteins was assessed by probing for 〈-tubulin. B A375
cells were transfected with non-targeting scrambled control (SC) siRNA or siRNA
targeting RIG-I (50 nM) and thereafter treatedwith0.1 ⌠MandRT3D [MOIof0.1] for
48h and assessed for cell viability as shown by crystal violet staining. C Western
analysiswas carried out on lysates fromA375 cells and probed for RIG-I and cleaved

PARP, while (D) IFN-® production was assessed by ELISA. Data presented are mean
values ± SD, n = 2 biologically independent experiments. P values were determined
by two-way ANOVA corrected for multiple comparisons. E A375 cells were treated
with talazoparib at 0.1 ⌠M and RT3D [MOI of 0.1]. PARP-trap agarose IP was per-
formed on the lysates and Western analysis carried out to assess interaction
betweenPARP-1 andRIG-I. P valueswerederivedwhere * = p value, **= p value < 0.01
and *** = p value < 0.001. Source data are provided as a source data file.
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efficacy of RT3D/PARP inhibitor combinations. Immunoprecipitation
for PARylated proteins pulled down DISC components (caspase-8,
RIPK1 and FADD), suggesting a functional role for PARP-1 in limiting
extrinsic apoptotic pathway signalling following RT3D infection alone.
As further confirmation, by capturing with an anti-caspase 8 antibody,
we pulled down DISC components, RIPK1 and FADD, and PARylated
proteins. The addition of talazoparib markedly reduced the degree to
which DISC components were pulled down by an anti-PAR antibody
and this was associated, functionally, with significantly greater activity
of the extrinsic apoptotic pathway. These data are consistent with
previous reports of a novel functionof PARP-1 inmodulating caspase-8

following treatment with TRAIL, thereby inhibiting caspase-8 and
limiting its function34.

Previous studies found caspase-8 can serve in two distinct roles in
response to TRAIL receptor engagement: as a protease that promotes
apoptosis; and as a scaffold for assembling a caspase-8-FADD-RIPK1
complex, leading to NF-κB dependent inflammation30. Furthermore,
proapoptotic signals (such as Fas, TNFα, and TRAIL) were found to
instigate the production of cytokines and perhaps influence immune
responsiveness toward dying cells35. Similarly, our studies have con-
firmed that NF-κB activation occurs in response to RT3D therapy alone
and that this ismediated by the DISC complex, as silencing of caspase-
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8, FADD or RIPK1 attenuated NF-κB and its downstream pro-
inflammatory cytokines (CCL5, CXCL1, CXCL8 and CXCL10). Criti-
cally, however, we have shown that co-treatment with RT3D and PARP
inhibitor markedly enhances this NF-κB-mediated inflammatory sig-
nature, despite the fact that the combination prevents the block on
extrinsic apoptosis mediated by PARylation of DISC components.

The dsRNA sensor, RIG-I, has previously been shown to promote
apoptosis and cell death in hepatocellular carcinoma (HCC) whilst
activating NF-κB in macrophages36. Combination of RT3D plus tala-
zoparib significantly increased RIG-I expression and massively upre-
gulated RIG-I pathway components at the protein level, findings that
correlated with the loss of PARylation. Our data point to a novel
interaction between RIG-1 and PARP-1, which is amplified following
RT3D plus talazoparib treatment compared to either agent alone. We
posit that, following binding to dsRNA (or its mimics), the dsRNA
sensor,RIG-I, canbind to and activate PARP-1 and, thus, simultaneously
inhibit extrinsic apoptosis and serve as a platform for inflammatory
NF-κB signalling. We further propose that combination therapy with
PARP inhibition effectively removes this PARylation-driven block on
apoptosis but also functionally “traps” PARP-1 on dsRNA-bound RIG-I,
in an analogous fashion to that described for PARP-trapping on
DNA32,33,37,38. This leads to a phenotype of increased cancer cell death
with enhanced cytokine production. Indeed, talazoparib has been
shown to be a potent PARP-trapper onDNA, superior to either olaparib
or veliparib (as confirmed in our own analyses). We confirmed tala-
zoparib as amore effective and potent PARP-trapper on damagedDNA
than either olaparib or veliparib, which correlatedwith greater efficacy
of talazoparib in terms of triggering apoptosis, NF-κB signalling,
cytokine production and RIG-I/PARP1 interaction.

In view of the relative complexity of using replication-competent,
oncolytic viral agents in the clinic, we tested if other dsRNA agonistic
therapies were able to phenocopy the cytotoxic and pro-inflammatory
effects of RT3D. Importantly, we confirmed that both polyI:C and 3p-
hRNA were able to mediate equivalent effects and this may accelerate
opportunities for early-phase clinical evaluation of this approach.
PolyI:C has previously been tested in the clinic both as a poly-lysine/
carboxymethylcellulose-derivatized agent39 and in nanoplexed
format40. In addition, RIG-I agonism has also been tested in a phase I
clinical trial as a single agent in combination with the anti-PD1 agent,
pembrolizumab41.

At this point, given the pro-inflammatory nature of the RT3D and
PARPi combination, we conducted preliminary profiling in an immu-
nocompetent BRAFV600E-mutant murine melanomamodel. Indeed, the
combination therapywas highly effective, to an even greater degree to
that seen in the immunodeficient human model. All combination
therapy-treated animals were cured and protected from subsequent
tumour rechallenge. Importantly, RNA sequencing and flow cyto-
metric functional analyses confirmed dramatic pro-inflammatory
changes within the tumour microenvironment of animals treated
with the RT3D-PARPi combination. Furthermore, these data point

towards potentially effective additional combinations of dsRNA
agonism, PARPi and immune checkpoint inhibition. Such approaches
are the subject of ongoing work.

Methods
Cell lines
The following melanoma cell lines of known genetic background were
used and obtained from stocks within Prof. Kevin Harrington’s team,
ICR London: A375 and Mel624 (V600EBRAF mutant), WM266.4
(V600DBRAF mutant), MeWo and PWMK (wild type RAS and BRAF). D04
(N-RAS mutant) and WM17971 (K-RAS mutant) were obtained by gen-
erous donation from Prof. Richard Marais (The Paterson Institute of
Cancer Research). The BRAF-mutant (BRAFV600E) mouse melanoma
4434 cell line was established from C57BL/6_BRAF+/LSL− BRAFV600E;
Tyr::CreERT2+/o42 and another kind donation from Prof. Richard
Marais (The Paterson Institute of Cancer Research). HeLa PARP paired
cell lines (wild type PARP++, PARP−/− [clone G3 and G9]) as well as HeLa
clone A7 and F7 cells were obtained by generous donation from Prof.
Christopher Lord, ICR London. All the cell lines were authenticated by
using short tandem repeat (STR) profiling according to the manu-
facturer’s instructions and were carried out by our in-house sequen-
cing facility unit. Cells were cultured in DMEM or RPMI. Media was
supplemented with 5% (v/v) FBS, 1% (v/v) glutamine and 0.5% (v/v)
penicillin/streptomycin.

Reovirus stocks
Reovirus Dearing type 3 (RT3D) stocks at 3 × 109 tissue culture infec-
tious dose 50 (TCID50/ml) were obtained from Oncolytics Biotech and
stored at 1:10 concentrations in PBS at −80 °C.

Drug screen and Cell Titer Glo (CTG) assay
A375 cells were plated at 500 cells per well in 20 µL, in 384 well plates
using a Thermo Scientific multidrop combi and incubated overnight.
The followingday, an in-house drug screen (Plate 11 and 12) comprising
of 80 different chemotherapeutic and targeted therapy drugs (Sup-
plementary Table S1) was used to treat the A375 melanoma cells with
doses of drugs ranging from 0.0005 µM to 1.0 µM. RT3D was infected
into the cells [MOI ranging between0.01 and 5.0] 2-h post treatment of
the drugs. Cell viability was measured by CellTiter-Glo Luminescent
Cell Viability Assay (G9681, CTG, Promega, UK) at 72 h post treatment.
We estimated the effect of each small molecule inhibitor on RT3D by
calculating drug effect (DE) robust Z scores, with values <−2 being
considered a profound sensitisation effect43,44.

Caspase inhibitor experiments
The caspase inhibitor sample pack (R&D systems-Cat No FMKAP01);
which contained Z-VAD (general caspase inhibitor); Z-WEHD (caspase-
1 inhibitor); Z-VDVAD (caspase-2 inhibitor); Z-DEVD (caspase-3 inhi-
bitor); Z-YVAD (caspase-4 inhibitor); Z-VEID (caspase-6 inhibitor);
Z-IETD (caspase-8 inhibitor); Z-LEHD (caspase-9 inhibitor); Z-AEVD

Fig. 7 | RT3D plus talazoparib enhances anti-tumour efficacy which correlates

with an increase in immune response. A Treatment schedule, black/6 mice car-
rying 4434 tumours were treated with oral administration of 0.1mg/kg talazoparib
or vehicle fromDay 1–5. RT3Dwas injected intratumorally on Day 3 at 1 × 106 pfu or
sham injection. B Size of tumours were measured for each treatment cohort con-
sisting of vehicle (10% DMAc, 6% Solutol and 84% PBS), 0.1mg/kg talazoparib,
1 × 106 pfu RT3D or combination. Each bar represents mean SEM± for each treat-
ment group. C Kaplan–Meier curve was evaluated for each treatment group to
assess themedian survival rate. For (B and C), vehicle n = 6, RT3D n = 6, talazoparib
n = 6 and combination n = 6 animals per group. D Mice cured at day 90 following
talazoparib alone (2/6), RT3D alone (2/6) or RT3D plus talazoparib (6/6) were
rechallenged on the other flank and compared with naïve mice injected with 4434
tumours (both implanted at 4 × 106 cells) and tumor growth assessed. Controln = 6,
RT3D n = 2, talazoparib n = 2 and combination n = 6 animals per group.

E Deconvolution of immune cells in 4434 tumours following RT3D and talazoparib
treatment. Tumours were dissected on day 8 (3 mice per group) after treatment,
total RNA was isolated and gene expression analysis performed using the mouse
Immunology Profiling panel from NanoString Technologies. F Tumour volumes of
mice used to profile the immune infiltrate by FACS analysis were measured up to
Day 12 (n of 5). G Tumour weights of mice used to profile the immune infiltrate by
FACS analysis at time of harvest were measured.H FACS analysis of in vivo tumour
samples. Data show cell counts of CD3+, CD8+ and CD4+ cells gated from viable
cells. ICell counts of foxp3+cells gated fromviable cells. JCell counts of PD-L1+ and
PD-1+ cells gated from viable cells. For data sets (F–J), data presented are mean
values ± SEM from 1 biologically independent experiment. vehicle n = 5, RT3D n = 5,
talazoparib n = 5 and combination n = 5 animals per group. P values were derived
where * = p value, **= p value < 0.01 and *** = p value <0.001. Source data are pro-
vided as a source data file.
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(caspase-10 inhibitor) and Z-LEED (caspase-13 inhibitor) were used at
10μMeach to inhibit the relevant caspase inhibitors inA375 andMeWo
cells 8 h prior to RT3D (MOI of 0.1) plus 0.1μM talazoparib treatment.

Small interfering RNA transfections
3 or 5 × 105 cells were seeded out in the appropriate media without
penicillin-streptomycin. Twenty-four hours after seeding, siRNA
transfections were done on sub confluent cells incubated in unsup-
plemented OptiMEM using the Lipofectamine RNAiMAX transfection
reagent (13778100, Thermo Fisher) according to the manufacturer’s
instructions. After 24 h, media was changed, and the appropriate
treatment carried out for 48 h. Lysates were collected for Western
analysis, ELISA or cell death by SRB assay. All the siRNAs were pur-
chased from Qiagen. We used two pooled siRNAs for PARP-1, 2 and
3 siRNAs: Hs PARP1_5 FlexiTube siRNA (SI02662989), Hs PARP1_6
FlexiTube siRNA (SI02662996); Hs PARP2_2 FlexiTube siRNA
(SI00077917), Hs PARP2_3 FlexiTube siRNA (SI00077924); Hs PARP3_1
FlexiTube siRNA (SI00077938), Hs PARP3_4 FlexiTube siRNA
(SI00077959), For the death inducing signaling complex (DISC), we
usedCaspase 8_11 FlexiTube siRNA (SI02661946);HsRIPK1_5FlexiTube
siRNA (SI00288092); Hs FADD siRNA (hsFADD 7; hsFADD 5; hsFADD 8;
hsFADD 9) and for the RIGI/IFN-β pathway, we used RIGI FlexiTube
siRNA (GS23586).

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay
Cell viability was quantified using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (M6494, Sigma-Aldrich), MTT assay.
Briefly 20 μl MTT at 5mg/ml in PBS was added to treated cells in a 96-
well plate. After 4 h incubation at 37 °C, crystals were solubilised in
DMSO, and absorbance wasmeasured at 570 nm on a SpectraMax 384
plate reader (Molecular Devices).

Crystal violet and sulforhodamine B (SRB) assays
Cell viability was quantified by staining with crystal violet (HT90132,
scientific laboratory supplies). For SRB assays, cells were fixed in 10%
trichloroacetic acid (TCA) for 1 h, washed in tap water left to dry prior
to staining with 0.057% SRB (wt/vol, 341738, Sigma-Aldrich). The
crystal violet-stained images of the plate were captured on a Microtek
ScanMaker 8700 (Microtek International Ltd) while the SRB-stained
cells were diluted with 1mM TRIS and absorbance was measured at
570 nm on a SpectraMax 384 plate reader.

Reovirus replication assays
A375,MeWo andD04 cells were seeded in 24-well plates at a density of
1 × 105 cells/well. The next day cells were treated with 0.1μM talazo-
parib and infected with RT3D at an MOI of 5 for 2 h. The cells were
washed twice in complete growthmedia. Complete growthmedia was
added to the cells and incubated at 37 °C. The cellswere harvested, and
the supernatants were collected at 4-, 24-, and 48-h post-infection in
triplicate. The lysates had three freeze-thawcycles between−80 °C and
room temperature. For one-step growth curves the resulting lysates
were titrated on L929 cells in 96-well plates. Viral titers were deter-
mined using the TCID50/method to calculate the infectious titer of
virus in a sample, by diluting the sample across target cells and mea-
suring cytopathic effect45. For plaque assays, dilutions were used to
infect L929 cells seeded at 2 × 105 cells/well in 6-well plates. After
incubation at 37 °C for 4 h, the viral medium was removed and the
wells overlaid with a 1:1 solution of 2% agar (Sigma) and 2× DMEM
containing 5% (v/v) FCS, 1% (v/v) glutamine, and 0.5% (v/v) penicillin/
streptomycin. After 5 days, plates were stained with 0.2% crystal violet
in 7% ethanol. Plates containing plaques were scanned and counted
using Open CFU software46. Data from the viral growth curves were
derived by TCID50 or total viral titer quantified by plaque assays on
confluent L929 cells.

Cell cycle
Cells were seeded in 6-well dishes at 3 × 105 cells/well and the next day
treated with 0.1 μM talazoparib and/or RT3D (MOI of 0.1) accordingly.
Cells were fixed with 70% ethanol at indicated time points and stained
with propidium iodide (PI, P4864, Sigma-Aldrich) at 1 μg/mL. Flow
cytometry analysis was performed using a LSRII flow cytometer (BD
Biosciences, Oxford, UK).

Cell death (Celigo) assay
Cells were seeded at 8 × 103 in 96-well plates (#655090, Greiner) and
24 h later treated accordingly with talazoparib and/or RT3D for 48 h
post-infection. Hoechst (0.5μg/ml) and PI (1μg/ml) were added, and
the percentage of dead cells was measured using the Celigo S Cell
Imaging Cytometer (Nexcelon Bioscience). The percentage of dead
cells was calculated by measuring the total number of cells (nuclei
staining-Hoechst) while simultaneously measuring PI (P4864, Sigma-
Aldrich) positive (dead cells) in the whole well.

Confocal imaging
Cells were plated in 35mm glass-bottomed, collagen-coated dishes
(MatTek, Massachusetts, USA) and the next day treated with talazo-
parib and RT3D accordingly. 24h post-infection, cells were fixed with
4% formaldehyde and immunofluorescence performed. Cells were
stained with γ-H2AX (S139) clone 20E3 (New England BioLabs, UK) or
53BP1 clone 6B3E10 (Santa-Cruz) and visualized using Alexafluor-488-
conjugated goat anti-rabbit and Alexfluor-546-conjugated goat anti-
mouse antibodies (Invitrogen™, Life Technologies) along with 4′,6-
diamidino-2-phenylindole, dihydrochloride (DAPI; Invitrogen, Mole-
cular Probes™) nuclear stain. Cells were imaged using a LSM 710
inverse laser scanning microscope (Zeiss) and captured with a LSM
T-PMT detector (Zeiss). Nuclei were quantified as positive for foci
when ≥5 foci were present within the nucleus, for γ-H2AX or 53BP1.

COMET assay
Cells were plated at 3 × 105 in 6-well plates and the next day treated
with 0.1μM talazoparib and/or RT3D (MOI of 0.1) for 48 h post infec-
tion. Cells were thereafter trypsinised and combined 1:8 with 1% low
melting point agarose, placed onto a 1% normal melting point agarose
pre-coated slide and cover slipped on ice for 5min before lysis (NaCl
2.5M, EDTA disodium salt 100mM and Tris base 10mM in distilled
water, adjusted to pH10.5 with NaOH, 1% DMSO and 1% Triton ×-100)
for 1 h at 4° in the dark. Slides were placed in an electrophoresis tank
with 300mM NaOH, 1mM EDTA and 1% DMSO for 30min before
electrophoresis at 25 V, 300mA, neutralisedwith 500mMTris-HCl, pH
8.0; DNA was stained using SYBR-safe (ThermoFisher) and imaged
using a Zeiss LSM710 confocal microscope. A minimum of 115 cells
were analysed from 2 independent replicates and percent tail DNAwas
calculated using OpenComet 1.3 plugin for ImageJ47.

Western blotting
Cells were plated at 0.5 × 106 in 60mmdishes. The following day, cells
were treated accordingly and collected between 24 and 72 h post-
treatment. Cells were washed in ice-cold PBS, pelleted and resus-
pended in radioimmunoprecipitation assay buffer [50mM Tris (pH
7.5), 150mMNaCl, 1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS]
with protease inhibitors (Roche Diagnostics GmbH, Mannheim, Ger-
many), 1mM sodiumorthovanadate (S6508, Sigma-Alrich), and 10mM
sodium fluoride. Cells were then lysed by snap freezing on dry ice and
then allowing the lysate to thaw on ice for 10min. The lysate was
centrifuged at 8000 × g/4 °C for 20min to remove cell debris. Protein
concentration was determined using the BCA protein assay reagent
(Pierce, Rockford, IL). 30μg of each protein sample were resolved on
SDS-polyacrylamide gels (10–12%) and transferred to a polyvinylidene
difluoride (PVDF)Hybond-Pmembrane (Amersham, Buckinghamshire,
UK). Immunodetections were performed using antibodies provided in
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supplementary Fig. 5. Equal loadingwas assessed usingα-tubulin. Blots
were developed using secondary antibody (anti-rabbit or anti-mouse)
conjugated to horseradish peroxidase (GE-Healthcare). The Super
Signal chemiluminescent system (Pierce) or Immobilon Western che-
miluminescent HRP substrate (Millipore) were used for detection.
Uncropped scans ofWestern blots are provided in the source data file.

Immunoprecipitation assays
Complex II purification for caspase 8 immunoprecipitation (IP) was
essentially performed48–50. Briefly, cells were seeded in 10 cm dishes
and treated as indicated in figure legends. After stimulation,mediawas
removed and plates were washed with ice cold PBS to stop stimulation
and frozen at −80 °C. Plates were thawed, and cells lysed in DISC lysis
buffer (20mM Tris pH 7.5, 150mM NaCl, 2mM EDTA, 1% Triton ×-100
and 10% glycerol) supplemented with protease inhibitors and PR619
(10 μM). Cells were lysed on ice and lysates were rotated at 4 °C for
20min and then clarified at 4 °C at 8000 × g for 10min. 20μL of pro-
tein G Sepharose (Sigma) with Casp-8 (C20) antibody (Santa Cruz
Biotechnology) at 1.5μg antibody/mg protein lysate were rotated with
cleared protein lysates overnight at 4 °C. Similarly, for PAR immuno-
precipitation, cells lysates were made in immunoprecipitation lysis
buffer (1% Triton ×-100, 50mM Tris pH 7.5, 150mM NaCl, 5mM
EDTA+ inhibitor cocktail tablets). 1μg of PAR antibody was added to
lysates and subsequently incubated with 50μL of 1:1 slurry of protein
G-agarose beads overnight at 4 °C. The next day, 4× washes in wash
buffer (50mM Tris pH 7.5, 150mM NaCl, 0.1% Triton ×-100, and 5%
glycerol) were performed, and samples eluted by boiling in 50μL 1×
SDS loading dye. Protein samples for both caspase 8 IP and the PAR IP
were resolved on SDS-polyacrylamide gels (10–12%) and transferred to
a polyvinylidene difluoride (PVDF) Hybond-P membrane (Amersham,
Buckinghamshire, UK) as described above in the Western blot analysis
section.

Immunoprecipitation of PARP-1 using the PARP1-Trap
Agarose kit
We used the PARP1-Trap Agarose kit [xtak-20] from Chromotek,
which consists of a PARP1 Nanobody/ VHH, coupled to agarose beads
to immunoprecipitate endogenous PARP-1 proteins. Briefly, cells
were harvested with Lysis Buffer: 50mM Tris–HCl pH 7.5, 150mM
NaCl, 5% glycerol, 0.5% NP-40, 5mM MgCl2, 0.2mM CaCl2, 1 μM
pepstatin A, 1 μM bestatin supplemented with protease inhibitor
cocktail. DNase I (75–150 Kunitz U/mL) was then added to lysates and
incubated for 1 h at 4 °C with rotation. Lysates were centrifuged at
4 °C for 10min at 17,000 × g, and cleared supernatants transferred to
a pre-cooled tube. PARP-1-Trap beads were incubated with lysates for
3 h at 4 °C with rotation. Next, agarose beads were washed three
times with 0.5ml of wash buffer (50mM Tris–HCl pH 7.5, 150mM
NaCl, 5% glycerol and 0.5% NP-40). Bound proteins were eluted with
NuPAGE LDS sample loading buffer and heated at 95 °C for 5minwith
10mM DTT.

Fractionation of PARP-DNA complexes
A375 cells were treated with talazoparib, olaparib or veliparib in the
presence or absence of RT3D for 48 h, harvested with trypsin-EDTA
and thereafter centrifuged at 500 × g for 5min. A subcellular protein
fractionation kit (Thermo Scientific 78840) using different stringency
buffers was used according to the manufacturer’s instructions. Briefly,
A375 cells were fractionated using different stringency buffers with
stepwise separation and preparation of cytoplasmic, membrane,
nuclear soluble and chromatin-bound protein extracts. The first
reagent (cytoplasmic extraction buffer [100mM MES-NaOH, pH 6.4,
1mMEDTAand0.5mMMgCl2] with protease inhibitors plus Complete
Mini, 1 836 153, Roche, Mannheim, Germany) was added to the cell
pellets leading to selective cell membrane permeabilization and
releasing soluble cytoplasmic contents. The second reagent

(membrane extraction buffer [50mM HEPES-NaOH, pH 7.5, 250mM
KCl, 2.5mM MgCl2, 0.05% Triton ×-100] and protease inhibitors) dis-
solved plasma, mitochondria and ER/golgi membranes but did not
solubilize nuclear membranes. After recovering the intact nuclei by
centrifugation, a third reagent: nuclear extraction buffer [50mM
HEPES-NaOH, pH 7.5, 500mM KCl, 2.5mM MgCl2, 0.1% Triton ×-100]
and protease inhibitors) yielded the soluble nuclear extract. A second
nuclear extraction with 5mM CaCl2 plus 3 units micrococcal nuclease
(MnNase) was performed to release chromatin-bound nuclear pro-
teins. The supernatants for nuclear and chromatin fractionation were
run for Western blot analysis and probed for PAR [4335-MC-100] from
Trevigen, PARP-1 (clone F2) [sc-8007] fromSanta Cruz, andHistoneH3
[07-690] from Upstate Biotechnology.

Proteome profiler human cytokine array
Cells were plated at 3 × 105 cells per well in 6-well plates and media
collected 48 h after treatment with RT3D-talazoparib then centrifuged
to remove cells or debris. The activity of 36 human cytokines, che-
mokines and acute phase proteins were simultaneously assessed using
the proteome profiler human XL cytokine array kit [ARY005B] from
R&D Systems (Abingdon, UK). Cell lysates were obtained from A375
following treatment with 0.1 MOI of RT3D and 0.1μM talazoparib at
48 h post-treatment. Cytokine secretion was carried out as a validation
from the results of the human cytokine array using a range of human
ELISAS from R&D Systems (see below).

Enzyme-linked immunosorbent assay (ELISA)
Cells were plated at 2 × 105 cells per well in 24-well plates and treated
accordingly. The cells were collected at the appropriate time point and
measured a range of human DuoSet ELISAs according to the manu-
facturer’s protocol. The following cytokines/chemokines were asses-
sed for secretion in the cells following treatment: CCL5/RANTES
[DY278], CXCL1/GROα [DY275], CXCL10/IP-10 [DY266] and CXCL8/IL-
8 [DY208] and TRAIL/TNFSF10 [DY375], all from R&D systems. The
TNF high sensitivity ELISA [BE58351] was sourced from Tecan (IBL).

NF-κB p65 transcription factor assay
We extracted nuclear and cytoplasmic fractionation of A375 and
MeWo cells following treatment according to manufacturer’s instruc-
tions (Abcam, ab113474). Briefly, cells were collected and pelleted by
centrifugation then pellets were thereafter re-suspended using pre-
extractionbuffer from the kit. The supernatant containing cytoplasmic
fraction was frozen down and stored. The pellet was centrifuged once
again and re-suspended in nuclear extraction buffer from the kit to
generate the nuclear fraction and samples used for the NF-κB p65
transcription ELISA based assay (Abcam, ab133112) according to the
manufacturer’s instructions.

Live cell imaging and analysis
RELA and PCNA were fluorescently tagged at the endogenous loci
using CRISPR-CAS9 gene editing to generate RELA-eGFP and
PCNA31. Briefly, A375 cells were imaged at 20min intervals fol-
lowing RT3D 10 MOI addition with 2 h 1 µM talazoparib pre-
treatment. Cells were imaged using the Zeiss Axio Observer Z1
Marianas Microscope with a CSUX1 confocal spinning disk unit
built by 3i (Intelligent Imaging Innovations; Denver, CO). During
imaging, cells were maintained at 37 °C with > 60% humidity and
5% CO2. Live imaging analysis was carried out using Nuclitrack
software. Nuclear RELA was calculated as the total intensity in the
nucleus region divided by the nucleus area using Harmony soft-
ware (PerkinElmer).

Proteomics and LC-MS/MS analysis
Cellswere seeded in6 cmdishes at 9 × 105 cells perwell overnight prior
to treatments and collected at indicated time-points by trypsinising
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cells and washing 3 times in PBS. Pellets were stored at −80 °C prior to
processing. The cell pellets were lysed in 5% SDS/100mM TEAB (tet-
raethylammonium bromide, Sigma) by ultrasonic probe process at
40% power for 15 × of s on/1 s off, heated at 90 °C for 10min, and then
processed by ultrasonic probe again as above. The lysate was cen-
trifuged at 8000 × g for 15min. The supernatant was collected, and
protein concentration was measured by Pierce 660 nm Protein Assay
(ThermoFisher Scientific) and 80 µg of proteins per sample used.
Proteins were reduced by TCEP (Tris(2-carboxyethyl) phosphine,
Sigma), alkylated by iodoacetamide (Sigma), and then precipitated by
20% TCA (trichloroacetic acid, Sigma) to remove detergent and
excessive reagent. Protein pellet was resuspended in 80 µl of 100mM
TEAB buffer, and 3.2 µg trypsin (Pierce MS grade, ThermoFisher Sci-
entific) was added, and the digestion went on 18 h at 37 °C. Then 40 µg
of protein digest was taken and labelled by 0.4mg TMT11plex.
11 sampleswerepooled anddried in SpeedVac (ThermoScientific). The
driedpeptidemixturewas resuspended in0.1%NH4OH/100%H2O, and
fractionated on an XBridge BEH C18 column (2.1mm i.d. × 150mm,
Waters) with an initial 5min loading then linear gradient from 5%ACN/
0.1% NH4OH (pH 10)– 35% CH3CN /0.1%NH4OH in 30min, then to 80%
CH3CN /0.1% NH4OH in 5min and stayed for another 5min. The flow
rate was at 200 µl/min. Fractions were collected at every 30 s from
retention time at 3min to 44min, and then concatenated to 51 frac-
tions and dried in SpeedVac. The peptides were reconstituted in 30 µl
of 0.1% FA/H2O and 50%was injected for on-line LC-MS/MS analysis on
the Orbitrap Fusion Lumos hybridmass spectrometer coupled with an
Ultimate 3000 RSLCnano UPLC system (ThermoFisher Scientific).
Samples were first loaded and desalted on a PepMap C18 nano trap
(100 µm i.d. × 20mm, 100Å, 5 µ) then peptides were separated on a
PepMapC18 column (75 µm i.d. × 500mm, 2 µm) over a linear gradient
of 8–32% CH3CN/0.1% FA in 90min, cycle time at 120min at a flow rate
at 300nl/min. The MS acquisition used MS3 level quantification with
Synchronous Precursor Selection (SPS) with the Top Speed 3 s cycle
time. Briefly, the Orbitrap full MS survey scan was m/z 375–1500 with
the resolution 120,000 at m/z 200, with AGC set at 4 × 105 and 50ms
maximum injection time. Multiply charged ions (z = 2–5) with intensity
threshold at 1 × 104were fragmented in ion trap at 35% collision energy,
with AGC at 1 × 104 and 50ms maximum injection time, and isolation
width at 0.7Da in quadrupole. The top 5 MS2 fragment ions were SPS
selected with the isolation width at 0.7 Da, and fragmented in HCD at
65% NCE, and detected in the Orbitrap to get the report ions’ inten-
sities at a better accuracy.

Whole proteome data analysis
Raw spectra were processed using Proteome Discoverer v2.4(Ther-
moFisher Scientific) and searched against FASTA sequence databases
containing GENCODE v3251 protein sequences, UniProt (2019_05)
Reovirus Proteins, translated gEVE database52 sequences and cRap
contaminates using both Mascot server v2.4 (Matrix Science) and
SequestHTwith target-decoy scoring evaluated using Percolator53. The
precursor tolerance was set at 20 ppm, fragment tolerance set at
0.5 Da and spectra were matched with fully tryptic peptides with a
maximum of two missed cleavages. Fixed modifications included:
carbamidomethyl [C] and TMT6plex [N-Term]. Variable modifications
included: TMT6plex [K], oxidation [M], and deamidation [NQ]. Peptide
resultswere initiallyfiltered to a 1%FDR (0.01q-value). The reporter ion
quantifier node included a TMT-11-plex quantification method with an
integrationwindow tolerance of 15 ppmand integrationmethodbased
on the most confident centroid peak at MS3 level. Protein quantifica-
tion was performed using unique peptides only, with protein groups
considered for peptide uniqueness. Log2 fold change ratios were cal-
culated for each sample vs time point basal sample using normalised
protein abundances. Ratios and abundancewere loaded into Perseus54

or further downstream analysis and plotting. Z-score scaling was used
to generate heatmaps, proteins were clustered using k-means method

andGOenrichmentwas performed using Fisher exact test. Results and
RAW spectral files have been uploaded to PRIDE repository55 under
project accession PXD047621.

Quantitative RT-PCR
RNA was extracted from samples using Qiagen RNeasy kit (74134,
Qiagen, UK), and cDNA synthesized using SensiFAST cDNA synthesis
kit (BIO-65053, Bioline). Samples were then amplified against tran-
scripts by qRT-PCR with SYBR green (BIO-92005, Bioline). Primers
used are provided in Supplementary Table 3. Relative gene expression
was calculated by using beta actin as the housekeeping gene. All kits
were used as permanufacturers’ instructions and all qpCR assays were
carried out using Step One Real-Time PCR System (Applied
Biosystems).

In vivo studies
All procedures were approved by the Animal Welfare and Ethical
Review Board at the Institute of Cancer Research in accordance
with Home Office Regulations under the Animals (Scientific Pro-
cedures) Act 1986. All animals were handled according to the
Institute and U.K. Home Office guidelines and kept in a specific
pathogen-free facility and exposed to a 12 h light/dark cycle at a
constant temperature (22 ± 2 °C), with access to unrestricted food
and water supply. All animals in this study are commercially
available and were purchased from Charles River. Two in vivo
models were used in this study. Stock numbers for purchased
animals are 000664 for C57BL/6 mice and 086 for CD1 nude
mice. A375 BRAFV600E-mutant melanoma tumours were established
in 6–8 week old female CD1 nude mice, or 4434 BRAFV600E-mutant
melanoma tumours established in 6–8 week old female C57BL/6
immunocompetent mice by subcutaneous injection of 5 × 106

(A375) or 4 × 106 (4434) cells suspended in 100 μL PBS in the right
flank. Once tumours were established and reached approximately
75–100mm3, mice were allocated into treatment groups stratified
by tumour size before beginning therapy. talazoparib (0.1 mg/kg)
or vehicle (10% DMAc, 6% Solutol, and 84% PBS) was administered
by oral gavage, on day 1, 3 and 5, while 1 × 106 pfu RT3D dissolved
in PBS was administered by intra-tumoral injection after talazo-
parib treatment on day 3. In the CD1 models, A375 tumours from
2 mice from each group were harvested on the last day of treat-
ment and homogenized in PBS on ice and protein extracted with
Lysis Buffer [25mM Tris (pH 7.5), 150mM NaCl, 5 mM EDTA, 2 mM
EGTA, 1% Triton ×-100, sodium deoxycholate, and 0.1% SDS] with
protease inhibitors (Roche Diagnostics GmbH, Mannheim, Ger-
many), 1 mM sodium orthovanadate (S6508, Sigma-Aldrich), and
10mM sodium fluoride. Caspase-8, caspase-3 and PARP cleavage
were determined by Western Blot analysis, while levels of PAR in
the tumour lysates were determined by ELISA using the HT PARP
in vivo PD Assay II Kit [4520-096-K] from R&D Systems. The
remaining mice were measured twice weekly in three dimensions
using Vernier calipers and the volume estimated using the for-
mula (width × length × depth × 0.524mm3). In the BL6 models,
4434 tumours were harvested from 3 mice from each group,
3 days post treatment and RNA was extracted (see Gene expres-
sion analysis using Nanostring below). No toxicity or weight loss
was seen in any of the treated mice. Animals were judged to have
failed treatment if tumor diameter approached the size limit of
15 mm in one of three dimensions, these limits were adhered to in
all experiments. Tumours were measured twice-weekly. The
humane end-point was euthanasia by neck dislocation due to
moribund status, determined by weight loss of 18% or more
compared with maximum weight measured, inability to reach
food or water, breathing difficulties, anorexia, dehydration,
marked piloerection, hunched intermittently, lethargy and sub-
dued. The Kaplan–Meier survival curves were compared using the
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log-rank (Mantel–Cox) test using Prism Software (GraphPad).
Cured mice were rechallenged on the other flank with 4 × 106

4434 cells and tumour growth monitored.

Gene expression analysis using Nanostring (mouse Immune
Profile)
Excised 4434 tumours following treatment (as above) were lysed in
homogenization tubes (Thermo Fisher Scientific) containing buffer
RLT (79126, Qiagen) using Precellys 24 homogenizer. RNA was then
isolated using RNeasy Plus Mini Kit (74134, Qiagen) according to the
manufacturer’s instructions. RNA concentration was measured using
Qubit Fluorometer system and Qubit RNA BR Assay Kit (ThemoFisher
Scientific), and 96 ng of RNA was used in the nCounter Mouse Immu-
nology Panel (Nanostring Technologies). Normalization, differential
expression, geneset analysis and cell type scoring were performed
using NanoString nSolver V.4.0 advanced analysis software. Data pre-
sentation used Rstudio V.1.4.1103, R V.4.1, ggplot2 and Complex
Heatmap packages.

Immune profiling of tumours
4434 cells were established in female BL6 immunocompetent
mice by subcutaneous injection at 4 × 106 cells. Tumours were
allowed to grow to 6–8mm before mice were allocated treatment
groups stratified by tumour size. Tumours were harvested and
weighed on Day 11, and dissociated (5 mice per group) mechani-
cally using scissors and enzymatically digested in RPMI contain-
ing 0.5 mg/mL Collagenase type I-S (Sigma-Aldrich), 0.4 mg/mL
Dispase II protease (Sigma-Aldrich), 0.2 mg/mL DNase I (Roche)
and 4% Trypsin (0.25% in Tris Saline) for 30min at 37 °C. Fol-
lowing digestion, samples were passed through a 70 µm cell
strainer and washed with 10% FCS RPMI supplemented with 5mM
EDTA. Samples were centrifuged at 300 × g, for 5 min at 4 °C, and
transferred into a V-well 96-well plate. Samples were stained in
FACS buffer (PBS + 5% FCS) for 30min on ice and protected from
light, with extracellular antibodies. Cells were then washed in
FACS buffer, permeabilized and stained with intracellular anti-
bodies (refer to Supplementary Table 4). Samples were then
washed and fixed (1–2% PFA) prior to analysis of tumour-
infiltrating lymphocytes by flow cytometry. Tumours were
weighed on collection and 123 count eBeads counting beads were
added when running the analysis to calculate cells per mg of
tumour. Data was collected using FACS DIVA 8.0.1 Version 9.3.1
(build 2021_11_30_11_38), and analysed using FlowJo ver-
sion 10.10.0.

Bliss Independence Analysis
Synergy interactions between different treatments were tested by
standard mathematical analyses of data from MTT or SRB assays.
Specifically, the presence (or absence) of synergy was quantified by
Bliss Independence Analysis56–59 described by the formulae EIND =
EA + EB − EA Å~ EB and ΔE = EOBS − EIND where: EA and EB are the
fractional effect of factors A and B, respectively; EIND is the expected
effect of an independent combination of factors; EOBS is the observed
effect of the combination. IfΔE and its 95% confidence interval (CI) are
>0 synergy has been observed. If ΔE and its 95% CI are <0 antagonism
has been observed. IfΔE and its 95%CI contain0 then the combination
is independent. All plots were generated using Prism GraphPad
software.

Statistical analysis
Comparisons between groups were done using the Student’s ‘t’ test or
ANOVA tests. Survival curves were estimated using the Kaplan–Meier
method, and significance was assessed using the log-rank test.
P values < 0.05 were considered to be statistically significant (*,
P <0.05; **, P < 0.01; ***, P <0.005).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are included in the Supplementary Information or available
from the authors, as are unique reagents used in this Article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Proteomic data files have been uploaded to PRIDE
repository55 under project accession PXD047621. Source data are
provided with this paper.
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