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Abstract 107 

Improving the chances of cure for cancer patients who have surgery to remove metastatic sites of 108 

disease is a priority area for cancer research. Pexa-Vec (Pexastimogene Devacirepvec; JX-594, 109 

TG6006) is a principally immunotherapeutic oncolytic virus that has reached late-phase clinical 110 

trials.  We report the results of a single-centre non-randomised biological endpoint study, which 111 

builds on the recent success of the pre-surgical intravenous (i.v.) delivery of oncolytic viruses to 112 

tumours. Nine patients with either colorectal cancer liver metastases (CRLM) or metastatic 113 

melanoma were treated with a single i.v. infusion of Pexa-Vec ahead of planned surgical 114 

resection of the metastases. Grade 3 and 4 Pexa-Vec-associated side-effects were lymphopaenia 115 

and neutropaenia. Pexa-Vec was peripherally carried in the plasma compartment and not 116 

associated with peripheral blood mononuclear cells (PBMCs). Upon surgical resection, Pexa-Vec 117 

was found in the majority of analysed tumours. Pexa-Vec therapy was associated with interferon-118 

 secretion, chemokine induction, and resulted in transient innate and long-lived adaptive anti-119 

cancer immunity. In the two patients with significant and complete tumour necrosis, a reduction 120 

in the peripheral T-cell receptor diversity was observed at the time of surgery. These results 121 

support the development of pre-surgical oncolytic vaccinia virus-based therapies, to stimulate 122 

anti-cancer immunity and increase the chances of cure in patients with cancer.      123 

 124 

Trial Registration. EudraCT number 2012-000704-15.   125 

 126 

Synopsis: A single intravenous infusion of an engineered immunotherapeutic oncolytic Vaccinia 127 

virus (Pexa Vec) in cancer patients, was associated with tumour necrosis, interferon-a secretion, 128 

transient innate and long-lived adaptive anti-cancer immunity. 129 
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Background 130 

Patients with advanced solid malignancies can be suitable for surgical resection of their 131 

metastatic disease, with curative intent. However, only a minority of these patients remain 132 

cancer-free long-term, due to either incomplete tumour resection, or the presence of 133 

micrometastatic disease at the time of surgery. For patients with colorectal liver metastases 134 

(CRLM), survival at five years following liver resection is approximately 50 %, despite the 135 

availability of combination peri-operative chemotherapy
1
. Likewise, approximately 60 % of 136 

patients with melanoma that has spread to lymph nodes will relapse following surgical resection 137 

and adjuvant treatment
2
. For these patients, effective novel systemic therapies administered prior 138 

to (neoadjuvant therapy), or shortly after surgery (adjuvant therapy), hold the potential to 139 

significantly enhance the chances of cure. 140 

Oncolytic viruses (OVs) are principally immunotherapeutic viruses that preferentially replicate 141 

in malignant cells, thereby inducing immunogenic cell death. Several engineered viruses have 142 

reached randomised studies, with three agents currently licensed for standard care
3
. One of the 143 

most clinically tested oncolytic viruses, Pexa-Vec (Pexastimogene Devacirepvec; JX-594, 144 

TG6006), is an engineered Wyeth-strain vaccinia virus
4
, under development by Transgene

5
 and 145 

SillaJen
6
. Pexa-Vec tumour specificity is enhanced by deletion of thymidine kinase, an enzyme 146 

of the DNA precursor pathway, which is strictly regulated during the normal cellular cycle, but 147 

highly expressed in growing malignant cells
7
. Pexa-Vec also expresses granulocyte-macrophage 148 

colony-stimulating factor (GM-CSF), which promotes anti-tumour immunity by inducing 149 

proliferation and differentiation of myeloid precursors, alongside the stimulation, recruitment 150 

and maturation of dendritic cells (DCs)
8,9

. Clinical and in vitro studies have helped to elucidate 151 

the fundamental mechanisms of Pexa-Vec therapy, namely tumour-specific virus replication, 152 
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expression of GM-CSF and the stimulation of cytotoxic T-lymphocyte tumour infiltration
10

. 153 

Other mechanisms of therapy include antibody-mediated complement-dependent cancer cell 154 

cytotoxicity
11

 and Pexa-Vec replication in tumor-associated endothelial cells, leading to 155 

disruption of tumor blood flow, tumour hypoxia and necrosis
12

. 156 

Pexa-Vec has shown promising clinical signs of efficacy as a single agent, including in a 157 

randomised study between low- (1x10
8
 plaque-forming units; p.f.u) and high-dose (1x10

9
 p.f.u) 158 

intratumoural (i.t.) injection in patients with hepatocellular carcinoma, where overall survival 159 

was significantly longer for patients in the high-dose group; 14.1 months versus 6.7 months
13

. 160 

Furthermore, intravenous ( i.v.) delivery of Pexa-Vec to tumour, a critical feature for the 161 

treatment of micrometastatic disease, is achievable using a dose of 1x10
9
 p.f.u.

14
. 162 

We sought to clinically develop i.v. Pexa-Vec delivery as a neoadjuvant multi-mechanistic 163 

therapy for patients with metastatic solid malignancies. Herein, we show in nine patients, that the 164 

administration of a single i.v. infusion of Pexa-Vec ahead of planned surgical resection of 165 

advanced CRLM or metastatic melanoma, results in acceptable patient safety ahead of surgical 166 

tumour resection and pathological evidence for tumour necrosis. Pexa-Vec was associated with 167 

the plasma compartment of peripheral blood, resulting in delivery of virus to tumour and 168 

promotion of innate anti-cancer immunity.  Furthermore, a single neoadjuvant infusion of Pexa-169 

Vec stimulated long-lived T cell anti-cancer immune responses, with repertoire sequencing 170 

suggesting that pathological tumour response is associated with a perceived reduction in global T 171 

cell diversity. 172 

 173 

 174 
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Materials and Methods 175 

Experimental Design: EudraCT number 2012-000704-15, open between September 2015 and 176 

June 2018 in accordance with Declaration of Helsinki ethical guidelines.  This was an open-177 

label, non-randomised study of Pexa-Vec given as a one-hour i.v. infusion to patients prior to a 178 

planned surgical resection of tumour. A total of nine patients each received a single dose of 179 

1x10
9
 p.f.u. Pexa-Vec via i.v. infusion 10 to 22 days prior to surgery at St. James’s University 180 

Hospital (SJUH), Leeds, UK. Three patients had metastatic melanoma and six had CRLM. Eight 181 

patients had their planned surgery; one patient (Pt07) had their surgery cancelled when an up-to-182 

date CT scan revealed pulmonary metastases.  The primary endpoint of the study was the 183 

presence of Pexa-Vec in the resected tumour tissue and blood.  All patients gave written, 184 

informed consent according to good clinical practice guidelines.  Protocol, patient information 185 

sheet and consent forms were approved by the United Kingdom Medicines and Healthcare 186 

products Regulatory Authority, regional ethics review committee, as well as institutional review 187 

at SJUH. The trial management committee met on a monthly basis to discuss study progress, 188 

including patient safety and adverse events.  189 

Pexa-Vec: Pexa-Vec (Pexastimogene Devacirepvec; JX-594, TG6006) is a replication-190 

competent, transgene-armed therapeutic vaccinia virus provided by Transgene S.A, France.  191 

Pexa-Vec is engineered for viral thymidine kinase gene inactivation and expression of GM-CSF 192 

and β-galactosidase transgenes under the control of the synthetic early-late and p7.5 promoters, 193 

respectively. Pexa-Vec was stored at 1x10
9
/mL at -80 °C for use in in vitro experiments. 194 
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Patient samples: Blood and tissue samples were collected, processed and analysed using the 195 

Translational Cancer Immunotherapy Team quality-assured lab manual which included SOPs to 196 

standardise all processes. 197 

Peripheral blood was collected into K3EDTA and serum clot activator vacuette tubes (both 198 

Greiner) and processed within 2 hours of venepuncture.  Blood samples were taken on day 1 199 

(pre- and 1 hour post-infusion), day 2, day 3 (optional), day 5 (optional), on the day of surgery, 200 

one-month post-surgery and 3 months post-surgery.  Tumour (and corresponding normal 201 

margins, if available) were taken from planned surgical resections.   202 

Isolation of peripheral blood mononuclear cells, plasma and serum from peripheral blood 203 

Plasma:  K3EDTA blood was centrifuged for 10 mins at 2000 g and plasma harvested from the 204 

resulting upper layer.  Aliquots were stored at –80 °C.  205 

Peripheral blood mononuclear cells:  PBMCs were isolated from K3EDTA blood by density-206 

gradient separation over lymphoprep™ (Axis Shield) as per manufacturer’s instructions.  Cells 207 

were frozen at 1x10
7
/mL in 40 % (v/v) Roswell Park Memorial Institute medium-1640 (Sigma) 208 

containing 5 mM L-Glutamine & 1 mM sodium pyruvate, 50 % (v/v) pooled human serum (HS) 209 

and 10 % (v/v) dimethyl sulphoxide (DMSO).  PBMCs were stored in liquid nitrogen. 210 

Serum:  Blood collected in clot activator tubes was left to clot for a minimum of 30 mins post-211 

venepuncture, then centrifuged at 2000 g for 10 mins; serum was harvested from the resulting 212 

upper layer.  Aliquots were stored at –80 °C. 213 

Full blood counts: Full blood counts were performed where appropriate at SJUH as part of 214 

standard clinical care.  The Patient Pathway Manager and Results Server systems were used to 215 
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acquire total lymphocyte counts (expressed as 10
9
/L) throughout treatment.  Normal ranges of 216 

lymphocytes were defined by St James’s University Hospital as 1–4.5 x 10
9
/L.  217 

Immunohistochemistry (IHC): IHC was performed on formalin-fixed paraffin-embedded tissue 218 

obtained from surgical resection of patient tumours.  Tissue for IHC was processed using an 219 

automated Bond Max system (Leica Biosystems) as described in
15

.  IHC for Pexa-Vec was 220 

performed by Histalim (France) following company validated protocols using polyclonal rabbit-221 

anti-vaccinia virus antibody (Meridian Life Sciences; RRID: AB_153134).  Mouse-anti-human 222 

CD8 antibody (Dako; RRID: AB_2075537) was used at 1:100 dilution, followed by anti-mouse 223 

secondary (Abcam; RRID: AB_10680417) at 1:500; CD8 positivity was detected using 224 

ImmPACT® DAB HRP Peroxidase Substrate Kit (Vector Labs; RRID: AB_2336520) or 225 

ImmPACT Vector Red (Vector Labs; RRID: AB_2336524).  Antibodies against TAA were used 226 

as follows: anti-human carcinoembryonic antigen (CEA; RRID: AB_304463) at 5 µg/mL, anti-227 

human Melan-A (RRID: AB_305836) at 1:50 dilution, both with an anti-mouse secondary 228 

antibody at 1:2000 dilution (all Abcam).  Enzymatic detection was performed using ImmPACT® 229 

VIP for the melanoma (Melan-A) tissue and ImmPACT® DAB HRP Peroxidase Substrate Kit 230 

(RRID: AB_ 2336520) for the CRLM (CEA) tissue (both Vector Labs).  Finally, rabbit-anti-231 

human-PD-1 (1:200; Abcam; RRID: AB-230_881954) and mouse-anti-human-Ki67 (1:75; 232 

Dako; RRID: AB_2142367) were detected with the ImmPACT® VIP HRP or DAB Peroxidase 233 

Substrate kits. Control sections were processed as above, without the addition of primary 234 

antibody.  Digital images were acquired at x20 magnification and quantified using ImageScope 235 

software (RRID: SCR_014311). 236 

qPCR: qPCR was performed using DNA extracted from PBMCs and plasma using a DNeasy 237 

Blood and Tissue Kit and a Circulating Nucleic Acid kit, respectively (Qiagen).  Primers 238 
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corresponding to the vaccinia E3L gene (TCCGTCGATGTCTACACAGG and 239 

ATGTATCCCGCGAAAAATCA) were used to detect for the presence of Pexa-Vec, alongside a 240 

standard curve of known Pexa-Vec DNA concentration, on an Applied Biosystems 241 

QuantStudio™ 5 Real Time PCR System (ThermoFisher).  PCR data were analysed using a 242 

QuantStudio 3D AnalysisSuite Cloud (ThermoFisher).   243 

Cell culture:  The African monkey green kidney cell line, Vero, was maintained in full growth 244 

medium (Dulbecco’s Modified Eagle’s Medium (Sigma), supplemented with 10 % (v/v) foetal 245 

calf serum (Invitrogen) and 1 % (v/v) L-glutamine (Sigma)).  Cells were routinely tested and 246 

found to be negative for Mycoplasma infection. 247 

Neutralising antibodies (NAb): NAb were detected using a modified serial dilution assay of 248 

heat-inactivated (HI) patient serum as previously described
16

. Briefly, serial dilutions of HI-249 

serum samples were incubated with Pexa-Vec.  After incubation for 3 hours at 37 °C, the 250 

dilutions were transferred onto monolayers of Veros (cells alone or with Pexa-Vec dilution only 251 

were also cultured as negative and positive controls, respectively).  After a further 72 hours of 252 

incubation, MTT (5 mg/ml; Sigma) was added to each well and left for 4 hours, before the 253 

removal of all medium and addition of DMSO (Fisher Scientific) to each well.  Absorbance of 254 

samples was then read at 540 nm.  NAb titres were calculated as 1/endpoint, which equates to the 255 

last serum dilution at which no antibody neutralisation of Pexa-Vec-induced killing was observed 256 

(n=9). 257 

Luminex:  Bio-Plex Pro™ Cytokine and Chemokine Assays (21-plex; human group I and 27-258 

plex; human group II or 48-plex; human cytokine) were used to determine levels of soluble 259 

mediators in plasma samples throughout treatment, as per manufacturer’s instructions.  Levels of 260 
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IFN-β were measured in samples using the VeriKine-HS Human Interferon Beta ELISA Kit for 261 

plasma (R&D), as per manufacturer’s instructions.  Data are expressed as relative fold change in 262 

post-treatment samples compared to pre-treatment samples.  Statistical significance between time 263 

points was determined using paired T tests; * P<0.05, ** P<0.01 (n=9). 264 

Natural Killer (NK) cell degranulation assay of patient PBMCs:  PBMCs from specified time 265 

points prior to (D1 pre) and following Pexa-Vec infusion were co-cultured at a ratio of 1:1 with 266 

tumour-associated cell lines (Mel888 or SW620 for melanoma and CRLM patients, respectively) 267 

for 1 hour prior to the addition of 1 µl/mL brefeldin (Sigma).  Co-culture continued for a further 268 

4 hours before PBMCs were stained for CD3-PerCP (SK7; BD Biosciences), CD56-PE (AF12-269 

7H3; Miltenyi) and CD107a/b-FITC (H4A3; BD Biosciences).  CD107 positivity was assessed 270 

using a CytoFLEX S flow cytometer and analysis was performed using CytExpert software 271 

(RRID: SCR_017217; both Beckman Coulter).  Data are expressed as % positive CD107 272 

staining.  Statistical significance is determined by paired T tests (* P<0.05; n=9). 273 

NK CD69 expression:  Assessment of NK CD69 expression was performed using a CytoFLEX 274 

S flow cytometer and analysis was performed using CytExpert software.  Data are expressed as 275 

% positive CD69 (CD69-APC, Miltenyi, RRID: AB_2784271) staining on NK cells (CD3-276 

negative CD56-positive, as above).  Statistical significance is determined by paired T tests (* 277 

P<0.05; n=9). 278 

mRNA expression analysis of patient PBMCs:   Analysis was performed using the HTG 279 

EdgeSeq Precision Immuno-Oncology Panel by HTG Molecular, Arizona, USA, which contains 280 

probes for 1,410 genes.  All sequencing was performed on the Illumina NextSeq.  Differential 281 

expression analysis was performed using the DESeq2 package (version 1.14.1) (Bioconductor; 282 
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RRID: SCR_006442).  Data are expressed as log2(CPM) for the average expression of each 283 

probe across all groups after normalisation.  Statistical significance between time points is shown 284 

by an adjusted P value (adjP); * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 (n=7). 285 

ELISpot:  Briefly, 1x10
5
 patient PBMCs were incubated per well in the presence of either 2 286 

µg/mL of CEA or MART-1 over-lapping peptide pools, or with 2 µg/mL CEF peptide pool 287 

(positive control; all Cambridge Biosciences), or media alone (negative control) or 10 p.f.u/cell 288 

Pexa-Vec.  IFNγ secretion from activated T cells was detected using a matched paired antibody 289 

kit (MabTech) and spot forming units (SFU) were visualised using BCIP/NBT substrate 290 

(MabTech).  Images were captured using an AID ELISpot reader (AID GmbH).  Data are 291 

presented as mean SFU per well (in triplicate) ± sem.  Statistical significance between time 292 

points was determined by fitting a mixed model for one-tailed multiple comparisons; * 293 

adjP<0.05 (n=3-9, dependent on sample availability).   294 

Pexa-Vec peripheral blood carriage:  Peripheral blood from healthy donors was incubated with 295 

2x10
5
 p.f.u/mL Pexa-Vec in vitro for one hour at room temperature.  Blood was processed into 296 

PBMCs and plasma before DNA was extracted, as described previously.  qPCR was performed 297 

to quantify Pexa-Vec DNA, as described above.  A standard curve of known Pexa-Vec DNA was 298 

used to estimate the concentration of Pexa-Vec DNA in PBMCs and plasma.  Data are shown as 299 

ng DNA per 5 mL initial blood volume (n=5 replicates) for 3 donors. Statistical significance is 300 

determined by paired T tests; ** P<0.01, *** P<0.001. 301 

TCR B sequencing methodology:  TCRB chains were amplified from genomic DNA, extracted 302 

from patient samples, using a modified version of the BIOMED-2 sequencing protocol
17

. 303 

Adapters attached to the PCR primers allowed sequences to be indexed using the Nextera XT 304 
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indexing kit (Illumina) for sample multiplexing. Libraries were sequenced on a single lane of an 305 

Illumina MiSeq by the Leeds University sequencing facility using a 2x300bp kit. The quality of 306 

demultiplexed reads was assessed by fastqc
18

 and reads trimmed to remove adapters and low 307 

quality bases using trimmomatic
19

 and trim galore
20

. High quality reads (Phred>30) were then 308 

overlapped with FLASH
21

 and aligned to the IMGT database using MiXCR
22

, which discarded 309 

erroneous and non-productive rearrangements. Clones were defined by having the same 310 

TCRBV/J segment and identical CDR3 sequence and their abundance was adjusted using the 311 

absolute T cell count to eliminate amplification errors. For generation of Inverse Simpson 312 

Indices, assessment of antigen specificities and generation of Circos (RRID: SCR_011798) plots, 313 

the subsequent output was filtered into VDJTools
23

 and processed in R
24

 using Immunarch
25

, 314 

circlize
26

 and ggplot2
27

. Statistical analysis of the percent change in T-cell diversity at the time of 315 

surgery was performed using a one-tailed Mann-Whitney test, * P<0.05. 316 

PBMC viability assay: Healthy donor (HD)-PBMC were isolated from leukocyte apheresis 317 

cones supplied by the National Health Service Blood and Transplant unit and treated with 0.1 318 

p.f.u./cell Pexa-Vec for 72 hours. Viability of PBMC populations were assessed by staining with 319 

CD3-PerCP, CD56-APC (REA196, Miltenyi), CD19-FITC (SJ25C1, BD Biosciences), CD14-320 

PE (M5E2, BD Biosciences) and Zombie UV fixable viability kit (BioLegend) following 321 

manufacturer’s instructions. Flow cytometry analysis was performed using a CytoFLEX S and 322 

CytExpert software (both Beckman Coulter). 323 

Immunofluorescence to detect tumour-specific replication of Pexa-Vec: Tumour and 324 

accompanying normal liver tissue were obtained from freshly resected liver specimens 325 

immediately following surgical resection from patients not participating in the trial. Written, 326 

informed consent was obtained in accordance with institutional ethics review and approval. 327 
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Tissue cores were made using a Tru-Cut
®

 biopsy needle (CareFusion), resulting in cores of 1 mm 328 

diameter and 15 mm length; cores were subsequently divided into three 5 mm-length cores. 329 

Tissue cores were treated with 1x10
7
 p.f.u. Pexa-Vec-GFP or PBS for 96 hours.  Prior to image 330 

acquisition, 4',6-diamidino-2-phenylindole staining was performed following cell penetration 331 

with 0.1% Triton X.  High-resolution images were taken using a Nikon A1 Confocal Laser 332 

Scanning Microscope (Nikon).  333 

In vitro NK cell activation: HD-PBMC were treated with Pexa-Vec for 24 hours with or without 334 

(±) type I Interferon α/β blockade or monocyte depletion.  For type I IFN neutralisation, PBMC 335 

were pre-incubated for 30 mins with polyclonal antibodies to IFNα, IFNβ  (both anti-sheep) and 336 

IFNα/β receptor chain 2 (anti-mouse) (PBL Interferon Source) or isotype control (anti-sheep; 337 

Sigma and anti-mouse; R&D), prior to addition of 1 p.f.u./cell Pexa-Vec for 24 hours as 338 

previously described
28

. For monocyte depletion, CD14
+
 cells were depleted from whole PBMC 339 

using magnetic cell sorting on MACS® columns (Miltenyi Biotec), according to the 340 

manufacturer’s instructions. After virus treatment for 24 hours, NK cell CD69 expression and 341 

CD107 degranulation were determined using an Attune
®

 NxT Acoustic Focusing Cytometer 342 

(Life Technologies) and data were analysed using the Attune
®

 Cytometric Software. (v2.1.0; 343 

Life Technologies) as previously described.  For NK cell CD107 degranulation, PBMCs (± 1 344 

p.f.u. Pexa-Vec) were co-cultured with SW620 cells at 10:1 effector:target ratio, following the 345 

same protocol as previously described for the patient CD107 assay. 346 

 347 

Results  348 

Clinical outcomes 349 
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We recruited nine patients (three patients with metastatic melanoma and six patients with 350 

CRLM) to a phase 1b window of opportunity trial. Each patient received a single, 1-hour i.v. 351 

infusion of 1×10
9
 p.f.u. Pexa-Vec, 16 (+/- 6) days ahead of planned surgical resection of 352 

metastatic melanoma or CRLM (Fig. 1A). Pexa-Vec-related grade 3 and 4 adverse events 353 

included lymphopenia and neutropenia (Table S1). Patient 09 experienced grade 4 intraoperative 354 

hypotension that was regarded to be unrelated to Pexa-Vec.  355 

Surgery was undertaken in all but one patient (patient 07), where plans for surgery were 356 

abandoned after finding pulmonary metastases on an up-to-date pre-operative CT scan. At the 357 

time of writing, after more than three years of follow-up post-Pexa-Vec infusion for each patient, 358 

five of the nine patients are alive. The three patients that remain cancer-free all had CRLM 359 

(patients 05, 06 and 08).  Pathological examination of their resected tumour specimens post-360 

Pexa-Vec infusion revealed extensive (patient 05) or complete (patient 08) necrosis of the 361 

tumour in two of the three patients (Fig. 1B and Table S1).  None of the other resected patient 362 

tumours showed any signs of necrosis. 363 

Intravenous Pexa-Vec associates with plasma, but not PBMCs 364 

In contrast to our previous clinical trial findings using i.v. reovirus infusions
29,30

, qPCR analysis 365 

of peripheral blood compartments revealed that Pexa-Vec associates with plasma, but not 366 

PBMCs (Fig. 1C), being detectable at 1 hour post-infusion in four of the nine patients. This was 367 

confirmed in Pexa-Vec-pulsed blood, donated from healthy volunteers, where Pexa-Vec could 368 

only be detected in the separated plasma fraction (Fig. 1D). However, in patient 05, in whom 369 

extensive tumour necrosis was noted following Pexa-Vec infusion (Table S1), qPCR of plasma 370 

only revealed the presence of virus immediately pre-surgery, 22 days post-infusion (Fig. 1C). 371 

This potentially signifies ongoing virus production from the tumour at this time point. In 372 
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common with reovirus infusion, Pexa-Vec neutralising antibodies peaked either at the time of 373 

surgery or one-month post-surgery (Fig. 1E).  374 

Intravenous Pexa-Vec infects CRLM 375 

Immunohistochemistry (IHC) analysis of four from the five resected CRLM revealed the 376 

presence of Pexa-Vec protein in the tumours from patients 02 and 09, on the periphery of the 377 

tumour from patient 08, and its absence from the tumour of patient 06 (Fig. 2A). The available 378 

tissue from patient 05’s tumour could not be assessed due to tumour necrosis. To confirm the 379 

specificity of Pexa-Vec to CRLM in comparison to the surrounding background liver, we treated 380 

ex vivo tissue core biopsy samples, from patients undergoing standard CRLM surgical resections 381 

outside the trial, with Pexa-Vec. At 96 hours post-treatment, large areas of CRLM core biopsies 382 

were infected with Pexa-Vec, as determined by immunofluorescence for virus-expressed green 383 

fluorescent protein (GFP, Fig. 2B). In contrast, separate core biopsies taken from background 384 

livers, were resistant to Pexa-Vec infection, with GFP being seen only in scattered cells, 385 

indicating non-productive infection (Fig. 2B).  386 

Pexa-Vec stimulates anti-cancer NK cell activity 387 

Pexa-Vec infusion was followed, after 24 hours, by a significant increase in plasma interferon 388 

(IFN)- concentrations (Fig. 3A, Table S2), in addition to other pro-inflammatory cytokines e.g. 389 

interleukin (IL)-12 (Fig. S1A, Table S2); pro-apoptotic cytokines e.g. tumour necrosis factor-390 

related apoptosis-inducing ligand (TRAIL; Fig. S1A, Table S2) and DC-maturation-associated 391 

proteins e.g. Lysosome-associated membrane glycoprotein 3 (LAMP3; Fig. S1B, Table S2)
31

. 392 

Gene expression of a panel of interferon-stimulated genes (ISGs) significantly increased in 393 

PBMCs 24 hours post-Pexa-Vec (Fig. 3B). Inflammatory cytokine protein and RNA levels 394 

gradually reduced to baseline levels by the time of surgery (Fig. 3A, 3B, S1A, S1B, Table S2). 395 
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Given that NK cells are activated by ISGs, including IL-12
32

, we measured patient-derived 396 

peripheral blood NK cell activation and cytolytic activity against tumour-relevant cell line 397 

targets. We found significantly increased NK cell activation, as measured by CD69 expression, 398 

on days 2 and 3, with a reduction to baseline levels by day 5 (Fig. 3C (i)). NK cell cytolytic 399 

activity was significantly increased 24 hours following Pexa-Vec infusion, before falling to 400 

baseline at day 5 (Fig. 3C (ii) and Fig. S2). In common with other oncolytic viruses
29,33

 the 401 

critical role of IFN-/ in NK cell activation following Pexa-Vec stimulation was confirmed by 402 

simultaneous blockade of the type I IFN receptor and of soluble IFN-/ within in vitro Pexa-403 

Vec-treated PBMCs. This resulted in a significant reduction in NK cell activation, as assessed by 404 

cell surface CD69 expression and cytolytic activity (Fig. 3D). Previous work had indicated 405 

monocytes to be the source of both oncolytic reovirus and herpes simplex virus-induced type I 406 

interferons
34,35

. We confirmed a critical role for monocytes in mediating NK activity following 407 

Pexa-Vec stimulation, whereby depletion of monocytes from PBMCs significantly reduced NK 408 

cell activation and function (Fig. 3E).   409 

On the basis that interferons stimulate upregulation of programmed death protein 1 (PD-1)
29

, we 410 

analysed expression of this immunosuppressive immune checkpoint in patient 1, comparing the 411 

pre-Pexa-Vec tumour biopsy to the resected tumour sample. In keeping with the observed 412 

induction of ISGs, we found more concentrated PD-1 staining post-Pexa Vec infusion (Fig. 413 

S3A). PD-1 expressing cells lacked Ki67 staining, confirming that they are non-replicating and 414 

likely to be immunologically exhausted. Examination of post-Pexa Vec tumour samples from 415 

other patients on study similarly revealed areas of PD-1 expressing non-replicating cells (Fig. 416 

S3B). 417 

Chemokine Induction 418 
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Pexa-Vec infusion was followed by a reduction in the peripheral lymphocyte concentration in all 419 

patients at day 2, returning to baseline levels by the time of surgery (Fig. 4A). We confirmed that 420 

this was unlikely to be due to lymphocyte cell death in an in vitro cell viability assay (Fig. 4B). 421 

Pexa-Vec was also associated with CXCL10 gene expression in PBMCs and a corresponding 422 

peak in plasma CXCL10 (also known as interferon gamma-induced protein 10; IP-10) protein 423 

levels, 24 hours following virus infusion (Fig. 4C, Table S3). IP-10 is a chemokine known to 424 

play an important role in recruiting activated T cells into sites of tissue inflammation and is 425 

associated with the presence of CD8 T cells in tumour
36,37

. Concordantly, the observed kinetics 426 

of peripheral blood lymphopenia closely followed the rise and fall in IP-10 concentrations and 427 

CXCL10 gene expression. On examination, all resected tumours harbored infiltrating CD8 T 428 

cells (Fig. 4D). CD8 T cells were frequently associated with malignant cells, as exemplified by 429 

the resected lymph node from patient 04, where CD8 T cells were found in higher concentrations 430 

in association with melanoma cell clusters (Fig. S4A) than in areas of the same lymph node with 431 

few infiltrating melanoma cells. Furthermore, in patient 01, where a pre-Pexa-Vec tumour biopsy 432 

was available, comparison to the resected tumour sample post-Pexa-Vec revealed a shift in the 433 

CD8 T cell population from a peri-vascular localisation at baseline, to a wider infiltrative 434 

distribution across the tumour post-virus infusion (Fig. S4B).  As well as increased CXCL10, 435 

gene expression of CCL2, a chemotactic cytokine that induces directional migration of DCs into 436 

infected tissue, also peaked at day 2 and returned to baseline by the time of surgery (Fig. S5)
38

.  437 

Pexa-Vec stimulates functional anti-cancer T cell activity 438 

In addition to the observed innate anti-cancer immune effects, successful anti-cancer therapy 439 

requires a longer-lived T cell immune response. We therefore measured the effects of Pexa-Vec 440 

infusion on functional T cell responses, by way of PBMC IFN- secretion, using an enzyme-441 
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linked immunosorbent spot (ELISpot) assay. Patient-derived PBMCs were stimulated ex-vivo 442 

using overlapping peptide pools of TAAs; either melanoma antigen recognized by T cells-1 443 

(MART-1) for PBMCs derived from melanoma patients or CEA for PBMCs isolated from 444 

CRLM patients, which were confirmed to be expressed in the corresponding tumour samples 445 

(Fig. 5A). Whilst very few MART-1 or CEA-specific IFN--producing cells were observed at 446 

baseline pre-Pexa-Vec, this greatly increased following Pexa-Vec infusion (Fig. 5B). A similar 447 

increase was seen in IFN-producing cells specific to CEF (Cytomegalovirus, Epstein Barr 448 

Virus, Influenza virus) overlapping peptide pools, which were used as a positive control for the 449 

assay (Fig. S6A). T cell responses to either CEA and MART-1 for all patients peaked at one 450 

month post-surgery, and remained elevated over pre-Pexa-Vec baseline levels (Fig. 5C and S6B). 451 

T cell responses remained elevated at least 3 months following Pexa-Vec infusion, indicating the 452 

induction of long-lived T cell anti-cancer immune responses (Fig. 5C). We confirmed these 453 

findings for MART-1 and other TAAs by T cell receptor (TCR) sequencing, using DNA derived 454 

from trial patient PBMCs at baseline, surgery and at the end of study. Examination of the relative 455 

numbers of individual T cell clones was performed against published databases of TCR epitope 456 

specificity (VDJdb
39

, PIRD
40

 and McPAS-TCR
41

), where these data were available. Analysis 457 

revealed clonal proliferation of MHC class I-restricted (CD8) T cells following Pexa-Vec 458 

infusion, targeting MART-1 (Fig. 5D and Table S4) and other TAAs (Table S4).  459 

Reduced T cell clonal diversity is associated with pathological tumour response 460 

Despite the observed NK cell cytolytic activity and the functional T cell anti-cancer immune 461 

responses across all the trial patients, tumour necrosis was only observed in the CRLM of 462 

patients 05 and 08. We, therefore, characterised changes in peripheral blood T cell clonal 463 
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evolution in the nine trial patients, to elucidate whether this could be a determining factor for the 464 

observed differences in tumour necrosis.  465 

Longitudinal analysis of these data showed changes in the V-J TCR usage, which are displayed 466 

as circos plots (Fig. 6A) where the width of each band is proportional to the frequency of usage 467 

of that gene segment. Individual gene regions are labelled and a transient increase in the use of 468 

TRBV20-1 can be seen in the two patients who displayed tumour necrosis (patient 05 and 08), 469 

along with a similar increase in TCRBV18 in the patient displaying complete necrosis (patient 470 

08).  This was in contrast to a more stable gene family usage profile exhibited by other patients 471 

with no visible necrosis, as exemplified by patient 06.  The small patient numbers involved 472 

limited statistical inference however, increased usage of TRBV18 and TRBV20-1 draws 473 

parallels with a prior study examining tumour-infiltrating lymphocytes within colorectal cancer 474 

biopsies and may indicate a TAA-driven T cell response
42

.  475 

Tracking changes in the abundance of T cell clones following Pexa-Vec infusion revealed that by 476 

the time of surgery, there was an observed reduction in the diversity of the most highly abundant 477 

T cell clones derived from patients 05 and 08, when compared to other patients, as estimated by 478 

the Inverse Simpson index (Fig. 6B). Statistical analysis revealed that this drop in T-cell 479 

diversity for patients 05 and 08 was significant (P=0.036), in comparison to the other patients 480 

that had no tumour necrosis at the time of surgery (Fig. 6C).  We investigated whether this could 481 

be due to differences in T cell responses to Pexa-Vec; comparison of longitudinal ELISpot 482 

PBMC IFN- between patients 05 (extensive tumour necrosis) and 06 (no tumour necrosis) 483 

revealed an expected increase in responses at the time of surgery, which reduced at the end of 484 

study, but no discernible difference between the two patients (Fig. S7). Therefore, CRLM 485 

necrosis in patients 05 and 08 following Pexa-Vec infusion appears to be associated with a 486 
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reduction in the diversity of the most highly proliferated T cell clones. This observation could in 487 

part be accounted for by proliferation of select TRBV18 and TRBV20-1 T cell clonotypes 488 

targeting TAAs, in contrast to a more diverse naïve CD8+ TCR repertoire in patients without 489 

tumor necrosis. This is reminiscent of the same observation in patients with melanoma who 490 

experienced durable progression-free survival following treatment with a neoantigen vaccine and 491 

PD-1 inhibition
43

. In these patients, the presence of increased effector memory CD8+ T cells was 492 

reflected by a more restricted and less diverse circulating TCR repertoire than in patients who 493 

experienced progressive disease.  494 

 495 

Discussion / Conclusions 496 

Our results show that neoadjuvant i.v. Pexa-Vec therapy is well tolerated in patients with 497 

metastatic melanoma and CRLM, has tumour-specific replication and shows evidence of clinical 498 

efficacy, including pathological tumour response. Pexa-Vec was detected in three of the four 499 

available CRLM specimens, confirming previous findings of i.v. delivery of Pexa-Vec to tumour 500 

when using the same or higher doses
14

. In contrast to our previous findings of the cellular 501 

carriage of oncolytic reovirus to tumour following i.v. infusion
29,30

, i.v. Pexa-Vec administration 502 

resulted in plasma-based carriage, with no association of virus with PBMC. The development of 503 

neutralising antibodies to Pexa-Vec at the time of surgery is in keeping with the timing of 504 

seroconversion previously reported for Pexa-Vec, as well as for other i.v.-administered oncolytic 505 

viruses
44,45

. In contrast to oncolytic reovirus, which is delivered to tumour by peripheral blood 506 

cell carriage
46

, and results in the shielding of virus from antibody neutralization
47

, the 507 

development of Pexa-Vec antibodies will likely hinder i.v. delivery from that time point 508 

onwards
48

. Strategies to reduce antibody neutralisation are being tested clinically for other 509 
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oncolytic poxviruses, including TG6002, an engineered Copenhagen strain vaccinia virus under 510 

clinical development by Transgene, which is being delivered by hepatic artery infusion in 511 

patients with CRLM (ClinicalTrials.gov Identifier: NCT04194034). 512 

Our study extensively characterises the innate and adaptive immune response to intravenous 513 

Pexa-Vec infusion in cancer patients. In accordance with results from other oncolytic virus 514 

clinical trials, Pexa-Vec administration stimulated IFN expression, which peaked 24 hours post 515 

infusion
4950

. This resulted in a broad inflammatory cytokine and chemokine response, despite the 516 

potential for immunosuppressive vaccinia virus gene expression of encoding proteins that act as 517 

decoy receptors to block the activity of type I IFNs
51

. The expressed cytokines were associated 518 

with NK cell activation and the proliferation of CD8 T cell clones specific for TAAs, despite the 519 

presence of exhausted cell populations. The correlation seen in our study, of pathological tumour 520 

response with a reduction in the perceived peripheral T cell receptor diversity, is worthy of note 521 

and requires confirmation in larger trials. Whilst we have not, within the confines of the present 522 

study, specified the nature of these T cell populations, we suggest that pathological tumour 523 

response is driven by a highly proliferative, low diversity clonal T cell population targeting 524 

TAAs. If confirmed in a larger study, our results therefore support a strategy to encode selected 525 

HLA-matched tumour-specific epitopes within oncolytic viruses, or non-HLA-specific TAAs, 526 

instead of the pursuit of broad-spectrum, low-level T cell stimulation.    527 

Disappointing phase 3 results using Pexa Vec in combination with Sorafenib in advanced 528 

hepatocellular carcinoma (NCT02562755) indicate the need to better rationalize combinations 529 

and schedules of therapy. Despite the size of the present study and heterogeneity of the tumour 530 

cohort, our findings, in conjunction with the excellent safety data from our previous neoadjuvant 531 

oncolytic virus studies
29,30

, supports the development of this class of immunotherapies towards 532 
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standard clinical practice in the neoadjuvant setting. Rationalised combinations with non-533 

overlapping toxicities are needed to increase efficacy. The most promising OV combination is 534 

with immune checkpoint proteins, which are frequently upregulated in the presence of both 535 

pathogenic and therapeutic viral infections
29,52–54

, and act to dampen CD8 T cell responses. The 536 

sequential combination of an oncolytic virus, followed by PD-1 or PD-L1 blockade has produced 537 

remarkable results in pre-clinical models
29,54

, and is currently being tested in numerous early-
55

 538 

and late-phase (ClinicalTrials.gov Identifier: NCT02263508) clinical trials, within a wide variety 539 

of malignancies. Likewise, tumour-conditioning using intratumoural Pexa-Vec, followed by PD-540 

1 blockade is currently being tested in patients with advanced hepatocellular carcinoma 541 

(ClinicalTrials.gov Identifier: NCT03071094). To aid in the clinical progression of oncolytic 542 

vaccinia therapy, further research should seek reliable baseline biomarkers that predict tumour 543 

response and clinical prognosis, following virus treatment, in conjunction with the associated 544 

clinical disease parameters.   545 

 546 

 547 

 548 

 549 

 550 

 551 

 552 

 553 

 554 
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FIGURES AND LEGENDS 731 

 732 

Figure 1: Pexa-Vec peripheral blood carriage 733 

A) Trial schema showing the timing of Pexa-Vec infusion and collection of translational blood 734 

samples. B) H&E staining of tumour sections from patients 05 and 08 showing areas of necrosis. 735 

‘L’ indicates lymphocytic infiltrate. Bars indicate 400 µm. C) qPCR analysis for the presence of 736 

Pexa-Vec in patient PBMCs or plasma at all time points; ‘+’ and ‘-‘ indicate positive and 737 

negative detection, respectively.  D) qPCR quantification of Pexa-Vec in three healthy donor 738 

plasma or PBMC fractions, following ex-vivo addition of virus to whole blood. Data are shown 739 

as ng DNA in PBMCs or plasma extracted from an initial 5 mL peripheral blood.  **P<0.01, 740 

***P<0.001 by unpaired T tests; n=9.  E) Neutralising antibodies to Pexa-Vec in patient serum 741 

following i.v. infusion; plot shows pre-virus, peak at surgery/1M post and end of study titres in 742 

n=9 patients.  743 

 744 

 745 

 746 

Figure 2: Pexa-Vec detection in resected CRLM specimens 747 

A) The presence of Pexa-Vec in surgical tissue was assessed by IHC following i.v. infusion.  748 

Representative slides from four patients shows vaccinia protein (brown), secondary antibody-749 

alone controls and H&E stains in consecutive sections. B) Tissue core biopsies, taken from 750 

resected CRLM and background liver samples from patients undergoing standard surgery outside 751 

the clinical trial, were treated with Pexa-Vec-GFP or PBS prior to confocal fluorescent imaging. 752 

Images shown are for one of ten representative patients.  All bars indicate 200 µm. 753 

 754 
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Figure 3: Innate immune response to Pexa-Vec 759 

A) Peripheral blood plasma IFN- concentration following Pexa-Vec infusion was determined 760 

by multi-plex analysis. Data are shown as fold-change from baseline (D1 pre) samples. *P<0.05 761 

by paired T tests; n=4.  B) Differential ISG expression analysis of mRNA isolated from CRLM 762 

trial patient PBMCs.  Data are expressed as log2(CPM). AdjP value was determined after 763 

adjustment using the Benjamini and Hochberg (1995) method for controlling the false discovery 764 

rate; *P<0.05, **P<0.01; n=6. C) Patient NK cell activation shown by (i) CD69 expression and 765 

(ii) NK degranulation against tumour-specific targets (Mel888 for melanoma patients; SW620 766 

for CRLM patients) shown as % positive CD107 expression. *P<0.05 by paired T tests; n=9 for 767 

both. D) NK cell activation (represented by CD69 expression) (i) and NK degranulation (ii) of 768 

healthy donor PBMCs following stimulation with Pexa-Vec in the presence of IFN-/ blockade 769 

or isotype control. *P<0.05 by unpaired T tests; n=4.  E) NK cell activation (i) and degranulation 770 

(ii) of healthy donor PBMC ± monocyte depletion prior to stimulation with Pexa-Vec. *P<0.05 771 

by unpaired T tests; n=4.    772 

 773 

 774 

 775 

Figure 4: Chemokine expression and CD8 T-cell tumour infiltration  776 

A) Trial patient peripheral blood lymphocyte concentrations prior to (D1 pre) and post-Pexa-Vec 777 

infusion. *P<0.05 by paired T test; n=9.  B) Cell death of healthy-donor PBMC cell populations 778 

treated with Pexa-Vec or PBS (n=3). C) Pexa-Vec-treated trial patient PBMC samples were 779 

assessed for (i) mRNA expression quantification of the CXCL10 gene (AdjP value was 780 

determined after adjustment using the Benjamini and Hochberg (1995) method for controlling 781 

the false discovery rate ****P<0.0001; n=7) and (ii) multiplex quantification of CXCL10 protein 782 

(IP-10) in plasma (*P<0.05 by paired T tests; n=9). D) IHC staining (brown) of CD8-expressing 783 

cells within representative trial patient tumours following Pexa-Vec infusion. Bars represent 100 784 

µm. 785 

 786 

 787 
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Figure 5: T-cell functional anti-cancer responses 788 

A) Representative IHC of patient tumours showing MART-1 (patient 01) and CEA (patient 05) 789 

expression (purple and brown, respectively), with corresponding secondary antibody controls.  790 

Bars represent 200 µm. B) Representative ELISpot images from patients 01 and 05, where 791 

PBMCs were stimulated using MART-1 and CEA overlapping peptide pools, respectively. 792 

Duplicate wells are shown for each time point. Data is shown as SFU per well; each spot 793 

represents an IFNγ-secreting T cell.  C) A summary graph of CEA and MART-1 IFN- ELISpot 794 

responses from all 9 patients. Data is shown as mean ± sem SFU/well.  *P<0.05 by paired T 795 

tests; n=7-9, dependent on sample availability.  D) Estimated numbers of CD8 T-cells that 796 

belong to specific MART-1 TAA clones. Data shown for melanoma patients 01, 03 and 04. 797 

 798 

 799 

Figure 6: TCR sequencing of trial patient PBMC 800 

A) Circos plots showing the association of V-gene (lower half of plot) and J-gene (upper half of 801 

plot) segments at different time points for patients 05, 06 and 8. Width of the ribbon is indicative 802 

of the relative usage of each segment at each time point. B) Percent change in T-cell receptor 803 

diversity as calculated by Inverse Simpson Index.  C) Percent change in the diversity of T-cell 804 

clones at surgery as a comparison between patients with defined necrosis and patients whose 805 

tumour showed no necrosis. * P<0.05 by one-tailed Mann-Whitney test (n= 806 


