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Simple Summary: Oncolytic viruses (OVs) have been extensively studied as an immunotherapeutic
agent against a variety of cancers with some successes. Immunotherapeutic strategies, such as
OVs, aim to transform an immunologically ‘cold’ tumour microenvironment into a more favourable
inflammatory ‘hot’ tumour. However, it is evident that not all patients have a favourable response to
treatment. Furthermore, reliable biomarkers able to predict a patient’s response to therapy have not
yet been elucidated. We show evidence of a distinct immunologically exhausted profile in patients
who do not respond to OV, which may pave the way for the development of predictive biomarkers
leading to a more personalised approach to cancer treatment using combination therapies.

Abstract: Pexa-Vec is an engineered Wyeth-strain vaccinia oncolytic virus (OV), which has been
tested extensively in clinical trials, demonstrating enhanced cytotoxic T cell infiltration into tumours
following treatment. Favourable immune consequences to Pexa-Vec include the induction of an
interferon (IFN) response, followed by inflammatory cytokine/chemokine secretion. This promotes
tumour immune infiltration, innate and adaptive immune cell activation and T cell priming, culmi-
nating in targeted tumour cell killing, i.e., an immunologically ‘cold’ tumour microenvironment is
transformed into a ‘hot’ tumour. However, as with all immunotherapies, not all patients respond in a
uniformly favourable manner. Our study herein, shows a differential immune response by patients to
intravenous Pexa-Vec therapy, whereby some patients responded to the virus in a typical and expected
manner, demonstrating a significant IFN induction and subsequent peripheral immune activation.
However, other patients experienced a markedly subdued immune response and appeared to exhibit
an exhausted phenotype at baseline, characterised by higher baseline immune checkpoint expression
and regulatory T cell (Treg) levels. This differential baseline immunological profile accurately pre-
dicted the subsequent response to Pexa-Vec and may, therefore, enable the development of predictive
biomarkers for Pexa-Vec and OV therapies more widely. If confirmed in larger clinical trials, these
immunological biomarkers may enable a personalised approach, whereby patients with an exhausted
baseline immune profile are treated with immune checkpoint blockade, with the aim of reversing
immune exhaustion, prior to or alongside OV therapy.

Keywords: vaccinia virus; oncolytic virus therapy; immunotherapy; biomarkers; interferon response;
immune checkpoint blockade; immune exhaustion; differential immune response
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1. Introduction

Oncolytic viruses (OVs) are immunotherapeutic agents that preferentially replicate
in and kill malignant cells. These OVs are non-pathogenic and, dependent on the viral
species, can be engineered to express immune-stimulating or targeted transgenes [1]. A
number of OVs have been extensively tested in clinical trials, three of which are currently
licensed for routine treatment in cancer patients [2].

OVs exert a multitude of effects on the immune system, including the release of inflam-
matory cytokines, thereby enhancing innate anti-cancer function. Principal amongst these
are interferons (IFNs) [3,4], which induce the expression of hundreds of IFN-stimulated
genes [5]. The secreted inflammatory cytokines and chemokines promote innate immune
cell activation, both within the tumour and systemically, as well as immune cell infiltration
into the tumour. Targeted infection of tumour cells results in immunogenic tumour cell
death, phagocytosis of tumour-associated antigens (TAAs) by antigen-presenting cells
(APCs), and enhanced anti-cancer T cell priming [6]. The overall result is that an immuno-
logically ‘cold’ tumour is converted into a ‘hot’ tumour.

An unwelcome effect of the inflammatory environment induced by OVs is increased
expression of immune checkpoint molecules, e.g., programmed cell death protein (PD)-1
and PD-ligand (PD-L)-1 [7,8], which act to dampen immune activation and T cell priming.
This evolved mechanism to hinder autoimmunity may also impede the anti-cancer efficacy
of OVs. Nonetheless, with the advent of clinically available immune checkpoint blockade
(ICB), this immunosuppressive mechanism can be overcome by combining ICB with OV
therapy. Multiple pre-clinical and early-phase clinical trials combining OVs with anti-PD-
1/anti-PD-L1 have produced early signs of clinical benefit [9,10].

OV therapy has been linked with elevated expression of other immune checkpoint
molecules, including cytotoxic T lymphocyte-associated protein 4 (CTLA-4). Clinical trials
in patients with advanced solid malignancies have indicated the superiority of combination
OV and anti-CTLA-4 approach over monotherapy; the anti-CTLA-4 antibody, ipilimumab,
has been used in conjunction with many OVs including Talimogene Laherparepvec [11,12]
and coxsackievirus A21 [13] with encouraging results. A preclinical study combining
Newcastle Disease virus with anti-CTLA-4 showed evidence of enhanced responses over
monotherapy [14].

CTLA-4 is constitutively expressed at very high levels on regulatory T cells (Tregs); el-
evated levels being essential for the functionality of Tregs [15]. Tregs are potent suppressors
of effector T cell function via multiple mechanisms, for example, limiting interleukin (IL)-2
bioavailability, CTLA-4-mediated downregulation of costimulatory molecules on APCs,
plus secretion of immunoinhibitory cytokines, such as IL-10 or transforming growth factor-
β (TGF-β) [16,17]. Tregs have a high prevalence in the context of cancer; in fact, the density
of Tregs within the tumour microenvironment (TME) is predictive of poor clinical outcome,
suggesting that Tregs may play a functional role in cancer progression. In addition, a
higher frequency of peripheral Tregs has also been linked to adverse survival [18]. The use
of blocking antibodies against CTLA-4 can reduce the suppression mediated by tumour-
infiltrating Tregs, thereby restoring proliferation and cytokine production by effector T
cells [19].

The majority of OV studies thus far have focused on safety and determining max-
imum tolerated doses, whilst very few have sought to determine biomarkers predic-
tive of therapeutic success. However, one such study investigating the therapeutic re-
sponse to vaccinia revealed that a significant reduction in immunoglobulin-like tran-
script 2(ILT2)-expressing Tregs after treatment was associated with response to ther-
apy [20], whereas Liikanen et al. [21] suggested that a low level of circulating high mobility
group box 1 (HMGB1) could predict response to OVs. Furthermore, common immunologi-
cal themes have emerged between patients who appear to respond to a greater extent to
OVs than others. Taipale et al. [22] observed that patients with worse outcomes following
adenovirus treatment appeared to exhibit a higher degree of pre-existing immune response,
such as higher proliferation and quantity of lymphocytes at baseline and gene signatures
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involved in, e.g., IFN signaling, B cell receptor signaling, and innate immunity. More re-
cently, active trials are currently recruiting patients with defective mismatch repair (dMMR)
tumours, as it is thought that a higher tumour mutational burden will lead to a higher
tumour immunogenicity and optimum anti-cancer effects (NCT03767348).

Biomarkers for other immunotherapeutic strategies are more advanced, for example,
patients who responded to combination T-VEC and anti-PD-1 had elevated CD8+ T cells,
PD-L1, and IFNγ gene expression [10]; however, response did not appear to be associated
with baseline tumour CD8+ T cells or IFNγ signature. In contrast, Tumeh et al. correlated
a higher CD8 T cell density at the tumour margins with response to pembrolizumab [23].
Despite these advances in tumour-associated biomarkers, peripheral blood biomarkers
would provide a non-invasive, easily obtainable indication to predict response to treatment.
Some initial studies into blood markers indicate that elevated peripheral Tregs are asso-
ciated with response to ipilimumab [24], whereas high major histocompatibility complex
(MHC) class II gene expression was associated with clinical response to anti-PD-1 or –PD-L1
therapy [25].

Pexa-Vec (Pexastimogene Devacirepvec; JX-594) is an engineered Wyeth-strain vaccinia
virus [26], which has been extensively studied in clinical trials. Pexa-Vec is engineered
to express human granulocyte-macrophage colony stimulating factor (hGM-CSF), which
positively impacts the immune system by, for example, stimulation, recruitment, and
development of dendritic cells (DCs) [27]. The anti-cancer mechanisms of action of Pexa-
Vec, including enhancement of cytotoxic T lymphocyte infiltration into tumour and anti-
tumour immunity have been described in both in vitro and clinical studies [26,28–31], with
hundreds of patients with advanced cancer having been treated. Pexa-Vec is currently being
used in combination with ICB in many cancer types, for example, anti-PD-1 (NCT03071094,
NCT03294083), anti-CTLA-4 (NCT02977156), and anti-PD-L1 (NCT03206073) and we await
the results of these trials.

Pexa-Vec therapy is associated with an inflammatory response [30] and T cell infiltra-
tion in tumours [26]. The profile of cytokines/chemokines following Pexa-Vec therapy might
indicate which patients are likely to respond more favourably, as other immunotherapy
studies have hypothesised that quantitative changes in cytokine levels during treatment
may be associated with survival [32]. Current prognosis for patients with colorectal cancer
with liver metastases (CRCLM) is 50% survival at five years following liver resection [33],
whereas 60% of patients with metastatic melanoma to the lymph nodes will relapse follow-
ing surgical resection and adjuvant treatment [34].

Herein, we detail the characteristics of a differential peripheral blood and tumour
immune response, following a single intravenous (i.v.) infusion of Pexa-Vec in nine cancer
patients ahead of planned surgical resection of metastatic colorectal cancer or melanoma.
Despite identical treatment for all nine patients, a stark differential immune response
to the virus became apparent. In four patients, a significant and classical IFN-driven
response was observed, as would be expected following i.v. oncolytic virus therapy [3,4],
in contrast to a very minor or absent response from the remaining five patients, who
appeared to have an exhausted immune profile at baseline. Whilst our patient cohort is
small in size and the lack of paired tumour biopsies prevented correlation to the tumour
microenvironment, these observations are worthy of further investigation in larger clinical
trials using Pexa Vec and other OVs, to determine whether patients with a peripheral blood
immune profile observed in the patient group who responded favourably to OV therapy
are more likely to experience favorable clinical outcomes. If confirmed, these observations
will greatly improve the treatment strategies for these patients and potentially pave the
way to personalise and optimise the immunotherapeutic anti-cancer effects of Pexa Vec and
other OVs, based on baseline biomarkers predictive of the anti-tumour immune response.
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2. Materials and Methods
2.1. Experimental Design

EudraCT number 2012-000704-15. This was an open-label, non-randomised study of
Pexa-Vec given as a one-hour i.v. infusion to patients prior to a planned surgical resection of
tumour. Six patients with CRCLM and three metastatic melanoma patients were recruited
and treated, after written, informed consent was obtained. Patients received a single dose
of Pexa-Vec at 1 × 109 (plaque-forming units) pfu 14 days (±4 days) prior to surgery. Eight
patients had their planned surgery; one exhausted patient had their surgery cancelled when
an up-to-date CT scan revealed pulmonary metastases.

2.2. Pexa-Vec

Pexa-Vec (Pexastimogene Devacirepvec; JX-594) is a replication-competent, transgene-
armed therapeutic vaccinia virus provided by Transgene S.A, France. Pexa-Vec is engineered
for viral thymidine kinase gene inactivation and expression of hGM-CSF and β-galactosidase
transgenes under the control of the synthetic early-late and p7.5 promoters, respectively.
Pexa-Vec was stored at 1 × 109 pfu/mL at −80 ◦C for use in in vitro experiments.

2.3. Patient Samples

Blood and tissue samples were collected, processed, and analysed using the Transla-
tional Cancer Immunotherapy Team quality-assured lab manual, which included standard
operating procedures to regulate all processes.

Peripheral blood was collected into K3EDTA vacuette tubes (Greiner, Kremsmünster,
Austria) and processed within 2 h of venepuncture. Blood samples were taken on day
1 (pre-infusion (D1 pre) and one-hour post-infusion), day 2 (D2), on the day of surgery,
1 month post-surgery and 3 months post-surgery. Tumour was obtained from planned
surgical resections.

2.4. Isolation of Peripheral Blood Mononuclear Cells (PBMCs), Plasma, and Serum from
Peripheral Blood

Plasma was obtained from whole blood collected in K3EDTA vacutainers by centrifu-
gation for 10 min at 2000× g. Aliquots were stored at −80 ◦C.

K3EDTA blood was used to isolate PBMCs by density-gradient separation over lym-
phoprep™ (Axis Shield, Dundee, UK) as per manufacturer’s instructions. Cells were frozen
at 1 × 107/mL in 40% (v/v) Roswell Park Memorial Institute medium (RPMI)) containing
5 mM L-Glutamine and 1 mM sodium pyruvate (all Sigma, Dorset, UK), 50% (v/v) pooled
human serum (HS; BioIVT, West Sussex, UK) and 10% (v/v) dimethyl sulphoxide (DMSO;
Sigma). PBMCs were stored in liquid nitrogen.

2.5. Full Blood Counts

Full blood counts (FBCs) were performed as part of standard clinical care, where appro-
priate, at St. James’s University Hospital. The Patient Pathway Manager and Results Server
systems were used to obtain total lymphocyte counts (expressed as 109/L) throughout
treatment. Normal ranges of lymphocytes were defined by St James’s University Hospital
as 1–4.5 × 109/L.

2.6. Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded tissue obtained from surgical resection of patient
tumours was used for IHC analysis. Tumours were processed using an automated Bond
Max system (Leica Biosystems, Milton Keynes, UK) as described [35]. Mouse-anti-human
CD8 antibody (Dako) was used at 1:100 dilution, followed by anti-mouse secondary (Ab-
cam, Cambridge, UK) at 1:500; CD8 positivity was detected using ImmPACT Vector Red
(Vector Labs, Oxfordshire, UK). Control sections were processed without the addition of
primary antibody. Digital images were acquired at ×20 magnification and quantified using
ImageScope software (version 12.4.3.5008, Leica Biosystems).
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2.7. Luminex

Bio-Plex ProTM Cytokine and Chemokine Assays (21-plex; human group I and 27-plex;
human group II or 48-plex; human cytokine; all BioRad, Hertfordshire, UK) were used to
detect levels of plasma cytokines/chemokines throughout treatment, as per manufacturer’s
instructions. IFN-β was measured using the VeriKine-HS Human Interferon Beta ELISA
Kit for plasma (R&D Systems, Abingdon, UK), as per manufacturer’s instructions. Data
is expressed as absolute plasma concentration or relative fold change in post-treatment
samples compared to pre-treatment samples. Statistical significance between Responder
(black; n = 4) and Exhausted (white; n = 4/5) patients at specific time points was determined
using Anova; *** q-value < 0.001, **** q-value < 0.0001. Paired T tests were used to compare
D2 to baseline samples within each patient group (* p < 0.05, ** p < 0.01, *** p < 0.001).

2.8. NK Cell CD107 Degranulation Assay of Patient PBMCs

NK cell activation was assessed using a CD107 degranulation assay [36]. PBMCs from
pre-treatment and post-Pexa-Vec infusion were co-cultured at a ratio of 1:1 with tumour-
associated cell lines (Mel888 or SW620 for melanoma and CRCLM patients, respectively) for
1 h. Brefeldin A (1 µL/mL; Sigma) was added, and the co-culture continued for a further
4 h before PBMCs were stained for CD3-PerCP (SK7; BD Biosciences, Wokingham, UK),
CD56-PE (AF12-7H3; Miltenyi, Bergisch Gladbach, Germany) and CD107a/b-FITC (H4A3;
BD Biosciences). A CytoFLEX S flow cytometer was used to detect CD107 positivity; anal-
ysis was performed using CytExpert software (both Beckman Coulter, Buckinghamshire,
UK). Data is expressed as fold-change difference from pre-treatment samples. Statistical
significance is determined by unpaired T tests between Responder (black; n = 4) and
Exhausted (white; n = 4/5) patients at specific time points (* p < 0.05).

2.9. Immunophenotyping of Patient PBMCs

PBMCs were stained for a panel of immune cell populations and specific activa-
tion markers prior to data acquisition on a CytoFLEX S and analysed using CytExpert
software. Briefly, PBMCs were stained for CD3 (UCHT1; Pacific Blue), CD4 (13B8.2;
Krome Orange), CD8 (B9.11; FITC), CD56 (N901; PC7), CD25 (B1.49.9; PC7), CD127 (SS-
DCLY107D2; APC-AF750), FoxP3 (259D; APC), γδTCR (IMMU510; FITC), CD19 (J3-119;
Pacific Blue), CD14 (RM052; FITC), CD69 (TP.55.3; APC) and PD-L1 (APC-AF700) using
a custom-designed panel of DURAClone tubes, in conjunction with appropriate isotype
controls (all Beckman Coulter). Immune cell subsets were defined as: CD3 + CD4 + (CD4 T
cells); CD3 + CD8 + (CD8 T cells); CD3-CD56 + (NK cells); CD3 + CD56 + (NKT cells), and
CD14 + (monocytes). Immune cell frequency was calculated as % of cell population within
total PBMCs. Positive expression of CD69 and PD-L1 was used to calculate fold-change
differences in expression from pre-treatment samples. Statistical significance between
Responder (black; n = 4) and Exhausted (white; n = 4/5) patients was determined using
unpaired T tests, whereas paired T tests were used to compare D2 to baseline samples
within each patient group (* p < 0.05, ** p < 0.01, *** p < 0.001).

2.10. Data Interpretation

Data are either: (a) presented as absolute values or (b) presented as fold-change in
comparison to baseline to show the differential response of the two patient groups in
response to treatment, a common strategy used previously with similar data sets [10].

3. Results
3.1. Patient Demographics

Nine patients were recruited with each patient receiving a single, 1 h i.v. infusion
of 1 × 109 pfu Pexa-Vec, 14 ± 4 days ahead of planned surgery to remove metastatic
lesions (Table 1). Surgery was performed on all patients except E3, where surgery was
cancelled following a CT scan showing disease progression. As a guide to prognosis for
both Responder and Exhausted patient groups we have included the sum of the longest
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diameters of the tumours for each patient. This indicates that the tumour volumes were
approximately similar between the two groups.

Table 1. Patient demographics. Patient details are listed, including Responder (R) or Exhausted (E)
group, age, gender, cancer type, and the sum of the longest diameters of the tumours for each patient.

Patient Age Gender Cancer Sum of Longest Diameters of
Tumours (mm)

R1 71 M Melanoma 76

R2 63 M CRCLM 18

R3 74 F Melanoma 10

R4 64 F Melanoma 60

E1 65 F CRCLM 10

E2 74 F CRCLM 27

E3 47 F CRCLM N/A *

E4 59 M CRCLM 25

E5 79 F CRCLM 80
* E3 did not have planned surgery due to disease progression.

3.2. Differential Cytokine Secretion following Pexa-Vec Infusion

Peripheral blood samples were collected at baseline (D1 pre) and at specific time
points following infusion (Figure 1A). Despite all nine patients receiving the same dose of
virus, a differential immune response was evident. In four patients, a significant peak in
cytokine production following virus infusion was observed; this peak was absent in the
remaining five patients (Figures 1B,C and S1A). Collectively with the data in subsequent
figures showing a similar phenomenon, we therefore labelled these two contrasting groups
as ‘Responder’ and ‘Exhausted’. Overall, peripheral immune responses to Pexa-Vec peaked
at D2, 24 h after virus infusion, for both the Responder and Exhausted groups. Specifically,
a significant type I IFN (IFN-α and IFN-β) response to virus was apparent in Responders,
whilst little or no increase in secreted IFN-β was observed in Exhausted patients at D2
(Figures 1B and S1A). Accordingly, a similar differential response was observed in the
induction of IFN-stimulated inflammatory cytokines at D2: the T cell stimulants IL-2 recep-
tor alpha chain (IL-2Rα) and IL-12p40 [37,38], the NK cell-stimulating cytokine IL-18 [39]
and the pro-apoptotic cytokine TNF-related apoptosis-inducing ligand (TRAIL) [40], all
increased significantly higher from baseline pre-Pexa-Vec concentrations in the Responder
group, in comparison to the Exhausted group, although the absolute levels were lower or
similar in comparison to the Exhausted group (Figures 1C and S1A).

3.3. Differential CD8 T Cell Tumour Infiltration following Pexa-Vec Infusion

In addition to a disparity in inflammatory cytokine response, Pexa-Vec stimulated
differential chemokine secretion, including significantly higher secretion in comparison to
baseline of C-X-C motif chemokine ligand (CXCL) -10, CXCL9, C-C motif ligand (CCL) -4,
CCL7, and IL-16 in the Responder group at D2 (Figures 2A and S1B), albeit CCL4 remained
at lower absolute levels in comparison to Exhausted patients. These chemokines are potent
inducers of immune cell migration and tissue infiltration, including CD8 T cells [41], CD4
T cells [42], NK cells [43], and monocytes [44]. Chemokine secretion coincided with a
transient lymphopenia in the peripheral blood of all patients at D2 after Pexa-Vec but was
significantly more marked in Responder than Exhausted patients (Figure 2B). Peripheral
blood lymphopenia is commonly observed following both therapeutic and pathogenic
virus infection and is associated with the migration of lymphocytes to lymph nodes and
to sites of tissue infection [45]. We examined changes in the proportions of lymphocyte
subsets (CD4 and CD8 T cells, NK cells and NKT cells) between pre-Pexa-Vec and D2 levels
and found a greater reduction across all subsets in the Responder group when compared to
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the Exhausted group, though this was only statistically significant in CD4 helper T-cells
(Figure 2C). Of these immune subsets, CD8 T cells play a critical role in mediating OV
immunotherapy [7,44,45]. CD8 T cells were detected in the resected tumour specimens
from all available patient tumours following Pexa-Vec infusion. However, it is unclear as to
whether the tissue-resident CD8 T cells were altered by Pexa-Vec due to lack of available pre-
treatment biopsies. Taken together, these results indicate that Responder patients secrete
higher concentrations of type IIFNs, inflammatory cytokines and chemokines following
Pexa-Vec infusion, which is associated with peripheral blood lymphopaenia.
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3.4. Differential Immune Cell Activation following Pexa-Vec Infusion

Based on the observed differences in inflammatory cytokines, we investigated the
activation of peripheral immune cell subsets by way of cell surface expression of the early
activation marker, CD69, which is upregulated in response to many cytokines, including
IL-12, IL-18, type I IFN, and IL-2 [46–49]. As would be expected, Responder patients
had greater elevation in CD69 immune cell expression than Exhausted patients at D2
(Figures 3A and S2). CD69 expression was significantly different between the two groups
on NK and NKT cells, which are known to mediate Pexa-Vec therapy [50,51]. We therefore
tested the functional cytolytic capacity of patient-derived peripheral blood NK cells against
tumour-relevant cell lines, revealing a significantly higher increase from baseline at D2
for the Responder group in comparison to the Exhausted group (Figure 3B). A further
consequence of immune cell activation is the subsequent expression of immune checkpoint
proteins, thereby temporarily limiting potentially harmful autoimmune effects [52]. Ac-
cordingly, fold-change in expression at D2 compared to baseline, of the cell surface immune
checkpoint ligand, PD-L1, increased across the majority of immune cell subsets in the
Responder group when compared to the Exhausted group (Figures 3C and S2).
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Figure 2. Immune cell redistribution in response to Pexa-Vec infusion. (A) Differential chemokine
response in Responder (black; n = 4) and Exhausted (white; n = 4/5) patient plasma to Pexa-Vec
infusion. Data is shown as fold-change difference from baseline (D1 pre) (**** q-value < 0.0001).
(B) Total lymphocyte count and (C) individual immune cell populations (CD4+ T cells, CD8+ T cells,
NK cells, NKT cells) both represented by fold-change difference between D2 and baseline (D1 pre)
in Responder (black; n = 4) and Exhausted (white; n = 5 (A) and n = 4 (B)) patients (* p < 0.05).
(D) Representative images of CD8 T cells in Responder and Exhausted tumour (CD8-positive cells
are visualised by Fast Red staining). Bars represent 100 µm.

3.5. Baseline Cytokine Concentrations and Regulatory T Cells Predict the Immune Response to
Pexa-Vec

We sought to identify baseline soluble factors predictive of the immunological response
to Pexa-Vec infusion. Luminex quantification revealed a large number of inflammatory
cytokines that were significantly higher at baseline in the Exhausted group, in comparison
to the Responder group (Figure 4A). These included IL-1β, IL-9, IL-18, macrophage colony-
stimulating factor (M-CSF), macrophage migration inhibitory factor (MIF), granulocyte
colony-stimulating factor (G-CSF), and TNF-α, cytokines involved in inflammation and ac-
tivation of immune cells [53–55], mobilisation, activation, and survival of myeloid cells [56]
and DCs [57] and the promotion of anti-tumour immune responses [58–60]. In contrast,
no inflammatory cytokines were significantly higher at baseline in the Responder group.
Likewise, baseline chemokine concentrations were significantly higher in the Exhausted
group, in comparison to the Responder group, as exemplified by IL-18, CXCL10, CXCL1,
CCL2, and CCL4, which function as chemo-attractants to T cells [61–65] (Figure 4B). Both
IL-18 and CCL4 were expressed at high levels at baseline and remained equally high post-
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treatment. In contrast, the Responder patients expressed these solutes at much lower levels
at baseline, which increased following treatment, although post-treatment levels remained
below the baseline levels observed in the Exhausted group. The exception to this trend was
IL-16, which was significantly higher at baseline in the Responder group. IL-16 is also a
chemoattractant specifically for helper CD4+ T cells [66].
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Figure 3. Differential activation of immune cell populations following Pexa-Vec infusion. Differential
expression of (A) CD69 in immune cell populations, (B) NK CD107 expression (representing NK
cell degranulation), and (C) PD-L1 expression in immune cell populations in Responder (black;
n = 4) and Exhausted (white; n = 4/5) patients at baseline (D1 pre) and following Pexa-Vec infusion.
Data is shown as fold-change difference from baseline (D1 pre) for % positive expression (* p < 0.05,
** p < 0.01).

Importantly, there was no overlap in the baseline concentrations of these cytokines
between Responder and Exhausted patients, meaning that they can potentially each be
utilised as highly sensitive and specific predictive markers for the immunological response
to Pexa-Vec i.v. infusion. In accordance with the baseline secretion of inflammatory cy-
tokines, PD-L1 expression was higher across the majority of PBMC subsets in the Exhausted
group, in comparison to the Responder group, particularly in T cell subsets (Figure 4C). We
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also found that the baseline level of Treg cells, as a proportion of PBMCs, was significantly
higher in the Exhausted group (Figure 4D).
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Figure 4. Baseline indicators of predicted response to Pexa-Vec therapy. Differential baseline levels
of (A) inflammatory cytokines and (B) chemokines in patient plasma and (C) PD-L1 expression
on immune cell populations in Responder (black; n = 4) and Exhausted (white; n = 5) patient
samples. Data is shown as pg/mL (A,B) or % positive expression for D1 pre samples (* p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001). (D) Relative frequency of Tregs in PBMCs at baseline (D1
pre) in Responder (black; n = 4) and Exhausted (white; n = 5) patients. Data is shown as % Tregs of
whole PBMCs; * p < 0.05.

4. Discussion

In this study, we have shown a distinct IFN-mediated peripheral blood immune
response to Pexa-Vec; out of a total of nine patients treated within this study, four exhibited
a significant and classical IFN-driven response, as would be anticipated following OV
therapy. However, the remaining five patients appeared to exhibit a significantly lower
amplitude of immune response and displayed a typical exhausted immune profile at
baseline, with higher baseline Treg levels. Although post-treatment IFN responses to
OVs are important in boosting the development of anti-cancer immunity, IFN signaling
prior to treatment has been associated with reduced overall survival [22]. Higher pre-
therapy IFN signaling represents chronic immune activation, with consequent immune
exhaustion/suppression. Additionally, higher levels of baseline IFN signaling have been
correlated with an anti-viral state in some cancers, thereby blocking the therapeutic efficacy
of OVs [67,68].

Amongst the many obstacles linked with the development of new anticancer therapeu-
tics is the absence of biomarkers predictive of a successful anti-cancer immune response.
For OV therapies, soluble peripheral blood biomarkers predictive of clinical benefit that
can easily be measured by non-invasive approaches, would help to significantly move
the field forward. Many retrospective studies of immunotherapeutic OV trials have been
performed in an attempt to identify biomarkers of response to therapy. Although some
associations with clinical benefit and survival with OV have been identified, none have
yet been validated as predictive biomarkers. One study showed that a greater baseline
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prevalence of circulating lymphocytes with greater proliferative capacity and pre-existing
IFN signaling are associated with a lack of response to adenovirus [22]. Similar to our
current findings, these features indicate that a pre-existing activated immune response and
the resulting immune refractoriness may prevent a patient’s response to OV therapy.

Our results identify a panel of seven peripheral blood cytokines, two of which are TH1
cytokines (MIF and TNF-a), that can each be employed as biomarkers to predict subsequent
immune cell activation, chemokine secretion, and NK cell cytolytic function upon i.v.
vaccinia virus therapy. Many of these cytokines are IFN-stimulated genes, associated with
NK and TH1 T cell activity, proliferation and chemokinesis. Baseline secretion levels of
these cytokines were all higher in Exhausted patients, with no overlap in comparison to the
much lower levels associated with Responder patients, indicating their utility as specific
biomarkers to predict patient response to Pexa-Vec therapy.

As well as the divergent cytokine and cellular activation response between the two
patient groups, we also present data signifying a differential chemokine pattern. CXCL10,
CXCL9, CCL4, CCL7 and IL-16 are all involved in cellular migration from the periphery
into tissues [39–42] and peaked at significantly higher levels in Responder patients at D2
following Pexa-Vec infusion. This D2 peak in chemokines was again absent in Exhausted
patients, where baseline secretion of almost every chemokine was higher. Chemokine se-
cretion in Responder patients only was associated with transient lymphopenia, in keeping
with lymphopenia following pathogenic viral infection, which is associated with the migra-
tion of immune cells into lymph nodes and tissue sites of inflammation [45]. In addition
to chemotaxis, CXCL10 has also been shown to modulate the activation of effector cells in
both sites of inflammation and draining lymph nodes [22], specifically an involvement in T
cell priming [42]. Intriguingly, baseline levels of IL-16 were higher in Responder patients,
revealing a complex picture that requires confirmation in larger clinical trials. Unlike other
cytokines and chemokines, IL-16 messenger RNA is constitutively expressed in T cells,
eosinophils, and DCs. IL-16 pro-protein accumulates in these cells, ready for secretion upon
stimulation. Higher baseline levels in Responder patients may therefore reflect a greater
concentration of these cell types [69–71].

Mirroring expression of CD69, expression levels of PD-L1, increased to higher levels
in the majority of Responder than Exhausted patient PBMC subsets following treatment.
Whilst PD-L1 is immunosuppressive, its expression following therapy correlates with an
anti-tumour response driven by IFNs and other inflammatory cytokines [72]. In fact, PD-L1
expression on both peripheral and tumour-infiltrating T cells in response to therapy is
associated with better prognosis [73,74]. In contrast, pre-existing PD-L1 expression on
immune cells in our trial was predictive of a chronically exhausted phenotype and the
inability to respond to virus stimulus.

We discovered an elevated frequency of circulating Tregs in Exhausted patients, re-
inforcing the concept of immune exhaustion at baseline in these patients, which may
prevent an effective immune response to immunotherapy. Depletion of Tregs prior to
Pexa-Vec, e.g., via anti-CTLA-4/anti-CD25 therapy, may enable a more robust response to
subsequent Pexa-Vec/PD-L1 therapy, paving the way for personalised treatment strategies.
Alternatively, oncolytic virotherapy administered at much earlier stages of planned cancer
treatment, before the immune system is exhausted, may be more effective than if given at
later stages when the TME is more suppressed.

5. Conclusions

In summary, we have shown that OV therapy induces a classical IFN response in
Responder patients, including the release of inflammatory cytokines/chemokines, which
can activate T cells, as evident from elevated CD69 levels. These activated T cells can then
infiltrate into tumours, with the potential to kill tumour cells. In contrast, higher levels
of cytokines and chemokines were present at baseline in the Exhausted group, alongside
elevated CD69 and PD-L1, which were not upregulated further post-treatment, with some
being maintained at high levels. Although our patient cohort is limited in size, the data
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shown are well-defined, with largely non-overlapping differential responses between the
two groups. Verification of these potential biomarkers in both tumours and peripheral
blood require further consideration in larger clinical trials in order to correlate TME and
clinical outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers14092181/s1, Figure S1: Differential IFN and inflammatory
cytokine (A) and chemokine (B) response to Pexa-Vec in Responder (black; n = 4) and Exhausted
(white; n = 5) patients; Figure S2: Differential activation of immune cell populations following
Pexa-Vec infusion.

Author Contributions: Conceptualization: A.S., E.J.W., and K.J.S.; formal analysis: A.S., E.J.W. and
K.J.S.; investigation: E.J.W. and K.J.S.; resources: A.S., E.J.W., K.J.S., E.T., R.P., G.T., C.R. and D.A.A.;
project administration: A.S. and M.K.; writing—original draft preparation: A.S., E.J.W. and K.J.S.;
writing—review and editing: A.S., E.J.W., K.J.S., K.B., N.S., M.L., A.A.M. and F.J.C. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Transgene (Strasbourg), Yorkshire Cancer Research, Cancer
Research UK and the Institute of Cancer Research/Royal Marsden NIHR Biomedical Research Centre.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by NRES Committee London—West London and GTAC (protocol code
CO12/10151, date of approval 31 August 2012).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We are grateful to all the patients that participated in this trial. The research was
supported by the National Institute for Health Research (NIHR) infrastructure and the Experimental
Cancer Medicine Centre (ECMC) at Leeds. AS was supported by fellowships from Yorkshire Cancer
Research (YCR) and Cancer Research UK (CRUK). The views expressed are those of the author(s)
and not necessarily those of the NHS, the NIHR or the Department of Health and Social Care.

Conflicts of Interest: K.B., N.S. and M.L. are employees of Transgene, from which A.S., C.R., F.J.C.,
A.A.M. have received research grants. All other authors have declared that no conflict of interest exists.

References
1. Maroun, J.; Muñoz-Alía, M.; Ammayappan, A.; Schulze, A.; Peng, K.W.; Russell, S. Designing and building oncolytic viruses.

Future Virol. 2017, 12, 193–213. [CrossRef]
2. Russell, L.; Peng, K.W. The emerging role of oncolytic virus therapy against cancer. Chin. Clin. Oncol. 2018, 7, 16. [CrossRef]

[PubMed]
3. Steele, L.; Errington, F.; Prestwich, R.; Ilett, E.; Harrington, K.; Pandha, H.; Coffey, M.; Selby, P.; Vile, R.; Melcher, A. Pro-

inflammatory cytokine/chemokine production by reovirus treated melanoma cells is PKR/NF-κB mediated and supports innate
and adaptive anti-tumour immune priming. Mol. Cancer 2011, 10, 20. [CrossRef] [PubMed]

4. Benencia, F.; Courrèges, M.C.; Conejo-García, J.R.; Mohamed-Hadley, A.; Zhang, L.; Buckanovich, R.J.; Carroll, R.; Fraser, N.;
Coukos, G. HSV oncolytic therapy upregulates interferon-inducible chemokines and recruits immune effector cells in ovarian
cancer. Mol. Ther. 2005, 12, 789–802. [CrossRef]

5. Honda, K.; Takaoka, A.; Taniguchi, T. Review Type I Inteferon Gene Induction by the Interferon Regulatory Factor Family of
Transcription Factors. Immunity 2006, 25, 349–360. [CrossRef]

6. Prestwich, R.J.; Errington, F.; Ilett, E.J.; Morgan, R.S.M.; Scott, K.J.; Kottke, T.; Thompson, J.; Morrison, E.E.; Harrington, K.J.;
Pandha, H.S.; et al. Tumor Infection by Oncolytic Reovirus Primes Adaptive Antitumor Immunity. Clin. Cancer Res. 2008, 14,
7358–7366. [CrossRef]

7. Liu, Z.; Ravindranathan, R.; Kalinski, P.; Guo, Z.S.; Bartlett, D.L. Rational combination of oncolytic vaccinia virus and PD-L1
blockade works synergistically to enhance therapeutic efficacy. Nat. Commun. 2017, 8, 1–12. [CrossRef] [PubMed]

8. Schreiner, B.; Mitsdoerffer, M.; Kieseier, B.C.; Chen, L.; Hartung, H.P.; Weller, M.; Wiendl, H. Interferon-β enhances monocyte
and dendritic cell expression of B7-H1 (PD-L1), a strong inhibitor of autologous T-cell activation: Relevance for the immune
modulatory effect in multiple sclerosis. J. Neuroimmunol. 2004, 155, 172–182. [CrossRef]

9. Chen, C.-Y.; Hutzen, B.; Wedekind, M.F.; Cripe, T.P. Oncolytic virus and PD-1/PD-L1 blockade combination therapy. Oncolytic
Virotherapy 2018, 7, 65–77. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers14092181/s1
https://www.mdpi.com/article/10.3390/cancers14092181/s1
http://doi.org/10.2217/fvl-2016-0129
http://doi.org/10.21037/cco.2018.04.04
http://www.ncbi.nlm.nih.gov/pubmed/29764161
http://doi.org/10.1186/1476-4598-10-20
http://www.ncbi.nlm.nih.gov/pubmed/21338484
http://doi.org/10.1016/j.ymthe.2005.03.026
http://doi.org/10.1016/j.immuni.2006.08.009
http://doi.org/10.1158/1078-0432.CCR-08-0831
http://doi.org/10.1038/ncomms14754
http://www.ncbi.nlm.nih.gov/pubmed/28345650
http://doi.org/10.1016/j.jneuroim.2004.06.013
http://doi.org/10.2147/OV.S145532


Cancers 2022, 14, 2181 13 of 15

10. Ribas, A.; Dummer, R.; Puzanov, I.; VanderWalde, A.; Andtbacka, R.H.I.; Michielin, O.; Olszanski, A.J.; Malvehy, J.; Cebon, J.;
Fernandez, E.; et al. Oncolytic Virotherapy Promotes Intratumoral T Cell Infiltration and Improves Anti-PD-1 Immunotherapy.
Cell 2017, 170, 1109–1119. [CrossRef]

11. Chesney, J.; Puzanov, I.; Collichio, F.; Singh, P.; Milhem, M.M.; Glaspy, J.; Hamid, O.; Ross, M.; Friedlander, P.; Garbe, C.; et al.
Randomized, Open-Label Phase II Study Evaluating the Efficacy and Safety of Talimogene Laherparepvec in Combination with
Ipilimumab Versus Ipilimumab Alone in Patients With Advanced, Unresectable Melanoma. J. Clin. Oncol. 2017, 36, 1658–1667.
[CrossRef] [PubMed]

12. Puzanov, I.; Milhem, M.M.; Minor, D.; Hamid, O.; Li, A.; Chen, L.; Chastain, M.; Gorski, K.S.; Anderson, A.; Chou, J.; et al.
Talimogene laherparepvec in combination with ipilimumab in previously untreated, unresectable stage IIIB-IV melanoma. J. Clin.
Oncol. 2016, 34, 2619–2626. [CrossRef] [PubMed]

13. Curti, B.; Richards, J.; Faries, M.; Andtbacka, R.H.I.; Grose, M.; Karpathy, R.; Shafren, D.; Immunotherapy of Cancer 1051PD. The
MITCI (phase 1b) study: A novel immunotherapy combination of coxsackievirus A21 and ipilimumab in patients with advanced
melanoma. Ann. Oncol. 2016, 27, vi360. [CrossRef]

14. Zamarin, D.; Holmgaard, R.B.; Subudhi, S.K.; Park, J.S.; Mansour, M.; Palese, P.; Merghoub, T.; Wolchok, J.D.; Allison, J.P.
Localized oncolytic virotherapy overcomes systemic tumor resistance to immune checkpoint blockade immunotherapy. Sci. Transl.
Med. 2014, 6, 226ra32. [CrossRef] [PubMed]

15. Read, S.; Malmström, V.; Powrie, F. Cytotoxic T lymphocyte-associated antigen 4 plays an essential role in the function of
CD25+CD4+ regulatory cells that control intestinal inflammation. J. Exp. Med. 2000, 192, 295–302. [CrossRef]

16. Oderup, C.; Cederbom, L.; Makowska, A.; Cilio, C.M.; Ivars, F. Cytotoxic T lymphocyte antigen-4-dependent down-modulation
of costimulatory molecules on dendritic cells in CD4+ CD25+ regulatory T-cell-mediated suppression. Immunology 2006, 118,
240–249. [CrossRef]

17. Von Boehmer, H. Mechanisms of suppression by suppressor T cells. Nat. Immunol. 2005, 6, 338–344. [CrossRef]
18. Griffiths, R.W.; Elkord, E.; Gilham, D.E.; Ramani, V.; Clarke, N.; Stern, P.L.; Hawkins, R.E. Frequency of regulatory T cells in

renal cell carcinoma patients and investigation of correlation with survival. Cancer Immunol. Immunother. 2007, 56, 1743–1753.
[CrossRef]

19. Pedroza-Gonzalez, A.; Zhou, G.; Singh, S.P.; Boor, P.P.C.; Pan, Q.; Grunhagen, D.; de Jonge, J.; Tran, T.C.K.; Verhoef, C.; IJzermans,
J.N.M.; et al. GITR engagement in combination with CTLA-4 blockade completely abrogates immunosuppression mediated by
human liver tumor-derived regulatory T cells ex vivo. Oncoimmunology 2015, 4, e1051297. [CrossRef]

20. Zloza, A.; Kim, D.W.; Kim-Schulze, S.; Jagoda, M.C.; Monsurro, V.; Marincola, F.M.; Kaufman, H.L. Immunoglobulin-like
transcript 2 (ILT2) is a biomarker of therapeutic response to oncolytic immunotherapy with vaccinia viruses. J. Immunother. Cancer
2014, 2, 1–4. [CrossRef]

21. Liikanen, I.; Koski, A.; Merisalo-Soikkeli, M.; Hemminki, O.; Oksanen, M.; Kairemo, K.; Joensuu, T.; Kanerva, A.; Hemminki, A.
Serum HMGB1 is a predictive and prognostic biomarker for oncolytic immunotherapy. Oncoimmunology 2015, 4, 1–13. [CrossRef]
[PubMed]

22. Taipale, K.; Liikanen, I.; Koski, A.; Heiskanen, R.; Kanerva, A.; Hemminki, O.; Oksanen, M.; Grönberg-Vähä-Koskela, S.;
Hemminki, K.; Joensuu, T.; et al. Predictive and Prognostic Clinical Variables in Cancer Patients Treated With Adenoviral
Oncolytic Immunotherapy. Mol. Ther. 2016, 24, 1323–1332. [CrossRef] [PubMed]

23. Tumeh, P.C.; Harview, C.L.; Yearley, J.H.; Shintaku, I.P.; Taylor, E.J.M.; Robert, L.; Chmielowski, B.; Spasic, M.; Henry, G.; Ciobanu,
V.; et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature 2014, 515, 568–571. [CrossRef]
[PubMed]

24. Martens, A.; Wistuba-Hamprecht, K.; Foppen, M.G.; Yuan, J.; Postow, M.A.; Wong, P.; Romano, E.; Khammari, A.; Dreno, B.;
Capone, M.; et al. Baseline Peripheral Blood Biomarkers Associated with Clinical Outcome of Advanced Melanoma Patients
Treated with Ipilimumab. Clin. Cancer Res. 2016, 22, 2908–2918. [CrossRef] [PubMed]

25. Johnson, D.B.; Estrada, M.V.; Salgado, R.; Sanchez, V.; Doxie, D.B.; Opalenik, S.R.; Vilgelm, A.E.; Feld, E.; Johnson, A.S.;
Greenplate, A.R.; et al. Melanoma-specific MHC-II expression represents a tumour-autonomous phenotype and predicts response
to anti-PD-1/PD-L1 therapy. Nat. Commun. 2016, 7, 1–10. [CrossRef]

26. Kim, J.H.; Oh, J.Y.; Park, B.H.; Lee, D.E.; Kim, J.S.; Park, H.E.; Roh, M.S.; Je, J.E.; Yoon, J.H.; Thorne, S.H.; et al. Systemic Armed
Oncolytic and Immunologic Therapy for Cancer with JX-594, a Targeted Poxvirus Expressing GM-CSF. Mol. Ther. 2006, 14,
361–370. [CrossRef]

27. Mach, N.; Gillessen, S.; Wilson, S.B.; Sheehan, C.; Mihm, M.; Dranoff, G. Differences in dendritic cells stimulated in vivo by
tumors engineered to secrete granulocyte-macrophage colony-stimulating factor or Flt3-ligand. Cancer Res. 2000, 60, 3239–3246.

28. Mastrangelo, M.J.; Maguire, H.C.; Eisenlohr, L.C.; Laughlin, C.E.; Monken, C.E.; Mccue, P.A.; Kovatich, A.J.; Lattime, E.C. Therapy
in Patients With Cutaneous Melanoma. Cancer Gene Ther. 1998, 6, 409–422. [CrossRef]

29. Park, H.J.; Park, J.S.; Jeong, Y.H.; Son, J.; Ban, Y.H.; Lee, B.-H.; Chen, L.; Chang, J.; Chung, D.H.; Choi, I.; et al. PD-1 Upregulated
on Regulatory T Cells during Chronic Virus Infection Enhances the Suppression of CD8 + T Cell Immune Response via the
Interaction with PD-L1 Expressed on CD8 + T Cells. J. Immunol. 2015, 194, 5801–5811. [CrossRef]

30. Heo, J.; Breitbach, C.J.; Moon, A.; Kim, C.W.; Patt, R.; Kim, M.K.; Lee, Y.K.; Oh, S.Y.; Woo, H.Y.; Parato, K.; et al. Sequential
therapy with JX-594, a targeted oncolytic poxvirus, followed by sorafenib in hepatocellular carcinoma: Preclinical and clinical
demonstration of combination efficacy. Mol. Ther. 2011, 19, 1170–1179. [CrossRef]

http://doi.org/10.1016/j.cell.2017.08.027
http://doi.org/10.1200/JCO.2017.73.7379
http://www.ncbi.nlm.nih.gov/pubmed/28981385
http://doi.org/10.1200/JCO.2016.67.1529
http://www.ncbi.nlm.nih.gov/pubmed/27298410
http://doi.org/10.1093/annonc/mdw378.06
http://doi.org/10.1126/scitranslmed.3008095
http://www.ncbi.nlm.nih.gov/pubmed/24598590
http://doi.org/10.1084/jem.192.2.295
http://doi.org/10.1111/j.1365-2567.2006.02362.x
http://doi.org/10.1038/ni1180
http://doi.org/10.1007/s00262-007-0318-z
http://doi.org/10.1080/2162402X.2015.1051297
http://doi.org/10.1186/2051-1426-2-1
http://doi.org/10.4161/2162402X.2014.989771
http://www.ncbi.nlm.nih.gov/pubmed/25949903
http://doi.org/10.1038/mt.2016.67
http://www.ncbi.nlm.nih.gov/pubmed/27039846
http://doi.org/10.1038/nature13954
http://www.ncbi.nlm.nih.gov/pubmed/25428505
http://doi.org/10.1158/1078-0432.CCR-15-2412
http://www.ncbi.nlm.nih.gov/pubmed/26787752
http://doi.org/10.1038/ncomms10582
http://doi.org/10.1016/j.ymthe.2006.05.008
http://doi.org/10.1038/sj.cgt.7700066
http://doi.org/10.4049/jimmunol.1401936
http://doi.org/10.1038/mt.2011.39


Cancers 2022, 14, 2181 14 of 15

31. Liu, T.C.; Hwang, T.; Park, B.H.; Bell, J.; Kirn, D.H. The targeted oncolytic poxvirus JX-594 demonstrates antitumoral, antivascular,
and aanti-HBV activities in patients with hepatocellular carcinoma. Mol. Ther. 2008, 16, 1637–1642. [CrossRef]

32. Hardy-Werbin, M.; Rocha, P.; Arpi, O.; Taus, Á.; Nonell, L.; Durán, X.; Villanueva, X.; Joseph-Pietras, D.; Nolan, L.; Danson, S.; et al.
Serum cytokine levels as predictive biomarkers of benefit from ipilimumab in small cell lung cancer. Oncoimmunology 2019, 8,
e1593810. [CrossRef] [PubMed]

33. Nordlinger, B.; Sorbye, H.; Glimelius, B.; Poston, G.J.; Schlag, P.M.; Rougier, P.; Bechstein, W.O.; Primrose, J.N.; Walpole, E.T.;
Finch-Jones, M.; et al. Perioperative FOLFOX4 chemotherapy and surgery versus surgery alone for resectable liver metastases
from colorectal cancer (EORTC 40983): Long-term results of a randomised, controlled, phase 3 trial. Lancet. Oncol. 2013, 14,
1208–1215. [CrossRef]

34. Eggermont, A.M.M.; Chiarion-Sileni, V.; Grob, J.-J.; Dummer, R.; Wolchok, J.D.; Schmidt, H.; Hamid, O.; Robert, C.; Ascierto, P.A.;
Richards, J.M.; et al. Prolonged Survival in Stage III Melanoma with Ipilimumab Adjuvant Therapy. N. Engl. J. Med. 2016, 375,
1845–1855. [CrossRef] [PubMed]

35. Wurdak, H.; Zhu, S.; Romero, A.; Lorger, M.; Watson, J.; Chiang, C.-Y.; Zhang, J.; Natu, V.S.; Lairson, L.L.; Walker, J.R.; et al. An
RNAi screen identifies TRRAP as a regulator of brain tumor-initiating cell differentiation. Cell Stem Cell 2010, 6, 37–47. [CrossRef]
[PubMed]

36. Betts, M.R.; Brenchley, J.M.; Price, D.A.; De Rosa, S.C.; Douek, D.C.; Roederer, M.; Koup, R.A. Sensitive and viable identification
of antigen-specific CD8+ T cells by a flow cytometric assay for degranulation. J. Immunol. Methods 2003, 281, 65–78. [CrossRef]

37. Maier, L.M.; Anderson, D.E.; Severson, C.A.; Baecher-Allan, C.; Healy, B.; Liu, D.V.; Wittrup, K.D.; De Jager, P.L.; Hafler, D.A.
Soluble IL-2RA Levels in Multiple Sclerosis Subjects and the Effect of Soluble IL-2RA on Immune Responses. J. Immunol. 2009,
182, 1541–1547. [CrossRef] [PubMed]

38. Garris, C.S.; Arlauckas, S.P.; Kohler, R.H.; Trefny, M.P.; Garren, S.; Piot, C.; Engblom, C.; Pfirschke, C.; Siwicki, M.; Gungabeesoon,
J.; et al. Successful Anti-PD-1 Cancer Immunotherapy Requires T Cell-Dendritic Cell Crosstalk Involving the Cytokines IFN-γ
and IL-12. Immunity 2018, 49, 1148–1161. [CrossRef] [PubMed]

39. Brandstadter, J.D.; Huang, X.; Yang, Y. NK cell-extrinsic IL-18 signaling is required for efficient NK-cell activation by vaccinia
virus. Eur. J. Immunol. 2014, 44, 2659–2666. [CrossRef]

40. Jin, Z.; El-Deiry, W.S. Overview of cell death signaling pathways. Cancer Biol. Ther. 2005, 4, 147–171. [CrossRef]
41. Zumwalt, T.J.; Arnold, M.; Goel, A.; Boland, C.R. Active secretion of CXCL10 and CCL5 from colorectal cancer microenvironments

associates with GranzymeB+ CD8+ T-cell infiltration. Oncotarget 2015, 6, 2981–2991. [CrossRef] [PubMed]
42. Groom, J.R.; Richmond, J.; Murooka, T.T.; Sorensen, E.W.; Sung, J.H.; Bankert, K.; Von Andrian, U.H.; Moon, J.J.; Mempel, R.;

Luster, A.D. CXCR3 chemokine receptor-ligand interactions in the lymph node optimize CD4+ T helper 1 cell differentiation.
Immunity 2013, 37, 1091–1103. [CrossRef] [PubMed]

43. Wendel, M.; Galani, I.E.; Suri-Payer, E.; Cerwenka, A. Natural killer cell accumulation in tumors is dependent on IFN-γ and
CXCR3 ligands. Cancer Res. 2008, 68, 8437–8445. [CrossRef] [PubMed]

44. Tsou, C.-L.; Peters, W.; Si, Y.; Slaymaker, S.; Aslanian, A.M.; Weisberg, S.P.; Mack, M.; Charo, I.F. Critical roles for CCR2 and
MCP-3 in monocyte mobilization from bone marrow and recruitment to inflammatory sites. J. Clin. Investig. 2007, 117, 902–909.
[CrossRef]

45. Dolin, R.; Reichman, R.C.; Fauci, A.S. Lymphocyte populations in acute viral gastroenteritis. Infect. Immun. 1976, 14, 422–428.
[CrossRef]

46. Cibrián, D.; Sánchez-Madrid, F. CD69: From activation marker to metabolic gatekeeper. Eur. J. Immunol. 2017, 47, 946–953.
[CrossRef]

47. Walzer, T.; Dalod, M.; Robbins, S.H.; Zitvogel, L.; Vivier, E. Review article Natural-killer cells and dendritic cells: “l’ union fait la
force”. Blood 2005, 106, 2252–2258. [CrossRef]

48. Freeman, B.E.; Hammarlund, E.; Raué, H.P.; Slifka, M.K. Regulation of innate CD8 + T-cell activation mediated by cytokines.
Proc. Natl. Acad. Sci. USA 2012, 109, 9971–9976. [CrossRef]

49. Sancho, D.; Gómez, M.; Sánchez-Madrid, F. CD69 is an immunoregulatory molecule induced following activation. Trends Immunol.
2005, 26, 136–140. [CrossRef]

50. Natuk, R.J.; Welsh, R.M. Accumulation and chemotaxis of natural killer/large granular lymphocytes at sites of virus replication.
J. Immunol. 1987, 138, 877–883.

51. Martinez, J.; Huang, X.; Yang, Y. Direct Action of Type I IFN on NK Cells Is Required for Their Activation in Response to Vaccinia
Viral Infection In Vivo. J. Immunol. 2008, 180, 1592–1597. [CrossRef] [PubMed]

52. Jiang, Y.; Li, Y.; Zhu, B. T-cell exhaustion in the tumor microenvironment. Cell Death Dis. 2015, 6, 1–9. [CrossRef] [PubMed]
53. Puren, A.J.; Razeghi, P.; Fantuzzi, G.; Dinarello, C.A. Interleukin-18 Enhances Lipopolysaccharide-Induced Interferon-γ Produc-

tion in Human Whole Blood Cultures. J. Infect. Dis. 1998, 178, 1830–1834. [CrossRef] [PubMed]
54. French, A.R.; Holroyd, E.B.; Yang, L.; Kim, S.; Yokoyama, W.M. IL-18 acts synergistically with IL-15 in stimulating natural killer

cell proliferation. Cytokine 2006, 35, 229–234. [CrossRef]
55. Wolf, A.M.; Wolf, D.; McKenzie, A.; Maurer, M.; Rosenkranz, A.R.; Eller, K. IL-9 Production by Regulatory T Cells Recruits Mast

Cells that Are Essential for Regulatory T Cell-Induced Immune-Suppression. Blood 2010, 116, 2782. [CrossRef]
56. Hamilton, J.A. Colony-stimulating factors in inflammation and autoimmunity. Nat. Rev. Immunol. 2008, 8, 533–544. [CrossRef]

http://doi.org/10.1038/mt.2008.143
http://doi.org/10.1080/2162402X.2019.1593810
http://www.ncbi.nlm.nih.gov/pubmed/31069160
http://doi.org/10.1016/S1470-2045(13)70447-9
http://doi.org/10.1056/NEJMoa1611299
http://www.ncbi.nlm.nih.gov/pubmed/27717298
http://doi.org/10.1016/j.stem.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/20085741
http://doi.org/10.1016/S0022-1759(03)00265-5
http://doi.org/10.4049/jimmunol.182.3.1541
http://www.ncbi.nlm.nih.gov/pubmed/19155502
http://doi.org/10.1016/j.immuni.2018.09.024
http://www.ncbi.nlm.nih.gov/pubmed/30552023
http://doi.org/10.1002/eji.201344134
http://doi.org/10.4161/cbt.4.2.1508
http://doi.org/10.18632/oncotarget.3205
http://www.ncbi.nlm.nih.gov/pubmed/25671296
http://doi.org/10.1016/j.immuni.2012.08.016
http://www.ncbi.nlm.nih.gov/pubmed/23123063
http://doi.org/10.1158/0008-5472.CAN-08-1440
http://www.ncbi.nlm.nih.gov/pubmed/18922917
http://doi.org/10.1172/JCI29919
http://doi.org/10.1128/iai.14.2.422-428.1976
http://doi.org/10.1002/eji.201646837
http://doi.org/10.1182/blood-2005-03-1154
http://doi.org/10.1073/pnas.1203543109
http://doi.org/10.1016/j.it.2004.12.006
http://doi.org/10.4049/jimmunol.180.3.1592
http://www.ncbi.nlm.nih.gov/pubmed/18209055
http://doi.org/10.1038/cddis.2015.162
http://www.ncbi.nlm.nih.gov/pubmed/26086965
http://doi.org/10.1086/314481
http://www.ncbi.nlm.nih.gov/pubmed/9815245
http://doi.org/10.1016/j.cyto.2006.08.006
http://doi.org/10.1182/blood.V116.21.2782.2782
http://doi.org/10.1038/nri2356


Cancers 2022, 14, 2181 15 of 15

57. Fancke, B.; Suter, M.; Hochrein, H.; O’Keeffe, M. M-CSF: A novel plasmacytoid and conventional dendritic cell poietin. Blood
2008, 111, 150–159. [CrossRef]

58. Lu, Y.; Hong, S.; Li, H.; Park, J.; Hong, B.; Wang, L.; Zheng, Y.; Liu, Z.; Xu, J.; He, J.; et al. Th9 cells promote antitumor immune
responses in vivo. J. Clin. Investig. 2012, 122, 4160–4171. [CrossRef]

59. Kashii, Y.; Giorda, R.; Herberman, R.B.; Whiteside, T.L.; Vujanovic, N.L. Constitutive expression and role of the TNF family
ligands in apoptotic killing of tumor cells by human NK cells. J. Immunol. 1999, 163, 5358–5366.

60. Prévost-Blondel, A.; Roth, E.; Rosenthal, F.M.; Pircher, H. Crucial Role of TNF-α in CD8 T Cell-Mediated Elimination of 3LL-A9
Lewis Lung Carcinoma Cells In Vivo. J. Immunol. 2000, 164, 3645–3651. [CrossRef]

61. Komai-Koma, M.; Gracie, J.A.; Wei, X.; Xu, D.; Thomson, N.; McInnes, I.B.; Liew, F.Y. Chemoattraction of Human T Cells by IL-18.
J. Immunol. 2003, 170, 1084–1090. [CrossRef] [PubMed]

62. McFadden, R.G.; Cruikshank, W.W.; Center, D.M. Modulation of lymphocyte migration by human lymphokines. Cell. Immunol.
1984, 85, 154–167. [CrossRef]

63. Ariotti, S.; Beltman, J.B.; Borsje, R.; Hoekstra, M.E.; Halford, W.P.; Haanen, J.B.A.G.; de Boer, R.J.; Schumacher, T.N.M. Subtle
CXCR3-Dependent Chemotaxis of CTLs within Infected Tissue Allows Efficient Target Localization. J. Immunol. 2015, 195,
5285–5295. [CrossRef] [PubMed]

64. Carr, M.W.; Roth, S.J.; Luther, E.; Rose, S.S.; Springer, T.A. Monocyte chemoattractant protein 1 acts as a T-lymphocyte chemoat-
tractant. Proc. Natl. Acad. Sci. USA 1994, 91, 3652–3656. [CrossRef]

65. Castellino, F.; Huang, A.Y.; Altan-Bonnet, G.; Stoll, S.; Scheinecker, C.; Germain, R.N. Chemokines enhance immunity by guiding
naive CD8+ T cells to sites of CD4+ T cell-dendritic cell interaction. Nature 2006, 440, 890–895. [CrossRef] [PubMed]

66. Berman, J.S.; Cruikshank, W.W.; Center, D.M.; Theodore, A.C.; Beer, D.J. Chemoattractant lymphokines specific for the
helper/inducer T-lymphocyte subset. Cell. Immunol. 1985, 95, 105–112. [CrossRef]

67. Cerullo, V.; Pesonen, S.; Diaconu, I.; Escutenaire, S.; Arstila, P.T.; Ugolini, M.; Nokisalmi, P.; Raki, M.; Laasonen, L.; Särkioja, M.; et al.
Oncolytic Adenovirus Coding for Granulocyte Macrophage Colony-Stimulating Factor Induces Antitumoral Immunity in Cancer
Patients. Cancer Res. 2010, 70, 4297–4309. [CrossRef]

68. Pesonen, S.; Diaconu, I.; Kangasniemi, L.; Ranki, T.; Kanerva, A.; Pesonen, S.K.; Gerdemann, U.; Leen, A.M.; Kairemo, K.; Oksanen,
M.; et al. Oncolytic immunotherapy of advanced solid tumors with a CD40L-expressing replicating adenovirus: Assessment of
safety and immunologic responses in patients. Cancer Res. 2012, 72, 1621–1631. [CrossRef]

69. Laberge, S.; Cruikshank, W.W.; Kornfeld, H.; Center, D.M. Storage and Evidence for Constitutive Protein Synthesis Independent
of Transcription and Translation. Chemoattractant Factor from CD8+ T Cells is Histamine-Induced Secretion of Lymphocyte.
1995. Available online: http://www.jimmunol.org/content/155/6/2902 (accessed on 24 January 2022).

70. Rumsaeng, V.; Cruikshank, W.W.; Foster, B.; Prussin, C.; Kirshenbaum, A.S.; Davis, T.A.; Kornfeld, H.; Center, D.M.; Metcalfe,
D.D. Human mast cells produce the CD4+ T lymphocyte chemoattractant factor, IL-16. J. Immunol. 1997, 159, 2904–2910.

71. Lim, K.G.; Wan, H.C.; Bozza, P.T.; Resnick, M.B.; Wong, D.T.; Cruikshank, W.W.; Kornfeld, H.; Center, D.M.; Weller, P.F. Human
eosinophils elaborate the lymphocyte chemoattractants. IL-16 (lymphocyte chemoattractant factor) and RANTES. J. Immunol.
1996, 156, 2566–2570.

72. Taube, J.M.; Klein, A.; Brahmer, J.R.; Xu, H.; Pan, X.; Kim, J.H.; Chen, L.; Pardoll, D.M.; Topalian, S.L.; Anders, R.A. Association of
PD-1, PD-1 ligands, and other features of the tumor immune microenvironment with response to anti-PD-1 therapy. Clin. Cancer
Res. 2014, 20, 5064–5074. [CrossRef] [PubMed]

73. Jacquelot, N.; Roberti, M.P.; Enot, D.P.; Rusakiewicz, S.; Ternès, N.; Jegou, S.; Woods, D.M.; Sodré, A.L.; Hansen, M.; Meirow, Y.;
et al. Predictors of responses to immune checkpoint blockade in advanced melanoma. Nat. Commun. 2017, 8, 1–13. [CrossRef]
[PubMed]

74. Rosenberg, J.E.; Hoffman-Censits, J.; Powles, T.; van der Heijden, M.S.; Balar, A.V.; Necchi, A.; Dawson, N.; O’Donnell, P.H.;
Balmanoukian, A.; Loriot, Y.; et al. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who have
progressed following treatment with platinum-based chemotherapy: A single-arm, multicentre, phase 2 trial. Lancet 2016, 387,
1909–1920. [CrossRef]

http://doi.org/10.1182/blood-2007-05-089292
http://doi.org/10.1172/JCI65459
http://doi.org/10.4049/jimmunol.164.7.3645
http://doi.org/10.4049/jimmunol.170.2.1084
http://www.ncbi.nlm.nih.gov/pubmed/12517977
http://doi.org/10.1016/0008-8749(84)90286-7
http://doi.org/10.4049/jimmunol.1500853
http://www.ncbi.nlm.nih.gov/pubmed/26525288
http://doi.org/10.1073/pnas.91.9.3652
http://doi.org/10.1038/nature04651
http://www.ncbi.nlm.nih.gov/pubmed/16612374
http://doi.org/10.1016/0008-8749(85)90299-0
http://doi.org/10.1158/0008-5472.CAN-09-3567
http://doi.org/10.1158/0008-5472.CAN-11-3001
http://www.jimmunol.org/content/155/6/2902
http://doi.org/10.1158/1078-0432.CCR-13-3271
http://www.ncbi.nlm.nih.gov/pubmed/24714771
http://doi.org/10.1038/s41467-017-00608-2
http://www.ncbi.nlm.nih.gov/pubmed/28928380
http://doi.org/10.1016/S0140-6736(16)00561-4

	Introduction 
	Materials and Methods 
	Experimental Design 
	Pexa-Vec 
	Patient Samples 
	Isolation of Peripheral Blood Mononuclear Cells (PBMCs), Plasma, and Serum from Peripheral Blood 
	Full Blood Counts 
	Immunohistochemistry (IHC) 
	Luminex 
	NK Cell CD107 Degranulation Assay of Patient PBMCs 
	Immunophenotyping of Patient PBMCs 
	Data Interpretation 

	Results 
	Patient Demographics 
	Differential Cytokine Secretion following Pexa-Vec Infusion 
	Differential CD8 T Cell Tumour Infiltration following Pexa-Vec Infusion 
	Differential Immune Cell Activation following Pexa-Vec Infusion 
	Baseline Cytokine Concentrations and Regulatory T Cells Predict the Immune Response to Pexa-Vec 

	Discussion 
	Conclusions 
	References

