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ABSTRACT
The onset of cancer progression is largely mediated by a dysfunctional
adaptive immune system which fails to actively eradicate tumor cells. Adding
to the demand for viable long-term curative options for advanced or metastatic
cancers, immunotherapeutic strategies have been developed with the intent of
efficiently restoring antitumor immunity. An approach to achieve the latter
consists in the generation and expansion of tumor-specific T-cells for adoptive
infusion in cancer patients, in a process defined as adoptive T-cell therapy
(ACT). Clinical application of ACT has provided effective and durable
antitumor responses in some advanced or metastatic cancers, however
employment of toxic pre- and postconditioning in ACT treatment regimens
does not render this therapeutic modality accessible to all cancer patients. The
applicability of ACT is further narrowed considering that its efficacy is tightly
linked to a niche of tumor types which feature high immunogenicity and low
immunosuppressive capabilities. Given the safety and immunological effects
of oncolytic adenovirus therapy, we hypothesized that oncolytic adenoviruses
coding for tumor necrosis factor alpha (TNFα) and interleukin-2 (IL-2)
(Ad5/3-E2F-D24-TNFα-IRES-IL2) could supply, additional proinflammatory
stimulus for improved safety and, efficacy of ACT in immunosuppressive
tumors.
For in vivo validation of this concept, Syrian hamsters were used,
considering that human adenovirus replication is possible, human TNFα and
IL-2 are bioactive and, tumor-infiltrating lymphocyte (TIL) therapy can be
performed. Studies in mice with cytokine-coding replication-incompetent
adenoviruses allowed, detailed immunological characterization after virus
therapy and the use of T-cell receptor (TCR)-engineered ACT. Ex vivo studies
in ovarian cancer clinical samples allowed the study of Ad5/3-E2F-D24hTNFα-IRES-hIL2 in an immunosuppressive microenvironment in the
context of TIL therapy.
Local therapy with Ad5/3-E2F-D24-hTNFα-IRES-hIL2 induced
systemic virus spread, increased TIL trafficking and NK cells and, decreased
M2 macrophages in local and distant tumors. Cytokine-coding adenovirus
treatment negatively impacted tumor growth with the increased expression
levels of chemokines and other immunologically important genes.
Replacement of a lymphodepleting regimen with TNFα and IL-2 coding
adenoviruses allowed comparable antitumor efficacy and survival of animals
receiving ACT. Adenovirus therapy and lymphodepleting preconditioning
promoted similar CD8+ T cell infiltration and dendritic cell maturation
profiles, but with the adenovirus promoting higher proinflammatory status.
The use of IL-2-coding adenovirus therapy instead of high-dose IL-2
postconditioning allowed the best tumor growth control in animals receiving
ACT. Such results, were accompanied by the intratumoral accumulation of
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CD8+ T-cells, M1-like macrophages and decreased levels Tregs, a
phenomenon not seen in control groups or animals receiving high-dose IL-2
postconditioning. Importantly, the confinement of adenovirus-derived
cytokine production to the tumor site enables negligible systemic toxicity as
opposed to the toxicity caused in vital organs and blood from animals receiving
pre and post-conditioning regimens. Furthermore, Ad5/3-E2F-D24-hTNFαIRES-hIL2 therapy caused significant changes in the immunosuppressive
ovarian tumor microenvironment, including CD8+ and CD4+ activation and
increased shedding of IL-2, TNFα, IFN-γ and CXCL10. Such favorable effects
reflected on the increased IFN-γ tumor-reactivity of autologous TILs
transferred into virus-infected ex vivo tumor cultures, a phenomenon not
associated with PD-L1 expression.
In conclusion, TNFα and IL-2 coding oncolytic adenoviruses appear to
be a potent immunotherapeutic which can amplify the local and systemic
effects of ACT in immunosuppressive tumors while lowering the toxicity of
ACT.
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1 INTRODUCTION
Cancer represents a range of diseases that originate from a series of
complex genomic modifications resulting in uncontrollable cell growth and,
thus, the formation of tumors. Recent world projections point at 18 million
cases and 9.5 million deaths occurring in 2018 (International Agency for
Research on Cancer (IARC), 2019). Similarly, more than 12,000 deaths were
reported in Finland during 2017 (Finnish Cancer Registry, 2020). Although
incredible progress was made in the prevention and diagnosis of this disease,
current standard-of-care therapies, such as surgery, radiotherapy or
chemotherapy, fail to deliver long-term curative responses in most patients
with advanced or metastatic tumors. This is often conferred by unique tumor
properties, including cell death avoidance, sustained proliferative cell
signaling and the capacity to invade other tissues (Hanahan & Weinberg,
2011). Furthermore, in recent years, accumulating evidence demonstrated that
tumor progression and recurrence was intimately linked to impaired
antitumor function of the adaptive immune system perpetrated by tumor cells
and/or their microenvironment (Hanahan & Weinberg, 2011). This realization
renewed the interest in the development of immunotherapies, which aim at
modulating and mobilizing immune cells to attack cancer cells.
Interestingly, the concept of immunotherapy stems back to the last two
centuries where associations between microbial infections and spontaneous
tumor regressions were first reported (Lizée et al., 2013). The materialization
of this concept for cancer treatment was primarily introduced by surgeon
oncologist William B. Coley, when he first treated cancer patients with a
bacterial lysate cocktail, also known as the Coley’s toxin (Coley, 1893). In a
similar fashion, further clinical trials followed with the use of a Bacillus
Calmette–Guérin (BCG) attenuated tuberculosis vaccine or a variety of human
viruses, ranging from Hepatitis B to Adenovirus adenoidal-pharyngealconjunctival virus, for the treatment of multiple oncological indications (Kelly
& Russell, 2007; Lizée et al., 2013). Advancements in genetic engineering,
cloning and screening techniques refined these approaches thereby, endowing
modern oncology with innovative and potent immunotherapeutic strategies.
The use of immune stimulatory cytokines, adoptive T-cell therapy, checkpoint
inhibitors or oncolytic viruses have truly revolutionized the landscape of
cancer therapy by offering long-term clinical efficacy in cancer patients (Lizée
et al., 2013; Xu-Monette et al., 2017). Yet, it is important to note that such
benefit is restricted to a limited fraction of cancer patients. In particular, solid
cancers present a suppressive tumor microenvironment that actively
jeopardizes T-cell activity and promotes tumor progression (Salmon et al.,
2019; Vesely et al., 2011). Additional toxicity caveats deriving from the
treatment regimens, particularly with ACT and immune checkpoint inhibitors
(Guedan et al., 2018; Martins et al., 2019), can prevent patients from fully
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benefiting or even be enrolled to receive immunotherapies. Hence,
considering these challenges, it is clear that further refinement of these
therapeutic strategies is needed in order to provide patients with maximum
therapeutic benefit.
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2 REVIEW OF THE LITERATURE
2.1 CANCER IMMUNOEDITING
For years, traditional knowledge on the immune system deemed its
primary function to actively protect the host from invasive pathogens, such as
bacteria, viruses or fungus (Osipov et al., 2019). In its core, immune-mediated
clearance of these entities is triggered due to their invasive/colonial behavior
and the specific motifs of proteins featured in their composition but absent in
the host’s healthy cells (Osipov et al., 2019). Cancer cells, on the other hand,
while belonging to the host, can share traits similar to pathogens as the process
of tumorigenesis often culminates in a mutanome and proteome significantly
different than most of the healthy cells (Vesely et al., 2011). Together with
reports of bacterial and viral infections leading to tumor eradication in
humans, it was speculated that the immune system would also target cancer
cells (Kelly & Russell, 2007; Lizée et al., 2013; Vesely et al., 2011). While
remaining in obscurity, this theory slowly gained ground when compelling
preclinical
evidence
in
mice
showed
that
preventing
Interferon(IFN)gamma(g) activity using IFN-γ insensitive tumor cell lines
would lead to accelerated formation of tumors (Kaplan et al., 1998). In its
current form, the theory of cancer immunoediting is widely accepted as the
capacity that both the innate and adaptive immune system have to, prevent
the formation of tumors and, shape the immunogenicity of forming tumors
(Vesely et al., 2011). For better understanding, these processes have been
divided into three phases: elimination, equilibrium and escape (Dunn et al.,
2002).

2.1.1

THE FIRST CONTACT: ELIMINATION AND EQUILLIBRIUM
PHASES

At initial stages, the immune system actively identifies and eliminates
newly transformed cells therefore, blocking the growth of malignant cells
(Dunn et al., 2002). This process is thought to be fundamentally initialized by
local tissue events including, but not limited to, stromal anomalies, viruspromoted transformation which subsequently become visible to the immune
system through the release of inflammatory cytokines (Vesely et al., 2011). In
response to these modifications, cells from the innate immune system such as,
natural killer (NK) cells, NKT cells, gamma delta (γδ) T cells and dendritic cells
(DCs), travel to the site to destroy the newly formed tumors via molecules such
as NKGD2, perforins and IFN-γ (Kim et al., 2007). While the resulting levels
of IFN-γ induce tumor cell apoptosis, DCs phagocyte necrotic tissue, mature
and migrate to the nearest draining lymph node to differentiate naïve CD4+
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and CD8+ T cells into tumor-specific cytotoxic/helper T-cells (Dunn et al.,
2002; Kim et al., 2007; Vesely et al., 2011). In turn, such cells migrate to the
tumor site to kill cancer cells expressing specific tumor antigens (Kim et al.,
2007).
This cycle of continuous elimination harmonizes into a state of
equilibrium where, the cytotoxic activity of T-cells is sufficient to maintain
tumors under control (Dunn et al., 2002; Kim et al., 2007; Vesely et al., 2011)

2.1.2

BECOMING INVISIBLE: TUMOR ESCAPE

The rate of epigenetic and genetic changes in tumors is very high,
allowing the spawn of a heterogeneous repertoire of tumor cells with high and
low immunogenicity (Vesely et al., 2011). Thus, whilst the pressure exerted by
the immune system eradicates tumor cell populations with high
immunogenicity, the numbers of tumor cell populations with low
immunogenicity rise, ultimately leading to tumors composed, in their
majority, of the latter (Dunn et al., 2002; Kim et al., 2007; Vesely et al., 2011).
This imbalance creates the opportunity for tumor cells to escape the immune
system unharmed allowing for tumor progression and invasion of additional
tissues (Dunn et al., 2002; Kim et al., 2007; Vesely et al., 2011). Importantly,
it is now known that tumor cell escape variants employ a variety of
mechanisms that support resistance to immune clearance which can be mainly
related to intrinsic cell changes and extend to the tumor microenvironment
(Vesely et al., 2011).

2.1.2.1 Evading immune-mediated destruction through intrinsic
modifications
Efficient destruction of tumor cells by effector immune cells could be
simplified in a two-step procedure: (1) recognition of the tumor cell and (2)
direct cytolytic activity and promotion of apoptosis (Vesely et al., 2011). The
fact that tumors progress immunologically silent in the presence of disarmed
immune cells, reflect intrinsic changes in the tumor cells at one or both levels
of this sequence of events. A common byproduct of this are the antigen
presenting complexes, which, under normal circumstances, are responsible
for presenting antigens on the surface of tumor cells to adaptive immune cells.
This has been shown in the form of loss of expression of human leukocyte
antigen (HLA) class I in patients undergoing immunotherapy but also naïve to
the latter (Khong et al., 2004). A recent study also showed that HLA loss is
common in 40% of non-small cell lung cancer (NSCLC) (McGranahan et al.,
2017). Impairment of recognition can also occur if one of the components of
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the complex, such as beta-2-microglobulin (β2m), becomes inactive, although
it appears to be more frequent in cancer patients receiving immunotherapy
(Restifo et al., 1996; Sade-Feldman et al., 2017). This HLA loss has also been
described in colorectal carcinoma (CRC) and bladder cancer (Maleno et al.,
2011). Another pathway to immune invisibility is to acquire mutations that
disrupt the intracellular antigen processing. For example, mutations in
Transporter associated with Antigen Processing (TAP)1 and TAP2, proteins
involved in the translocation of antigens to the HLA complexes have been
documented in breast cancer (Vitale et al., 1998). Tumor cells can also benefit
from shedding MIC proteins in exosomes to escape cytotoxic NKGD2expressing NK cells (Ashiru et al., 2010).
Tumor cells can also develop resistance to cell death by apoptosis.
One mechanism to achieve this is to become unresponsive to cytotoxic
compounds released by effector immune cells, including IFN-γ or tumor
necrosis factor alpha (TNFα). Reports have indicated insensitivity to IFN-γ in
human prostate cancer (Dunn et al., 2005) and lung adenocarcinoma (Kaplan
et al., 1998) due to mutations in IFN-R1/2, Janus Kinase (JAK)1/2 and Signal
transducer and activator of transcription (STAT)1/2 proteins which are critical
for the IFN-γ signal transduction. More recently, TNFα sensitivity loss has also
been implicated in tumor escape in preclinical mouse models (Kearney et al.,
2018). Other strategies encompass the subversion of the apoptotic pathway,
which includes overexpression of B-cell lymphoma-extra large (BCL-XL) (an
anti-apoptotic protein), an event seen in human pancreatic adenocarcinoma
(Friess et al., 1998). Additional acquisition of mutant variations of death
receptors, TNF-related apoptosis-inducing ligand (TRAIL)-R1/2 have been
documented to endow metastatic breast cancer with the same apoptosis
resistance properties (Shin et al., 2001). Mutations in the TRAIL-R2 have also
been deemed to contribute to the pathogenesis of NSCLC (S. H. Lee et al.,
1999).

2.1.2.2 Establishing immune suppression in the tumor
microenvironment
Successful cancer progression relies on the ability of tumor cells to
channel efforts to generate a vast suppressing network capable of inducing and
maintaining local immune tolerance/ignorance. The well conserved
mechanisms involved in thymic selection or tissue repairing, including the
upregulation of ligands for immune checkpoint molecules, are exploited by
tumor cells to shield itself from antitumor immune attacks (Vesely et al., 2011).
A prime example of this tactic has been object of extensive human cancer
studies and concerns the upregulation of Programmed Death (PD)-Ligand
(L)1 expression in tumor cells or tumor-associated macrophages due to longterm IFN-γ exposure (Ribas & Wolchok, 2018; Webb et al., 2016). Upon
interaction with its receptor, PD-1, expressed in cytotoxic T-cells, the immune
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response is negatively regulated leading to a state of immunological tolerance
(Ribas & Wolchok, 2018). Similarly, other tumors suppress antitumor
immunity by having HLA class II molecules interacting with Lymphocyte
Activation Gene (LAG)-3, a relevant immune checkpoint expressed in effector
immune cells that inhibits their activation (Lui & Davis, 2018).
A major part of this local immunosuppressive niche consists in the
control of distant immune cells which is fostered by the secretion of soluble
factors that inhibit the processes of T-cell priming or antigen presentation in
the adaptive immune system. Tumor cell secretion of vascular endothelial
growth factor (VEGF), a factor that supports vascularization of the tumors,
and transforming growth factor (TGF)-beta(b) has been shown to inhibit Tcell priming and DC activation (Kobie et al., 2003; Oyama et al., 1998)
demonstrated in ascites of human ovarian cancer (Gavalas et al., 2012). In
addition, suppressive interactions lead to overall changes in the T-cell fate,
function and metabolic fitness. Conversion of cytotoxic T-cells into regulatory
T cells, which, in turn, impair T cell function through expression of PD-L1
(Chevalier et al., 2018), secretion of TGF-ß1 (M.-L. Chen et al., 2005) and
depletion of cytokines (Kastenmuller et al., 2011), is largely promoted by TGFß1 (Moo-Young et al., 2009). Further tumor secretion of other factors such as
Granulocyte-macrophage (GM)-colony-stimulating factor (CSF), IL-6,
Prostaglandin E2 (PGE2), forms a cocktail that enables the generation of
myeloid-derived suppressor cells (MDSCs), which hinder the activity of T-cells
in a number of ways (Gabrilovich & Nagaraj, 2009), including depletion of
essential amino acids (Srivastava et al., 2010). This has been reported in renal
cell carcinoma (RCC) patients (Zea et al., 2005) and, depletion of MDSCs in
such tumor type enables TIL expansion (Guislain et al., 2015). The presence of
macrophages and their polarization to M2 phenotype has been consistently
documented to be promoted by tumor-derived IL-4 and IL-13 (Pinto et al.,
2019). This cell subset is equally responsible for hindering T-cell responses
through mechanisms that include the release of enzymes involved in the
metabolization of amino acids essential to T-cell function, also through
arginase-1 (Rodriguez et al., 2004). A similar strategy was also described in
many advanced human tumors (Théate et al., 2015) and involves the tumor
secretion of indoleamine 2,3-dioxygenase (IDO) enzymes which deplete
tryptophan and inhibit T-cell proliferation (Uyttenhove et al., 2003).

2.2 RESTORING CONTROL: HARNESSING ADAPTIVE
IMMUNITY FOR CANCER IMMUNOTHERAPY
Disarming antitumor adaptive immune responses remains an integral
strategy of tumor cells to ensure continuous growth and spread. These
inhibitory tactics target the cancer immunity cycle, a comprehensive series of
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steps that decades of medical research identified as critical for T-cell-mediated
tumor destruction. In essence, these steps encompass: (1) cancer cell death
and antigen spread, (2) presentation of cancer antigens, (3) T-cell priming and
activation, (4) T-cell trafficking to tumor, (5) T-cell infiltration in the tumor,
(6) Tumor recognition by T-cells and (7) effective tumor cell killing (D. S. Chen
& Mellman, 2013). Importantly, a number of therapeutic solutions have been
developed to tackle some of these limiting-steps and restore the T-cell
antitumor function.

2.2.1

RECOMBINANT CYTOKINE THERAPY AND THE CLINICAL
EXPERIENCE

The discovery that immune cell interactions are regulated via cytokines
fundamentally introduced to modern oncology the capacity to modulate the
adaptive immune system for cancer therapy purposes (S. Lee & Margolin,
2011). In essence, cytokines are proteins used for immune cell
intercommunication to initialize, resolve, maintain or modify immune
responses (S. Lee & Margolin, 2011). At a cellular level, cytokines can decide
the fate of immune cells by triggering their differentiation, activation and/or
expansion (S. Lee & Margolin, 2011).

2.2.1.1 Interleukin-2
The notion that cytokine networks could be potentially harnessed for
immunotherapy led to the discovery of IL-2. Initially designated as T-cell
growth factor, IL-2 is a 15.5 kDa protein that, upon anchoring with its trimeric
IL-2 receptor (α chain - CD25, β –chain - CD122, γ – chain -CD132), signals
both CD4+ and CD8+ T-cells to activate and proliferate in an autocrine and
paracrine fashion (S. Lee & Margolin, 2011). In the event of excessive
activation or expansion of T-cells, IL-2 can serve as a negative regulator of Tcell responses by inducing the expansion of regulatory T-cells which, as
mentioned above, are responsible for dampening T-cell responses
(Ahmadzadeh & Rosenberg, 2006). Given its low half-life in the blood serum
(Lotze et al., 1985) and inefficient tumor dissemination, recombinant IL-2 was
first used in bolus high-dose to treat metastatic melanoma and RCC patients
(Atkins et al., 1999; Fyfe et al., 1995). Both indications showed similar
objective response rate (ORR)s (16% metastatic melanoma, 14% renal cell
carcinoma) of which approximately half were complete response (CR)s,
preceding the approval of IL-2 by the FDA for cancer patients bearing these
indications (Atkins et al., 1999; Fyfe et al., 1995). Despite the clinical activity,
it is important to note that its use via systemic route is highly toxic (Rosenberg,
2014). Cancer patients treated with high-dose IL-2 experience vascular
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leakage syndrome which derives from the extravasation of fluids from the
capillary into visceral organs (Rosenberg, 2014). Additional toxicities
comprise, cytokine storms, due to massive peripheral T-cell activation, and
liver damage, characterized a rise in liver enzymes in the blood serum
(Rosenberg, 2014). Although mostly reversible with current standard of care,
toxicities associated with the infusion of high-dose recombinant IL-2 can lead
to mortality (Rosenberg, 2014). To solve these hurdles, the medical
community invested efforts in developing or optimize delivery methods to
circumvent toxicity and pharmacokinetic issues. For example, administration
of subcutaneous IL-2 administration resulted in no major toxicities and some
efficacy in mesothelioma patients (Castagneto et al., 2001). Intraperitoneal
injections of recombinant high-dose IL-2 enabled 25% ORRs in ovarian cancer
patients (Vlad et al., 2009). A recent study reported a 14-year remission in of
a recurrent ovarian cancer patient treated with the same modality (Minor et
al., 2017). A different approach consists in the addition of polyethylene glycol
(PEG) chains to IL-2 (NKTR-214) to increase its systemic bioavailability and
block the interaction with CD25 (highly expressed in Tregs) thus, improving
its selectivity in preclinical tumor models (Charych et al., 2016). This
approach is under clinical investigation, with the best results being stable
disease in patients with advanced and metastatic solid cancers (Bentebibel et
al., 2019). In contrast, administration of anti-EDB/L19-IL-2 complexes in
stage III metastatic melanoma patients resulted in 53.9 % ORR with a median
overall survival time 2.4 years. Clinical evidence demonstrated that viralvectored delivery of IL-2 equally overcomes toxicity with modest clinical
efficacy in stage IV melanoma patients and delivery efficiency than the
aforementioned methods (Dummer et al., 2008).

2.2.1.2 Tumor Necrosis Factor Alpha
Concomitant observations of a compound able to cause apoptosis and
necrosis quickly led to the realization of its potential utility for cancer
immunotherapy. TNFα, as it was defined, is a 17 kDa protein produced by
active cytotoxic T-cells and other effector immune cells, which depending on
the TNF receptor it binds, can have pro-apoptotic (TNFR1) or anti-apoptotic
(TNFR2) effects (Josephs et al., 2018). Considering that the former is
expressed in tumor cells and its vasculature and the latter in immune cells
(Josephs et al., 2018), the effects of TNFα in the cancer immunity cycle
include: (1) tumor cell apoptosis, (2) effector T-cell activation via reduction of
immunosuppressive cells (Valencia et al., 2006), (3) disruption of tumor
vasculature (Watanabe et al., 1988) and (4) reversion of M2 macrophages
(suppressive phenotype) into M1 macrophages (inflammatory phenotype)
(Kratochvill et al., 2015), among other functions. Such antitumor effects are
mostly achieved when TNFα is introduced in the tumor microenvironment in
acute levels, as opposed to chronic levels which can have pro-tumorigenic
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effects (Montfort et al., 2019). In an attempt to reproduce the effects seen in
preclinical models, recombinant TNFα was first employed in a number of
clinical trials through the systemic route. Adding to the fact that no clear
objective responses were found in patients with advanced cancers (Kemeny et
al., 1990; Lenk et al., 1989), these patients showed clear signs of dose-limiting
toxicities which included, hypotension and intravascular coagulopathy
(Kemeny et al., 1990). Its use in an isolated limb perfusion setting, however,
demonstrated better toxicity profile and substantial ORRs in metastatic
lesions of melanoma (Deroose et al., 2012) and leiomyosarcoma (Deroose et
al., 2011) which laid the foundations for its approval by the EMEA.
Considering the impressive antitumor potential of TNFα and the toxicity
restrictions imposed by its use, several next-generation delivery systems have
been developed. For example, a mutated version of TNFα has been used in
combination with chemotherapy for stage IIIB/IV non-small cell lung cancer
patients resulting in a ORR of 27.47% (Li et al., 2012). Alternatively, TNFα has
been fused to an anti-L19 antibody and used for the treatment of patients with
advanced cancer (Spitaleri et al., 2013). While being demonstrated safe as
single-agent, its use resulted in no ORRs however some patients demonstrated
stable disease (Spitaleri et al., 2013). Like IL-2, viral-vectored delivery of TNFα
in advanced cancer patients, demonstrated an 21% CRs of which 75% lasted
more than 2 years and low toxicity profile (McLoughlin et al., 2005).

2.2.1.3 Other cytokines
Beyond IL-2 and TNFα, a myriad of cytokines have been developed
as therapeutic agents for cancer, although only a few made it to the clinic. For
instance, IFNα and IFNβ, cytokines secreted during infections, have the ability
of, in the context of cancer immunity, upregulating expression of MHC class I
complexes in tumor cells, mature dendritic cells and activate T-cells (S. Lee &
Margolin, 2011). While both seemingly promising for cancer therapy, only
IFNα2 is currently approved as an adjuvant for stage II and III melanoma at
high risk with manageable toxicities (Kirkwood et al., 1996). IL-15 is also being
clinically investigated in patients with advance cancer for its ability to
stimulate antigen-specific CD8+ T cells in preclinical models (Miller et al.,
2018). While its subcutaneous administration in patients with advanced
cancer is well tolerated, no responses were observed in a recent phase I clinical
trial (Miller et al., 2018). In addition, IL-12, a cytokine capable of improving
the cytotoxic function and expansion of CD8+T cells, reported a low response
rate (7%) in patients with renal cell carcinoma (Motzer et al., 2001). Thus,
while promising agents, it is clear that further development is required to fully
take advantage of such anti-cancer tools.
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2.2.2

IMMUNE CHECKPOINT INHIBITOR THERAPY

An approach to counteract the immunosuppressive methods employed
by tumor cells to disrupt the cycle of cancer immunity cycle is to take
advantage of the principles of immunization. In particular, monoclonal
antibodies can be generated by immunization to certain proteins in order to
artificially stimulate or inhibit the interaction of proteins in tumor cells and
immune cells. In cancer immunotherapy, this enables great versatility in the
customization of adaptive immune responses through, for example, inhibition
of negative regulators of immune responses, also known as, immune
checkpoints. This concept fundamentally changed modern cancer therapies
and begun with the application of antibodies directed to cytotoxic T
lymphocyte-associated protein (CTLA)-4 for the treatment of tumors.

2.2.2.1 CTLA-4 inhibition
Initial studies demonstrated that, upon antigen-TCR interaction,
CTLA-4 expression is upregulated in T-cells and competes with CD80/CD86
molecules for CD28 costimulatory molecules (Ribas & Wolchok, 2018). The
output of this interaction is hypofunction of T-cells characterized by decreased
activation and proliferation arrest, a feature of many advanced cancers (Ribas
& Wolchok, 2018). The use of monoclonal antibodies to block this interaction
caused substantial tumor regressions in preclinical tumor models (Leach et al.,
1996) leading to the development of fully human anti-CTLA4 antibodies
namely, Tremelimumab and Ipilimumab. Their use in patients with advanced
metastatic melanoma showed modest antitumor response rates but,
importantly, the durability of such responses was 20% at 10-year mark (Hodi
et al., 2010; Schadendorf et al., 2015). Toxicities associated with anti-CTLA4
therapy included severe autoimmune, such as colitis, reactions although
mostly manageable and reversible, which led to their first in world approval
by the FDA and EMEA (Hodi et al., 2010). Currently, it is approved for several
indications including, malignant melanoma, renal cell carcinoma and
microsatellite instability-high or mismatch repair deficient metastatic
colorectal cancer (FDA, 2018a). Nevertheless, attempts to circumvent
toxicities of systemic administration of anti-CTLA4 antibodies have been
developed to broaden the spectrum of potential benefactors to therapy. These
include, for instance, the vectored delivery of the antibody (Dias et al., 2012).

2.2.2.2 PD1/PD-L1 inhibition
Within the same category, the PD-1/PD-L1 axis emerged as another
important negative immune regulator of T-cell responses in the tumor
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microenvironment. In essence, PD-1 is expressed by T-cells and, when it
interacts with its ligands, either PD-L1 (expressed in tumor and immune cells)
or PD-L2 (expressed in immune cells), it triggers exhaustion programs in
cytotoxic T-cells (Ribas & Wolchok, 2018). As mentioned earlier, the fact that
IFN-γ-induced inflammation upregulates PD-L1 expression in tumor cells and
associated macrophages can compromise the overall adaptive immune
response (Ribas & Wolchok, 2018; Webb et al., 2016). Since this mechanism
has been reported in many advanced tumor types, it was conceivable to exploit
this route for therapeutic purposes (Ribas & Wolchok, 2018). Anti-PD-1
inhibitory antibodies, such as Pembrolizumab and Nivolumab, are capable of
activity in a wide range of solid tumors (Ribas & Wolchok, 2018). So far, the
highest single agent efficacy observed was in advanced Merkel cell carcinoma
patients receiving pembrolizumab resulting in 56% ORR and a 2-year OS of
68.7% (Nghiem et al., 2019), and in PD-L1-scoring NSCLC patients receiving
the same inhibitor a 41% ORR was achieved with a 22.3 month median OS
(Leighl et al., 2019). The combination of Ipilimumab with Nivolumab
produced responses up to 60% in melanoma patients (Ribas & Wolchok, 2018;
Wu et al., 2019). Most advanced solid tumor types, however, show ORRs
ranging from 11.9-31.7% (Wu et al., 2019). Nonetheless, the severity of adverse
events observed in patients treated with the combination is high, as opposed
to the single agent use of anti-PD1 inhibitors (Wolchok et al., 2017). These are
approved in a number of indications presented in table 1 (FDA, 2018b, 2018c,
2019d, 2019a, 2019b, 2019c; Wu et al., 2019).
Table 1

List and characteristics of immune checkpoint inhibitors approved in the US.

Immune

Approved

Target(s)

Checkpoint
Inhibitor

Indication

CTLA4

Ipilimumab

Melanoma

Melanoma

Merckel Cell
Carcinoma
PD-1

Pembrolizumab

Therapeutic line
First-line
Adjuvant
Failed BRAF inhibitor and/or
Ipilimumab therapy
First-line therapy and subsequent
lines
First-line therapy and subsequent
lines
PD-L1 positive and progressing on
platinum therapy

NSCLC

First-line therapy on metastatic
PD-L1 positive NSCLC without
ALK and EGFR mutations
First-line therapy in combination
with Pemetrexed and Carboplatin;
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metastatic non-squamous NSCLC
despite PD-L1 expression
First-line therapy in combination
with Pemetrexed and Platinum;
metastatic non-squamous NSCLC
without ALK and EGFR mutations
First line therapy; Not eligible for
Urothelial
cancer

Cisplatin
For recurrent cancer after platinum
therapy

Hepatocellular
carcinoma

Second-line therapy after sorafenib

Gastric Cancer

PD-L1 positive and progressing
after several chemotherapy lines

Microsatellite
Instable High
(MSI-H) and
mismatch

Refractory to all standard-of-care
therapies

repair deficient
(dMMR)
Head and Neck
Squamous cell
carcinoma

For recurrent PD-L1 positive
cancer after platinum therapy

Cervical cancer

For refractory/metastatic PD-L1
positive cancer
Failed BRAF inhibitor and/or

Melanoma

NSCLC

Nivolumab

Ipilimumab therapy
Adjuvant therapy for Stage
IIIB/C/IV melanoma
For squamous relapsed/refractory
cancer
For non-squamous
relapsed/refractory cancer

Small cell lung
cancer

For recurrent cancer after platinum
therapy

RCC

Second-line therapy

Hepatocellular
carcinoma

Second-line therapy after sorafenib

MSI-H and
dMMR cancer

Refractory to all standard-of-care
therapies

Head and Neck
Squamous cell
carcinoma

For recurrent cancer after platinum
therapy
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Avelumab

Merckel Cell
Carcinoma

First-line therapy and subsequent
lines

Urothelial
Cancer

For recurrent cancer after platinum
therapy

RCC

Atezolizumab

with axitinib

NSCLC

For unresectable stage III cancer
not progressing after
chemotherapy and radiation

Urothelial
cancer

For recurrent cancer after platinum
therapy

Durvalumab

PD-L1

First-line therapy in combination

NSCLC

Second-line therapy

Small Cell
Lung cancer

First-line therapy in combination
with platinum and etoposide

Urothelial
Cancer

First-line therapy; Not eligible for
cisplatin

Breast Cancer

For unresectable triple-negative
breast cancer in combination with
abraxane
First-line therapy of RCC without

RCC

EGFR and ALK mutations in
combination with platinum and

Melanoma

First-line therapy regardless of
BRAF mutational status

RCC

First-line therapy

MSI-H and

Refractory to all standard-of-care

dMMR cancer

therapies

abraxane

CTL4 +
PD-1

Ipilimumab +
Nivolumab

PD-L1 inhibitors, such as durvalumab, atezolizumab and avelumab,
have also received FDA approval for cancer therapy, due their ability to deliver
compelling clinical efficacy in the setting of metastatic or advanced disease. In
particular, Merkel cell carcinoma patients benefited the most from PD-L1
inhibition as avelumab therapy delivered an ORR of 33% with 1-year OS of
72.4% (Kaufman et al., 2018). However, the activity of PD-L1 is limited to a
few tumor types with an ORR ranging from 13-23% although with welltolerated adverse events (Wu et al., 2019). This earned their approval in
several indications as indicated in table 1.
Indeed, the clinical application of both immune checkpoint inhibitors
targeting PD-1/PD-L1 has changed modern oncology treatments however,
most single agent activity ranges 20% of the patients (Wu et al., 2019) and it
is clear that a major fraction of non-responding or resistant patients still
persists (Haslam & Prasad, 2019). In addition, immune checkpoint inhibition
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fails to deliver therapeutic benefits in many tumor types, including ovarian
cancer, pancreatic cancer and prostate cancer, brain tumors, among others.
Multiple efforts have been employed to stratify, with accuracy, patients that
may respond to therapy. The field of tumor histology has sponsored these
advances, now allowing oncologists to identify potential responders based on
PD-L1 expression, tumor mutational burden, neoantigens and spatial
distribution of lymphocytic infiltrates (D. S. Chen & Mellman, 2017), however
with modest reliability. Further clues to identify responders and resistant
patients have pointed towards mutations or viral ancestry but additional work
is needed to refine these hypotheses. Alternatively, immune checkpoint
inhibitors are being combined with currently available therapeutic strategies
to overcome these issues in a preclinical and clinical setting. In 2018, a great
majority of clinical trials were combining PD-1/PD-L1 inhibitors with antiCTLA4 inhibitors, chemotherapies, radiotherapies, anti-VEGF antibodies and
chemoradiotherapy combos (Tang et al., 2018). Recent projections have
shown a 2-fold increase in active clinical trials in the same abovementioned
categories (Yu & Tang, 2019).

2.2.2.3 Beyond anti- CTLA-4, PD-1 and PD-L1
The development of CTLA-4, PD-1 and PD-L1 pushed forward the
discovery of novel targets such as anti-T cell immunoreceptor with Ig and
ITIM domains (TIGIT), anti- T-cell immunoglobulin and mucin domain
(TIM)-3 and anti-LAG-3, which are now under clinical evaluation.

2.2.3

ADOPTIVE T-CELL THERAPY

The recognition of T-cells as paramount mediators of antitumor
immunity (D. S. Chen & Mellman, 2013) sparked the development of cellularbased T-cell therapies aiming at counteracting the limited abundance and
inactivity status of tumor-specific T-cells within the tumor microenvironment.
Essentially, the concept of adoptive T-cell therapy (ACT) consists in the
infusion of a large number of activated autologous or allogeneic T-cells into
cancer patients (Figure 1) (Rosenberg & Restifo, 2015). Since its first
development in the mid-1980s, multiple variations of ACT are currently
available to solve distinct aspects of dysfunctional T-cell immunity (Rosenberg
& Restifo, 2015).
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Figure 1

Schematic representation of ACT. (1) PBMCs/leukapheresis material or tumor
tissue is obtained from cancer patients for T-cell isolation. (2) TILs are isolated,
activated and cultured during a certain period of time. Alternatively, T-cells from
PBMCs/leukapheresis material are isolated, activated transduced with a defined
tumor-specific TCR or CAR and cultured during 14 days. (3.A) Before T-cell infusion,
cancer patients are frequently lymphodepleted with a systemic regimen of CTX and
Flu chemotherapy. (3.B) After expansion, TILs or TCR/CAR-engineered T-cells are
systemically infused in the cancer patient. (4) Some ACT protocols, in particular with
TILs, cancer patients are frequently administered with multiple cycles of systemic
high-dose IL-2 postconditioning. Abbreviations: ACT-adoptive T-cell therapy,
PBMCs- Peripheral blood mononuclear cells, TIL- Tumor-infiltrating lymphocyte,
TCR- T-cell receptor, CAR- Chimeric-Antigen Receptor, IL-Interleukin, CTXCyclophosphamide, Flu- Fludarabine.

2.2.3.1 Tumor-infiltrating Lymphocyte Therapy
The existence of tumor-infiltrating lymphocytes in several cancer
types led to the realization that these could be salvaged for therapeutic
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purposes. The primary idea was introduced by Dr. Steve Rosenberg and his
team, who made use of IL-2 to develop a protocol for extraction and expansion
of TILs from resected tumors, mostly with high success rate (Andersen et al.,
2018; Ratto et al., 1996; Rosenberg & Restifo, 2015; Westergaard et al., 2019).
The preparation of TILs could be classified in 3 phases: (1) tumor fragments
or single-cell suspensions were cultured with high-dose IL-2 until a modest
lymphocytic carpet could be seen in the wells, (2) rapid expansion of TILs
through activation with anti-CD3, irradiated allogeneic peripheral blood
mononuclear cells and high-dose IL-2 and (3) selection of TIL batches based
on IFN-γ release assays (Rosenberg & Restifo, 2015). Independently of the TIL
preparation protocol, the adoptive TIL infusion is often preceded by a
lymphodepleting preparative regimen, to ensure the availability of cytokines
for the in vivo expansion of the TIL graft and, to potentially clear
immunosuppressive cell subsets from the tumor site (Rosenberg & Restifo,
2015). After the TIL infusion, the patient receives post-conditioning in the
form of systemic recombinant high-dose IL-2 to help maintaining the
persistence and activation status of the TIL graft (Figure 1) (Rosenberg, 2014;
Rosenberg & Restifo, 2015).
The clinical application of classically prepared TILs in ACT was rather
successful in patients with metastatic melanoma. Multiple phase I/II clinical
trials led by Steve Rosenberg’s team demonstrated objective response rates up
to 72% of the patients from which, 40% were durable and up to 20% were CRs
(Rosenberg et al., 2011). Most clinical protocols employed lymphodepleting
preconditioning, using either total-body irradiation or a combination of
cyclophosphamide and fludarabine and, postconditioning with high-dose
systemic IL-2 (Rosenberg et al., 2011).
Evidently, traditionally prepared TILs is time-consuming causing
many patients to drop-out before receiving treatment thus, leading to the
development of a more efficient method to produce clinical-grade TILs,
namely “Young” TILs protocol (Donia et al., 2012; K. Q. Tran et al., 2008). At
its core, this is a variation of the classical protocol, where tumor fragments are
cultured during less time with high-dose IL-2 and the IFN-γ selection step is
eliminated (Donia et al., 2012; K. Q. Tran et al., 2008). Hence, minimally
cultured “young” TILs yield superior fitness (better costimulatory markers)
and are produced at a lower cost and manufacturing time as compared with
standard TILs (Donia et al., 2012; K. Q. Tran et al., 2008). From a clinical
standpoint, the “young” TIL protocol allows patients to receive TIL infusions
earlier as compared to the classical protocol. Additional tweaks to the TIL
preparation included the use of T-cell bioreactors (such as G-Rex®) for
optimal T-cell culture (Jin et al., 2012), selection of TIL subsets using GMPgrade magnetic separation (Dudley et al., 2010) or based on neoantigen
specificity of TCRs (Zacharakis et al., 2018).
The inclusion of “Young” TILs in TIL-based ACT clinical protocols
has been adopted by multiple centers worldwide showing reproducibility with
substantial tumor regressions ranging from 40% to 47% of patients with
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metastatic melanoma (Andersen et al., 2016; Besser et al., 2013; Itzhaki et al.,
2011). In the same indication, two studies demonstrated that infusion of
magnetically separated CD8+ “Young” TILs enables varying objective
response rates between 20% and 54% (Dudley et al., 2010, 2013). Besides the
inconsistent ORR, selection of CD8+ “young” TIL fraction for infusion does
not offer an advantage compared with unselected “young” TILs (20% vs 35%)
(Dudley et al., 2013). In contrast with the first studies using TIL therapy, these
clinical protocols used cyclophosphamide and fludarabine preconditioning,
and, systemic administration of IL-2, as postconditioning. Considering the
manufacturing advantages over the classical TILs, it is now employed as
“standard” procedure in most specialized centers running ACT clinical
protocols using TILs.
So far the ability to successfully grow TILs has been reported for
many solid tumor types, which include uveal melanoma (Chandran et al.,
2017), head and neck (Leidner et al., 2018), renal cell carcinoma (Andersen et
al., 2018), breast cancer (Zacharakis et al., 2018), ovarian cancer (Westergaard
et al., 2019), non-small cell lung cancer (Ratto et al., 1996), cervical cancer
(Stevanović et al., 2019) and gastrointestinal cancer (Hall et al., 2016). For
example, a recent phase II clinical trial demonstrated 35% ORR in metastatic
uveal melanoma patients of which some were refractory to immune
checkpoint inhibition (Chandran et al., 2017). Another embodiment of success
is metastatic cervical cancer patients treated with TIL therapy, where 28%
ORRs were observed (Stevanović et al., 2019). Importantly, some of these
responses were durable (Stevanović et al., 2019).
Additionally, neoantigen-specificity of TILs was shown to be largely
implicated in the durability of responses in cancer patients treated with
polyclonal TILs, leading to the notion that, selection of these clones among
TILs could bring additional therapeutic benefit (Lauss et al., 2017). The
outcome of this strategy can be fruitful as shown in a metastatic triple negative
breast cancer patient treated with TILs selected for neoantigen-specificity,
who experienced complete durable regression (Zacharakis et al., 2018). ACT
of TILs targeting a mutated KRAS antigen in a patient with metastatic
colorectal cancer also showed ORRs in several lesions, highlighting the
potential of this approach (E. Tran et al., 2016). However, this form of highly
personalized therapy is only effective for some patients (Schumacher et al.,
2018). At a general level, response rates are highly inconsistent among other
non-melanoma tumor types possibly reflecting differences in clinical protocols
(i.e. first-line vs adjuvant therapy) and biological tumor differences (Andersen
et al., 2015). For example, a randomized phase III clinical trial in renal cell
carcinoma failed to deliver improved overall survival than low-dose IL2
because not all patients received TILs (Figlin et al., 1999). Ovarian cancer
patients also showed variable response rates upon TIL therapy (0-82%) (Aoki
et al., 1991; Freedman et al., 1994; Pedersen et al., 2018). Failure of TIL
therapy has also been attributed to the presence of limited numbers of tumorreactive TILs and exhausted TILs (Pedersen et al., 2018; Westergaard et al.,
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2019). A recent clinical study hinted at LAG-3 expression and expression of
PD-L1 in tumors as possible mechanisms for the reduced activity of TIL
therapy in ovarian cancer patients (Pedersen et al., 2018). Also, the scarce
functionality of TILs has been also implicated as a possible cause for the lack
of effectivity (Andersen et al., 2018).
Furthermore, while manageable with intensive care, the toxicities
associated with the clinical protocol of ACT using TILs can be
unsurmountable. The requirement of a lymphodepleting preparative regimen
before infusion (Figure 1) causes cancer patients to experience grade 3-4
adverse events, which include neutropenia and can lead to acute sepsis or
opportunistic infections (Andersen et al., 2016; Dudley et al., 2005). In some
instances, the severity of these events can result in death (Dudley et al., 2010).
On the other hand, patients administered with systemic high-dose
recombinant IL-2 (Figure 1) can contract the same complications, previously
mentioned (section 2.2.1.1), associated with its use (Rosenberg, 2014).
Although the use of a decrescendo dose regimen of systemic IL-2 in TIL-based
ACT show interesting ORRs, its use is still necessary for the success of the
therapy (Andersen et al., 2016). Overall, for debilitated cancer patients, these
toxicities are major causes of treatment discontinuity turning this therapy not
accessible to every patient in need. It is important to note that TIL
administration per se is safe, with barely any TIL-related toxicities associated
with TIL infusion as particularly noted in trials which did not use any
conditioning regimens (Ravaud et al., 1995; Saint-Jean et al., 2018).

2.2.3.2 T-cell receptor(TCR)-engineered T-cell therapy
Another approach for treating cancer patients with ACT is to redirect
peripheral blood T-cells to the tumor by conferring them with a tumor-specific
TCR (Figure 1) (Rosenberg & Restifo, 2015). Contrary to TIL therapy, it
attempts to provide the tumor microenvironment with a large number of Tcells with unique tumor-specificity and higher proliferative fitness (Rosenberg
& Restifo, 2015). The basis of this strategy revolves around the potency of
TCRs to recognize tumor-antigens displayed in class I or II HLA complexes
(Figure 2A) (Rosenberg & Restifo, 2015). In particular, the process of
discovery involves: (1) identification of tumor-specific T-cell clones, obtained
through, for example, cancer patients, humanized mice or phage display
technology and (2) assessment of TCR avidity through tumor cell killing assays
(Lagisetty & Morgan, 2012). Once identified, the tumor specific TCR can be
transferred into T-cells using viral or non-viral techniques followed by rapid
T-cell expansion (Lagisetty & Morgan, 2012). Similarly to TIL-based ACT,
infusion of TCR-engineered T-cells is performed in patients previously
lymphodepleted and, depending on the protocol, may receive or not systemic
recombinant IL-2 as posconditioning (Figure 1).
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The first TCR-engineered products mostly targeted shared tumorassociated antigens (TAA), which include differentiation antigens,
overexpressed antigens and cancer germline antigens (Chandran & Klebanoff,
2019). Accordingly, an initial clinical trial in metastatic melanoma patients
treated with melanoma antigen recognized by T cells (MART)-1-specific
engineered T-cells reported an ORR of 13% (Morgan et al., 2006). Johnson
and colleagues achieved improved results in the same patient population with
ORRs up to 30% with some degree of on-target toxicities in melanocytes
present in healthy tissue (Johnson et al., 2009). Engineered T-cells targeting
cancer germline antigens such as New York (NY)-Esophageal Squamous Cell
Carcinoma (ESO)-1 have been employed in the treatment of melanoma and
advanced synovial cell sarcoma patients with significant tumor regression
achieved in 40% (including 2 CRs lasting more than 1 year) and 65% (including
1 partial response lasting 1.5 years) of patients, respectively, with a favorable
toxicity profile (Robbins et al., 2011). In contrast, a basket clinical trial using
Melanoma-associated antigen (MAGE)-A3-specific T cells to treat melanoma,
synovial sarcoma and esophageal cancer reported mixed results, with 55%
ORR (including 1 CR and 1 PR lasting at least more than 1 year) but two deaths
resulting from cross-reactivity with MAGE-A12 located in the brain (Morgan
et al., 2013). Similarly, another clinical trial reported another death due to
cross reactivity of MAGE-A3-specific T cells with a protein expressed in
functional cardiomyocytes (B. J. Cameron et al., 2013). MAGE-A4-specific Tcells were used to treat synovial sarcoma patients with stable disease reported
lasting more than 2 years, however with no ORRs reported (Kageyama et al.,
2015).
Although mostly under preclinical development, ACT can be
performed using TCR-engineered T-cells targeting unique tumor-associated
neoantigens and oncoproteins (Chandran & Klebanoff, 2019). The latter
approach has been brought to patients with metastatic Merkel cell carcinoma,
where infusion of polyoma-specific T cells led to durable lesion regressions
(Chapuis et al., 2014). Affinity enhanced modifications to the NY-ESO-1directed TCRs also allowed an impressive 59% ORR in synovial sarcoma
patients, with 1 patient achieving CR and 14 patients achieving PRs
(Ramachandran et al., 2019).
From a safety perspective, the choice of antigen can influence greatly
the toxicity profile of this approach because the majority of targets currently
used are TAAs shared between healthy (mostly in non-vital tissue) and tumor
tissue. This can be deadly for cancer patients, as demonstrated earlier (B. J.
Cameron et al., 2013; Morgan et al., 2013). A number of strategies are being
employed to better predict and decrease the cross-reactivity of TCRs (Border
et al., 2019). The persistence of engineered T cells in the blood is also shortlived and requires the utilization of lymphodepleting preconditioning and
occasionally systemic administration of recombinant IL-2 (Johnson et al.,
2009; Morgan et al., 2013; Robbins et al., 2011). This allows an increase in
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their persistence up to a year, however, accompanied of severe toxicities
typically observed in the employment of these regimens.

Figure 2

Structure and recognition pattern of TCR and CAR. (A) The TCR complex is
composed of a multimeric CD3 complex and the TCR itself. While the CD3 complex
consists in 2 ζ chains, 2 ε chain, 1 δ chain, 1 γ chain which form dimers (ζ ζ, ε δ, γ ε),
the TCR is formed of 1 α or γ and 1 β or δ chains which form heterodimers (αβ or γδ).
The latter recognizes the antigen in the HLA complex located on the surface of tumor
cells or APCs. (B) Representation of a 4th generation CAR composed of a singlechain variable fragment, which is linked through a transmembrane protein to a costimulatory domain composed of CD28/CD27/CD134/CD137 molecules, a cytokine
inducer (for example IL-12) and a stimulatory domain composed of CD3ζ. The CAR
receptor recognises surface antigens, which are not associated with HLA complexes.
Abbreviations: TCR- T-cell receptor, CAR- Chimeric-Antigen Receptor, ζ- zeta, εepsilon, δ-delta, γ-gamma, α- alpha, β- beta, HLA- Human Leukocyte Antigen, CDComplement Determinant, APC- Antigen-Presenting cells, IL-Interleukin

2.2.3.3 Chimeric antigen receptor(CAR) T-cell therapy
The clinical development of peripheral blood T-cells geneticallyengineered to harbor CAR receptors (Figure 2) emerges from the need to
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eliminate external costimulation of T-cells and overcome the downregulation
of HLA complexes in tumor cells (Guedan et al., 2018). Essentially, CARs are
artificial receptors resulting from hardwiring a single-chain variable fragment
from a monoclonal antibody (scFv) to an intracellular signaling domain
containing T-cell stimulatory and costimulatory components (Figure 2B)
(Chandran & Klebanoff, 2019; Guedan et al., 2018). Considering that the
antibody fragment confers the specificity of the CAR, the recognition of the
antigen occurs in an HLA-independent manner, providing the antigen is
expressed at the targets’ cell surface but not intracellular ones (Figure 2)
(Chandran & Klebanoff, 2019; Guedan et al., 2018).
Over the years, significant efforts have been made to improve the
ability of CARs to improve aspects of the T-cell response, and currently,
multiple generations are available for use based on the modifications applied
to it (Chandran & Klebanoff, 2019; Guedan et al., 2018). These can comprise,
but are not limited to, modifying the intracellular signaling domain, with
multiple costimulatory domains and inductors of IL-12 or IL-2Rb for example,
or modifying the CAR specificity by applying scFvs from different antibody
clones (Guedan et al., 2019). Once the CAR is identified and constructed, it is
transferred through viral- and non-viral-based methods and CAR-transduced
T-cells can be rapidly expanded for infusion mostly in lymphodepleted
patients (Guedan et al., 2018).
The first clinical breakthrough in CAR-T cell therapy was shown
in acute lymphoblastic leukemia and diffuse large B-cell lymphoma, where
>80% of the responses were complete and durable, granting the approval of
Kymriah® and Yescarta® by regulatory authorities, for the treatment of such
malignancies (Maude et al., 2016, 2018; Neelapu et al., 2017). Despite
becoming the first approved T-cell-based ACT for cancer, so far, CAR-T cell
therapy has not been able to offer compelling durable clinical efficacy in solid
tumors. The most convincing results have been seen in a phase I clinical study
evaluating the safety of GD2-specific CAR-T cells to treat neuroblastoma
patients (Louis et al., 2011). After treatment of 11 patients with active disease,
35% ORR was observed, from which 27% were CRs (Louis et al., 2011). In the
same disease, a patient infused with IL13Rα2-targeted CAR T-cells
experienced tumor regressions in all lesions, lasting 7.5 months (Brown et al.,
2016). Human epidermal growth factor receptor (HER)-2 has also been used
for targeting sarcomas, with 23% ORR mostly comprised of stable disease up
to 29.1 months (Ahmed et al., 2015). The use of HER2-cytomegalovirus(CMV)bispecific CAR T cells, however, provided approximately 6% ORR and 43%
stable disease with no significant toxicities, in glioblastoma patients (Ahmed
et al., 2017). Mesothelin-expressing malignancies, such as mesothelioma,
pancreatic cancer and ovarian cancer have also been targeted by mesothelinspecific CAR-T-cells, however with limited therapeutic activity (Haas et al.,
2019). In a phase I study, no responses were observed and progression free
survival was seen up to approximately 6 months (Haas et al., 2019).
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Preclinical and clinical data have identified loss of the target antigen
expression (Sotillo et al., 2015), tumor heterogeneity (Song et al., 2016) and T
cell hypofunction (Long et al., 2015) as major roadblocks that prevent higher
efficacy of ACT with CAR-T cells for solid tumors. To overcome HER-2 tumor
escape in preclinical models of glioblastoma, T-cells were engineered to
express IL-13ra and HER-2 CARs leading to improved antitumor efficacy in
vivo and better functions, for instance (Hegde et al., 2013). Moreover, the
massive activation of CAR-T cells observed in patients upon infusion is a cause
for concern in most centers performing these clinical trials. Characterized by
an acute release of IL-6, TNFα and other systemic inflammatory symptoms,
cytokine release syndrome (CRS) can be mostly resolved with intensive care,
with anti-TNFα (tocilizumab; approved by the FDA), anti-IL-6 (siltuximab;
approved by the FDA) and corticosteroids (Riegler et al., 2019). If not timely
treated CRS can result in fatal complications as seen in B-cell patients
receiving CD19-directed CAR-T cells (Maude et al., 2016, 2018; Neelapu et al.,
2017). Similarly to ACT with TCR-engineered T-cells, off-target toxicities were
also seen with CAR-T cells targeting the HER2/neu antigen, which is also
expressed at low levels in lung epithelial cells, thus causing the death of one
patient (Morgan et al., 2010). A series of preclinical studies are evaluating the
feasibility of CAR-T cells with on/off switches or 2-step activation CAR
receptors (Kloss et al., 2013). Similarly to the other adoptive T-cell therapy
approaches, the use of lymphodepletion preconditioning (Ahmed et al., 2015)
or systemic IL-2 postconditioning (Kershaw et al., 2006) in CAR-T clinical
trials can also result in toxicities.

2.3 ONCOLYTIC VIRUSES: PATH TO IMMUNOTHERAPY
OF CANCER
Initial hints that viruses can have therapeutic benefit in the onset of
cancer begins with case reports of leukemia patients experiencing remissions
after contracting either influenza or chickenpox (Kelly & Russell, 2007). This
led the medical community to instrumentalize viruses for cancer therapy for
the first time in the mid-20th century, where multiple clinical trials were set up
to determine its antitumor efficacy (Kelly & Russell, 2007). A clear example of
successful clinical activity was the use of Adenovirus (adenoidal-pharyngealconjunctival virus) for the treatment of cervical cancer patients, where tumor
regression accompanied of localized necrosis in tumor tissue was observed
(Georgiades et al., 1959). These observations laid the foundation for the
contemporary definition of oncolytic viruses as agents that preferentially
replicate in cancer cells causing subsequent cell lysis without harming healthy
cells (Kelly & Russell, 2007; J.M. Santos et al., 2019). Adenoviruses, measles
viruses, herpes viruses, coxsackie viruses, polioviruses, reoviruses, poxviruses
and new castle disease viruses, among others, are many of the oncolytic viruses
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under preclinical and clinical development for cancer therapy (Kaufman et al.,
2015). The aptitude for the apparent tumor-targeted replication can be natural
given the defective viral sensing mechanisms or increased expression of viral
entry receptors on cancer cells utilized by almost all of the abovementioned
viruses, except poxviruses and reoviruses (Jhawar et al., 2017). Dysregulation
or defects in intracellular signaling pathways can also be naturally exploited
by reoviruses and new castle disease viruses for the same end (Jhawar et al.,
2017).
Importantly, the rise of DNA technology allowed immense
customization possibilities which include engineering tumor-selectivity based
on any of the abovementioned routes (Jhawar et al., 2017; Russell et al., 2012).
Early development of the first clinical-grade oncolytic viruses wasprimarily
focused on ensuring maximum tumor transduction and efficient tumorspecific replication (Russell et al., 2012). This vision that was quite fruitful,
considering the development and clinical translation of Echo-7 (an oncolytic
picornavirus; Rigvir), the world’s first oncolytic virus approved by a medical
regulatory agency for cancer therapy, followed by H101 (an oncolytic
adenovirus; Oncorine) (Liang, 2018). Perhaps the main disadvantages of
oncolytic viruses over other cancer therapies are: the limited single-agent
antitumor efficacy, inneficient systemic delivery due to neutralizing
antibodies, and special monitoring conditions for treated patients (due to
unusual pharmacokinetics). These reasons may have rendered this approach
unanttractive by most Western countries, thus slowing its clinical translation.
Recognition of the importance of the immune system for cancer therapy
enabled the medical community to look at oncolytic viruses not only as mere
lytic agents but also as immune modulators (João Manuel Santos et al., 2020).
Refinements to this notion shifted the oncolytic virus development towards
engineering strategies that could improve the amplification of T-cell immune
responses, such as the addition of transgenes (João Manuel Santos et al.,
2020). Together with the tumor-restricted self-propagation capacity, the
absence of major toxicities, the capacity to promote a strong immune response
and sensitize the tumor to other (immune) therapies, uniquely distinguishes
oncolytic viruses from other cancer therapy approaches on a positive note.
This potential has been recently recognized by oncologists with the regulatory
approval of talimogene laherparepvec (Imlygic®; T-Vec), a Herpes simplex-1
virus carrying GM-CSF, for metastatic melanoma (Andtbacka et al., 2019). The
OPTiM clinical study in patients with stage IIIB/C and IV melanoma showed
that intralesional administration of T-Vec resulted in 19.3% durable response
rates of which 88% were CRs (Andtbacka et al., 2019). Comparative to
patients receiving intralesional injections of GM-CSF, where the ORR was
1.4% of which 0.7% were complete, T-VEC conferred a clear therapeutic
advantage (Andtbacka et al., 2019). In a similar patient population, its
combination with pembrolizumab led to responses in 62% of the patients of
which 33% were complete at 6 months in the presence of high cytotoxic T-cell
infiltration and no major toxicities (Ribas et al., 2017). A recent phase II
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clinical trial, demonstrated that T-Vec increased the response rate of
ipilimumab as compared to ipilimumab alone (38% vs 18%, respectively) in
advanced melanoma patients (Chesney et al., 2017). Evidently, this revitalized
the interest in oncolytic viruses as immunotherapy for cancer. To date, 48
clinical trials are active in the field of oncolytic viruses (Table 2).
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Herpesviridae

Adenoviridae

Virus Family

Table 2

T-Vec (Herpes virus encoding GM-CSF)

T601 (Herpes virus encoding FCU1)

rQNestin (Herpes virus)

RP1 (Herpes virus encoding GALV-GP R and GM-CSF)

ONCR-177 (Herpes virus encoding IL-12, CCL4, FLT3LG, and
PD-L1 and CTLA-4 antagonists)

OH2 (Herpes virus encoding GM-CSF)

M032 (Herpes virus encoding IL-12)

HF10 (Herpes virus)

HSV-1 G207 (Herpes virus)

HSV-1 C134 (Hespes virus)

VCN-01 (Adenovirus encoding PH20 hyaluronidase)

TILT-123 (Adenovirus encoding TNFα and IL-2)

ORCA-010 (Adenovirus)

ONCOS-102 (Adenovirus encoding for GM-CSF)

OBP-301 (Adenovirus)

NG-641 (Adenovirus coding for FAP-TAC bispecific antibody)

NG-350A (Adenovirus encoding anti-CD40)

LOAd703 (Adenovirus encoding CD40L and 4-1BBL)

Enadenotucirev (Adenovirus)

DNX-2401 (Adenovirus)

ADV/HSV-tk (Adenovirus encoding HSV-TK)

Oncolytic Virus

Single-agent

Intratumoral Injection of Autologous CD1c (BDCA-1)+ Myeloid Dendritic Cells Plus Talimogene Laherparepvec (T-VEC)

Ipilimumab, Nivolumab, and Talimogene Laherparepvec Before Surgery in Treating Participants With Localized, Triple-Negative or Estrogen
Receptor Positive, HER2 Negative Breast Cancer-deleted

Talimogene Laherparepvec in Combination With Neoadjuvant Chemotherapy in Triple Negative Breast Cancer

Safety, Tolerability and Pharmacokinetics Characteristics of Recombinant Oncolytic VacciniaVirus Injection T601 as a Single Drug or in
Combination With Oral Flucytosine (5-FC), in Patients With Advanced Malignant Solid Tumors

A Study of the Treatment of Recurrent Malignant Glioma With rQNestin34.5v.2

Study Evaluating Cemiplimab Alone and Combined With RP1 in Treating Advanced Squamous Skin Cancer

Study of ONCR-177 Alone and in Combination With PD-1 Blockade in Adult Subjects With Advanced and/or Refractory Cutaneous,
Subcutaneous or Metastatic Nodal Solid Tumors

OH2 Injection in Solid Tumors

OH2 Oncolytic Viral Therapy in Solid Tumors

Genetically Engineered HSV-1 Phase 1 Study for the Treatment of Recurrent Malignant Glioma

Neoadjuvant Trial of Nivolumab in Combination With HF10 Oncolytic Viral Therapy in Resectable Stage IIIB, IIIC, IVM1a Melanoma

Phase I Study of TBI-1401(HF10) Plus Chemotherapy in Patients With Unresectable Pancreatic Cancer.

Phase I

CD1c+ Myeloid dendritic cells

Nivolumab | Ipilimumab

Paclitaxel

5-flucytosine

Cyclophosphamide

Cemiplimab

Pembrolizumab

Phase I

Phase I

Phase I / II

Phase I / II

Phase I

Phase II

Phase I

Phase I / II

Phase I

HX008 (anti-PD1 monoclonal
antibody)
Pembrolizumab

Phase I

Single-agent

Phase II

Gemcitabine | Nab-paclitaxel|TS-1
(tegafur/gimeracil/oteracil)
Nivolumab

Phase I

Phase I

Phase I

Phase I

Phase I

Phase I / II

Phase I

Phase II

Phase I

Phase I

Phase I / II

Single-agent

Single-agent

HSV G207 Alone or With a Single Radiation Dose in Children With Progressive or Recurrent Supratentorial Brain Tumors

Single-agent

Trial of C134 in Patients With Recurrent GBM

Gemcitabine | Abraxane

Tumor-Infiltrating Lymphocytes

Single-agent

HSV G207 in Children With Recurrent or Refractory Cerebellar Brain Tumors

Phase I Dose Escalation Study of Intravenous VCN-01 With or Without Gemcitabine and Abraxane® in Patients With Advanced Solid Tumors

TNFalpha and Interleukin 2 Coding Oncolytic Adenovirus TILT-123 During TIL Treatment of Advanced Melanoma

First in Man Clinical Study to Evaluate Safety and Tolerability of an Oncolytic Adenovirus in Prostate Cancer Patients.

Cyclophosphamide|
Pembrolizumab

Evaluate Efficacy, Immunological Response of Intratumoral/Intralesional Oncolytic Virus (OBP-301) in Metastatic Melanoma

Single-agent

Single-agent

Phase I
Phase I / II

Gemcitabine | Nabpaclitaxel|Atezolizumab

Single-agent

A Pilot Study of Sequential ONCOS-102, an Engineered Oncolytic Adenovirus Expressing GMCSF, and Pembrolizumab in Patients With
Advanced or Unresectable Melanoma Progressing After Programmed Cell Death Protein 1 (PD1) Blockade

Phase I
Phase II

Capecitabine| Radiotherapy

Pembrolizumab

First in Human Study With NG-641, an Oncolytic Transgene Expressing Adenoviral Vector

First in Human Study of NG-350A (an Oncolytic Adenoviral Vector Which Expresses an Anti-CD40 Antibody)

Trial Investigating an Immunostimulatory Oncolytic Adenovirus for Cancer

LOAd703 Oncolytic Virus Therapy for Pancreatic Cancer

Chemoradiation With Enadenotucirev as a Radiosensitiser in Locally Advanced Rectal Cancer

Combination Adenovirus + Pembrolizumab to Trigger Immune Virus Effects

Single-agent

Single-agent

Oncolytic Adenovirus DNX-2401 in Treating Patients With Recurrent High-Grade Glioma
DNX-2440 Oncolytic Adenovirus for Recurrent Glioblastom

Phase II

Valacyclovir|SBRT|
Pembrolizumab
Phase I

Study phase

Combination Drug

Study title
SBRT and Oncolytic Virus Therapy Before Pembrolizumab for Metastatic TNBC and NSCLC

the terms "oncolytic virus". Only clinical trials with "active, not recruiting" and "recruiting" were considered for this list.

NCT03747744

NCT04185311

NCT02779855

NCT04226066

NCT03152318

NCT04050436

NCT04348916

NCT04386967

NCT03866525

NCT02062827

NCT03259425

NCT03252808

NCT02457845

NCT03911388

NCT03657576

NCT02045602

NCT04217473

NCT04097002

NCT03003676

NCT03190824

NCT04053283

NCT03852511

NCT03225989

NCT02705196

NCT03916510

NCT02798406

NCT03714334

NCT03896568

NCT03004183

Clinical Trial ID

List of currently active clinical trials with oncolytic viruses. Search was conducted in Clinicaltrial.gov on May 2020 with

Paramyxoviridae

Picornaviridae

Poxviridae

Reoviridae

Rhabdoviridae

Phase 1b Study PVSRIPO for Recurrent Malignant Glioma in Children

MV-NIS or Investigator's Choice Chemotherapy in Treating Patients With Ovarian, Fallopian, or Peritoneal Cancer

MV-NIS Infected Mesenchymal Stem Cells in Treating Patients With Recurrent Ovarian Cancer

Intrapleural Measles Virus Therapy in Patients With Malignant Pleural Mesothelioma

Viral Therapy In Treating Patients With Recurrent or Metastatic Squamous Cell Carcinoma of the Head and Neck Cancer or Metastatic Breast
Cancer

A Study of MEDI5395 in Combination With Durvalumab in Subjects With Select Advanced Solid Tumors

Single-agent | Chemotherapy +/Bevacizumab

Single-agent

Single-agent

Single-agent

Single-agent

Single-agent

Single-agent

Durvalumab

Phase I / II

Phase I

Phase I

Phase II

Phase I / II

Phase I

Phase I

Phase I

NCT02759588

NCT03954067

NCT03043391

NCT02364713

NCT02068794

NCT01503177

NCT01846091

NCT03889275

MEDI5395 (New Castle disease virus encoding GM-CSF)

A Study of an Intratumoral Oncolytic Virus in Patients With Advanced Metastatic Solid Tumors

PVSRIPO (Polio virus)

MV-NIS (Measles virus encoding NIS)

GL-ONC1 Oncolytic Immunotherapy in Patients With Recurrent or Refractory Ovarian Cancer

NCT02977156

NCT02562755

NCT03294083

NCT03206073

Phase I

Phase I

Phase III

NCT03605719

NCT03294486

Phase I / II

Sorafenib

REGN2810 (anti-PD1 monoclonal
antibody)

Phase I

Phase I / II

Ipilimumab

5-flucytosine

Paclitaxel

Phase I / II

Phase I

Phase II

NCT02879760

NCT03618953

NCT01199263

NCT04102618

Ad-E6E7 | Atezolizumab

Phase I

Ad-MAGEA3 | Pembrolizumab

Letrozole | Atezolizumab
|Trastuzumab

Carfilzomib| Dexamethasone|
Nivolumab

Durvalumab | Tremelimumab

ASP9801 (Vaccinia virus)

Oncolytic MG1-MAGEA3 With Ad-MAGEA3 Vaccine in Combination With Pembrolizumab for Non-Small Cell Lung Cancer Patients

This is a Trial of MG1-E6E7 With Ad-E6E7 and Atezolizumab in Patients With HPV Associated Cancers

Paclitaxel With or Without Viral Therapy in Treating Patients With Recurrent or Persistent Ovarian Epithelial, Fallopian Tube, or Primary
Peritoneal Cancer

A Window-of-opportunity Study of Pelareorep in Early Breast Cancer

Dexamethasone, Carfilzomib, & Nivolumab With Pelareorep for Relapsed/Refractory Multiple Myeloma

Safety and Efficacy of the ONCOlytic VIRus Armed for Local Chemotherapy, TG6002/5-FC, in Recurrent Glioblastoma Patients

Hepatocellular Carcinoma Study Comparing VacciniaVirus Based Immunotherapy Plus Sorafenib vs Sorafenib Alone

A Study of Recombinant VacciniaVirus in Combination With REGN2810 for Renal Cell Carcinoma

Immunization Strategy With Intra-tumoral Injections of Pexa-Vec With Ipilimumab in Metastatic / Advanced Solid Tumors.

A Phase I/II Study of Pexa-Vec Oncolytic Virus in Combination With Immune Checkpoint Inhibition in Refractory Colorectal Cancer

GL-ONC1 (Vaccinia virus)

Pex-Vec (Vaccinia virus encoding GM-CSF)

TG6002 (Vaccinia virus encoding FCU1)

Pelareorep (Reovirus)

MG1-MAGEA3 (Maraba virus expressing MAGEA3)

MG1-E6E7 (Maraba virus expressing E6 and E7 HPV-related
proteins)

Abbreviations: HSV-TK- Herpes Simplex virus Thymidine Kinase, FAP-TAC - fibroblast activation protein - T-cell targeted activator, CCL-C-C motif ligands , FTL3LG -Fms Related Receptor Tyrosine Kinase 3 Ligand, GALV-GP - gibbon ape leukemia virus, FC1 - fusion suicide gene 1, E- Early, MAGEA3- Melanoma-associated antigen 3 A3, GM-CSF - Granulocyte Macrophage - Colony Stimulatory Factor, IL- Interleukin, CD - Complemente determinant, TNF - Tumor Necrosis Factor, PD-L - Programmed Death - Ligand
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2.3.1

ADENOVIRUS GENERAL BIOLOGY

Commonly associated with diverse pathologies, adenoviruses are
among the most stable and versatile oncolytic virus platforms to be used for
cancer therapy (Cerullo et al., 2012; Kaufman et al., 2015). Despite subject of
ongoing debate, 57 distinct adenovirus serotypes have been identified and
categorized into 7 subgroups (from A to G) dictating the cell-type tropism
(Kaufman et al., 2015). Among them, group C (serotype 5) adenovirus has been
the most utilized for cancer therapy due to their ability to transduce nondividing and dividing tumor cells via receptors overly expressed in cancer
(João Manuel Santos et al., 2019).
From a structural perspective, adenoviruses are double-stranded DNA
viruses which lack an envelope and possess an icosahedral shaped capsid
(Cerullo et al., 2012). The majority of the capsid is composed of hexon proteins
and penton protein vertexes, from which knobbed trimeric fibers project
(Cerullo et al., 2012). The process of viral entry initiates when this structure
interacts with high-affinity target cell receptors such as, the coxsackievirus and
adenovirus receptor (Bergelson et al., 1997), for serotype 5 adenovirus, or
desmoglein-2, CD46 or CD86, for serotype 3 and 35 adenovirus (Short et al.,
2006; Sirena et al., 2004; Wang et al., 2011). Following interaction with the
primary receptor, a tripeptide Arginine-Glycine-Aspartate (RGD) motif,
located in the penton bases, docks with αvβ3 or αvβ5 integrins enabling
endosome internalization of the virus (Figure 3A) (Wickham et al., 1993). The
acidification of the endosome fosters the partial disassembly of the capsid and
exposes the endosome to lysing proteins. The rest of the capsid commutes to
the nucleus via microtubules therefore, facilitating the entry of the adenovirus
DNA through the nuclear pores (Figure 3A) (Leopold et al., 1998; Wickham et
al., 1993). Once inside the nucleus, adenovirus DNA prepares for replication
by transcribing early (E)1A proteins locking the host cell into DNA synthesis
mode. This licenses the transcription of E2, E3 and E4 proteins with help the
DNA synthesis, suppress antiviral immunity and enable further transcription
of structural proteins located in the late region (L)1-L5. Finally, the replicated
DNA enters immature empty capsids which, upon cleavage, form adenovirus
progeny after approximately 36 hours. The massive accumulation of new
virions ultimately leads to the lysis of the cell (Figure 3A) (Cerullo et al., 2012).
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Figure 3

Oncolytic adenovirus infection and its immunological effects in the immune
tumor microenvironment. (A) Oncolytic adenoviruses enter tumor cells by attaching
to the tumor cell surface (1) and commutes to the nucleus where its DNA is
transcribed (2). Adenovirus-related proteins are synthesized and used for the
assembly of new adenovirus progeny in the cytoplasm (3). The excessive production
of adenovirus progeny induces immunogenic cell death of the tumor cell causing the
adenovirus virions to release in the extracellular space (4). (B) The onset of oncolytic
adenovirus infection causes tumor cells to release DAMPs and PAMPs to the tumor
microenvironment (1). This will mature APCs, now able to effectively prime T-cells
with tumor-antigens (derived from simultaneous oncolysis) in the tumor
microenvironment but also in regional lymph nodes (2). Concomitantly, anti-tumor Tcells traffic to the tumor and kill tumor cells (3), while coded transgenes are being
produced (5) and HLA class I molecules are being upregulated to the cell surface of
tumor cells (5). Abbreviations: DAMP- Danger-Associated Molecular Patterns,
PAMP- Pathogen-Associated Molecular patterns, HLA- Human Leukocyte Antigen,
APC- Antigen-Presenting Cell

2.3.1.1 Engineering Transductional Targeting
The development of oncolytic adenoviruses as tools for cancer
treatment is significantly marked by efforts to improve their selectivity to
tumor cells. Indeed, serotype 5 and 3 already possess some tropism for tumor
cells, however, its antitumor efficacy can be significantly hampered if: (1)
tumor cells express low-amounts of entry receptors, (2) liver kupffer cells
scavenge adenovirus particles or (3) antibodies neutralize the virus (Cerullo et
al., 2012) . The implementation of an RGD-containing peptide in the knob of
serotype 5 adenovirus, circumvents the first two problems, leading to
increased tumor cell transduction and lower liver toxicity in preclinical models
(Bayo-Puxan et al., 2009; Kanerva, Wang, et al., 2002). While efficacy data is
limited in phase I clinical evaluations, a serotype 5 RGD-modified oncolytic
adenovirus (DNX-2401) demonstrated long-term responses in patients with
localized recurrent malignant glioma (3-year survival of 20% ORR) (Lang et
al., 2018).
Engineering an adenovirus serotype 5 with a fiber knob from an
adenovirus serotype 3 has been explored for therapeutic implementation given
the superior antitumor efficacy and comparable biodistribution relative to
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other serotype 5 variants observed, in mouse models and clinical studies
(Kanerva, Mikheeva, et al., 2002; Koski et al., 2015). Of note, baseline
neutralizing antibody titers did not correlate with antitumor efficacy in
humans corroborating the infectivity potential of Ad5/3 viruses (Koski et al.,
2010).

2.3.1.2 Engineering Transcriptional Targeting
Another important aspect of oncolytic adenovirus development is to
ensure that adenovirus replication is confined to the tumor cells to ensure
maximum efficacy and low toxicity. Some oncolytic adenoviruses employ a 24base pair deletion in the E1A gene to achieve this (Kanerva et al., 2013; Lang
et al., 2018). Such modification, represents an important safety mechanism
providing that the wild-type E1A protein disrupts the retinoblastoma signaling
pathway which causes an accumulation of free E2F and forces entry in S-phase
in healthy cells (Cerullo et al., 2012). Thus, an E1A protein resulting from the
24-base pair deletion will not be able to interfere with the pathway therefore,
not allowing adenovirus replication in healthy cells (Cerullo et al., 2012).
Because most tumors (if not all) are defective in the p16/Rb pathway (thus,
continuously in S-phase) (Kent & Leone, 2019), the 24-bp E1A deleted
oncolytic adenovirus will still be able to replicate.
ICOVIR-5, a serotype 5 adenovirus employing such deletion, was used
intravenously to treat uveal melanoma patients with no significant toxicities
and 63% stable disease observed (García et al., 2018). An additional measure
to improve tumor-selective replication of oncolytic adenoviruses is to place
E1A and E1B transcription under a tumor-specific promotor, such as human
Telomerase reverse transcriptase (hTERT). Its overexpression in some cancer
types has been shown to allow serotype 5 and 3 adenovirus modest antitumor
efficacy in advanced cancers (Chang et al., 2009; Hemminki et al., 2012). The
accumulation of free E2F observed in most cancers can equally be harnessed
for tumor-specific replication control, having led to good antitumor efficacy in
cancer patients, when such promoter is inserted in Ad5/3 oncolytic
adenoviruses (Hemminki et al., 2015). It is important to note that, in general,
the confinement of adenovirus replication to the tumor site translates into
high tolerability in cancer patients, often including fever and fatigue, which
have been frequently observed in multiple studies (García et al., 2018;
Hemminki et al., 2012, 2015; Kanerva et al., 2013; Lang et al., 2018).
Importantly, the current generation of oncolytic adenoviruses has been
engineered to bear multiple modifications in the same vector in order to merge
safety with antitumor efficacy.
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2.3.1.3 Exploiting natural and engineered adenovirus immunogenicity
for therapy
Vaccination studies with adenovirus vectors taught the scientific
community that these can induce strong T-cell immunity encompassing
potent cytokine production (Seder et al., 2008), as anti-viral defenses have
been extremely well conserved throughout evolution. In contrast, the T-cell
landscape in the tumor microenvironment is partially directed towards shared
“self” antigens, which under immunosuppressive conditions is disabled
(Vesely et al., 2011). Hence, in the context of immunotherapy, it is conceivable
to disrupt the state of T-cell immune tolerance by infecting tumor cells with an
oncolytic adenovirus. Following infection, the replication of the adenoviruses
lyses the tumor cells leading to the release of pathogen-associated molecular
patterns (PAMPs) and danger-associated molecular patterns (DAMPs), in a
process designated immunogenic cell death (Figure 3B) (Cerullo et al., 2012;
João Manuel Santos et al., 2020). Together with tumor cell destruction, these
signals activate and mature DCs which not only, prime local naïve T-cells (if
any) and innate cytotoxic cells, but also migrate to the lymph nodes to prime
naïve CD4+ and CD8+ T cells for systemic widespread of antitumor cytotoxic
T-cells (Figure 3B) (Cerullo et al., 2012; João Manuel Santos et al., 2020). This
has been documented in preclinical models and humans, where treatment
with oncolytic adenovirus generated T-cell responses towards several distinct
tumor-associated specific T-cells (Cervera-Carrascon et al., 2018; Kanerva et
al., 2013; Tähtinen, Grönberg-Vähä-Koskela, et al., 2015).
Moreover, in mice, the concomitant release of neoantigens, upon
adenoviral infection, also helps the generation of neoantigen-specific CD8+ T
cell responses, which boosts further the overall T-cell antitumor immunity
(Woller et al., 2015). While inherently impacting the tumor
microenvironment, oncolytic adenovirus can be further enhanced to improve
their immunogenicity but also to amplify tumor targeted T-cell responses by
means of engineering strategies (João Manuel Santos et al., 2020). An
example of the former is ONYX-015 containing a E3gp19K deletion which, by
rendering the virus unable to sequester HLA class I molecules from tumor cells
(Figure 3B), makes these more discoverable to cytotoxic CD8+ T cells (J
Nemunaitis et al., 2001). The fact that adenoviruses force the expression of its
proteins before cell death, opens the possibility for insertion of immune
stimulatory transgenes in the adenovirus genome aiming to stimulate immune
subsets which have been disabled in the tumor microenvironment (Figure 3B)
(João Manuel Santos et al., 2020).
Such modifications include the addition of GM-CSF, a cytokine acting
on the recruitment of DCs and subsequently enhancement of crosspresentation of tumor antigens to T-cells (Tähtinen, Kaikkonen, et al., 2015).
Treatment of cancer patients with CGTG-102 (an oncolytic adenovirus coding
for GM-CSF currently known as ONCOS-102) is a potent inducer of systemic
immunity by generating novel T-cell antitumor specificities against survivin,
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MAGE-A3, NY-ESO-1, Carcinoembryonic Antigen (CEA) and Wilms tumor
(WT)-1, compared to pretreatment samples, which is an indirect byproduct of
DC priming (Kanerva et al., 2013). In agreement, post-treatment biopsies from
advanced cancer patients treated with the same virus revealed increased
infiltration of CD8+ T cells in comparison with pre-treatment samples,
indicating signs of T-cell trafficking (Ranki et al., 2016). Conversely, the
pleiotropic effects of GM-CSF may equally jeopardize the intratumoral
immunity due to the known stimulatory effects on MDSCs and tumorassociated macrophages observed in mice (Tähtinen, Kaikkonen, et al., 2015).
In a similar fashion, IL-12, a cytokine secreted by activated DCs that stimulates
T-cell differentiation, has equally demonstrated high antitumor potency in
preclinical models when coded by an oncolytic adenovirus, even in the
presence of TGF-ß immune suppression (Oh et al., 2017). Mimicking antigenpresenting cell costimulation to T-cells by encoding CD40L and 4-1BBL (both
costimulators of activated T cells) in an adenovirus may also serve as a
mediator of antitumor immunity (Eriksson et al., 2017). Preclinical evidence
with LOad703 (an oncolytic adenovirus coding for CD40L and 4-1BBL)
demonstrated efficient pancreatic tumor cell killing as well as the release of
proinflammatory cytokines (IL-12, IFN-γ and IL-21) and chemokine (C-C
motif) ligand (CCL) 19, responsible for central memory T-cell attraction
(Eriksson et al., 2017). Beyond the inclusion of cytokines, it is also feasible to
include antibodies such as immune checkpoint inhibitors or byspecific T-cell
engagers in oncolytic adenoviruses. Whilst we and others have previously
reported the construction of viruses expressing immune checkpoint inhibitors
(CTLA-4 and PD-L1) (Dias et al., 2012; Tanoue et al., 2017), other groups
focused their efforts in encoding oncolytic viruses with bispecific T-cell
engagers, antibodies that crosslink CD3+ T cells to antigen-positive targets
(Fajardo et al., 2017).
Nevertheless, clinical data shows that single-agent efficacy of oncolytic
adenovirus can be limited (García et al., 2018; Koski et al., 2010; Lang et al.,
2018; John Nemunaitis et al., 2010; Pesonen et al., 2012), due to for example,
the production of anti-adenovirus interferons (Liikanen et al., 2011), stromal
components of the tumor microenvironment (de Sostoa et al., 2019), among
other barriers that limit adenovirus spread. Yet, promising preclinical data
shows that, when oncolytic adenoviruses regarded as a T-cell enhancer, it
could greatly improve/overcome the antitumor efficacy challenges of, for
example, existing T cell-based ACT strategies. In a preclinical mouse model of
murine melanoma receiving TCR-engineered T-cell therapy, treatment with
Ad5/3 leads to improved antitumor efficacy compared with the T-cell therapy
alone with additional widespread melanoma-associated-specific T-cell
responses detected (Tähtinen, Grönberg-Vähä-Koskela, et al., 2015). These
results can be further enhanced by encoding cytokines that directly restore Tcell activity and improve tumor cell killing. As previously discussed, particular
cytokines bear these properties being IL-2 and tumor necrosis factor alpha
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(TNFα): while IL-2 is required for T-cell growth and survival, TNFα is a potent
inducer tumor apoptosis.
In the exact same model, administration of TNFα and IL-2-coding
adenoviruses equally increased the antitumor efficacy of adoptively
transferred TCR-engineered T-cell therapy (Siurala, Havunen, et al., 2016).
This outcome resulted from: (1) improved infiltration of transferred cells
induced by TNFα, (2) improved activity of cytotoxic T-cells induced by IL-2
and (3) overall decrease of immune suppressive subsets (Tregs, MDSCs and
M2 macrophages) in the tumor microenvironment (Siurala, Havunen, et al.,
2016). The generation of a human variant of such viruses, Ad5/3-E2F-D24hTNFα-IRES-hIL2 (also known as TILT-123), enabled further validation of
these studies in the context of TIL therapy (Havunen et al., 2017). Indeed,
Syrian hamsters bearing pancreatic tumors treated with Ad5/3-E2F-D24hTNFα-IRES-hIL2 showed signs of improved antitumor efficacy as compared
to animals receiving TIL therapy alone or Ad5/3-E2F-D24-hTNFα-IRES-hIL2
(Havunen et al., 2017). Moreover, TNFα and IL-2-coding oncolytic adenovirus
therapy in TIL-treated animals demonstrated protective immunity towards
tumor rechallenge (Havunen et al., 2017). Importantly, this data demonstrates
the promising potential of Ad5/3-E2F-D24-hTNFα-IRES-hIL2 to fine-tune
and overcome challenges of T-cell based ACT.
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3 AIMS
This study aims to:
1. Determine the impact of local intratumoral administration of TNFα and
IL-2-coding oncolytic adenoviruses in distant tumors.
2. Evaluate the safety and efficacy profile of TNFα and IL-2-coding
oncolytic adenoviruses combined with ACT in the absence of
conditioning regimens.
3. Assess if TNFα and IL-2-coding oncolytic adenoviruses can enhance the
tumor-reactivity of TILs in an immunosuppressive tumor
microenvironment.

49

4 MATERIALS AND METHODS
4.1 CELL LINES
All cell lines used in the studies were maintained in a humidified
incubator at 37°C and 5% CO2. Table 1 summarizes the characteristics of the
cell lines used and, in which study they were used in. All media and
supplements were obtained from Sigma-Aldrich (St. Louis, MO, USA) with the
exception of G418 which was obtained from Roche (Switzerland). A summary
of the cells lines is presented in table 3.
Table 3

List of cell lines characteristics and growth conditions used across the
studies.

Cell
Line

Origin

Growth
Media

Supplier

Study

SKOV3/Luc

Ovarian
adenocarcinoma
expressing firefly
luciferase

DMEM +
10% FBS +
1% P/S + 1%
L-Glut

Dr.
Negrin,
Standford
Medical
School,
CA, USA

IV

ATCC

All

ATCC

I, II
and III

Prof.
Richard
Vile, Mayo
Clinic,
MN, USA

I, II
and III

DSMZ,
Germany

I, II
and III

Lung adenocarcinoma

HEK
293

Human embryonic
kidney

Mouse

A549

B16.OV
A

Murine melanoma

Hamste
r

Human

Host

HapT1

Hamster pancreatic
ductal adenocarcinoma
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DMEM +
10% FBS +
1% P/S + 1%
L-Glut
DMEM +
10% FBS +
1% P/S + 1%
L-Glut
DMEM +
10% FBS +
1% P/S + 1%
L-Glut + 5
mg/ml G418
RPMi 1640 +
10% FBS +
1% P/S + 1%
L-Glut

HAK

Hamster kidney cancer

DMEM +
10% FBS +
1% P/S + 1%
L-Glut

DDTMF2

Hamster
leyomyosarcoma

DMEM +
10% FBS +
1% P/S + 1%
L-Glut

Prof.
William
Wold,
Saint
Louis
University
School of
Medicine,
MO, USA
Prof.
William
Wold,
Saint
Louis
University
School of
Medicine,
MO, USA

II

II

4.2 VIRUSES
Construction of non-replicating adenoviruses coding for murine
cytokines was performed by inserting expression cassettes containing mIL2
and mTNFα into pDC315 shuttle plasmids (AdMax, Microbix Biosystems,
Mississauga, Canada). Subsequently, these were co-transfected with a
pBHGloxdelE13cre shuttle plasmid (AdMax; containing E1 and E3-deleted
adenovirus genome with a CMV promoter) into HEK293 cells. Following sitespecific recombination, the rescue plasmids were transfected in HEK293 cells,
and the virus was propagated. Construction of oncolytic adenoviruses was
executed through the cotransfection of PacI/PmeI-linearized pShuttleΔ24
(containing D24-deleted E1A) and PacI-linearized pTU.5/3 (containing the
E1A-deleted Ad5 genome) into 911 cells. The rescue plasmids were transfected
into A549 cells and propagated in the latter for obtaining Ad5/3-E2F-D24
viruses. Furthermore, insertion of human IL-2 and human TNFα in the E3
region of Ad5/3-E2F-D24 via the bacterial artificial chromosomerecombineering strategy using galK as a selection marker for obtaining Ad5/3E2F-D24-hIL2 or Ad5/3-E2F-D24-hTNFα-IRES-hIL2 (Havunen et al., 2017).
The resulting oncolytic viruses described above contain a serotype 3 fiber knob
replacing the wild type serotype 5, an E2F promoter licensing the expression
of D24-deleted E1A and E1B 19K, the human cytokine genes inserted in the E3
and internal ribosome entry site for cytokine translation. Purification of both
virus types was performed trough gradient centrifugation using cesium
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chloride (Havunen et al., 2017; Siurala, Havunen, et al., 2016). Virus-particle
titering was determined by absorbance at 260 nm while the absolute number
of infectious virus particles was determined by tissue culture infectious dose
(TCDI50). All viruses used in the present studies are presented in table 4.
Table 4

List of adenoviruses and characteristics across the studies.

Virus

Replication

Immunestimulatory
Transgene(s)

Study

Ad5-Luc1

Non-replicative

None

I

Ad5-CMV-mIL-2

Non-replicative

Murine IL-2

I, II, III

Ad5-CMV-mTNFα

Non-replicative

Murine TNFα

I, II, III

Ad5/3-E2F-D24

Replicative

None

Ad5/3-E2F-D24-hIL2
Ad5/3-E2F-D24hTNFα-IRES-hIL2

Replicative

Human IL-2

I, III,
IV
I, III

Replicative

Human TNFα and IL-2

I, II, IV

4.3 IN VIVO STUDIES
4.3.1

SYRIAN HAMSTER (I, II AND III)

The Golden Syrian hamster represents an important in vivo model for
the study of oncolytic adenoviruses, given that, contrary to mouse models,
these hamsters are semi-permissive for the replication of human adenoviruses
(Thomas et al., 2006). Homology between humans and Syrian hamsters also
enables the bioactivity of human TNFα and IL-2 in hamsters (Havunen et al.,
2017). In addition, others have reported that the generation of TILs from
hamster tumors is feasible with variable levels of CD4/CD8 ratios, depending
on the tumor cell line used (Siurala, Vähä-Koskela, et al., 2016). Thus, such
model encompasses the required characteristics for the in vivo studies of
Ad5/3-E2F-D24-hTNFα-IRES-hIL2 in the context of TIL-based ACT. Animal
experiments using hamsters were performed with immunocompetent Golden
Syrian (Mesocricetus auratus) hamsters (Envigo, Indianapolis, IN, USA)
subcutaneously implanted with 4x106 hamster HapT1 pancreatic ductal
adenocarcinoma. Tumor measurements were performed with a digital caliper
and tumor volume was calculated with the formula: 0.52 x Length(L) x
Width(W)2. Relative tumor volume in percentage was calculated by
normalizing daily absolute tumor volumes to day 1 or 0 tumor volume.
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Termination of animals was performed whenever: (1) tumor size reached the
maximum allowable size by the ethical permit, (2) ulcers formed in tumors
and (3) animals presented visible signs of distress or decreased health.
Evaluation of the systemic impact of Ad5/3-E2F-D24-hTNFα-IRES-hIL2 in
distant tumors performed in study I, begun with the implantation of HapT1
tumors in both lower back flanks. Following 7 days of tumor growth, animals
were randomized in groups of 10-11 animals and one of the tumors was
intratumorally injected with Ad5/3-E2F-D24-hTNFα-IRES-hIL2 (1x108 VPs)
or PBS, once a week during 5 weeks, while the other tumor was left untreated.
Moreover, TILs (5x107) were intraperitoneally infused once after the
beginning of virus treatments. Mock treated hamsters did not receive PBS
injections in their tumors. To determine the biodistribution of the oncolytic
adenovirus, 4 animals per therapeutic group were sacrificed and vital organs
(lung, kidney, liver, spleen and heart) were extracted for DNA collection, 16
days after treatment initiation. Antitumor efficacy and survival measurements
were obtained by following the rest of the hamsters (5-6) until day 122. In the
same study, we studied the kinetics of TIL trafficking in hamsters bearing
bilateral HapT1 tumors in the lower back flanks as mentioned above. After 7
days of tumor growth, the animals were randomized in groups of 4 animals
and intratumorally treated with Ad5/3-E2F-D24-hTNFα-IRES-hIL2 (1x108
VPs) or PBS. The same day, 111Indium-oxine-labelled TILs (5x107 cells, 5.82
± 0.73 MBq) were intraperitoneally injected in hamsters and these were
imaged at 48 hours, 72 hours and 96 hours through a NanoScan SPECT/CT
imaging machine (Mediso, Budapest, Hungary). TIL infiltration was estimated
by normalizing the radioactivity measured from the tumors to the weight and
the amount of radioactive compound injected in the hamsters, thereby
represented in standardized uptake value (SUV). To analyze the genetic
expression impact of cytokine-coding oncolytic adenoviruses, hamsters
bearing 4 HapT1 tumors in the back were grown under similar conditions as
the ones presented above. After growth, 2 tumors were injected with oncolytic
adenovirus (1x108 VPs) every week and hamsters received one intraperitoneal
treatment with TILs (5x107), until day 10 when animals were sacrificed and
tumors collected for RNA extraction.
To assess the optimal lymphodepleting chemotherapy regimen in study II,
hamsters bearing bilateral HapT1 tumors in the lower back flanks were grown
for 7 days. After this period, different doses of cyclophosphamide (550 mg/kg,
450 mg/kg, 350 mg/kg and 250 mg/kg; Sendoxan, Baxter, Deerfield, IL, USA)
or saline (Braun, Aschaffenburg, Germany) were intraperitoneally injected
followed by another intraperitoneal injection of Fludarabine (100 mg/kg;
Fludaribis; Actavis, Parsippany-Troy Hills, NJ, USA) or saline (Braun) the day
after. A day following the completion of the lymphodepleting regimen, the
hamsters were sacrificed and their blood was collected for assessment of
depletion of white blood cells. Safety and efficacy comparisons between
lymphodepleting regimens and cytokine-coding oncolytic adenovirus therapy
performed in the same study, were initiated by subcutaneously implanting 2
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HapT1 tumors in the lower back of the hamsters. After 5 days of growth, the
animals were randomized into therapeutic groups of 10-11 hamsters and
intraperitoneally treated with cyclophosphamide (550 mg/kg, Baxter) or
saline (Braun) on day -1, and fludarabine (100 mg/kg; Activis) or saline
(Braun) on day 0. Hamsters were intratumorally injected with PBS or Ad5/3E2F-D24-hTNFα-IRES-hIL2 (1x108 VPs) on day 1, 5, 9, 14 and 20 and, PBS
(Sigma-Aldrich) or TILs (4x106), on day 2, in both tumors. Antitumor efficacy
data was obtained by following tumor growth until day 29. To determine the
systemic effects of lymphodepletion and cytokine-coding oncolytic adenovirus
therapy, HapT1-bearing hamsters were randomized in groups of 5 hamsters,
treated using the previously mentioned regimen, but instead without TIL
infusion. 3 days after the first virus injection, animals were sacrificed and
blood was collected for the assessment of cytopenias. Survival of hamster
undergoing these therapeutic regimens was assessed in a different experiment
with a similar design. The main differences were in the intratumoral injections
of Ad5/3-E2F-D24-hTNFα-IRES-hIL2 or PBS, which were performed in 3
additional rounds of 5 injections, and the PBS or TIL administration, which
was performed through the intraperitoneal cavity and in larger number (5x107
TILs). Antitumor efficacy and survival data were obtained by following tumor
growth or hamsters, respectively, until day 121.
In study III, where the safety and efficacy of high-dose IL-2
postconditioning and adenovirus-mediated IL-2 delivery was compared,
hamsters were implanted with 2 subcutaneous HapT1 tumors in the lower
back flanks and allowed to establish during 7 days. Following randomization
into therapeutic groups of 5-6 hamsters, hamsters received intratumoral
injections of PBS or Ad5/3-E2F-D24-hIL2 (1x108 VPs) once a week or daily
intraperitoneal injections of recombinant human(rh) IL-2 (500,000 IU)
during 5 consecutive days per week followed by a 2-day period rest between
treatment weeks. On day 2, after Ad5/3-E2F-D24-hIL2 or rhIL-2 treatments
started, both hamster tumors were intratumorally injected with PBS (SigmaAldrich) or TILs (4x106). Tumor growth was monitored during 21 days and
animals were sacrificed. Tumors were extracted from mice for evaluation of
infiltrated immune cells and, vital organs, including lungs, heart, kidney,
spleen and liver, were equally collected for histopathological evaluation.
Alternatively, to verify the impact of IL-2-coding virus in the production of
endogenous hamster IL-2, HapT1-bearing hamsters with tumors established
for 7 days had their tumors treated with PBS, Ad5/3-E2F-D24 (1x108 VPs) or
Ad5/3-E2F-D24-hIL2 (1x108 VPs). At day 5 after treatment initiation,
hamsters were sacrificed and their tumors collected for RNA extraction.
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4.3.1.1 Generation and expansion of hamster tumor-infiltrating
lymphocytes (TILs)
The expansion of hamster pancreatic TILs for studies I, II and III, was
performed in accordance with previously described methods (Havunen et al.,
2017; Siurala, Vähä-Koskela, et al., 2016). First, hamsters were implanted
subcutaneously with 4x106 HapT1 cells in the front and back flanks. After 10
days, tumors were collected, excised into 1–3 mm3 tumor fragments and
placed into 6-well G-Rexs (Wilson Wolf Manufacturing, St Paul, MN, USA) for
culture with TIL media (TM), a formulation of RPMi 1640 with 20% FBS, 1%
penicillin/streptomycin (Pen/strep) (Thermo Fischer Scientific), 1% Lglutamine (Thermo Fischer Scientific), 1 mM Na-pyruvate, 15 mM HEPES,
50 μM b-mercaptoethanol (all the previous 3 from Sigma-Aldrich),
supplemented with 3000 IU/mL rhIL-2 (PeproTech, Rocky Hill, NJ, USA).
After 5 days T-cells were activated by removing 50% of the media and
replacing it with fresh TM supplemented with 3000 IU/mL rhIL-2
(PeproTech) and 1 μg/ml Concanavalin A (Sigma-Aldrich). Thereafter, every 2
days media was restored in accordance to the previous step, until day 10, when
TILs were ready for infusion in hamsters.

4.3.2

C57BL/6 MICE (I, II AND III)

Animal experiments using mice were performed with
immunocompetent C57B/L6 mice (Jackson Laboratories, Bar Harbor, ME,
USA) subcutaneously implanted with 2.5x105 murine B16 melanoma cells
expressing the OVA xenoantigen. Despite the fact that human adenoviruses
are unable to replicate in mouse tissue, this model is useful for the
characterization of immune cells. In addition, the use of the B16.OVA-OT-I
system allows us to study TNFα and IL-2 coding adenoviruses in the context
of engineered T-cell therapy. Measurements and animal welfare monitoring
were performed in a similar manner as mentioned above for hamsters.
To evaluate the impact of local virotherapy in distant tumors assessed
in study I, 2 B16.OVA tumors were implanted in both lower back flanks and
grown for 10 days, until they reached a palpable and injectable size. Following
randomization into groups of 3-11 animals, one of the tumors was injected with
PBS (Sigma-Aldrich), Ad5-Luc1 (1x109 VPs), Ad5-CMV-mTNFα (1x109 VPs),
Ad5-CMV-mIL2 (1x109 VPs) or a mixture of Ad5-CMV-mTNFα/ Ad5-CMVmIL2 (1:1 ratio; 1x109 VPs) on day 1 and mice received an intraperitoneal
injection of 1.4x106 OVA-specific T-cells (OT-I) on day 2. After seven days, the
animals were killed and their tumors were collected for the evaluation of the
frequency of immunological cell subsets by flow cytometry. For assessment of
T-cell trafficking in treated and untreated tumors, we performed another
experiment where mice bearing bilateral B16.OVA received, treatment in one
of the tumors with PBS, Ad5-Luc1 (1x109 VPs) or a mixture of Ad5-CMV-
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mTNFα/ Ad5-CMV-mIL2 (1:1 ratio; 1x109 VPs) on day 1 and 3, and an
intraperitoneal injection with OT-I cells (7.6x105) loaded with FITC
fluorescent nanocrystals (Qtracker 565 cell labelling kit, Thermo Fisher
Scientific, Waltham, MA, USA) on day 2. After 6 days, the animals were killed
and tumors were extracted for the quantitation of infiltrated transferred Tcells.
For the comparison of the effects lymphodepleting preconditioning
with adenovirus therapy in study II, B16.OVA tumors were implanted in the
lower right flank and grown for 7 days. Next, mice bearing tumors were
randomized into groups of 7-10 animals and received an intraperitoneal
injection of saline (Braun) or 300mg/kg Cyclophosphamide (Sendoxan,
Baxter) on day -1, and an intraperitoneal injection of saline or 100mg/kg of
Fludarabine (Fludaribis; Actavis, Parsippany-Troy Hills, NJ, USA) on day 0,
for the depletion of white blood cells. Following the preparative regimen, mice
were intratumorally injected with PBS or a mixture of Ad5-CMV-mTNFα/
Ad5-CMV-mIL2 (1:1 ratio; 1x108 VPs) on day 1 and intraperitoneally injected
with RPMI (Sigma-Aldrich) or OT-I cells (1x106) on day 2. Tumor growth was
monitored during 13 days and animals were sacrificed. Endpoint tumors and
blood serum were collected for the analysis of immune cell subsets and
inflammatory markers, respectively. In addition, lungs, heart, kidney, spleen
and liver were extracted for histopathological examination.
In study III, where adenovirus delivery of IL-2 and systemic high-dose
IL-2 postconditioning were compared, B16.OVA tumors were equally
implanted in the lower right flank and grown for 10 days. Following
randomization into groups of 8-10 mice, animals received intratumoral
injections of PBS (Sigma-Aldrich) or Ad5-CMV-mIL2 (1x108 VPs) once per
week or daily intraperitoneal injections of recombinant murine (rm)IL-2
(100,000 IU; Peprotech) during 5 consecutive days per week followed by a 2day period rest between treatment weeks. On day 2, after Ad5-CMV-mIL2 or
rmIL-2 treatments started, the mice received an intraperitoneal injection of
PBS (Sigma-Aldrich) or OT-I cells. Similarly to the previous experiment,
tumor growth was monitored during 13 days and animals were sacrificed.
Tumors and blood serum were extracted from mice for evaluation of infiltrated
immune cells and inflammatory cytokines, respectively. Vital organs,
including lungs, heart, kidney, spleen and liver were equally collected for
histopathological evaluation.

4.3.2.1 Extraction and expansion of ovalbumin (OVA)-specific T-cells
(OT-I) (I, II and III)
In order to obtain OT-I cells for adoptive T-cell transfer studies in
study I, II and III, we collected lymph nodes and spleens from C57BL/6Tg(TcraTcrb)1100Mjb/J TCR-trangenic OT-I mice (Jackson laboratories and
Janvier, Le Genest-Saint-Isle, France) and pressed them through a 70 µm filter
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(Beckton-Dickinson). Red blood cells were lysed from the cell suspensions
using Ammonium-Chloride-Potassium (ACK) buffer (150 mM NH4Cl, 10
mM KHCO3, and 110 mM Na2-EDTA) and washed twice with RPMi 1640
media. The resulting immune cells were rested in RPMi 1640 containing 10%
FBS, 1% L-glutamine (Thermo Fisher Scientific), 1% pen/strep (Thermo
Fisher Scientific), 15 mM HEPES, 50 μM 2-mercaptoethanol, and 1 mM Napyruvate (all the previous 3 from Sigma-Aldrich) during 2 days. After the
resting period, the CD8a fraction was selected from the immune cell
suspension utilizing a mouse CD8a+ T-cell isolation kit II (Miltenyi Biotec,
Bergisch Gladbach, Germany), in agreement with the manufacturer’s protocol.
Following isolation, CD8a+ OT-I cells were expanded in G-Rex chambers
(Wilson Wolf Manufacturing) during 7 days in the presence of 300 ng/ml of
anti-CD3e (Abcam, Cambridge, UK) and 160 ng/ml of rmIL-2 (Peprotech)
until infusion in mice.

4.4 IN VITRO AND EX VIVO STUDIES
4.4.1

ESTABLISHMENT OF EX VIVO TUMOR CULTURES (IV)

To establish ex vivo tumor cultures for the study of oncolytic
adenovirus therapy in study IV, ovarian cancer tumors were prepared into
fresh single-cell suspensions in accordance with a protocol previously verified
by others (Taipale et al., 2018). Small fragments obtained from freshly
resected ovarian cancer tumors, were collected into 50 mL tubes containing
digestion media, a formulation of RPMI 1640 (Sigma-Aldrich), 1% Pen/strep
(Thermo Fisher Scientific), 1% L-glutamine (Thermo Fisher Scientific),
170 mg/L of collagenase type I, 56 mg/L of collagenase type II, 170 mg/L of
collagenase type IV, 25 mg/mL of DNase I, and 25 mg/mL of elastase (all
enzymes from Worthington Biochemical, Lakewood, NJ, USA). Tubes were
subsequently incubated overnight with rocking at 37 degrees for enzymatic
digestion. The next day, the cell suspension was passed through a 100 µm filter
(BD Biosciences, Franklin lakes, NY, USA) followed by removal of undigested
fragments and red blood cells through ACK treatment. After digestion, ex vivo
tumor cultures were established by seeding 3.5×105 cells in 96-well plates
followed by treatment with 100 VP/cell of Ad5/3-E2F-D24, Ad5/3-E2F-D24hTNFα-IRES-hIL2 or medium. The cellular excess was stored in 90% FBS and
10% DMSO freezing media at up to -140 degrees.
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4.4.2

GENERATION AND EXPANSION OF HUMAN AUTOLOGOUS
TILS (IV)

In study IV, the expansion of TILs was performed from excised tumor
pieces using a modified “young” TIL expansion protocol (Donia et al., 2012).
1–5 mm3 tumor fragments were excised from ovarian cancer tumor samples,
and collected into a 6-well G-Rex culturing chambers (Wilson Wolf
Manufacturing) containing 30 mL of TM supplemented with 3000 IU/mL
recombinant human IL-2 (PeproTech). After a 5-day incubation at 37 degrees
in a humidified incubator, 50% of the media was removed and replaced with
fresh TM. At day 7, the TILs were extracted from cultures and passed through
70 µm and 40 µm filters (BD Biosciences) and stored at -140 degrees. Prior to
the initiation of the rapid expansion protocol, 8x105-12.5x105 TILs from 5
patients (6 samples) were thawed and rested in TM for 2 days. Subsequently,
50% of the culture media was removed and replaced by fresh rapid expansion
media (RM), a formulation of RPMi 1640 with 20% FBS, 1% Pen/strep and 1%
L-glutamine, supplemented with 3000 IU/mL recombinant human IL-2
(PeproTech), 30 ng/ml of anti-CD3 (Thermo Fisher Scientific) and multidonor (4 distinct donors) allogeneic irradiated (40 Gy) PBMCs at a ratio of
1:200 (TIL:PBMC). After 5 days, 50% of the medium was removed from
cultures and replaced with a 1:1 mixture of RM and TM medium. After 2 days,
75% of the media was removed and replaced with fresh one and, the culture
was adjusted every 3-4 days to a density of 5−10×106 TILs/cm2, for 7
additional days.

4.4.3

AUTOLOGOUS TIL-TUMOR CO-CULTURES (IV)

In order to determine the tumor-reactivity of autologous TILs towards
ovarian cancer tumors in study IV, we first passed CD3 Microbead-labelled
(Miltenyi Biotec) ovarian cancer cells through a column for the depletion of
endogenous T-cells in the ovarian tumor microenvironment. Next, on day 0,
8.5x10 5 CD3-depleted ovarian cancer cells were seeded in 24-well plates and
incubated overnight with 100 VP/cell of Ad5/3-E2F-D24, Ad5/3-E2F-D24TNF-IRES-IL-2 or medium. Following double wash, fresh 8.5x105 autologous
expanded TILs were added to the culture and incubated during 6 days until
collection of the supernatants and cells for further analysis.

4.4.4

CYTOTOXICITY ASSAYS (II AND IV)

To assess the antitumor specificity response generated after oncolytic
virotherapy in study II, we performed an effector target killing assay in
accordance to previous studies (Havunen et al., 2017; Siurala, Vähä-Koskela,
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et al., 2016). 2x105 pooled splenocytes were co-cultured with 1x104 HapT1,
HAK or DDT-MF2 cells in 96-well plates. Following incubation, CellTiter 96
AQueous One Solution Proliferation Assay reagent (Promega, Madison, WI,
USA) was added to the wells to 20% of the final volume. A Fluostar OPTIMA
analyzer (BMG Labtech, Offenburg, Germany) was used to read the
absorbance at 492 nm and determine the tumor cell viability. The same
method was used to determine the oncolytic potency of Ad5/3-E2F-d24 or
Ad5/3-E2F-D24-hTNFα-IRES-hIL2 or PBS in ovarian cancer samples in
study IV, in accordance with methods previously published (Taipale et al.,
2018). Here, results from each data point was normalized to the vehicle control
group.

4.4.5

QUANTIFICATION OF CYTOKINES (II, III AND IV)

Analysis of intratumoral and/or systemic mIL-2, mTNFα, mIL-6 and
mIFN-γ in study II and III, was performed from blood serum and snap-frozen
tumor homogenate samples stored at -80 degrees, in accordance to methods
described elsewhere (Tähtinen, Kaikkonen, et al., 2015). The mouse CBA
Th1/Th2/Th17 kit (BD Biosciences) was used to detect the cytokines through
the BD Accuri C6 flow cytometer (BD Biosciences). Results were obtained with
the FCAP Array Array software (BD Biosciences) and normalized to the total
protein content of the samples. To determine the cytokine content of the ex
vivo tumor cultures, in vitro cultures and ex vivo co-cultures in study IV,
supernatants were collected and stored at -80 in the presence or absence of
protease inhibitor. The levels of human IFN-γ, TNFα, IL-2, IL-6, CXCL10,
IFNβ, arginase-1 and TGF-ß1 contained in tumor histoculture supernatants
were detected through a custom Legendplex panel or, in the case of TGF-ß1,
with free active/total TGF-ß1 detection kit (Biolegend, San Diego, CA, USA).
The levels of human TNFα and IL-2 were detected in supernatants from SKOV-3-LUC cell cultures infected with different VPs of Ad5/3-E2F-D24hTNFα-IRES-hIL2 during 48 hours. Detection of the mentioned cytokines was
done using individual flex sets (BD Biosciences). All the kits were used in
accordance with the manufacturer’s recommendations and the results were
obtained using LEGENDplex V.8.0 software (VigeneTech, Massachusetts,
USA), for Biolegend products, or FCAP Array software (BD Biosciences), for
BD Biosciences products. When applicable results were normalized against the
total protein content of the supernatants. Detection of IFN-γ in supernatants
from autologous TIL-ovarian cancer co-cultures was determined by ELISA
MAX Deluxe Set Human IFN-γ (Biolegend) according to the manufacturer’s
protocol. A Fluostar OPTIMA analyzer (BMG Labtech) was used to read the
absorbance at 450 nm and results were interpolated utilizing a line as a
standard curve.
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4.4.6

HISTOPATHOLOGY AND IMMUNOHISTOCHEMISTRY (II, III AND
IV)

To evaluate histopathological changes in animal organs for study II
and III, we collected animal liver, lung, heart, kidney and spleen samples into
16% formalin jars for fixation. After 48 hours, the tissue was transferred to
ethanol 70% for long-term storage. Fixed tissue was embedded in paraffin, cut
into sections of 4-5 um thickness and stained for hematoxylin and eosin (H&E)
for examination by a trained veterinary pathologist. Similarly, to assess
immunological markers in ovarian cancer for study IV, tissue was fixed,
embedded in paraffin and prepared into 4-5 um thickness sections for H&E
staining. In alternative to the latter, ovarian cancer slides were stained with
anti-PD-L1 (Abcam, Cambridge, UK) in a Lab Vision Autostainer (Thermo
Fisher Scientific). In addition, anti-CD8 (Novocastra, Leica Biosystems,
Illinois, USA) and anti-CD4 (Cell Marque, Merck, California, USA) were
stained using a VENTANA Autostainer (Roche, Switzerland). Expression of
PD-L1 was scored the following: 0=<1%, 1=1%–4%, 2=5%–9%, 3=10%–49%,
4=>50% of tumor cells expressing PD-L1. The absolute number of CD8 and
CD4 was counted using 400x high-power field. In addition to the
abovementioned features, patient tumor histologies and BRCA mutated tumor
cell percentage were provided by a trained gynecological pathologist.

4.4.7

QUANTIFICATION OF BLOOD CELLS (II)

Assessment of blood cell cytopenias in hamsters was performed by
collecting hamster blood in tubes containing heparin followed by the count of
neutrophils, lymphocytes and platelets through the ADVIA 2120i (Siemens,
Erlangen, Germany). The degree of lymphodepletion in hamsters between
different doses of lymphodepleting chemotherapy was studied by collecting
the blood from hamsters, lysing the red blood cells with ACK lysis buffer
(Thermo Fischer Scientific) and measuring white blood cells through a BD
Accuri C6 (BD Biosciences).

4.4.8

DNA/RNA EXTRACTION AND REVERSE TRANSCRIPTION (III)

For evaluation of adenovirus spread after therapy in injected and noninjected animal tumor tissue and hamster vital organ tissue in study I and
adenovirus in cell culture in study IV, we first extracted DNA from these
tissues using QIAamp Mini Kit (Qiagen, Hilden, Germany) through a QIAcube
automated machine (Qiagen) (study I) or manually (study IV), in accordance
with the manufacturer’s instructions. For the extraction of RNA to quantify
hamster transcripts in study I or hamster IL-2 in study III from tumor
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samples, we collected approximately 30 mg of tumor tissue from hamsters and
stored it in RNA later solution (Thermo Fischer Scientific; Study I; Qiagen;
Study III) to prevent RNA degradation. Next, we disrupted the tissue into a
cell suspension and lysed the cells to initiate the extraction of RNA using the
RNA easy Kit (Qiagen) manufacturer’s protocol. The total eluted RNA was
transformed into complementary DNA using High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific) for high-resolution detection of
hamster TGF-ß1 and FoxP3 transcripts, or, using the QuantiTect Reverse
Transcription Kit (Qiagen), for messenger RNA sequencing or detection of IL2 transcripts. Both kits were utilized in agreement with the manufacturer’s
protocols.

4.4.9

QUANTITATIVE POLYMERASE CHAIN REACTION (QPCR) (I, III
AND IV)

The resulting DNA or cDNA from the extractions mentioned in the
previous section was used to detect the genes referred in table 5 in a
Lightcycler 480 (Roche, Basel, Switzerland). The obtained copy number was
normalized against hamster GAPDH, mouse b-Actin or human b-Actin
housekeeping genes, depending on the tissue species origin, as described
elsewhere. mRNA expression levels presented in study III, were obtained
relative to the hamster GAPDH. Reaction protocols are summarized in table 5.
Table 5 List of primers and probes, as well as the reference protocols used in qPCR across
the studies.

Gene

Type

Forward
Reverse
Probe
Forward
hamster
Reverse
FoxP3
Probe
Forward
E4
Reverse
(Adenovirus)
Probe
Forward
mouse βReverse
Actin
Probe
Forward
hamster IL-2 Reverse
Probe
hamster
TGF-ß1

DNA Sequence (5'-3')
TGTGTGCGGCAGCTGTACA
TGGGCTCGTGAATCCACTTC
CGACTTTCGCAAGGACCTGGGCT
AAGCAGATCACCTCCTGGAT
AGCTGCTGCTCCAGAGAC
CACCACTTCTCTCTGGAGGAGGCAC
GGAGTGCGCCGAGACAAC
ACTACGTCCGGCGTTCCAT
TGGCATGACACTACGACCAACACGATCT
CGAGCGGTTCCGATGC
TGGATGCCACAGGATTCCAT
GGCTCTTTTCCAGCCTTCCTTCTTGG
GTGCACCCACTTCAAGCTCTAA
AAGCTCCTGTAAGCTCAGCAGTAAC
AAACCCAGCAGCACCTCGAGC
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Reference
Study
protocol
(Zivcec et
al., 2011)

I

(Zivcec et
al., 2011)

I

(Kanerva,
Wang, et
al., 2002)
(Kanerva,
Wang, et
al., 2002)
(Zivcec et
al., 2011)

I

I

III

Forward
CACCGAGGACCAGGTTGTCT
Reverse
CATACCAGGAGATGAGCTTTACGA
Probe
CAAGAGTGACTCCCACTCTTCCACCTTTGA
Forward
TCCGGTTTCTATGCCAAACCT
d24-deleted
E1A
Reverse
TCCTCCGGTGATAATGACAAGA
(Adenovirus)
Probe
TGATCGATCCACCCAGTGA
Forward
TCACCCACACTGTGCCCATCT
human βReverse GTGAGGATCTTCATGAGGTAGTCAGTC
Actin
Probe
ATGCCCTCCCCCATGCCATCCTGCGT
hamster
GAPDH

(Koski et
al., 2010)

I, III

(Koski et
al., 2015)

IV

(Koski et
al., 2010)

IV

4.4.10 MESSENGER RNA SEQUENCING (I)
To determine the levels of gene expression in injected and distant noninjected hamster tumors, the extracted RNA was sequenced by a single-ended
Illumina NextSeq High Output 1 x 75 bp sequencing machine (Illumina, San
Diego, CA, USA) using the previously constructed library NEBNext Ultra
Directional RNA Library Prep Kit 3 (New England Biolabs, Ipswich, MA,
USA). The quality of the obtained results was curated with the FastQ tool
(Andrew, 2010) and summarized with the MultiQC tool (Ewels et al., 2016).
Data trimming was performed through the Trimmomatic tool (Bolger et al.,
2014). Alignments and annotations of sample transcripts were performed
against RefSeq GCF_000349665.1_MesAur1.0_genomic Syrian hamster
reference genome acquired from the National Center for Biotechnology
Information (Bethesda, MD, USA). Quantification was done with the
FeatureCounts tool (Y. Liao et al., 2013). Statistics on gene expression levels
were calculated with DESeq2 software by comparing treated and non-treated
tumors from therapeutic groups with their respective counterparts in animals
from the control group (Love et al., 2014). Ontological analysis against human
orthologues was executed using the WebGestalt tool (Bing Zhang et al., 2005),
for genes significantly altered (downregulated or upregulated). Considering
the base effects of the injection itself, we defined gene-expression in treated
groups relative to the PBS injected group.

4.5 FLOW CYTOMETRY
The animal tissue obtained in studies I, II and III was collected from
animals and prepared into a single-cell suspension and stored at -80 degrees
in media containing 10% DMSO until analysis. In study IV, the cells were
collected from tissue culture and frozen at -80 degrees. Flow cytometry was
performed in thawed samples by staining cells with fluorochrome-coupled
antibodies (table 6) during approximately 30-60 min at room temperature or
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at 4 degrees Celsius depending on the fluorochrome and staining protocol, in
agreement with a previously validated protocol for studies I, II, III (Tähtinen,
Kaikkonen, et al., 2015) or manufacturer’s protocol for study IV. In studies I,
II and III, 1,000-100,000 events were analyzed in the Accuri C6 (BD
Biosciences), while in study IV, 10,000-100,000 events were analyzed in the
FACS Aria II (BD Biosciences). A summary of the flurochrome-conjugated
antibodies is presented in table 6.

Table 6

List of fluorochrome-coupled antibodies and characteristics used in flow
cytometry studies.

Marker
Fluorochrome Reactivity
Trp2 (SVYDFFVWL)
APC
Mouse
gp100 (YLEPGPVTV)
APC
Mouse
OVA (SIINFEKL)
APC
Mouse
FoxP3
APC
Mouse
CD4
PerCP/Cy5.5
Mouse
CD25
PE
Mouse
NK1.1
FITC
Mouse
F4/80
APC
Mouse
CD11b
PerCP/Cy5.5
Mouse
CD11c

FITC

Mouse

CD86
CD19
CD8b
CD3
CD4
CD8b
MHC class II
CD45
CD4
CD25
CD69
FoxP3
PD-L1
CD27
CD16
EpCAM
CD62L
CD3
CD8a

PE
PE
FITC
PE/Cy7
APC
PE
FITC
Alexa Fluor 700
PerCP/Cy5.5
APC
PE/Dazzle 594
PE
PE/Cy7
PE/Cy7
APC/Cy7
PE
PE
PE/Dazzle 594
FITC

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
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Host
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Armenian
hamster
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

Supplier
Proimmune
Proimmune
Proimmune
ebiosciences
ebiosciences
ebiosciences
ebiosciences
ebiosciences
BD Biosciences

Study
I
III
III
III
III
III
I,III
I, III
I, III

BD Biosciences

I, II

BD Biosciences
ebiosciences
ebiosciences
BD Biosciences
ebiosciences
ebiosciences
ebiosciences
Biolegend
ebiosciences
ebiosciences
Biolegend
Biolegend
Biolegend
BD Biosciences
Biolegend
Biolegend
Biolegend
Biolegend
Invitrogen

I, II, III
I, III
I, II, III
I, II, III
II, III
II, III
III
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV
IV

4.6 STATISTICAL ANALYSES
Statistical differences between Kaplan-Meyer survival curves present in
study I and II were analyzed using log-rank test while correlations in Study IV,
were assessed with spearman’s non-parametric correlation. The rest of the
results were analyzed using unpaired t-test with and without Welsh’s
correction, one-way analysis of variance (ANOVA) or Kruskal-Wallis test. All
the aforementioned tests were performed with GraphPad Prism software
(GraphPad, La Jolla, CA, USA). Analyses on the log-transformed tumor
growth curves generated for studies I, II and III were performed using a linear
mixed model with SPSS version 24 (IBM, North Castle, NY, USA). Statistical
significance was considered when p<0.05.

4.7 ETHICAL CONSIDERATIONS
The animal protocols performed for studies I, II and III were carried out
in accordance with the experimental animal committee of the University of
Helsinki (Helsinki, Finland) and the Provincial Government of Southern
Finland. The protocols involving human material were approved by the
Central Hospital Operative Ethics Committee (permit number
120/13/03/02/16) and patient samples were collected upon reception of a
signed informed consent.
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5 RESULTS AND DISCUSSION
5.1 INTRATUMORAL ADMINISTRATION OF CYTOKINECODING ONCOLYTIC ADENOVIRUS INDUCES
TUMOR REGRESSION IN NON-INJECTED TUMORS
(I)
To investigate the systemic antitumor effects of cytokine-coding
oncolytic adenoviruses in vivo, we utilized Syrian hamsters bearing bilateral
HapT1 hamster pancreatic tumors receiving virus injections solely in one
tumor. Considering that Ad5/3-E2F-D24-hTNFα-IRES-hIL2 was designed
with T-cell therapies in mind (Havunen et al., 2017), we opted to perform this
study in adoptively TIL transferred animals. Indeed, over time, tumors
injected with oncolytic adenovirus (armed or non-armed with cytokines)
showed a modest reduction in volume relative to tumors receiving the mock
or TIL therapy (Figure 1A, Study I). In turn, signs of clear growth control in
non-injected tumors from animals treated with cytokine-coding adenoviruses
were seen. This was not seen in animals treated with unarmed oncolytic
adenoviruses, reinforcing the necessity of the arming device to achieve
systemic antitumor efficacy (Figure 1B, Study I). Comparisons between
injected and non-injected tumors revealed an overall decrease in virus DNA in
the animals treated with cytokine-armed oncolytic adenoviruses, as compared
to its unarmed counterpart (Figure 1C. Study I). This could reflect the potency
of the arming device’s immune effects, which could promote enhanced
clearance of virus infected cells. The low levels of virus DNA in vital organs
(Supplementary Figure 1, Study I), emphasizes the tumor-selective design of
the Ad5/3 capsid in agreement with previous clinical experience in cancer
patients (Koski et al., 2015). Such selectivity is equally corroborated by low
relative tumor sizes seen in injected and non-injected tumors regardless of the
oncolytic adenovirus therapy in comparison to mock (Figure 1D, Study I).
Animals treated with TNFα and IL-2-coding oncolytic adenovirus
demonstrated lasting survival comparatively to animals treated with the
unarmed counterpart (Supplementary Figure 1B, Study I). The combination of
abscopal effect and distant virus transduction seen here, may be clinically
useful in a metastatic setting, where the patient possesses less accessible
visceral metastasis. For example, treatment of metastatic melanoma patients
with T-VEC demonstrates a discrepant response rate between injected and
non-injected lesions (Moesta et al., 2017). This could be potentially
compensated if, besides the cytokine expression and oncolysis-induced
abscopal effect, additional virus transduction could be observed in distant
tumors.
Despite the advantages of the Syrian hamster model, identification of
immune cell subsets is limited due to the lack of commercially available
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reagents. In addition, the fact that the effects of oncolysis and cytokine
expression could not be isolated, would prevent us from studying the
contribution of cytokines for the systemic abscopal effect. To circumvent these
challenges, we used a combination of replication-incompetent adenoviruses,
Ad5-CMV-mIL-2 and Ad5-CMV-mTNFα, to treat one out of two B16.OVA
murine melanoma tumors in OT-I-infused (or not) B6 mice. Following 8 days
after beginning of the treatment, potent antitumor efficacy could be observed
in tumors treated with cytokine-coding adenoviruses alone, where injected
tumors had approximately 30% of the volume of the PBS treated tumors
(Figure 2A, Study I). Importantly, non-injected tumors demonstrated
substantial tumor reductions only in animals receiving TNFα and/or IL-2coding adenoviruses, evidencing the effect of the cytokine transgenes for
systemic antitumor immunity (Figure 2B, Study I). Together with OT-I cells,
TNFα and IL-2-coding adenoviruses treatment showed the best antitumor
response by day 6, even though modest responses were observed in the noninjected tumors (Figure 2C and D, Study I), possibly due to the early timepoint
chosen for the analyses. In another experiment with a similar setup,
administration of TNFα and IL-2-coding adenoviruses was the only treatment
that increased the antitumor efficacy of OT-I cell therapy distinctively in noninjected tumors whilst not slowing tumor progression in injected tumors
(Figure 2E and F, Study I). This effect was clearly due to the cytokine
transgenes since no virus DNA was detected in non-injected tumors (Figure
2G, Study I). Thus, oncolysis is necessary for virus transduction of distant
tumors. On the other hand, tumor progression was not decreased in tumors
injected with TNFα and IL-2-coding adenoviruses (Figure 2E, Study I). In fact,
adenovirus adaptive immunity develops within approximately 10 days of
initial exposure (Yang et al., 2003). A surge of tumor inflammation deriving
from the latter may have caused a temporary increase in volume of
adenovirus-treated tumors relative to vehicle treated tumors (Figure 2E, Study
I). This pseudoprogression, as it is otherwise referred to, is often temporary
and is commonly seen in humans treated with oncolytic adenoviruses
(Kanerva et al., 2013).

5.2 SYSTEMIC IMMUNE MODULATION AND T-CELL
TRAFFICKING IN DISTANT TUMORS IS LICENSED
BY CYTOKINE-CODING ADENOVIRUS THERAPY (I)
The tumor regressions seen in distant tumors upon cytokine-coding
adenovirus therapy were accompanied by substantial systemic immune
modulation. After 8 days, tumors extracted from animals treated with Ad5CMV-mIL-2 or Ad5-CMV-mTNFα or both contained significantly higher levels
of NK cells in injected and non-injected tumors in comparison with the
untreated control (Figure 3A, Study I). Yet, the presence of NK cells was more
pronounced in non-injected tumors, where it was highest in Ad5-CMV-mIL-2
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and Ad5-CMV-mTNFα and OT-I treated animals (Figure 3A, Study I). These
non-injected tumors equally showed the highest level of mature dendritic cells,
however, not a statistically significant increase (Figure 3B, Study I). Such
increase was not seen in injected tumors where, while significant, the increase
was not as high as in therapeutic groups treated with the combination only
(Figure 3B, Study I). Of note, the highest level of mature dendritic cells was
seen in animals treated with IL-2-coding adenoviruses (Figure 3B, Study I).
The positive correlation found between NK cells and mature DCs hints at an
interplay between the adaptive and innate immune system. NK cells also
require DC priming to exert its functions (Lucas et al., 2007). In addition, NK
cells have extensive effects on DCs including, their maturation (Piccioli et al.,
2002) and priming ability of TAAs (Deauvieau et al., 2015). This, concurs with
the positive correlation observed, between both cell subsets, in injected and
non-injected tumors (Supplementary Figure 2A-B, Study I). The use of Ad5CMV-mIL-2 and Ad5-CMV-mTNFα increased the overall presence of
macrophages in both injected and non-injected tumors, this increase being
more prominent in the former (Figure 3C, Study I). In injected tumors,
treatment with TNFα-coding adenovirus was responsible for the largest
increase of macrophages, while having the lowest presence of M2macrophages comparative to other therapeutic groups (Figure 3C and D,
Study I), concurring with preclinical data generated by others (Kratochvill et
al., 2015). A significant reduction in M2 macrophages was also seen in tumors
injected with other cytokine-coding adenovirus, although to a lower extent
(Figure 3D, Study I). Interestingly, none of these subsets correlated with the
tumor volume (Supplementary Figure 2E-J, Study I). Nevertheless, the use of
Ad5/3-E2F-D24-hTNFα-IRES-hIL2 in hamsters, did increase the TGF-ß
mRNA levels compared with the other therapeutic groups, although not
statistically significant (Supplementary Figure 2C, Study I). No major
alterations were seen in the levels of TGF-ß in non-injected tumors from these
animals (Supplementary Figure 2C, Study I). On the other hand, TNFα or IL2-coding oncolytic adenoviruses or both reduced the overall levels of FoxP3
mRNA in both injected and non-injected tumors (Supplementary Figure 2D,
Study I). The pooled levels of melanoma-specific T-cells, such as TRP-2,
GP100 and OVA, remained minimally altered in both injected and noninjected tumors from mice treated with cytokine-coding adenoviruses (Figure
3E, Study I).
The intratumoral immune modulation caused by cytokine-coding
adenoviruses could also promote additional effects with regard to the
trafficking of T-cells into distant tumors. To study the biodistribution of
engrafted T-cells, hamsters bearing bilateral HapT1 tumors were treated in
one of the flank tumors with armed or unarmed oncolytic virus and
systemically treated with 111In-oxine-labelled TILs. This allowed us to follow
up the accumulation of administered TILs in injected and non-injected tumors
at 48, 72 and 96 hours by SPECT/CT (Figure 4A and B, Study I). Trafficking
of the radiolabeled TILs was more prominent in non-injected tumors from
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Ad5/3-E2F-D24-hTNFα-IRES-hIL2 treated hamsters relative to the other
unarmed virus or PBS groups (Figure 4B, Study I). In addition, tumors from
hamsters treated with cytokine-coding oncolytic adenovirus showed a steady
persistence of TILs in both injected and non-injected tumors (Figure 4A and
B, Study I). As opposed to the latter, unarmed virus and PBS treated animals
demonstrated an abrupt decrease of TILs over the analyzed period (Figure 4A
and B, Study I). These results confirm the role of IL-2 in augmenting the
persistence of T-cells, as observed in previous human studies (Yee et al.,
2002). In comparison with the control groups, the concentration of engrafted
TILs peaked at 96 hours in non-injected tumors of cytokine-coding oncolytic
adenovirus-treated hamsters (Figure 4C, Study I). In another experiment
using OT-I cells labelled with a fluorescent dye, B16.OVA tumors from mice
treated cytokine-coding adenoviruses accumulated the highest levels of OT-I
cells compared with control groups (Figure 4D, Study I). A similar scenario
was previously observed in the same model and attributed to the T-cell
chemokine-induction properties of adenovirus-mediated delivery of TNFα
(Siurala, Havunen, et al., 2016).

5.3 ARMED ONCOLYTIC ADENOVIRUSES ALTER THE
EXPRESSION PROFILE OF IMMUNE-ASSOCIATED
GENES IN INJECTED AND DISTANT TUMORS (I)
The induction of systemic immunity caused by cytokine-coding
oncolytic adenoviruses was equally reflected at the gene expression level. This
was primarily assessed in day 10 tumor samples from TIL-infused hamsters
bearing two HapT1 tumors with one of them treated on day 0 and 7 with PBS,
Ad5/3-E2F-D24 or Ad5/3-E2F-D24-hTNFα-IRES-hIL2. Sole injection of PBS
caused upregulated expression of genes mostly associated with inflammation
and downregulated the expression of genes related to cytoskeleton
(Supplementary Table S1, Study I). Treatment of animals only with cytokinecoding adenoviruses led to the upregulation of 490 genes and downregulation
of 55 genes in injected and non-injected tumors (Figure 5, Figure 6 and
Supplementary Figure 3, Study I). Interestingly, therapy with either of the
viruses caused an upregulation of various genes, including NK cell activation
markers and macrophage markers, further supporting the data found in mice
(Supplementary Figure 5, Study I). Among multiple genes, the unarmed virus
caused a rise in expression of Tap1/2 and β2m (Supplementary Figure 4, Study
I) which possibly derive from the HLA class I-promoting properties of the
E3gp19K deletion contained in the virus construct. Importantly, and as noted
in the beginning of this thesis, restoring the function of these genes was
recently reported to be crucial for the outcome of immunotherapies (Patel et
al., 2017). Genes associated with cytokines and macrophages were exclusively
upregulated in injected tumors, while genes related to DC attraction, TNFαinduced chemokines, T-cell survival, and HLA class I loading were present in
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both injected and non-injected tumors (Supplementary Table 2, Study I).
These data fundamentally reflect the high infiltration of immune cells and
effective antitumor efficacy seen in animals treated with Ad5/3-E2F-D24hTNFα-IRES-hIL2 (Havunen et al., 2017) and T-cell recruitment properties of
TNFα delivery TNFα (Siurala, Havunen, et al., 2016). The expression of PD-L1
in injected tumors and LAG-3 in non-injected tumors of hamsters treated with
TILs alone infers two possible reasons for the ineffectiveness of TIL therapy in
hamsters (Figure 5 and Supplementary Figure 5, Study I). Lack of responses
to TIL-based ACT has been associated with these two checkpoint molecules in
humans (Pedersen et al., 2018).

5.4 ONCOLYTIC ADENOVIRUS CODING FOR TNFΑ AND
IL-2 REPLACES CONDITIONING REGIMENS IN
ADOPTIVE T-CELL THERAPY (II, III)
The effectiveness of T-cell-based ACT is tightly linked to the usage of
conditioning regimens - these provide the infused T-cell graft with the
required environment to thrive in their antitumor functionality. Prior to T-cell
infusion, the lymphodepleting preconditioning regimen, employing the use
ofof cyclophosphamide and fludarabine, decrease the numbers of
intratumoral immunosuppressive cells and promote the release of
homeostatic cytokines, such as IL-7 and IL-15 (Gattinoni et al., 2005). To
enable prolonged systemic persistence and activity of transferred T-cells,
patients are frequently administered with systemic high-doses of IL-2 after the
infusion of T-cells. Both regimens can be highly toxic leading up to grade 4
severe adverse events (Dudley et al., 2005) and occasional fatalities in cancer
patients (Besser et al., 2013; Dudley et al., 2010). However, they are required
for the clinical efficacy of T cell-based ACT. For example, the exclusion of
lymphodepleting preconditioning from the protocol leads to low response
rates in patients receiving TIL therapy as opposed to ACT protocols including
it (up to 71% vs 9.9%-31% ORR, respectively)(Dudley et al., 2005; Figlin et al.,
1999; Kradin et al., 1989; Rosenberg et al., 1994). In the context of engineered
T-cell therapy, lymphodepleting preconditioning is equaly necessary to
maintain the persistence of transferred T-cells (Haas et al., 2019). Similarly,
the absence of IL-2 postconditioning also influences the response rates,
especially in patients receiving TIL therapy (Dudley et al., 2002). Adding to
the fact that oncolytic adenoviruses as cancer immunotherapy have
demonstrated a tolerable safety profile (Koski-Palkén et al., 2010; Ranki et al.,
2016), encoding TNFα and IL-2 in such platform enables increased
effectiveness in the context of T-cell-based ACT in preclinical models
(Havunen et al., 2017; Siurala, Havunen, et al., 2016). Thus, we proposed that,
the administration of TNFα and IL-2-coding oncolytic adenoviruses as
surrogate of currently standardized ACT conditioning regimens, would allow
comparable antitumor efficacy and lower toxicity.
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5.4.1

CYTOKINE-CODING ONCOLYTIC ADENOVIRUS THERAPY
IMPROVES THE ANTITUMOR EFFICACY OF ADOPTIVE T-CELL
THERAPY IN THE ABSENCE OF CONDITIONING REGIMENS (II, III)

To compare the antitumor efficacy and survival profile of cytokinecoding adenoviruses and lymphodepleting preconditioning treatment in the
setting of ACT, we treated TIL-infused Syrian hamsters bearing bilateral
HapT1 pancreatic tumors with Ad5/3-E2F-D24-hTNFα-IRES-hIL2 and/or
lymphodepleting preconditioning (Figure 1A, Study II). In a preliminary
experiment, TIL treatment induced significant tumor reduction compared to
the vehicle (Figure 1B, Study II). The combination of TIL therapy with either
Ad5/3-E2F-D24-hTNFα-IRES-hIL2 or lymphodepleting preconditioning
resulted in substantial tumor regressions compared with control groups
(Vehicle or TILs; Figure 1B, Study II). Of note, the efficacy TIL therapy
combined with Ad5/3-E2F-D24-hTNFα-IRES-hIL2 or lymphodepleting
preconditioning was comparable (Figure 1B, Study II). Triple combination did
not cause an additive antitumor effect however no relapses were observed
relative to other tested groups (Supplementary figure 1, Study II). Once
extracted, the endpoint tumor masses from therapeutic groups that yielded
higher tumor growth control, contained elevated levels of CD4/CD8 ratio
(Figure 1C, Study II). Indeed, the significance of CD4+ T cell-infiltrates is high
in pancreatic cancer, as it has been reported to contribute to increased survival
(Ino et al., 2013). The possible contribution of CD4+ T cells to the good
antitumor immunity may equally infer their T-helper phenotype. This
phenotype of CD4+ T-cells could have derived from, the adenovirus infection
(Heemskerk et al., 2003), the effect of virus-derived cytokines (W. Liao et al.,
2011) and/or the lymphodepleting effect (Quezada et al., 2010). While not
causing major alterations in the individual CD4+ and CD8+ populations, it
appears that lymphodepleting preconditioning decreases the level of MHC
class II cell frequency in regional lymph nodes from TIL-treated hamsters
(Supplementary Figure 2A, Study II). At a general level, endpoint spleens
from lymphodepleted animals demonstrated a decrease in CD8+ and CD4+
(Supplementary Figure 2B, Study II), possibly contributing for the reduced
HapT1-killing capacity seen in co-cultures (Figure 1D, Study II). On the other
hand, accelerated repopulation of spleens with immunosuppressive MDSCs
after lymphodepletion can also impair cytotoxicity (Kodumudi et al., 2012),
thus possibly explaining the aforementioned results.
Using a different experimental setup with longer period of virus
treatment and systemic administration of TILs, for improved resemblance of
the clinical protocol (Figure 2A, Study II), we evaluated the survival of TILtreated hamsters and cytokine-coding adenoviruses and/or lymphodepleting
preconditioning. Here, the survival of hamsters was poorest when
lymphodepleting preconditioning was applied (Figure 2B, Study II). Deaths
mostly occurred a few days after the regimen (Figure 2B, Study II), a situation
resembling early preconditioning-derived complications observed in humans
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after receiving such regimen. Of note, treatment with Ad5/3-E2F-D24hTNFα-IRES-hIL2 and TILs not only postponed animal deaths but also
demonstrated the best survival curve in comparison with animals receiving
preconditioning and TILs (Figure 2C, Study II). Interestingly, the inclusion of
virus injections in this group did not rescue the animals from death, possibly
due to the ablation of splenic tumor-specific T-cells which are critical for
disease-specific survival (Cervera-Carrascon et al., 2018). In the same
experiment, individual tumor growth was recorded and a difference between
lymphodepleted animals and non-lymphodpeleted animals was already
present until day 6, likely due to the antitumor effects of cyclophosphamide
and fludarabine (Figure 2D, Study II). In comparison with control groups,
substantial tumor growth control followed during treatment with Ad5/3-E2FD24-hTNFα-IRES-hIL2. This effect was not lasting in hamsters treated with
triple combination considering that tumor relapses were observed between
day 75 and 100 (Supplementary Figure 3, Study II). Notably, continuous
administration of cytokine-coding adenovirus led to cures and disease
stabilization in most animals (Supplementary Figure 3, Study II). We equally
validated the previous results in a model of TCR-engineered T-cell therapy.
During 13 days, the antitumor efficacy of non-replicative cytokine-coding
adenoviruses with lymphodepleting preconditioning was evaluated in
B16.OVA bearing mice receiving OT-I cells (Figure 3A, Study II). Mice
receiving OT-I cells and co-administered with intratumoral Ad5-CMV-mTNFα
and Ad5-CMV-mIL2 therapy had their tumors significantly regressed
compared to all of the other therapeutic groups (Figure 3B, Study II).
Incorporation of a lymphodepleting regimen increased the tumor growth
control relative to the vehicle and OT-I cells, although to a lesser degree than
observed with the virus and OT-I cell combination (Figure 3C-G, Study II).
Overall, these data show that cytokine-adenovirus can provide a comparable
and, in some cases, superior, antitumor effect as lymphodepleting
preconditioning in ACT.
Furthermore, we evaluated, in hamsters bearing bilateral HapT1
tumors, whether intratumoral injections of oncolytic virus coding for IL-2
would elicit similar antitumor effects as systemic high-dose recombinant IL-2
postconditioning after infusion of TILs (Figure 1, Study III). In an attempt to
resemble the clinical posconditioning regimen, we infused IL-2 daily during 3
weeks (with 2 days rest period in between weeks) while Ad5/3-E2F-D24-hIL2
was injected weekly to compensate the immune-related effects. Overall the
tumor growth curve from hamsters undergoing IL-2 postconditioning
demonstrated the lack of capability to enhance TIL therapy therefore behaving
as the untreated group (Figure 1A, Study III). This is explained by the inability
of the postconditioning regimen to effectively control tumor escape variants
(Figure 1B, Study III). Conversely, virotherapy enabled the best antitumor
control thus, demonstrating superior efficacy over high-dose IL-2
postconditioning (Figure 1, Study III). Since the adenovirus infection does not
promote the production of hamster IL-2 (Supplementary figure 1, Study III),
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most of the effects seen here are due to virus-derived human IL-2. The same
hypothesis was tested in a setting of TCR-engineered T-cell therapy, where
mice bearing B16.OVA tumors receiving OT-I cells were treated with
replication-incompetent Ad5-CMV-mIL2 or systemic high-dose IL-2. The
treatment schedule was similar to the previous experiment, however, animals
were followed during 2 weeks. Comparative to other therapeutic groups, the
virus treated animals responded best to therapy, with potent antitumor
efficacy reassuring the previously obtained data (Figure 2A, Study III). The
high levels of IL-2 observed in the tumor versus blood serum from mice
receiving virotherapy may have accounted for this result (Figure 2B, Study
III). Animals receiving postconditioning had these levels evenly distributed
between blood serum and tumor, reinforcing the inefficiency of such
therapeutic regimen (Figure 2B, Study III). In agreement, the success of the
oncolytic virotherapy + ACT concept demonstrated in these in vivo
experiment, resembles the good responses previously seen in metastatic
melanoma patients, which received a non-replicating IFN-γ adenovirus and
TIL therapy in the absence of conditioning regimens (Khammari et al., 2015).

5.4.2

LYMPHODEPLETING PRECONDITIONING AND CYTOKINECODING ADENOVIRUS THERAPY MODULATE THE TUMOR
MICROENVIRONMENT SIMILARLY (II)

Next, we sought to determine the mechanistic pillars responsible for
the ability of cytokine-coding adenoviruses to enhance adoptively transferred
T-cells in the absence of lymphodepleting preconditioning regimens. Here,
studies in mice provided us with a broad range of tools to study immunological
cell subsets. Regarding the experiments comparing lymphodepleting
preconditioning with Ad5-CMV-mTNFα plus Ad5-CMV-mIL2 in ACT treated
mice, we hypothesized that both therapeutic regimens exerted similar effects
in the tumor microenvironment. To verify this, we recovered tumors from
animals at day 13 and analyzed them for the presence of immune cell subsets
and changes in the cytokine contents. In agreement, we saw CD3+ and CD8+
T-cell populations rise similarly among tumors from animals receiving
lymphodepleting preconditioning (Figure 4A, Study II), an event most likely
caused by the decrease of intratumoral immunosuppressive cell subsets (Tregs
and MDSCs) and increased availability of IL-7/15 reported in lymphodepletion
studies (Gattinoni et al., 2005; Kodumudi et al., 2012). Increased levels of
dendritic cells and their maturation markers (Supplementary figure 4; Figure
4C-D, Study II) likely support the antitumor activity of neighbouring T-cells.
Importantly, and in line with other reports, comparable levels of the same cell
subsets could also be observed in tumors from virotherapy-treated mice
(Supplementary figure 4; Figure 4C-D, Study II). In particular, virus-derived
elements of the danger signaling system could possibly trigger the maturation
of dendritic and subsequent effector T-cell activation (Tähtinen, Grönberg-
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Vähä-Koskela, et al., 2015). This resembles the effects of lymphodepletion but
through a different mechanisms. For example, the acute production of virusmediated TNFa and IL-2can disrupt immune tolerance in preclinical models
(Cervera-Carrascon et al., 2018; Havunen et al., 2017; Siurala, Havunen, et al.,
2016). When we looked at intratumoral cytokines, animals treated with
lymphodepleting preconditioning and/or cytokine-coding adenovirus, had
comparable levels of intratumoral IL-2, although virotherapy in
lymphoreplete animals induced the highest levels of TNFα compared with the
other therapeutic groups (Figure 4E-F, Study II). The largest increase of IFNγ and overall proinflammatory cytokines was also observed in tumors from
cytokine-coding adenovirus and OT-I treated mice (Figure 4G-H, Study II).
These observations are likely linked to the substantial tumor growth control
seen in such mice. For example, the raise in IFN-γ is indicative of CD8+ T cell
activity and the presence of this cytokine is required for the rejection of
B16.OVA tumors (Kline et al., 2012; Bin Zhang et al., 2008). In addition, the
combined peak in the production of TNFα and IFN-γ may have also helped
achieving a better tumor growth control in this group, given its reported ability
to counteract tumor escape (Bin Zhang et al., 2008). In contrast, the
counterproductive effects of lymphodepletion during virotherapy were
obvious. Here, the immune ablative effect of lymphodepletion may have
compromised overall systemic antivirus and antitumor T-cell immunity
therefore explaining the mild raise in IFN-γ comparative to the control groups
(Figure 4G, Study II).

5.4.3

EFFECTIVE DELIVERY OF VIRUS-DERIVED IL-2 IN THE TUMOR
SITE ENHANCES THE INFILTRATION OF PROINFLAMMATORY
IMMUNE CELLS (III)

In a similar manner, we analyzed the tumor microenvironment of
treated animals for hints that could potentially identify causes for the observed
efficacy of T-cell ACT by vector-delivered IL-2. Despite the scarce abundance
of reagents for hamsters, it was possible to use cross-reactive antibodies for
the detection of CD4+ and CD8+ cells in HapT1 tumors from hamsters treated
with Ad5/3-E2F-D24-hIL2 or IL-2 postconditioning. Both groups showed a
difference in the frequencies of CD4+ cells, with such cells being more frequent
in the latter group than the former (Figure 3A, Study III). In hamsters treated
with systemic high-dose IL-2, the presence of CD8+ cells remained unaltered
compared with the untreated hamsters, as opposed to treatment with IL2coding oncolytic adenoviruses, which caused the highest infiltration CD8+
(Figure 3B, Study III). In mice, both treatment regimens showed a substantial
increase in the latter, however, with no significant alterations in the frequency
of OVA-specific T-cells (Figure 3C-D, Study III). Nevertheless, the lowest
levels of Gp100-specific T-cells were found in tumors from mice receving IL-2
postconditioning (Figure 3E, Study III). These findings corroborate the
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evidence found in previous experiments where cytokine-coding adenovirus
and ACT allowed epitope spreading (Cervera-Carrascon et al., 2018; Siurala,
Havunen, et al., 2016; Tähtinen, Grönberg-Vähä-Koskela, et al., 2015). In
addition, a significant emergence of CD86+ M1-like macrophages was
observed in the tumor milieu of virus treated animals relative to other
therapeutic groups (Figure 3F, Study III). These data align with human
evidence of macrophage polarization upon oncolytic adenovirus treatment
(Ranki et al., 2016) and preclinical models (Siurala, Havunen, et al., 2016).
The reported induction of interferons by adenoviruses may help explain the
observed phenomenon (Sang et al., 2015). In addition, the increased frequency
of CD19+ B-cells could have contributed for the overall antitumor efficacy seen
in animals treated with IL-2-coding adenovirus-treated and not in other
groups (Figure 3G, Study III). Preclinical data found B-cells as a critical
mediator of T-cell activation in the context antitumor immunity (DiLillo et al.,
2010). Interstingly, mice receiving IL-2 postconditioning showed the highest
levels of regulatory T-cells (Figure 3H, Study III), possibly a direct result of the
induction and expansion of peripheral regulatory T-cells characteristic of this
regimen, reported in patients elsewhere (Ahmadzadeh & Rosenberg, 2006;
Yao et al., 2012). Considering that such cells hamper the antitumor activity of
T-cells (Ahmadzadeh & Rosenberg, 2006; Vesely et al., 2011; Yao et al., 2012),
these may have contributed to the poor control of tumors in hamsters and mice
receiving this regimen. This also infers the possible regulatory phenotype of
the CD4+ cells present in tumors from hamsters receiving IL-2
postconditioning (Figure 3A, Study III).

5.4.4

CONDITIONING REGIMENS ELICIT VITAL TISSUE DAMAGE AND
SYSTEMIC INFLAMMATION (II, III)

Comparative studies assessing the toxicity of conditioning regimens
and cytokine-coding adenovirus therapy were performed in vital organs and
blood serum from treated animals. Regarding lymphodepleting
preconditioning, it employs cyclophosphamide and Fludarabine, two
chemotherapeutics with potent cytotoxic effect towards immune cells. As
documented in humans, hamsters undergoing such regimen experienced an
abrupt decrease of neutrophils, platelets and lymphocytes compared to the
control (Supplementary Figure 6 and Figure 5A, Study II), rendering them
largely immunosuppressed. The reduced amount of lymphocytes and
neutrophils puts subjects at risk of contracting sepsis deriving from
endogenous and exogenous pathogens, while ablation of platelets increases
the risk of internal hemorrhages. Even though the effects of lymphodepletion
are often transient and manageable through standard care (tipically with GCSF, antibiotics and/or transfer of platelets), deaths can still occur, as noted
in clinical trials (Besser et al., 2013; Dudley et al., 2010) and our survival data.
In contrast, cytokine-coding adenovirus therapy caused a mild and negligible
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decrease in relevant immune cell types comparative to the vehicle control
(Figure 5A, Study II). This confirms the adverse event profile seen in previous
human studies, normally characterized by flu-like symptoms, fatigue or fever
(Khammari et al., 2015; Koski et al., 2010; Lang et al., 2018; Ranki et al., 2016).
With regard to vital organ-specific toxicity, cardiac degeneration was found to
be present in heart tissue from 60% of the lymphodepleted hamsters as
opposed to control groups where no significant findings were found (Figure
5A, Study II). The metabolic products of cyclophosphamide were shown to
promote cardiomyocyte injury in humans (Azra & John, 2005; A. C. Cameron
et al., 2016), thus potentially explaining the toxicity seen in lymphodepleted
animals. In mice, the use of lymphodepleting preconditioning caused
pulmonary vascular and cardiac degeneration within a range of 60-100% of
the animals in comparison with animals treated with adenovirus therapy or
control groups (Figure 5B-C, Study II). The combined effects of
cyclophosphamide, the concomitant increase of systemic inflammatory
cytokines (TNFα, IFN-γ and IL-6) (Supplementary Figure 5, Study II)(Azra &
John, 2005; A. C. Cameron et al., 2016) and interstitial macrophages (R. et al.,
1996), could have contributed for the injuries in both vital organs from
lymphodepleted animals.
Treatment with systemic high-dose IL-2 revealed signs of changes in
vital organs relative to other therapies. In hamsters, these signs were observed
in spleen, liver and splenic ligament, mostly encompassing multifocal
extramedullary hematopoiesis (Figure 4 and Table 1, Study III). In agreement,
livers, kidneys and lungs from mice receiving postconditioning showed
marked differences compared to other therapeutic groups, including a rise in
perivascular and peribiliar multifocal lobular extramedullary hematopoiesis
(Figure 5a, Study III). Increased apoptosis of lymph nodules was also observed
in spleens (Table 1, Study III). Such effects describe the off-target tissue impact
of systemic IL-2 administration reported in humans (Rosenberg, 2014). In the
particular case of extramedullary hematopoiesis, it may have been caused by
the IL-2-derived systemic inflammation, as reported elsewhere (Reya et al.,
1998). This situation may have triggered atypical proliferation of immune cells
to ensure homeostasis, as shown in knockout mice models (Sharara et al.,
1997). Conversely, mice treated with IL-2-coding adenoviruses presented
minimal organ-related changes possibly reflecting the small degree of
adenovirus leakage to the blood serum, in concordance with previous reports
in humans (Diaconu et al., 2010). Further examination of lungs, from animals
receiving IL-2 postconditioning, revealed substantial thickening of the
muscular wall of the arteries (Figure 5a, Study III), concurring with the signs
of lung injury observed in humans (R. et al., 1996). Probable mechanisms for
these lung changes may derive from the marked rise of TNFα and IL-6
concentration in the blood serum (Figure 5b, Study III). Both TNF and IL-6
have been associated with stiffened lung arteries and dysfunction of blood
vessels in preclinical models, respectively (Azra & John, 2005; Guzik et al.,
2007). The blood serum of IL-2-coding adenovirus treated mice, however,
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demonstrated an intermediate level of TNFα compared to other treatment
groups, while the levels of IL-6 and IFN-γ were comparable to the untreated
control (Figure 5b, Study III). Therefore, the minimal alterations were likely
to contribute for the lack of vital-organ changes.

5.5 UNLEASHING
POTENT
TIL-REACTIVITY
IN
IMMUNOSUPPRESSIVE OVARIAN CANCER WITH
TNFΑ AND IL-2-CODING ONCOLYTIC ADENOVIRUS
(IV)
As mentioned earlier, besides melanoma, the clinical outcome of TILbased ACT in other solid tumor types has been limited. In particular, advanced
ovarian cancer stands out as a disease where clinical responses have been
inconsistent, accounting for variations in the protocol between specialized
centers. For example, therapy with multiple infusions of TILs and
cyclophosphamide produced high response rates in ovarian cancer patients, of
which 23% were complete and durable at the time of the study (Aoki et al.,
1991). The reason for these results may lie in the inclusion of patients receiving
TILs as first-line therapy and the concomitant use of chemotherapy in one of
the cohorts. Another study documented that treatment of ovarian cancer
patients with TILs and adjuvant chemotherapy post-debulking surgery
resulted in a 3-year survival of 100% (Fujita et al., 1995). On the other hand, a
clinical study using TILs followed by low-dose IL-2 postconditioning did not
show responses however with some signs of antitumor activity as evidenced by
the decreased levels of blood serum CA-125 and ascites reduction in a small
number of patients (Freedman et al., 1994). More recently, a clinical trial
enrolling advanced ovarian cancer patients treated with “Young TILs”
documented no responses, however a number of patients experienced stable
disease, for a short period (Pedersen et al., 2018). The immunosuppressive
microenvironment comprising of, a suppressive cytokine network and
expression of PD-L1 but also the lack of tumor-reactive T-cells, has been
accounted for poor clinical outcome observed in such patient population
(Pedersen et al., 2018; Westergaard et al., 2019). Importantly, these issues can
potentially be overcome with the use of oncolytic adenovirus-based therapies.

5.5.1

TNFA AND IL-2-CODING ONCOLYTIC ADENOVIRUS INDUCES
AN INFLAMMATORY STATUS IN AN IMMUNOSUPPRESSIVE
TUMOR MICROENVIRONMENT (IV)

In previous studies, we relied mostly on mice and hamster models to
characterize the antitumor response of Ad5/3-E2F-D24-hTNFα-IRES-hIL2 in
combination with ACT. Alternatively, in study IV, patient-derived samples
were used to account for interpatient immunological variability upon virus
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treatment. In addition, this model allows profound characterization of
relevant human immunological processes contributing for the antitumor
activity of cytokine-coding oncolytic adenovirus therapy. Other models have
severe caveats in this context: (1) immunocompetent syngeneic mice do not
allow adenovirus replication, (2) human ovarian cancer xenograft mouse
models do not feature an immune system, (3) Syrian hamsters allow human
adenovirus replication but do not feature an available ovarian cancer model or
necessary tools to characterize T-cell responses. Therefore, we determined the
immunological impact of Ad5/3-E2F-D24-hTNFα-IRES-hIL2 in ex vivo
tumor cultures established from freshly resected ovarian cancer patient
samples (Table 1, Study IV) up to 1 week. Upon cytokine-coding oncolytic
adenovirus treatment, we observed a large increase in TNFα and IL-2 in both
days compared with the other therapeutic groups (Figure 1A-B, Study IV). The
cytokines produced are most-likely derived from Ad5/3-E2F-D24-hTNFαIRES-hIL2, whose replication is intimately connected to the production of
TNFα and IL-2 (Supplementary Figure 1A-D, Study IV). Nevertheless, these
findings can be particularly useful to restore antitumor immunity in the
ovarian tumor microenvironment considering that impaired TNFα production
by TILs (Matsuzaki et al., 2010) and the lack of acute production ofcontribute
for the anergic immune status in the ovarian cancer. On the other hand, acute
levels of IL-2 can promote antitumor activity, as shown in ovarian cancer
patients administered with intraperitoneal IL-2 (Vlad et al., 2009) At the end
of the culture, the secretion of CXCL10 and IFN-γ increased in the Ad5/3-E2FD24 and Ad5/3-E2F-D24-hTNFα-IRES-hIL2, however this increase was more
prominent in the latter (Figure 1A-B, Study IV). While IFN-γ is a hallmark of
TIL activity and has direct lytic capability on human ovarian tumor cells (Wall
et al., 2003), CXCL10 has been reported as a potent inducer of TIL trafficking
in ovarian cancer models (K. Au et al., 2017), both of which can favor
antitumor immunity. Of note, in comparison with other therapeutic groups,
treatment with cytokine-coding oncolytic adenoviruses did not cause high
secretion of IFNβ (Figure 1A-B, Study IV), a feature that may benefit oncolytic
virus therapy (de Queiroz et al., 2019). Collectively, these signals fostered an
inflammatory status in the ovarian tumor microenvironment achieved using
Ad5/3-E2F-D24-hTNFα-IRES-hIL2 but not the unarmed version of it (Figure
1C, Study IV). Withdrawing TNFa and IL-2 (most likely virus-derived),
diminished the overall change in proinflammatory signals, however their
levels were still high after a week of culture (Supplementary Figure 1E, Study
IV). In the same day, a mild decrease of suppressive cytokines (arginase, TGFß1 and IL-6) levels was observed in oncolytic adenovirus-treated ex vivo tumor
cultures (Figure 1D-F, Study IV). From an antitumor immunity point of view,
the decrease of such cytokines licenses the activity of TILs because: (1) TGFß1 increases the invasiveness of ovarian cancer tumor cells (Yeung et al., 2013)
and (2) these cytokines suppress TILs in ovarian cancer via MDSCs and Tregs
(McCloskey et al., 2018). Of note, our data is in agreement with previous
results, where treatment of a mouse model of spontaneous melanoma with
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TNFα and IL-2 coding adenoviruses causes a functional decrease of MDSCs
(Tähtinen et al., 2016). Importantly, the final balance of proinflammatory
versus suppressive signals is highest in ex vivo tumor cultures treated with
Ad5/3-E2F-D24-hTNFα-IRES-hIL2 (Figure 1G, Study IV) even when,
presumably virus-derived TNFα and IL- 2, were subtracted (Supplementary
Figure 1F, Study IV).
Throughout the culturing period, we monitored cell killing by
measuring overall mitochondrial activity of the wells (Figure 2A, Study IV). As
previously seen in mice and human ovarian cancer cell lines (Havunen et al.,
2017), Ad5/3-E2F-D24-hTNFα-IRES-hIL2 and Ad5/3-E2F-D24 behaved
similarly, diminishing the viability of ex vivo tumor cultures (Figure 2B-G,
Study IV). Chimeric 5/3 adenoviruses have been retargeted to enter through
receptors highly expressed by ovarian cancer cells, thus allowing effective
oncolysis and transgene delivery in mice (Kanerva et al., 2003) and humans
(Kanerva et al., 2015) bearing ovarian cancer. On the other hand, both viruses
were able to replicate in tumor cells regardless of histology (Table 1 and Figure
2B-G, Study IV), which is possible because the majority of ovarian cancer types
are defective in the p16/rb pathway (Todd et al., 2000). One tumor
histoculture did not show significant decrease in tumor viability possibly
reflecting, the inability of the assay to distinguish immune cell proliferation
from tumor cell death, or differences in the degree of mutation in the p16/rb
pathway (Figure 2E, Study IV) (Todd et al., 2000). Nevertheless, in
accordance with previous data (Havunen et al., 2017), these results show that
inclusion of cytokines in Ad5/3-E2F-D24-hTNFα-IRES-hIL2 do not preclude
its replication. This is an attractive feature since patients bearing ovarian
cancer present inferior efficacy when treated with unarmed oncolytic
adenoviruses, compared with cytokine-armed oncolytic adenoviruses
(Pesonen et al., 2012).

5.5.2

TUMOR-REACTIVITY OF TILS IS IMPROVED BY VIRUSMEDIATED DELIVERY OF TNFΑ AND IL-2 IN THE TUMOR
MICROENVIRONMENT (IV)

We simultaneously analyzed the TIL activation status in the
microenvironment of virus-treated ex vivo tumor cultures. No major
alterations in the CD69+CD8+ TIL fraction were observed by day 3, whereas,
after a week, this fraction had increased in the ex vivo tumor cultures treated
with cytokine-coding oncolytic adenoviruses but not the unarmed
counterparts (Supplementary Figure 2A, Study IV). CD69 was expressed in
CD8+ TILs from tumor cultures treated with oncolytic adenovirus compared
with the control (Supplementary Figure 2B, Study IV). At an individual patient
level, ex vivo tumor cultures treated with cytokine-coding oncolytic
adenovirus displayed the highest levels of CD8+ TILs in most samples
compared with the other treatment groups (Figure 3A, Study IV). Notably,
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Ad5/3-E2F-D24-hTNFα-IRES-hIL2-treated cultures showed no major
increases in the expression of CD69 marker, except in one sample (Figure 3B,
Study IV). The concentration of proinflammatory cytokines was not associated
with the expression of CD69 in CD8+ TILs (Figure 3C, Study IV). Further TIL
characterization showed no major effects of the treatments in the frequency of
CD69+CD4+ TILs, however the highest levels of CD69 expression were
present in tumor cultures treated with cytokine-coding oncolytic adenoviruses
(Supplementary Figure 2C-D). By the end of 1 week, most samples showed no
large variations in CD69+CD4+ TILs but substantial increases of CD69
expression in 80% of the ex vivo tumor cultures treated with Ad5/3-E2F-D24hTNFα-IRES-hIL2 (Figure 3D-E, Study IV). The presence of highly activated
CD4+ TILs was deemed to be an important asset for producing large quantities
of proinflammatory cytokines (Owens et al., 2018), which clarifies the positive
correlation found between CD69 and the concentration of proinflammatory
cytokines (Figure 3F, Study IV). Notably, active CD4+ TILs are strong
predictors of progression-free survival (Tsiatas et al., 2009), thus supporting
the potential immunological benefits of cytokine-coding oncolytic adenovirus
therapy in ovarian cancer. Increased frequencies of CD25+CD4+ TILs were
observed mostly in ex vivo tumor cultures not receiving virotherapy, however
CD25 was upregulated in CD4+ TILs from tumor cultures treated with
oncolytic adenoviruses (Supplementary Figure 2E-F, Study IV). In detail, most
cultures were presented with low frequencies of CD25+CD4+ TILs when
treated with TNFα and IL-2 coding oncolytic adenoviruses (Figure 3G, Study
IV). However, in general, the latter increased the expression levels of CD25 on
CD4+ TILs in 60% of the ex vivo tumor cultures comparing with other groups
(Figure 3H, Study IV). It is then suggested that supplementing virus-derived
IL-2 maintains the level of activation of CD4+ TILs. While we have considered
the possibility that these cells could be in fact Tregs, a correlation between the
suppressive cytokine concentration and the levels of CD25 was not found
(Figure 3I, Study IV).
To further validate the abovementioned findings in the context of TIL
therapy, we cultured autologous TILs from patients with T-cell-depleted ex
vivo tumor cultures previously infected with oncolytic adenoviruses (Figure
4A, Study IV). First, the TIL expansion (perfomed under clinically relevant
conditions) originated residual levels of natural killer cells (CD56+CD16+) and
invariant NK-T-cells (CD3+CD56+) (Figure 4B, Study IV). As expected, the
majority of the TILs were composed of a CD3+ fraction with a high
CD8+/CD4+ TIL ratio (Figure 4B, Study IV), possibly due to the lower levels
of IL-2 used in culture as opposed to other publications (Pedersen et al., 2018).
Equal levels of CD62L were found among CD4+ and CD8+ TILs however,
CD27 co-stimulatory marker was higher in the CD8+ fraction of the TILs
(Figure 4C, Study IV). Almost all co-cultures of TILs with T-cell-depleted ex
vivo tumor cultures remarkably showed high levels of IFN-γ upon treatment
with cytokine-coding oncolytic adenoviruses relative to the unarmed virus or
no virus controls (Figure 4D-F, Study IV). Here, virus-derived production of
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IL-2 may have been key as the exogenous use of IL-2 in ACT protocols
promotes the activity of TILs (Rosenberg & Restifo, 2015). In addition, the
effects of IFN-γ and E3/gp19K deletion in the oncolytic adenovirus construct
may have increased the HLA class I molecules on tumor cells, thus making
them more discoverable by transferred TILs. At the end of the co-culture, most
patient samples showed increased levels of CD8+ TILs when treated with
Ad5/3-E2F-D24-hTNFα-IRES-hIL2, however this increase was negatively
associated with the IFN-γ concentration released (Figure 5A-B, Study IV).
Similarly, the presence of CD4+ TILs was equally increased in about 60% of
the co-cultures treated with cytokine-coding oncolytic adenovirus but not, in
the majority of the cases, with the unarmed virus (Figure 5C, Study IV).
Interestingly, we saw tight correlation between the latter and IFN-γ
concentration in the wells (Figure 5D, Study IV), suggesting that this fraction
may contain tumor-specific T-cells as noted by others (Owens et al., 2018;
Westergaard et al., 2019). High expression of HLA class II in the tumor cells
from ovarian cancer patients observed in a recent TIL therapy trial suggests
the contribution of this cell subset in the antitumor immunity (Pedersen et al.,
2018). In addition, the cytolytic functions of CD4+ T cells towards virusinfected cells may have equally contributed for the reactivity seen in our coculture system (Muraro et al., 2017). The frequencies of Tregs present in TIL
cultures from patients, however, were quite heterogeneous post-expansion, as
their levels were minimal (0.25-1.75% of the CD4+ TILs) (Supplementary
Figure 3A, Study IV). Yet, they did not impact the TIL reactivity as shown by
the lack of a correlation between their frequencies and the levels of IFN-γ in
the co-cultures (Supplementary Figure 3B, Study IV). These data concur with
clinical data from a TIL-based ACT clinical trial demonstrating that transfer of
CD8+ TILs does not favor improved responses in patients when compared
with transfer of “bulk” unselected TILs (Dudley et al., 2010). Further
characterization showed no major alterations in CD27+ TILs (Supplementary
Figure 3C-D, Study IV), although there was an increase in NK cells during
Ad5/3-E2F-D24-hTNFα-IRES-hIL2 therapy in 83% of the co-cultures relative
to the other treatments (Supplementary Figure 3E, Study IV). This rise in NK
cells was also observed in 67% of the cultures during treatment with the
unarmed virus although in lower magnitude (Supplementary Figure 3E, Study
IV).

5.5.3

VIRUS THERAPY INCREASES THE ANTITUMOR REACTIVITY OF
TILS INDEPENDENTLY OF PD-L1 EXPRESSION IN TUMOR CELLS
(IV)

While the tumor-reactivity of TILs increased upon cytokine-coding
oncolytic adenovirus infections, this response was very heterogeneous among
the analyzed samples. As mentioned earlier, PD-L1 is involved in the
suppression of antitumor T-cell responses in multiple indications, including
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ovarian cancer (Webb et al., 2016). In addition, histology data from a TIL
therapy clinical trial in ovarian cancer patients, where no responses were
observed, demonstrated high expression of PD-L1 in tumor cells (Pedersen et
al., 2018). Therefore, we investigated the role of the PD-(L)1 axis in the
responses obtained in ex vivo tumor cultures and virus-infected T-celldepleted co-cultures. First, we assessed the impact of oncolytic adenovirus
therapy in the frequency and expression of PD-L1+ tumor cells in ex vivo
tumor cultures on day 3 and 6-7 (Supplementary Figure 4, Study IV). In the
former, there was an overall mild trend for the reduced presence of PD-L1+
tumor cells (Supplementary Figure 4A, Study IV). Expression of PD-L1 in
tumor cells decreased in 2 patient ex vivo tumor cultures, being more
drastically reduced in the Ad5/3-E2F-D24-hTNFα-IRES-hIL2 treatment
group than the rest of the controls (Supplementary Figure 4B, Study IV). The
most prominent increases in the expression of PD-L1 in tumor cells were
observed in the unarmed virus treated groups from 3 ex vivo tumor cultures
(Supplementary Figure 4B, Study IV). Apart from 1 sample, where PD-L1+
tumor cells were highest on cytokine-coding oncolytic adenovirus therapy, the
majority of samples did not show major variations for the latter cell type upon
oncolytic adenovirus treatment (Supplementary Figure 4C, Study IV). In
contrast, treatment of ex vivo tumor cultures with oncolytic adenoviruses
caused an increase in the expression of PD-L1 in tumor cells in 3 out of 5 ex
vivo tumor cultures, while downregulating the expression of PD-L1 in 2 out of
5 ex vivo tumor cultures (Supplementary Figure 4D, Study IV). It is known,
however, that expression of PD-L1 in ovarian cancer associates with the
infiltration of TILs, thus being indicative of improved survival (Webb et al.,
2016). This led us to investigate the PD-L1 expression profile and T-cell
infiltration by immunohistochemistry staining in biopsies from the resected
samples (Figure 6A, Study IV). Indeed, we saw that the heterogeneous
expression of PD-L1 and T-cell infiltration correlated positively with the
concentration of IFN-γ in co-cultures of treated T cell-depleted tumor cultures
and autologous TIL at day 7 (Figure 6B-G, Study IV). Further studies in the
PD-1+ fraction of the transferred TILs demonstrated the lowest levels in 2 out
of 6 samples analyzed (Supplementary Figure 5A, Study IV). In fact, the PD1+ CD4+ TILs negatively correlated with the IFN-γ concentration at day 7 in
co-cultures (Supplementary Figure 5A-B, Study IV). The highest levels of PD1+CD8+ TILs were observed in 3 out 6 TIL preparations, however no
significant correlation was found between the latter cells and IFN-γ
concentration at day 7 (Supplementary Figure 5C-D, Study IV). Such findings,
confirm a pivotal role of CD4+ TILs in the antitumor immunity of TIL
treatment.
Overall, Ad5/3-E2F-D24-hTNFα-IRES-hIL2 therapy appears to increase
TIL reactivity, despite the PD-L1 expression status in tumors and its role in the
outcome of TIL therapy in humans.
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6 SUMMARY AND CONCLUSIONS
To summarize, it appears that TNFα and IL-2-coding oncolytic
adenoviruses represent a valuable tool to enable adoptive T-cell therapy in
metastatic solid tumors. The effects of such virotherapy are systemic, eliciting
an abscopal effect in non-injected tumors due to virus spread, and
inflammatory modulation of the tumor microenvironment at a cellular and
genetic expression levels. These findings suggest the utility of cytokine-coding
oncolytic adenovirus therapy in fostering the required immune stimulation to
lift systemic immune anergy, aiming at facilitating different forms of ACT in
cancer patients. Besides these benefits, the use of oncolytic virotherapy in ACT
can equally exert a positive impact in standard ACT protocols. Our data shows
that, in the setting of ACT, oncolytic virotherapy rivals or surpasses the
antitumor efficacy observed when standard conditioning regimens are
applied. These results are possibly due to the capability of cytokine-coding
oncolytic adenoviruses to attain similar intratumoral immunological events to
conditioning regimens. In addition, contrary to the conditioning regimens
currently inbuilt in ACT protocols, oncolytic virotherapy demonstrated
negligible toxicity due to the high tumor-specificity of adenovirus-mediated
delivery of TNFα and IL-2. Employment of TNFα- and IL-2-coding oncolytic
adenovirus instead of pre- and postconditioning regimens can widen the
enrollment criteria and reduce costs associated with this ACT. Importantly, we
also demonstrate that oncolytic adenoviruses can restore the antitumor TIL
reactivity of solid tumors in which TIL-based ACT clinical activity is scarce,
such as ovarian cancer. This was ultimately achieved because, cytokine-coding
oncolytic adenovirus infection shifted the ovarian tumor microenvironment
towards a proinflammatory status, allowing potent tumor-reactivity of
transferred TILs despite PD-L1 expression in tumor tissue. Considering the
susceptibility of ovarian cancer to oncolytic adenovirus therapy, its use could
potentially increase the clinical activity of TIL therapy in this indication.
Collectively, these results demonstrate how ACT strategies could
potentially become a more effective approach for a broader range of cancer
patients when combined with cytokine-coding oncolytic adenoviruses. The
synergistic effects of this approach have encouraged in-depth investigation in
a clinical trial, where melanoma patients receiving adoptive TIL therapy, will
be administered Ad5/3-E2F-D24-TNFα-IL2 in the absence of conditioning
regimens (TUNINTIL; NCT04217473).
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7 FUTURE PROSPECTS
Years of translational research have now taught the scientific medical
community that designing potent magic bullet-like solutions for cancer
patients is rather complex and clinical responses are largely dependent on
each individual. The understanding that cancer is a “personal disease” steered
the future of oncology towards the development of immunotherapies,
shedding renewed hope for advanced cancer patients. These efforts have been
recognized in 2018 by the attribution of the Nobel Prize in medicine to Prof.
James Allison and Prof. Tasuku Honjo which laid the foundations for the
human application of immune checkpoint inhibitors and brought
immunotherapies to standard-of-care. Recent years, have also seen the
approval of dendritic cell therapy, oncolytic viruses, and CAR-T cell therapy
for the treatment of cancer (Kaufman et al., 2019; Lizée et al., 2013).
While promising, translation of T-cell ACT has been slower for solid
tumors due to key problems discussed previously. Yet, given its antitumor
potency, promising clinical results and lessons learned from human
application, significant efforts from the private and public sector have been
put into translating this approach. For example, a comparison of TIL-based
ACT vs ipilimumab is undergoing clinical evaluation in metastatic melanoma
patients under a randomized phase III academic clinical trial (NCT02278887),
whilst LN-145, a preparation of autologous TILs developed by Iovance
Biotherapeutics, is being evaluated in combination with pembrolizumab in
patients with head and neck cancer, melanoma and NSCLC in a Phase II
clinical trial (NCT03645928). The number of phase I/II clinical trials for solid
tumors is also increasing for CAR/TCR-based ACT featuring multiple targets
and safer and more effective strategies (Zhao & Cao, 2019). Importantly,
oncolytic immunotherapy comprises an exploratory toolbox which allows the
retargeting of immune responses generated by ACT. Furthermore, as we have
demonstrated from the current body of work, oncolytic viruses can aid in the
reduction of toxicities and optimize standard ACT regimens, which can be
useful to accelerate the approval of these advanced experimental therapies.
At a broader level, therapeutic combinations also leverage higher
versatility in the approach of cancer therapy. Tumors are heterogeneous
entities and have enormous potential to evolve and escape, thus necessitating
the targeting of multiple pathways to ensure active control of evolving tumor
cells. Currently, hundreds of experimental immune-based therapeutic
approaches are in (pre)clinical development to treat solid cancers focusing on
different impaired immunological aspects at the tumor site (Kaufman et al.,
2019).
Bearing this notion in mind, it is also important to understand in which
context these advanced immunotherapies will work. For example, it is known
that immune infiltration (D. S. Chen & Mellman, 2017), high tumor mutational
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burden (Schumacher et al., 2018; Yarchoan et al., 2019), neoantigens (Lauss
et al., 2017; Łuksza et al., 2017), and PD-L1 expression (Yarchoan et al., 2019)
can aid in the prediction of favorable clinical responses to immune checkpoint
inhibitors. Yet, the existence of tumor types fulfilling the latter criteria but still
not responding to immunotherapies reveal that further biomarkers are
required to determine, with better accuracy, cancer patients that can benefit
from immune therapies.
On a final note, the pathway from drug discovery to human application is
rather lengthy and a complicated one, known as the “valley of death” in drug
development, in which up to approximately 90% of new compounds are
expected to fail (Adams, 2012). The reasons for the high failure rate include
limited funding and overly bureaucratic institutional policies (Adams, 2012).
For biologicals, such as oncolytic viruses, cellular therapies or monoclonal
antibodies, the difficulties are aggravated given the complex manufacturing
processes employed. These challenges can be devastating for academic
institutions and small private biotech companies with limited amount of
resources. Considering the increasing the effectiveness and demand for these
biological drugs, it is crucial to update/develop more efficient manufacturing
processes to improve the classical pathway of drug development towards
providing more affordable therapeutic options and combinations for cancer
patients in a timely manner.
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