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HSV Herpes simplex virus 

HSV-dlsptk HSV-thymidine kinase 

(TK) - deficient mutant 

hTERT Human telomerase reverse 

transcriptase 

H-1PV Parvovirus H1 

I 

IC Intracranial 

ICI Immune checkpoint inhibitors 

IDH1 Isocitrate dehydrogenase 1 

IDO1 Indoleamine 2,3-dioxygenase 1  

IDO2 Indoleamine 2,3-dioxygenase 2  

IF Immunofluorescence 

IFN Interferon 

IFN-γ Interferon gamma  

IHC Immunohistochemistry 

IL-1β Interleukin 1 beta 

IL-4 Interleukin 4 

IL-6 Interleukin 6 

IL-10 Interleukin 10 

IL-12 Interleukin 12 

IL-13 Interleukin 13 
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IL13Rα2 Interleukin-13 receptor 

subunit alpha-2 

IL34 Interleukin 34 

INK4ARF Inhibitor of cyclin dependent 

kinase 4 alternative reading frame 

IP Intraperitoneal 

IRF4 Interferon-regulatory factor 4 

IRF8 Interferon-regulatory factor 8 

IT Intratumoral 

K 

KB Kilobases 

KD Knockdown  

Ki67 Marker of proliferation Ki-67 

KYN Kynurenine 

K27M Mutated lysine 27 

L 

LAG3 Lymphocyte activation gene-3 

LC Langerhans cells  

LGG Low-grade glioma 

LOX-1 Lectin-like oxidized low-density 

lipoprotein (LDL) receptor-1 

LP Lectin pathway 

LP Lymphoid precursor 

LY6C Lymphocyte antigen 6 complex 

locus C 

LY6G Lymphocyte antigen 6 complex 

locus G6D 

M 

M1 Macrophage type I 

M2 Macrophage type II 

MDM2 E3 ubiquitin-protein ligase 

Mdm2 

MDM4 E3 ubiquitin-protein ligase 

Mdm4 

MDSCs Myeloid derived suppressor 

cells  

MES Mesenchymal GBM 

MET MET proto-oncogene 

MGMT O6-methylguanine-DNA 

methyltransferase 

MHCI Major histocompatibility 

complex I 

MHCII Major histocompatibility 

complex II 

MIF Migratory inhibitor factor 

MLP Major late promoter 

M-MDSC Monocytic MDSC  

mo-DCs Monocyte-derived DC 

MOI Multiplicity of infection  
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MP Myeloid precursor 

MRI Magnetic resonance imaging 

mRNA Messenger RNA 

mTOR Mechanistic target of rapamycin 

kinase 

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium 

MV Measles virus 

MVS Measles virus strain 

N 

NDV Newcastle Disease Virus  

NF1 Neurofibromin 1 

NK Natural killer 

NKX2-2 NK2 homeobox 2 

NOS Nitric oxide synthase 

O 

OLIG2 Oligodendrocyte transcription 

factor 2 

OS Overall survival 

OV Oncolytic virus 

P 

PAMPs Pathogen associated molecular 

patterns 

PBMC Peripheral blood monocyte cells 

PBS Phosphate buffered saline 

pDC Plasmacytoid dendritic cells 

PDGF Platelet derived growth factor 

PDGFR Platelet derived growth factor 

receptor 

PDGFRA Platelet derived growth factor 

receptor A 

PD-L1 Programmed death ligand 1 

PD-L2 Programmed death ligand 2 

PD-1 Programmed cell death protein 1 

PES Phenazine ethosulfate 

PFS Progression-free survival 

PFU Plaque forming unit 

PH3 Phospho-histone 3 

PI3K Phosphatidylinositol 3-kinase 

PMN-MDSC Granulocytic/ 

Polymorphonuclear MDSC 

PN Proneural GBM  

pRB Retinoblastoma protein  

PTEN Phosphatase and tensin homolog 

PVS(RIPO) Poliovirus-rhinovirus 

chimera engineered from a live-

attenuated poliovirus type 1 (Sabin) 
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R 

RB Retinoblastoma 

RGD Arginase glycine aspartic  

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RPM Revolutions per minute 

RT Radiotherapy 

RT Room temperature 

RTK Receptor tyrosine kinase 

RT-PCR Real time polymerase chain 

reaction 

S 

S1P1 Sphingosine 1 phosphate receptor 

1 

SC Subcutaneous 

SCF Stem cell factor 

SDS Sodium dodecyl sulfate 

SFK Src family kinase 

siRNA Small interfering RNA  

STAT3 Signal transducer and activator 

of transcription 3 

T 

TAM Tumor associated macrophages 

TCGA The Cancer Genome Atlas 

TCR T-cell receptor 

TDO Tryptophan 2,3-deoxygenase  

TF Transcription factor  

TGF-β Transforming growth factor beta 

Th1 T helper type 1  

Th2 T helper type 2 

Th17 T helper type 17 

Th2 T helper type 2  

TIL Tumor-infiltrating lymphocyte cells 

TIM Tumor-infiltrating myeloid cells 

TIM3 T-cell immunoglobulin and 

mucin domain-containing protein 3 

TK Thymidine kinase  

TLR-4 Toll-like receptor 4 

TME Tumor microenvironment 

TMZ Temozolomide 

TNF-α Tumor necrosis factor alpha 

TNSFR Tumor necrosis factor receptor 

TNSFR9 TNF-receptor superfamily 9 

TP53 Tumor protein p53 

Treg Regulator T lymphocyte 

TRP Tryptophan 

TSA Tumor specific antigens 

TTFields Tumor treating fields  
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T-VEC Talimogene laherparepvec  

U 

US United States 

 

 

V 

V Volts 

VEGF Vascular endothelial growth factor 

VEGFR Vascular endothelial growth factor  

receptor 

VSV Vesicular stomatitis virus  

W 

WB Western blot 

WHO World Health Organization 

WT Wild type  

Y 

YKL40 40 kDa heparin- and chitin-binding  

glycoprotein 

 

1-MT 1-methyltryptophan  

4-1BBL 4-1BB ligand
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1. BRAIN TUMORS 

Central nervous system (CNS) tumors affect both children and adults (McKean-Cowdin 

et al., 2014; Siegel et al., 2019; Withrow et al., 2019). Although they arise in all 

anatomical regions of the CNS, more than 90%, are located in the brain representing 

1.4% of new cancer diagnoses and 2.7% of deaths due to cancer in the United States 

(US) (Leece et al., 2017; McNeill, 2016). The average annual age-adjusted incidence 

rate (AAAIR) of malignant brain tumors is different depending on the analyzed 

continent, being 7.04 per 100000 person in US (Ostrom et al., 2015). Gliomas are the 

most prevalent primary intracranial tumor accounting for the 81% of malignant brain 

tumors (Figure 1) (Ostrom et al., 2018). They are neuroepithelial tumors which grow in 

all brain regions arising from supporting glial cells (Diwanji et al., 2017).  

 

Figure 1. Distribution of primary brain and other CNS gliomas by localization (A) and histology 

(B) in elderly people (2012-2016). A. The majority of brain tumors are localized in the frontal and 

temporal lobes. B. The diagram shows that glioblastoma is the most common brain tumor in elderly 

people comprising more than 55% of all analyzed tumors by histology (Ostrom et al., 2019).  

 

1.1. CLASSIFICATION 

Gliomas are classified in astrocytomas, oligodendrogliomas or oligoastrocytomas 

(tumors with morphological properties of both oligodendrocytes and astrocytes). 

Moreover, the World Health Organization (WHO) grades gliomas in four categories (I-

IV) according to their degree of malignancy based on their molecular properties, 

histopathological features and clinical presentation (Furnari et al., 2007; Louis et al., 

2016; Wirsching et al., 2018). 
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Grade I: Pilocytic, subependymal giant cell, angiocentric astrocytoma, 

subependymoma and myxopapillary ependymomas. They are tumors with solid, 

circumscribed appearance and sharp margins (Giglio and Gilbert, 2014; Peter Collins, 

2013). Usually they do not have infiltrative growth (Brown et al., 2016b). These tumors 

are benign and curable with complete surgical resection.   

Grade II: Diffuse astrocytoma, oligodendroglioma and oligoastrocytoma. These tumors 

present a diffuse infiltration, moderate proliferation and are incurable with surgery. The 

main molecular alterations are mutations in IDH (Isocitrate Dehydrogenase) 1 and 2 

genes, TP53 (Tumor protein p53), TERT (telomerase reverse transcriptase) and ATRX 

(Alpha thalassemia/Mental retardation syndrome X-linked protein), overexpression of 

PDGF/R (Platelet derived growth factor/receptor) (Drummond, 2012; Marko and Weil, 

2013) and 1p19q co-deletion in oligodendroglial tumors. The survival rate is 5-10 years 

(Claus et al., 2015).  

Grade III: Anaplastic astrocytoma (AA), anaplastic oligodendroglioma (OA) and 

anaplastic oligoastrocytoma (AOA). This entity presents increased anaplasia, 

proliferation, invasion and angiogenesis (Blakeley and Grossman, 2008; Grimm and 

Chamberlain, 2016). The most frequent genetic alterations are amplification or 

overexpression of CDK4/6 (Cyclin-dependent kinase 4/6), mutation in RB 

(Retinoblastoma) and the loss of 1p and 19q in oligodendroglial tumors. The survival 

rate is 2-3 years. 

Grade IV: Glioblastoma. These tumors show a significant proliferation, invasion, 

vascular proliferation, necrosis and they are resistant to radiotherapy and chemotherapy. 

The most frequent molecular alterations are the loss of 10q, mutations in PTEN 

(Phosphatase and tensin homolog) and INK4aARF (Inhibitor of cyclin dependent kinase 

4 alternative reading frame), amplification or mutation in EGFR (Epidermal growth 

factor receptor), amplification or overexpression of Cyclin D1/3, MDM2/4 (E3 

ubiquitin-protein ligase Mdm2/Mdm4) and overexpression of BCL2L (B-cell lymphoma 

2 like protein 1) (D’Alessio et al., 2019). The survival rate is 11-18 months. Diffuse 

midline glioma (DMG) with H3K27 mutation is classified in this category due to its 

unfavorable prognosis (Wood et al., 2019; Young et al., 2020) (Figure 2). 

Furthermore, low-grade gliomas (LGG) are considered grade I and II tumors whereas 

high-grade gliomas (HGG) are considered grade III and IV tumors (Forst et al., 2014; 
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Sim et al., 2018). Throughout the years, there have been several revisions in the 

classification of gliomas. Recently, mixed oligoastrocytomas have been removed from 

the classification, oligodendrogliomas have been defined as tumors with co-deletion of 

chromosome arms 1 and 19 irrespective of their histopathological features, and 

astrocytomas have been segregated into wild type IDH1 and mutated IDH1 by WHO in 

2016 (Wirshing and Weller, 2018). 

 

Figure 2. Classification of gliomas. Gliomas are classified in four grades (I-IV) by WHO according to 

their degree of malignancy based on their molecular properties, histopathological features and clinical 

presentation (Taal et al., 2015).  

 

2. GLIOBLASTOMA 

Glioblastoma (GBM) is the most common and aggressive malignant brain tumor in 

adults (Davis, 2016; Omuro and DeAngelis, 2013) with an estimated incidence of 3 

cases per 100000 people per year (Figure 3). However, incidence can vary depending 

on age (more frequent in patients older than 60 years), race (more frequent in white 

people than black people and in Hispanic compared to non-Hispanic people), gender 

(more common in males than females) and country (more prevalent in US and Europe 

compared to Asia) (Ostrom et al., 2019). 
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Figure 3. Age-adjusted incidences rates of brain and other CNS tumors by selected histologies and 

age groups (2012-2016). This graph indicates that most common benign and malignant brain tumor in 

elderly people are meningioma and glioblastoma, respectively (Ostrom et al., 2019).  

GBM occurs generally in the cerebral hemispheres (supratentorial region), especially in 

the frontal and temporal lobes of the brain (Larjavaara et al., 2007; Nizamutdinov et al., 

2018) (Figure 4). Most common symptoms include seizures, intracranial hypertension 

syndrome typically with headache and vomits and focal deficits (Madhusoodanan et al., 

2015; Nelson and Taylor, 2014). Histopathological features are diffuse infiltration, 

uncontrolled cellular proliferation, robust angiogenesis, necrosis and resistance to 

apoptosis (Alifieris and Trafalis, 2015; Furnari et al., 2007).  

 

 

 

 

 

 

 

 

Figure 4. Incidence of glioblastoma by brain regions.  Brain regions were divided in five areas 

indicated with different colors. The highest incidence rate occurs within the frontal lobe (Perrin et al., 

2019).  
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Moreover, GBM can be subdivided in primary glioblastoma and secondary 

glioblastoma subtypes. Primary glioblastomas are tumors, which appear de novo with 

no evidence of prior underlying LGG. Their prognosis is dismal and they are commonly 

diagnosed in elderly people. Secondary glioblastomas evolve from the progressive 

transformation of a lower grade astrocytoma within 5-10 years of diagnosis (Wirsching 

et al., 2016). They are more rare, affect younger people and have better outcome. 

Although they have different transcriptional patterns and DNA copy number aberrations 

(CNA), nonetheless both subtypes are morphologically and clinically indistinguishable 

(Furnari et al., 2007; Wen and Kesari, 2008). The main molecular features of primary 

GBM include mutations in PTEN and hTERT gene promoters, amplification and 

mutation of EGFR, amplification of MDM2, loss of heterozygosity 10q and deletions in 

INK14ARF, mutations in ATRX and TP53, amplification of MET (MET proto-

oncogene), overexpression of PDGFRA (Platelet derived growth factor receptor A) and 

inactivation of RB.Most common molecular feature of secondary GBM is IDH1 

mutation. Although the diagnosis of GBM is by neuroimaging using computer 

tomography (CT) or magnetic resonance imaging (MRI) (Figure 5) (Abd-Elghany et 

al., 2019), histological examination of the tumor tissue remains mandatory for definitive 

diagnosis and further specific treatment (Coons et al., 1997; Prayson et al., 2000).  

 

 

 

 

 

 

 

Figure 5. Brain MRI of a patient with glioblastoma. Axial T1-weighted image shows areas of contrast 

enhancing tumor (Puigdelloses et al., 2020). 

Prognosis is still poor with a median overall survival (OS) of 14-16 months in newly 

diagnosed patients and 5-year survival less than 10% (Batash et al., 2017; Stupp et al., 

2009). Standard treatment is maximal safe resection, whenever feasible, followed by 

radiotherapy (RT) with concomitant and ajuvant chemotherapy with temozolomide 
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(TMZ) (Braun and Ahluwalia, 2017; Stupp et al., 2005; Wen et al., 2010). Nowadays, 

there is no cure for this devastating tumor. 

 

2.1. CLASSIFICATION  

The Cancer Genome Atlas (TCGA) segregates GBM into three different types defined 

by its molecular alterations: Classical, Mesenchymal and Proneural (Fedele et al., 2019; 

Hanif et al., 2017; Kaffes et al., 2019; Phillips et al., 2006; Sidaway, 2017).  

Classical (CL) GBM is characterized by lack of mutations in TP53, IDH1/2, PDGFRA 

and NF1 (Neurofibromin 1) genes, amplifications or deletions in chromosome 7, 

deletions in chromosome 10 and high levels of EGFR amplifications. It is also known as 

proliferative subtype due to its high levels of cell proliferation. It is associated with poor 

prognosis. 

Mesenchymal (MES) GBM is enriched in mesenchymal markers such as YKL40 (40 

kDa heparin- and chitin-binding glycoprotein) and MET mutations. It is the most 

aggressive subtype defined by mutations in TP53 or PTEN or loss of TP53, NF1 and 

CDKN2A (INK4a/ARF) (Cyclin dependent kinase inhibitor 2A). It is associated with the 

worst prognosis (Behnan et al., 2019; Sturm et al., 2012).  

Proneural (PN) GBM is described by having high expression of markers of 

oligodendrocytic development such as OLIG2 (Oligodendrocyte transcription factor 2), 

NKX2-2 (NK2 homeobox 2) and PDGFRA, intact NOTCH and PTEN activation and 

normal expression of EGFR. Mutations in CDK4, CDK6, PDGFRA, MET and IDH1/2, 

are linked in general with CpG island methylation. It is associated with better survival 

outcomes.  

 

2.2. GENOMICS OF THE TUMOR 

GBM is a tumor with high intratumoral heterogeneity at the cytopathological, 

transcriptional and genomic levels. Several studies have concluded that some of these 

mutations have diagnostic, prognostic and treatment response implications (Salvati et 

al., 2020).  

EGFR variant III (EGFRvIII), which is the most represented variant, has a deletion of 

267 amino acids in the extracellular domain. This mutation provides a constitutive and 



Introduction 
 

39 
 

upregulated tyrosine kinase activity that promotes cell proliferation, migration, 

angiogenesis and resistance to chemotherapy (Fontanilles et al., 2020; Montano et al., 

2011; Nozawa et al., 2019).  

PTEN mutations are correlated with more malignant phenotype as a result of a major 

dysregulation of cellular proliferation, migration and invasion. PTEN prevents the 

degradation of wild type TP53 inhibiting MDM2 transcription. In addition, TP53 has a 

direct enhancing on PTEN transcription.  

IDH1 and IDH2 mutations show a strong positive prognostic value increasing both 

overall and progression free survival (PFS) of the patients. This mutation causes 

reduced catalytic generation of α-ketoglutarate reducing the generation of reactive 

oxygen species (ROS) (Chen et al., 2016; Deng et al., 2018). The most frequent IDH1 

mutation is R132H (c.395G>A). 

MGMT (O6-methylguanine-DNA methyltransferase) promoter methylation status 

provides a positive prognostic value and moreover, it can be helpful as a predictive 

biomarker of response to alkylating agents and radiotherapy. In addition, MGMT 

methylation status correlate with IDH1/2, TP53 mutations or EGFR amplification status 

in glioblastoma. MGMT is a DNA repair protein which role is involved in cellular 

defence against mutagenesis and toxicity from alkylating agents. Hypermethylation of 

MGMT promotes not-repaired DNA and the consequent death of the tumor cells 

induced by the toxicity generated from the alkylating agents (Hegi et al., 2004, 2005; 

Mellai et al., 2012; Olson et al., 2011; Rivera et al., 2010). 

Loss of 6q and 10q or gain of 19q are associated with shorter survival whereas loss of 

19q tracks is associated with long-term survival (Burton et al., 2002). 

However, the described intratumoral heterogeneity at different levels makes this 

aggressive cancer one of the most difficult to understand and to treat. 

 

2.3. TREATMENT OF GLIOBLASTOMA 

The standard treatment for glioblastoma includes maximal safe surgical resection, when 

feasible, followed by radiotherapy with concomitant and adjuvant chemotherapy with 

TMZ (Stupp et al., 2009). Tumor resection allows pathological examination and definite 

histo-molecular diagnosis. In addition, and apart from relieving compressed brain 
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structures and thus improving patient’s symptoms, tumor resection constitutes the first 

step of antitumor treatment. Because tumor margins are unclear due to the highly 

invasive nature of GBM, and complete tumor resection is not possible, however, 

surgical resection is the first step of treatment (Hottinger et al., 2014). However, several 

studies have determined that total or subtotal macroscopic resections are associated with 

prolonged survival in GBM patients (Gessler et al., 2019; Kreth et al., 2013; Stummer et 

al., 2008). Fractioned radiotherapy (60 Grays [Gy] delivered in 2.0 Gy per fraction) 

with concomitant TMZ is administered post-surgery, followed by adjuvant TMZ for 6 

months (Stupp et al., 2005). Temozolomide is an alkylating cytotoxic agent 

administered orally at a dose of 75 mg/m2/day throughout radiotherapy and afterwards, 

when radiotherapy is over, at a dose of 150-200 mg/m2/day for 5 consecutive days every 

28 days.  

Throughout the years, numerous clinical studies have been performed in order to find 

curative or more effective therapies. Bevacizumab is an agent that interacts with VEGF 

(whose receptor, VEGFR is upregulated in GBM) reducing angiogenesis (Ferrara et al., 

2005). Bevacizumab was approved by the Food and Drug administration (FDA) in 2009 

for recurrent glioblastoma patients (Cohen et al., 2009). Moreover, in a subgroup of 

newly diagnosed GBM patients, Bevacizumab improved the PFS times, but not OS 

(Kaka et al., 2019). Erlotinib, Gefitinib (inhibitors of EGFR-tyrosine kinase), 

Cetuximab, Nimotuzumab (monoclonal antibodies) or small interfering RNA (siRNAs) 

have been used to target EGFRvIII by dephosphorylating EGFR, but the downstream 

pathway remains active despite treatment with such agents (An et al., 2018; Xiong et 

al., 2019). Furthermore, clinical trials have been disappointing as they have not proven a 

superior effect to standard treatment (Van Den Bent et al., 2009; Rich et al., 2004). This 

suggests that EGFR downstream signalling is independent of receptor activation and 

simultaneous downstream signals might co-exist or be initiated as a response to EGFR 

blockade (Wee and Wang, 2017). Cilengitide, an inhibitor of the integrin family αVβ3 

and αVβ5, which are increase in tumor cells and has distinct roles in the vasculature of 

GBM, regulating signalling pathways of vascular endothelial growth factor (VEGF), 

PDGF and EGF (Reardon et al., 2008). In preclinical studies it demonstrated efficacy in 

tumor cells that express αVβ3 integrins, as well as in intracranial but not in 

subcutaneous animal models (Chatterjee et al., 2000; MacDonald et al., 2001). These 

data propelled clinical trials which demonstrated that Cilengitide is adequately delivered 



Introduction 
 

41 
 

to the tumor, although with a very modest clinical efficacy (Gilbert et al., 2012; Weller 

et al., 2016). AGI-5198 (IDH-R132H mutant enzyme inhibitor) has also been tested in 

preclinical studies with promising results delaying growth and promoting glioma cell 

differentiation (Rohle et al., 2013). Moreover, Bortezomib, a proteasome inhibitor, in 

combination with Erlotinib, has been shown to decrease the fraction of glioma stem 

cells (GSC) (Olar and Aldape, 2014), however, its clinical impact has been poor.  

Tumor treating fields (TTFields) is another treatment modality recently approved by the 

FDA for both newly diagnosed and recurrent GBM patients (Trusheim et al., 2017). 

This electrical-physical cancer therapy is an antimitotic treatment that interferes with 

cell division, replication and organelle assembly by delivering low-intensity, 

intermediate frequencies (100 to 300 kHz) alternating electric fields to the tumor (Burri 

et al., 2018). Since positive results were achieved in preclinical analysis using both in 

vitro and in vivo models (Kirson et al., 2007), different phase II and III clinical trials 

were set up in newly diagnosed patients (Rulseh et al., 2012; Stupp et al., 2017) and 

recurrent GBM patients (Kesari and Ram, 2017; Soni and Yanagihara, 2019) combined 

with chemotherapy. 

Unfortunately, the mentioned therapies showed little efficacy and/or increased risks of 

adverse events (Su et al., 2016). One of the explanations for therapy resistance and 

relapse are GSCs, which comprise a small subpopulation of tumorigenic cell displaying 

stem-like properties, such as self-renewal and persistent proliferation capacities, and the 

ability to generate progeny of multiple lineages (Guardia et al., 2020; Singh et al., 

2004). Moreover, the localization of the tumor within an extremely delicate organ such 

as the CNS, the blood brain barrier (BBB) preventing therapeutic molecules to reach the 

tumor cells and other factors contribute to the poor performance of the different 

therapeutic approaches (Bhowmik et al., 2015; Warren, 2018). Thus and despite all the 

efforts, the prognosis of patients with GBM remains poor with 5-year survival rates less 

than 10%, underscoring the urgent need for effective therapies to treat this disease. 

 

3. IMMUNOTHERAPY 

The CNS has been traditionally considered an immune privileged site due to its lack of 

lymphatic system and separation from the blood circulatory system by the BBB. 

Nonetheless, recent findings suggest that the CNS is capable of initiating and regulating 



Introduction 
 

42 
 

the immune response. Moreover, the mechanism underlying the circulation of immune 

cells within the CNS has been discovered (Majd et al., 2020). Immunosuppression is 

one of the hallmarks of glioblastoma which promotes the evasion from the immune 

system through a variety of mechanisms (Wilcox et al., 2018). For this reason, multiple 

therapies that target the immune system have been evaluated in GBM (Lim et al., 2018; 

Medikonda et al., 2020). In 1980, stimulating the tumor-specific immune response by 

the injection of foreign antigens was first investigated (Bergquist et al., 1980). Different 

modalities of vaccination have been tested in GBM. One of them includes peptide 

vaccines using EGFRvIII and IDH1-mut (as tumor specific antigens [TSA] of glioma 

tumor cells) and heat-shock proteins antigen (HSP) which can harbor multiple tumor 

antigens (Jackson et al., 2013). These therapies have been evaluated in several clinical 

trials (Crane et al., 2013; McGranahan et al., 2019; Sampson et al., 2008; Weller et al., 

2017). Cell-based vaccines are another strategy of vaccination involving the 

administration of ex vivo-modified cells. This approach includes dendritic cell 

vaccination (ex vivo maturation of dendritic cells [DC] pulsed with either TSA, tumor 

lysate, DNA or RNA) and tumor cell vaccines (directly administration of tumor lysates 

or fixed tumor cells) (Batich et al., 2015; Ishikawa et al., 2014; Razi and Keshavarz-

Fathi, 2018; Schaller and Sampson, 2017).  

Immune checkpoint inhibitors (ICI) have shown promising therapeutic results in several 

solid tumors (Rizvi et al., 2015; Tarhini and Iqbal, 2010). The first signal is triggered 

when antigens are presented through major histocompatibility complex I (MHCI) and 

major histocompatibility complex II (MHCII) to T-cell receptor. The second signal 

occurs when checkpoint molecules that can be co-stimulatory (CD28, CD80, CD86, 

CD137, OX40) or co-inhibitory (CTLA-4 [Cytotoxic T-lymphocyte-associated protein 

4], PD-1 [Programmed cell death protein 1], LAG3 [Lymphocyte activation gene-3], 

TIM3 [T-cell immunoglobulin and mucin domain-containing protein 3]) are activated 

and thus, determine the T cell response (Driessens et al., 2009; Pardoll, 2012) (Figure 

6). Tumor cells develop resistance mechanisms overexpressing these checkpoint 

molecules to evade the immune system and promote the immune cell exhaustion 

(Barrueto et al., 2020). 
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Figure 6. Schematic representation of immune checkpoint inhibitors. The figure depicts several of 

the most studied immune checkpoints. These checkpoints can be modulated using agonistic or inhibitory 

antibodies to modulate the T cell activity. 

ICIs are humanized or fully human monoclonal antibodies that inhibit the signalling 

between receptors present in the surface of immune cells and their ligands present on 

the surface of tumor cells in order to awake the immune system (Ito et al., 2019). 

Several ICIs have been tested in GBM, mainly associated with PD-1/PD-L1 and CTLA-

4/CD80/86 axis (Caccese et al., 2019; Romani et al., 2018). Although preclinical studies 

showed promising results blocking CTLA-4 (Fecci et al., 2007; Reardon et al., 2016) 

and PD-L1 (Wang et al., 2016b) alone or in combination with standard treatments (Kim 

et al., 2017; Wainwright et al., 2014), further clinical studies did not fulfil this promise. 

Phase II clinical trials of Durvalumab (PD-L1) (Reardon et al., 2019) and 

Pembrolizumab (PD-1) (Cloughesy et al., 2019) in combination with radiotherapy and 

phase I and II clinical trial of Nivolumab (PD-1) in combination with Ipilimumab 

(CTLA-4) or in neoadjuvancy (Omuro et al., 2018; Schalper et al., 2019) in recurrent 

GBM patients demonstrated disease stabilization and increased survival in a small 

subset of patients. However, none of these therapies demonstrated a significant 

antitumoral efficacy. 

The third immunotherapy strategy that has achieved encouraging results in other 

malignancies is adoptive cell therapy (ACT) (Choi et al., 2019; Wang et al., 2020b) . 

This strategy includes tumor-infiltrating lymphocytes (TILs) (Zacharakis et al., 2018), T 

cell receptor (TCR) gene therapy, and genetically engineered T cell transfer such as 
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chimeric antigen receptor (CAR) engineered autologous and allogeneic T cells (Hu et 

al., 2017; Maude et al., 2014). ACT, which is a subtype of passive immunotherapy, 

involves the administration of autologous or allogeneic tumor reactive T cells prepared 

ex vivo into patients to induce antitumor activity (Bielamowicz et al., 2013). Some 

approaches tested in GBM include genetically modified T cells targeting EGFRvIII, 

Her2 (Erb-B2 receptor tyrosine kinase 2) and IL13Rα2 (Interleukin-13 receptor subunit 

alpha-2) for recognition of glioma tumor cells (Brown et al., 2012; Chen et al., 2019a). 

Some data indicated positive results in phase I/II clinical trial using different modalities 

of ACT. Nonetheless, their toxicity profiles hampered further development of these 

therapies so far (Ahmed et al., 2017; Brown et al., 2015, 2016a; Migliorini et al., 2018; 

Morgan et al., 2012; O’Rourke et al., 2017). 

In summary, although immunotherapy has demonstrated efficacy for several solid 

tumors (Nixon et al., 2018; Waldman et al., 2020), the data collected in GBM studies 

suggest that this approach alone is not enough to promote an antitumor response in this 

aggressive neoplasm.  

 

4. VIROTHERAPY 

The concept of viruses as therapy was propelled by the observation of tumor regression 

in some patients diagnosed with different tumor types during or after a natural acquired 

systemic viral infection (Bluming and Ziegler, 1971; Hoster et al., 1949; Ring, 2002; 

Smith et al., 1956; Taqi et al., 1981). Since then, virotherapy has evolved and emerged 

as a feasible approach to treat cancer. Oncolytic viruses (OVs) are genetically 

engineered or naturally occurring viruses that selectively replicate in and kill tumor cells 

without harming the normal tissue (Atherton and Lichty, 2013). Moreover, OVs can 

modulate the tumor microenvironment favoring the infiltration of immune cell 

populations by enhancing antigen release or recognition (Doherty, 2016). Furthermore, 

they can promote immunogenic cell death by releasing danger associated molecular 

patterns (DAMPs) that attract innate immune cells leading to the recruitment and 

maturation of tumor-specific T cells (Liikanen et al., 2015; Raja et al., 2018). In 

addition, the virus-induced antiviral innate immune response mediated by pathogen –

associated molecular patterns (PAMPs) can act as a potent adjuvant to boost antigen 

cross-presentation and consequently adaptive immune response (Martikainen and 
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Essand, 2019). OVs genome comprises single-stranded or double-stranded ribonucleic 

acid (RNA) or deoxyribonucleic acid (DNA) with diverse structures, gene organization, 

expression strategies and replication mechanisms. Moreover, virus families can differ in 

lytic potency, ability to induce innate and adaptive immune responses and their 

packaging capacity of transgenes (Harrington et al., 2019). To target tumor cells, viruses 

have the ability to use surface cell receptors, usually overexpressed in tumor cells, 

allowing viral entry and through the modulation of host defence pathways to avoid 

detection (Jhawar et al., 2017). OVs encompass viruses which: a) have natural tropism 

to tumor cells such as H1 autonomously replicating Parvovirus, Reovirus, Newcastle 

Disease Virus (NDV), Mumps virus and Moloney Leukemia virus or b) are engineered 

in the lab to make them tumor-specific through different modifications (Kirn et al., 

2001) such as Measles, Adenovirus, Vesicular Stomatitis Virus (VSV), Vaccinia and 

Herpes Simplex Virus (HSV). The main route of administration is intratumoral enabling 

maximum virus delivery to tumor cells and reducing side effects (Howells et al., 2017; 

Zheng et al., 2019). Although several OVs have been tested in the clinical setting, only 

three of them have been approved by regulatory agencies: 1) Talimogene laherparepvec 

(T-VEC), a herpes simplex virus type 1 approved by FDA in USA in 2015 and in 

Europe and Australia in 2016 for metastasic melanoma (Andtbacka et al., 2019; 

Rehman et al., 2016; Andtbacka et al., 2015); 2) Oncorine (H101, same construct as 

ONYX-015), an E1B- deleted adenovirus approved in China for head and neck cancer 

and esophagus cancer in 2005 (Garber, 2006) and 3) Rigvir, an unmodified Enteric 

Cytopathogenic Human Orphan type 7 (ECHO-7) picornavirus approved for the 

treatment of melanoma in Latvia, Georgia and Armenia in 2004, 2015 and 2016 

respectively (Doniną et al., 2015). 

 

4.1. ONCOLYTIC VIRUSES FOR BRAIN TUMORS 

In the context of brain tumors several OVs have been tested in vitro demonstrating 

cytotoxic effect and in vivo displaying antitumor response (Fueyo et al., 2003; 

Martínez-Vélez et al., 2019; Totsch et al., 2019). However, few viruses have undergone 

to clinical trials showing positive benefits (Desjardins et al., 2018; Lang et al., 2018; 

Varela-Guruceaga et al., 2018). 
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Herpes simplex virus, a double stranded, enveloped DNA, which belongs to the family 

of herpesviridae. HSV-dlsptk (HSV-thymidine kinase (TK) - deficient mutant) was the 

first genetically modified HSV evaluated in glioma cells showing efficient infection and 

killing of tumor cells in vitro and in vivo (Martuza et al., 1991). Since then, different 

engineered HSV mutants have been tested, being the most studied R3616, HSV-1716, 

hrR3, G207 and G47Δ (Farassati et al., 2001; Smith et al., 2006). All of them have 

deletions or mutations in viral genes to reduce neurotoxicity and demonstrated anti-

glioma effect in vitro and in vivo (Totsch et al., 2019). Given these positive results, 

several clinical trials were conducted to assess the safety of delivering the virus 

intratumorally in recurrent GBM patients. These trials demonstrated feasibility and lack 

of toxicity (Harrow et al., 2004; Markert et al., 2000). 

Parvovirus H1 (H-1PV), is a single stranded, non-enveloped DNA. Rat is its natural 

host. Several studies demonstrated that tumor cells are susceptible to this virus because 

they have higher levels of multiple determinants essential to the regulation of the 

oncotoxic H-1PV protein NS1 (Nüesch et al., 2012). Combination of H-1PV with 

ionizing radiation showed promising results in vitro and in vivo using rat animal models 

and administering the virus intratumorally and intravenously (Geletneky et al., 2010). A 

phase I/IIa clinical trial in GBM patients showed that H-1PV treatment was safe and 

well tolerated  (Geletneky et al., 2017). 

Newcastle disease virus (NDV), is an avian paramyxovirus and a naturally occurring 

virus with no segmented single stranded, enveloped RNA (Zamarin and Palese, 2012). 

Several strains were tested for glioma analysis: NDV-LaSota, PV701, 73-T, MTH-

68/H, NDV-HUJ and V4UPM (Bai et al., 2018; Fábián et al., 2007; Zulkifli et al., 

2009). The antitumor specificity of NDV is based on defective interferon signalling in 

tumor tissue (Matumoto, 1968) and the ability of NDV to increase apoptosis by 

suppressing AKT signalling (Meng et al., 2014). A clinical trial evaluating MTH-68/H 

reported long survival with improved symptomatology in four cases of high-grade 

gliomas in which virus was administered regularly (Csatary, 1999; Csatary et al., 2004). 

Intravenously administration of NDV-HUJ in GBM patients demonstrated minimal 

toxicity and complete response in a single patient, although it was short-lasting, while 

the others developed progressive disease (Freeman et al., 2006). Furthermore, other 

works have evaluated other strategies using NDV. A pivotal study using tumor cells 

from patients infected with NDV as antitumor vaccines followed by gamma-irradiation 
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in GBM patient’s demonstrated feasibility, safety and improved prognosis (Steiner et 

al., 2004). 

Measles virus (MV) is a no segmented, single stranded, enveloped RNA that 

preferentially targets glioma cells due to the overexpression of the measles virus 

receptor CD46 (Anderson et al., 2004). This virus has shown antitumor activity in 

glioma cell lines and xenografts (Phuong et al., 2003). A MV genetically engineered to 

overexpress the human carcinoembryonic antigen (MV-CEA) has been evaluated in 

preclinical studies showing antitumor response (Allen et al., 2008a), however, a phase 

I/II clinical trial for recurrent glioblastoma showed no suvival benefit (Msaouel et al., 

2017). Another MV genetically engineered to express the sodium iodide symporter 

(MV-NIS) is currently being evaluated in a phase I clinical trial for recurrent 

medulloblastoma and AT/RT (Atypical teratoid rhabdoid tumors) in children and young 

adults (Robinson and Galanis, 2017). Other retarget MVS have been designed to display 

a single-chain antibody against EGFRvIII or IL-13Rα2 exhibiting infection, cytopathic 

effect in vitro and significant antitumor response in vivo in glioma cell lines and 

xenografts expressing EGFRvIII comparable to unmodified MVS (Allen et al., 2006, 

2008b). 

Reovirus (respiratory enteric orphan), a double stranded, non-enveloped RNA, is 

commonly isolated in gastrointestinal and respiratory tracts of humans (Payne, 2017). 

This virus uses the activated Ras signalling pathways of tumor cells. This virus 

demonstrated efficacy in animal models (Yang et al., 2004). A phase I clinical trial 

where the virus was administered intratumorally in recurrent glioblastoma patients 

demonstrated safety and tolerability (Forsyth et al., 2008). Other clinical trial using 

intravenous administration in recurrent GBM patients showed an increase in cytotoxic T 

cell infiltration compared to non-treated patients in resected samples. Moreover, 

Reovirus promoted the up-regulation of PD-1/PD-L1 axis which was mitigated using 

ICI in a mouse model highlighting that Reovirus in combination with ICI could favor a 

potent antitumor response (Samson et al., 2018). 

Poliovirus, a single positive stranded, enveloped RNA is the causative agent of the 

human poliomyelitis. The poliovirus receptor PVR/CD155 is overexpressed in 

glioblastoma samples (Merrill et al., 2004).  PV1(RIPO) and PVS(RIPO), two 

engineered viruses which IRES sequences (that promotes neurotoxicity) have been 

replaced with a non-pathogenic version from human rhinovirus type 2 (HRV2) have 
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shown good oncolytic potential in glioma studies (Gromeier et al., 2000). A Phase I 

clinical trial in recurrent glioblastoma patients with intratumoral convention-enhanced 

delivery of PVS(RIPO) showed absence of neuropathogenicity and a survival rate 

higher at 24 and 36 months than historical controls. Interestingly, 8 patients which were 

treated more than 24 months before the cutoff date remained alive showing radiographic 

response and two patients were alive more than 69 months after PVS(RIPO) treatment 

(Desjardins et al., 2018). 

Adenovirus (AdV), is a double-stranded, lineal, non-enveloped DNA which belongs to 

the family of icosahedral virus. AdV is a common pathogen that causes upper 

respiratory and gastrointestinal symptoms (Purkayastha et al., 2005). Conditionally 

replicative adenoviruses (CRAd) have been largely evaluated in brain tumors (Balvers 

et al., 2014; Kiyokawa and Wakimoto, 2019). The characteristics and potential role of 

this type of virus is hereafter described. 

 

4.2. ADENOVIRUS 

Adenovirus are non-enveloped, non-integrating with linear double-stranded DNA (30-

40 kilobases (kb)) icosahedral virus encoding 30-40 genes (Ghebremedhin, 2014). 

Typically, these viruses are responsible of mild diseases in respiratory and 

gastrointestinal tracts (Jounaidi et al., 2007). To date more than one hundred serotypes 

have been discovered and have been classified into seven species or subgroups (A-G) 

depending on the pathology they caused and the molecular characteristics that they 

present (Arnberg, 2012; Kremer and Nemerow, 2015). Serotypes of the same species 

have similar pathogeny and tropism. The serotypes most commonly used in virotherapy 

are the non-oncogenic serotypes 2 and 5 from group C because their episomal 

replication without host genome insertion (Fauquet and Fargette, 2005).  

Three viral proteins from the protein capsid determine the tropism: hexon, penton base 

and fiber (Stasiak and Stehle, 2019) (Figure 7). 
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Figure 7. Structure of the adenovirus. Adenovirus is a double stranded DNA icosahedral virus which 

capsid proteins are fiber, penton and hexon.  

There are five early transcription units: E1A, E1B, E2A, E3 and E4. E1A modifies the 

function of key host and viral regulatory proteins. E1B encodes proteins, which inhibits 

p53 function preventing apoptosis. E2A encodes the proteins for viral replication. E3 

modulates host defence mechanisms. E4 gene transcripts regulate apoptosis and DNA 

machine repair inhibition (Davison et al., 2003). Intermediate transcription units encode 

for IX, IVa2 and L4-22k/33k proteins which are activate proteins from  the late phase 

(Lutz et al., 1997; Tribouley et al., 1994). The five late transcription units L1, L2, L3, 

L4 and L5 encode the proteins from the capsid and the necessary elements for the 

correct assembly and virion maturation. 

4.2.1. VIRAL CYCLE  

Adenovirus viral cycle starts with the recognition of the host receptor by the fiber 

(Larson et al., 2015; Wolfrum and Greber, 2013). Adenoviruses use remarkably diverse 

attachment receptors, however, the main five are: Coxsachkie and Adenovirus Receptor 

(CAR) (Bergelson, 1997; Bewley et al., 1999), CD46 (Marttila et al., 2005), the glycans 

GD1a (Nilsson et al., 2011), polysialic acid (Zhang and Bergelson, 2005) and 

desmoglein-2 (DSG-2) (Wang et al., 2011). Together with integrin entry receptors, they 

display different modes of binding to the virus (Wickham et al., 1993). Once the virus is 

attached to the cell surface, the fiber starts dissociating from the capsid, exposing the 

penton base, which binds to the integrin entry receptors to enter the cell by endocytosis. 

Most adenovirus (except the group F HAdV-40 and HAdV-41) have an RGD (arginine-

glycine-aspartic) motif in the penton base which facilitates its binding to the integrin 
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receptors (Hussein et al., 2015). Endosome is lysed and the capsid and the complex 

DNA/core proteins are disrupted by the proteolytic cleavage of protein VI of the virus 

(Leopold et al., 2000; Wiethoff et al., 2005). Then, viral genome is introduced into the 

nucleus by nuclear pores with the help of dynein and microtubules. RB-E2F complex is 

dissociated by E1A protein, which is the first translated protein promoting the viral 

replication due to the expression of the viral polymerase (pTP) and DNA Binding 

Protein (DBP). Moreover, late genes are activated in order to transcribe and generate 

the proteins for the assembly of the virions and the viral genome encapsidation. These 

late genes are controlled by the Major Late Promoter (MLP) promoter, which is 

stimulated by the proteins of the intermediate phase. Genome encapsidation is initiated 

when pIIIa, L1-52/55k, IVa2 receives an encapsidation signal (Backström et al., 2010; 

Gustin et al., 1996; Zhang and Imperiale, 2003). Finally, virions will be released and 

will infect other cells (Figure 8). 

 

 

 

 

 

 

 

 

 

Figure 8. Representative image of the adenovirus viral cycle. The adenovirus uses a cell receptor (1) 

to enter and internalize inside the cell (2). Once internalized, it migrates through the microtubules (3) and 

introduces the viral genome inside the nucleus (4). The E1A gene is expressed immediately (5) binding to 

pRB which releases the transcription factor E2F and thus the cell cycle arrest (6), fostering the expression 

of viral proteins and the genome replication and enhancing the viral progeny (7) (Garcia-Moure et al., 

2017). 

Two phase I clinical trials (ONYX-015 and Ad5-Delta-24-RGD) and I/II clinical trial 

(Ad5-Delta-24-RGD) with intratumor viral administration have been performed in 

patients with recurrent glioblastoma after achieving promising results in preclinical 
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models in vitro and in vivo (Alonso et al., 2008; Fueyo et al., 2000, 2003; Kirn, 2001; 

Ries and Korn, 2002). ONYX-015 demonstrated a good tolerability profile by 

intracavity administration but not therapeutic effect (Chiocca et al., 2004) and Ad5-

Delta-24-RGD demonstrated feasibility and survival improvement in a subset of 

recurrent GBM patients (Lang et al., 2018). 

4.2.2. DELTA-24-RGD 

The oncolytic adenovirus Delta-24-RGD is a human adenovirus serotype 5 that harbors 

two modifications: 24 base pairs deletions in E1A gene and an RGD motif insertion into 

the fiber. The deletion of the 24 base pairs in E1A gene corresponds to the binding site 

of the protein to the retinoblastoma protein (pRB). In normal conditions, E1A protein 

binds pRB, thus allowing the cell cycle to continue (Bandara and La Thangue, 1991; 

Nevins, 1995). This deletion impedes the E1A/pRB union, blocking the viral replication 

when the virus infects normal cells (Figure 9). Usually in tumor cells, the RB pathway 

is disrupted favoring the viral replication when the virus infects these cells. 

 

Figure 9. Representative image of Delta-24-RGD replication in cells. Normal cells are not killed when 

Delta-24-RGD infects them as a result of the strong regulation of Rb-E2F complex. However, in tumor 

cells usually Rb pathway is disrupted favoring the replication of virus mediated by E2F and the 

subsequent cell killing.  

Intratumoral delivery of Delta-24 demonstrated antitumor effect in vitro and in vivo in a 

glioma model (Fueyo et al., 2000). The natural tropism of Ad5 is low in tumor cells 

(Reeh et al., 2013; Ryan Miller et al., 1998), therefore, the insertion of a RGD motif 

into the hi-loop of the fiber knob favors the interaction with  integrin proteins that are 

highly expressed in tumor cells (Schoggins and Falck-Pedersen, 2006). Delta-24-RGD 

has shown efficacy in preclinical studies in vitro and in vivo not only in glioma models 
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(Fueyo et al., 2003; Kleijn et al., 2014; Martinez-Velez et al., 2019; Martínez-Vélez et 

al., 2019), but also in other tumor types such as ovarian cancer or osteosarcoma (Page et 

al., 2007). Furthermore, a phase I clinical trial evaluating the safety of intratumoral 

injection of Delta-24-RGD in recurrent glioblastoma patients showed lack of toxicity, 

quality of life improvements and a number of long-term survivors (Lang et al., 2018). A 

phase I clinical trial in patients with recurrent ovarian or endometrial cancer was 

performed demonstrating feasibility, safety and antitumor response (Kimball et al., 

2010). Unfortunately, not all patients responded underscoring the need to refine the 

approach to improve the efficacy while maintaining the feasibility. Recent studies 

suggest that arming oncolytic viruses with co-stimulator molecules could awake the 

immune system and increase the viruses´ potency (Ghouse et al., 2020; Rivera-Molina 

et al., 2019).  

4.2.3. DELTA-24-ACT 

The oncolytic adenovirus Delta-24-ACT was engineered using Delta-24-RGD as 

platform. This new oncolytic virus has the same characteristics of Delta-24-RGD 

(deletion of 24 base pairs in E1A gene and RGD motif insertion into the hi-loop of the 

fiber knob) with one additional modification. The virus is armed with the 4-1BB ligand 

(4-1BBL) replacing the E3 exon in order to increase the antitumor effect of the virus. 

TNSFR9 (TNF-receptor superfamily 9; CD137; 4-1BB) belongs to the tumor necrosis 

factor (TNSF) superfamily and is a co-stimulatory receptor present on the surface of 

activated T cell and NK (Natural killer) cells and others (Croft, 2009). This ligand has 

the capacity to stimulate T cell proliferation and activation upon interaction with their 

receptors and regulates the activity of immune cells in several physiological and 

pathological processes (Gaspar et al., 2020; Teijeira et al., 2012). CD137 represents a 

promising target for cancer immunotherapy because it is highly expressed in CD8 T 

cells (Kang et al., 2017; Ye et al., 2020) (Figure 10), activates a signalling pathway that 

promotes their maintenance and the generation of their memory response.  
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Figure 10. Schematic representation of a CD8 T cell. CD8 T cells express different receptors in their 

membrane, one of the most studied is the positive activator 4-1BB.  

In addition, this signalling pathway plays a pivotal role in the activation of all the other 

immune cell populations (Eskiocak et al., 2020) (Figure 11).  

 

Figure 11. Schematic representation of Delta-24-ACT mechanism. Delta-24-ACT infects glioma cell 

fostering the expression of 4-1BBL. Then, the 4-1BBL-4-1BB interaction promotes the activation of CD8 

T cells promoting the killing  tumor cells.  
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5. TUMOR MICROENVIRONMENT 

The microenvironment of glioblastoma is highly heterogeneous, rich in cellularity 

including non-neoplastic cells, GSC, tumor cells, immune cells (resident and peripheral) 

and stromal cells contained in a modified extracellular matrix (Figure 12) (Doucette et 

al., 2013; Shi and Pamer, 2011). 

 

Figure 12. Tumor microenvironment of glioblastoma. Schematic image depicting the heterogeneity of 

stromal and immune cells within the extracellular matrix of glioblastoma tumors.  

 

The majority of immune cell populations are macrophages (microglia and bone marrow-

derived macrophages (BMDM)), although, other populations including myeloid 

derived-suppressor cells (MDSC), CD4 and CD8 T cells, regulator T lymphocyte 

(Tregs), NK and antigen-presenting cells (APCs) are reported (Fadul et al., 2011; 

Gieryng et al., 2017; Quail and Joyce, 2017). Genetically engineered modified mouse 

models (GEMMs) have provided an extraordinary opportunity to define the immune 

cells and molecular signals which contribute to gliomagenesis and immunosuppressed 

tumor microenvironment (Chen and Hambardzumyan, 2018). Although in some GBM 

patient samples CD8 T cells have been found, the overall T cell infiltration in GBM is 

low (Han et al., 2016) and usually positive for the exhaustion cell surface markers PD-1, 

LAG3 and TIGIT (Woroniecka et al., 2018). Furthermore, primed T cells infiltrate 
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GBM microenvironment but undergo anergy or exhaustion due to the impairment of the 

T-cell receptor (TCR)/CD3 complex signalling (Morford et al., 1997). Other studies 

underlined that naïve T cells are found sequestered in the bone marrow (BM) 

(Chongsathidkiet et al., 2018). Moreover, GSCs, which reside in specific niches, induce 

immunosuppression by the secretion of immunosuppressive cytokines and phagocytosis 

inhibition being the principal contributors to tumor propagation, maintenance and 

resistance to therapies. Furthermore, glioma cells secrete different factors within the 

tumor microenvironment to attract immune cells potentiating its immunosuppressed 

microenvironment (Gabrilovich et al., 2012; Huettner et al., 1997). Moreover, the 

induction of different signalling pathways are known to suppress the immune response 

(IDO, STAT3) (Piperi et al., 2019) increasing M2-like macrophages and microglia, 

recruitment and accumulation of Treg cells and the suppression of DC maturation 

(Alshamsan et al., 2010; Wei et al., 2010).  

Furthermore, the gene expression analysis performed by the TCGA showed immune 

heterogeneity across GBM subtypes (Wang et al., 2017b). MES GBM has an increase in 

CD4 T and NK cell infiltration compared to other two subtypes. Moreover, MES GBM 

has more microglia and macrophage (M2) infiltration followed by CL GBM. (Wang et 

al., 2017b). This study summarizes that PN GBM is less immunogenic. However, there 

is not an association between immune cells present in TME and survival (Martinez-

Lage et al., 2019). 

Additionally to local immunosuppression, GBM promotes peripheral 

immunosuppression increasing circulating Treg cells (Crane et al., 2012; Fecci et al., 

2006) and impaired cytokine response by peripheral blood lymphocytes (Mohme et al., 

2018). Moreover, corticosteroids included in the standard treatment of brain tumors 

have also immunosuppressive properties (Pitter et al., 2016). 

For all these reasons, GBM TME is a challenging target for immunotherapeutic 

approaches due to its complex cellular composition, the difficult access of immune 

system cell populations and the compromised integrity of BBB (Schiffer et al., 2019; 

Vleeschouwer & Bergers, 2017).  
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5.1. DENDRITIC CELLS 

5.1.1. Overview 

Dendritic cells (DCs) are professional antigen-presenting cells (APCs) located in the 

skin, mucosa and lymphoid tissues, which role is to stimulate naïve lymphocytes by 

capturing, processing and presenting antigens to them and create tolerance to self-

antigens to prevent autoimmune diseases (Haniffa et al., 2013). They are the unique cell 

population able to cross-present extracellular antigens by the expression of MHCI 

molecules in their cell surface to CD8 T cells (Gutiérrez-Martínez et al., 2015; Huang et 

al., 1994; Segura and Amigorena, 2015) (Figure 13). They act as a link between the 

innate and adaptive immune responses because they are strong activators of natural NK 

cells and they are capable to initiate, coordinate and regulate adaptive immune 

responses (Lesage Cindy Audiger et al., 2017; Morel and Butterfield, 2015). Moreover, 

they are able to secrete cytokines, which modulate the ongoing immune responses 

depending on the interactions with other immune cell populations.  

 

 

 

 

 

 

 

 

Figure 13. Schematic representation of DC cross-presentation. Classical dendritic cells type 1 (cDC1) 

have the ability to present processed extracellular antigens to CD8 T cells directly by MHCI to promote 

antitumor response.  

5.1.2. DC classification 

DCs are a heterogeneous cell population, which can be classified in different subtypes 

depending on their surface markers: classical or myeloid type 1 and 2 (cDC1 and 

cDC2), plasmacytoid (pDC) DCs and Langerhans cells (LC) (Durai and Murphy, 2016). 

cDCs are migratory cells specialized in antigen processing and presenting with high 
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phagocytic ability as immature cells and cytokine production as mature cells (Haniffa et 

al., 2012). They regulate T cell responses during infection and steady-states (Liu et al., 

2009). cDC1 are associated with tumor immunity by directing effector T cell response 

to a T helper type 1 (Th1) phenotype (Mashayekhi et al., 2011) whereas cDC2 main role 

is in immunity against extracellular pathogens and parasites activating T helper type 2 

(Th2) and T helper type 17 (Th17) responses and wound healing (Satpathy et al., 2013; 

Tussiwand et al., 2015). Moreover, they are involved in several regulatory processes 

such as self-tolerance and autoimmunity promoting the expansion of Treg cells, 

enhancing the deletion or clonal anergy of autoreactive T cells (Al-Ashmawy, 2018; 

Leventhal et al., 2016; Perry et al., 2014). Although pDCs are specialized to respond in 

viral infections secreting type I interferons (IFN), they can also act as APCs controlling 

T cell responses (Reizis et al., 2011). LC share several features with cDCs acting as 

APCs, however, they are located in the epidermis (Merad et al., 2002).  

5.1.3. Murine DC development 

Murine DCs originate from hematopoietic stem cells in BM that produces myeloid 

(MP) and lymphoid (LP) precursors. MP differentiates into monocyte, macrophages and 

DC precursors (MDP) which give rise to monocytes and to common DC precursors 

(CDP). CDPs differentiate into pDCs or pre-classical DCs (pre-cDCs) which are the 

progenitors of cDC1 and cDC2 (Geissmann et al., 2010) (Figure 14). 
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Figure 14. Differentiation of murine DCs. In human, cDC1, cDC2 and pDC are originated from same 

precursor CMP. In mouse cDC1 and cDC2 are developed from pre-cDC and pDC from pre-pDC. Both 

pre-cDC and pre-pDC have similar cells of origin CMP, MCP and CDP. In mice, cells are differentiated 

by the influency of Fit3-L, GM-CSF or M-CSF. CMPs: cell myeloid progenitors, MDPs: macrophages 

and dendritic cells progenitors, CDPs: common myeloid progenitors, pre-cDCs: pre-conventional 

dendritic cells, pre-pDCs: pre-plasmacytoid dendritic cells, pre-conventional dendritic cells 1, cDC1: 

conventional dendritic cells 1, cDC2: conventional dendritic cells 2, pDCs: plasmacytoid dendritic cells 

(Adapted from (Castell-Rodríguez et al., 2017)). 

5.1.4. DC subsets 

DCs are found in two states, immature and mature. Immature DCs are highly efficient 

in capturing antigens due to a high endocytic capacity by several endocytic-mediated 

receptors and micropinocytosis (Dudek et al., 2013). Furthermore, they act as tissue 

scavengers capturing necrotic and apoptotic cells (Wang et al., 2015). They express low 

co-stimulatory surface molecules and chemokine receptors and do not release 

immunostimulatory cytokines resulting in poor inducers of naïve lymphocytes 

responses (Mellman, 2013). After receiving a stimuli (detection of PAMPs or DAMPs), 

they become matured by losing adhesive structures, reorganizing the cytoskeleton and 

increasing the motility (Cerboni et al., 2013). The hallmark of maturation is the ability 

to activate specific antigen naïve T lymphocytes in secondary lymphoid organs (Worbs 

et al., 2017). They increase the expression of co-stimulatory molecules and MHCII, 

chemokine receptors and secretion of cytokines primordial to T cell activation 

(Steinman, 2012)(Figure 15). 

 

 

 

 

 

 

 

Figure 15. Representative picture of DC states. Immature DCs are characterized by lower expression 

of MHCII and co-stimulatory molecules. Then, they undergo maturation through different molecular 

events such as antigen capture by PPRs, digestion, processing and presentation of antigens by MHC 
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complexes and transcriptional factors. Mature DCs are characterized by increased expression of MHCII, 

co-stimulatory molecules and cytokine secretions.  

5.1.5. DC vaccination as a therapeutic approach in glioblastoma 

Immunotherapy with DC vaccines has emerged as a promising therapy for GBM (Desai 

et al., 2016; Eagles et al., 2018). Evidence suggests that there are lymphatic vessels in 

the meninges that drain to the cervical lymph nodes serving as an interesting route for 

APCs (Louveau et al., 2015). Moreover, BBB is usually disrupted in GBM facilitating 

the infiltration of different cell populations (Arvanitis et al., 2020). DC are one of the 

cell populations within the TME which can process and present the antigen releases by 

tumor cells to prime naive CD4 and CD8 T cells in order to generate an immune 

response. Moreover, they secrete cytokines and chemokines to attract immune cell 

populations (D’Agostino et al., 2012). DC cell-vaccines based in generating DCs ex 

vivo from BM precursors pulsed with glioma specific antigens (GSAs), glioma 

associated antigens (GAAs), tumor lysates, cell fusions, cell derived-exosomes and 

RNA or DNA from tumor cells (Ji et al., 2013; Li et al., 2016) achieved positive results 

in rodent orthotopic GBM models inducing immune-reactivity and survival benefit 

(Srivastava et al., 2019; Yang et al., 2015). Moreover, several clinical trials using DC 

vaccination as adjuvant therapy have been tested in newly and recurrent GBM patients 

demonstrating feasibility, safety and bioactivity (Jan et al., 2018; Phuphanich et al., 

2013; Rudnick et al., 2020; Yu et al., 2004). In addition, several clinical demonstrated 

that DC vaccination induced immune system stimulation and higher T-cell response. 

However, the median overall survival of GBM patients treated with DC vaccines 

remained unaltered (Erhart et al., 2018; Inogés et al., 2017; Liau et al., 2018; Reap et al., 

2018).  

 

5.2. IDO1 

Indoleamine 2,3-dioxygenase 1 (IDO1), indoleamine 2,3-dioxygenase 2 (IDO2) and 

tryptophan 2,3-deoxygenase (TDO) are intracellular rate-limiting metabolic enzymes 

that catalyze the conversion of the essential aminoacid tryptophan (Trp) into the 

kynurenine catabolites (Kyn) (Zhai et al., 2015a) (Figure 16). Each enzyme has 

different substrate specificities, tissue distribution and expression regulation (Labadie et 

al., 2019). 
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Figure 16.Overview of the IDO metabolic pathway. Tryptophan (Trp) is catabolized into kynurenine 

(Kyn) through three enzymes: indoleamine 2, 3-dioxygenase 1/2 (IDO1/2) in peripheral tissues and 

tryptophan 2,3-dioxygenase (TDO) in the liver. Then KYN is metabolised with different enzymes into 

different molecules 3-HK: 3-hydroxykynurenine 3-HAA: 3-hydroxyanthranilic acid, KYNA: Kynurenine 

acid, QA: Quinolinic acid, and the nicotinamide ring found in NAD: Nicotinamide adenine dinucleotide 

(Adapted from (Liu et al., 2018a)). 

IDO1 is well characterized and in healthy individuals, promotes tolerance by dampening 

the immune system, and during gestation protects the foetus from maternal T cell 

lymphocytes (Yeung et al., 2015). However, in cancer the tryptophan catabolism 

pathway plays an important role in the maintenance of the immunosuppressive TME 

promoting tumor evasion from the innate and adaptive immune systems (Munn and 

Mellor, 2016).  

5.2.1. Role of IDO1 in cancer 

Tumor and myeloid cells overexpressed IDO1 favoring the infiltration of Treg cells and 

MDSC and suppressing T and NK cell activities (Ye et al., 2019) (Figure 17). Recent 

findings demonstrated that T cells are sensitive to low levels of Trp inducing cell cycle 

arrest, anergy and cell death by the activation of different pathways including GCN2 

(General control nonderepressible 2) and mTOR1 (mechanistic target of rapamycin 

kinase) (Fangxuan et al., 2017). Moreover, Kyn accumulation contributes to naïve CD4 

T cell conversion to Treg cells (Yan et al., 2010). Furthermore, IDO1 promotes the 
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vascularization of the tumor by INF gamma (IFN-γ) and interleukin-6 (IL-6) (Liu et al., 

2018a). 

 

 

 

 

 

 

 

 

 

Figure 17. Role of IDO1 enzyme within the tumor microenvironment. Glioma cells have an 

upregulation of the IDO1 enzyme, which promotes TRP depletion inhibiting T cell functions and the 

secretion of KYN attracting Treg cells.  

For these reasons, targeting the IDO1 enzyme using pharmacological inhibitors is an 

attractive approach in cancer biology (Platten et al., 2015).  

5.2.2. IDO1 inhibitors as a therapeutic approach 

Several IDO1 inhibitors (Indoximod or 1-methyltryptophan (1-MT) (Figure 18), 

Epacadostat, Navoximob and BMS-986205) have been tested in many types of cancer 

(Komiya and Huang, 2018). The mechanism through which each inhibitor affects 

tryptophan catabolism is different. Epacadostat is highly selective of IDO1 and has 

competitive inhibitory kinetics for Trp binding. Navoximod exhibits non-competitive 

inhibitory kinetics for Trp binding, BMS-986205 is the most specific and irreversible 

inhibitor of IDO1. Finally, Indoximod is not a direct enzyme inhibitor and presents a 

very complex mechanism of action (Prendergast et al., 2017). Data showed that IDO1 

inhibitors as monotherapy has no therapeutically effect, meanwhile, used in 

combination with other approaches exhibit synergistic benefits (Zhai et al., 2018). 
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Figure 18. Chemical structure of 1-methyltryptophan, an IDO1 inhibitor (Adapted from 

MedChemExpress). 

5.2.3. IDO1 in glioblastoma 

IDO1 enzyme is not normally expressed in CNS parenchyma at appreciable levels but it 

is induced in more than 90% of GBM tumors (Uyttenhove et al., 2003). In addition, 

GSCs express high levels of IDO1 generating an immunosuppressive TME favoring 

treatment resistance (Ozawa et al., 2020). Moreover, expression of IDO1 in GBM 

correlates with aggressiveness and overall survival (Zhai et al., 2017). GBM patients 

exhibiting high levels of IDO1 are associated with poor prognosis, as metabolites of Trp 

catalysis recruits Treg cells and MDSCs within the TME disrupting the cytotoxic 

immune cell populations (Wainwright et al., 2012; Zhai et al., 2015b). Some preclinical 

studies using IDO knockdown (KD) murine models bearing IDO knockdown tumor 

cells showed an improvement of the median survival compared to IDO KD mice 

bearing IDO wild type tumor cells demonstrating the pivotal role of IDO1 in these type 

of tumors (Wainwright et al., 2014). Moreover, IDO1 inhibitors in combination with 

ICIs or with standard treatment increased the median survival in in vivo experiments 

(Ladomersky et al., 2018). These positive results achieved in preclinical studies 

propelled phase I clinical trials in patients with newly diagnosed and recurrent GBM. A 

phase I clinical trial in recurrent GBM patients combining TMZ and Indoximod has 

been already completed, but results are not posted yet. Another phase I clinical trial 

combining nivolumab, BMS-986205 and radiation therapy with or without TMZ in 

newly diagnosed GBM patients is still recruiting patients.  
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5.3.MYELOID-DERIVED SUPPRESSOR CELLS 

5.3.1. Overview 

Myeloid-derived suppressor cells (MDSCs) are one of the main cell population involved 

in maintaining an immunosuppressive TME in cancer (Lindau et al., 2013). They are 

responsible for the induction of antigen-specific CD8+ tolerance in cancer inhibiting T 

cell functions but also in innate immunity, suppressing the cytotoxicity activity of 

natural NK cells (Gabrilovich et al., 2012; Waldron et al., 2013). MDSCs are a 

heterogeneous family of immature myeloid cells from BM with mononuclear or 

polymorphonuclear morphology comprising macrophages, dendritic cells and 

granulocytes at different stages of differentiation (Ostrand-Rosenberg and Sinha, 2020; 

Parker et al., 2015)(Figure 19). 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Development of MDSC. In homeostasis BMDM develop into cells of the innate immune 

system. However, during chronic inflammation inflammatory cytokines promote the proliferation of 

myeloid cell precursors into MDSC and TAMs (adapted from (Tesi, 2019)). 

Soluble factors secreted by tumor cells interact with MDSC receptors modulating and 

differentiating them to a suppressive phenotype (Nagaraj and Gabrilovich, 2010). 

Several soluble factors involved in MDSC generation have been described including 

VEGF, granulocyte-macrophage colony stimulating factor (GM-CSF), migratory 

inhibitor factor (MIF), prostaglandins, IL-6, interleukin 1-beta (IL-1β), TNF-α (tumor 

necrosis factor alpha) and stem cell factor (SCF) (Ostrand-Rosenberg and Fenselau, 
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2018; Sevko and Umansky, 2013). Traditionally, murine MDSCs were defined by the 

coexpression of CD11b and Gr-1 (glycosylphosphatidylinositiol (GPI)-linked myeloid 

differentiation marker), however, it is not sufficient because neutrophil population co-

expresses these two markers (Martin et al., 2012). Other suggested markers of MDSC 

are CD115 (macrophage colony-stimulating factor receptor), CD124 (IL-4 receptor), 

CD80 (costimulatory signal B7-1), PD-L1 and PD-L2 (programmed death ligand 1 and 

2) (Youn et al., 2008). 

5.3.2. MDSC populations 

Two murine MDSC populations have been described: monocytic MDSC (M-MDSC) 

and granulocytic/polymorphonuclear MDSC (PMN-MDSC) (Gabrilovich and Nagaraj, 

2009; Youn et al., 2008). In humans, one more MDSC subset has been included: early-

stage MDSC (eMDSC) (Bronte et al., 2016; Millrud et al., 2017). M-MDSC are 

characterized by mononuclear morphology and expression of Ly6C (Lymphocyte 

antigen 6 complex locus C) in their surface (Damuzzo et al., 2015). They are distinct 

from monocytes by the absence of HLA-DR (Human leukocyte antigen – DR). PMN-

MDSC are characterized by polymorphonuclear morphology, expression of Ly6G 

(Lymphocyte antigen 6 complex locus G6D) and they are distinct from neutrophils by 

LOX-1 (Lectin-like oxidized low-density lipoprotein (LDL) receptor-1) expression 

(Gabrilovich et al., 2012). Function and plasticity of MDSC are regulated by the 

activation of STAT3 (signal transducer and activator of transcription 3) and C/EBPbeta 

(CCAAT/enhancer binding protein beta) pathways (Veglia et al., 2018). Moreover, 

upregulation of STAT3 is one of the hallmarks of MDSCs controlling their expansion 

and tolerogenicity (Trovato et al., 2020). In addition, this transcription factor is involved 

in controlling the immunosuppressive activity of MDSCs through the regulation of 

arginase and nitric oxide synthase (iNOS) enzymes (Wang et al., 2019a). MDSCs 

promote immunosuppression through regulatory T cell progression by different 

mechanisms such as production of TGF-β (Transforming growth factor beta), ROS 

(reactive oxygen species), IL-10 (Interleukin 10), peroxynitrites and L-arginine 

metabolism (Groth et al., 2019) (Figure 20). 



Introduction 
 

65 
 

 

 

 

 

 

 

 

 

 

Figure 20. Schematic representation of MDSC functions. MDSCs promote angiogenesis and 

metastasis, suppression of APC functions and T cell responses by the induction of Treg and TAM 

recruitment favoring an immunosuppressive TME (adapted from (Millrud et al., 2017)). 

5.3.3. MDSC functionality in glioblastoma 

GBM is characterized by having a high content of MDSCs. Moreover, intratumoral 

density of MDSC increases during glioma progression and correlates with survival and 

glioma stages (Won et al., 2019). High accumulation of these cells is associated with 

poor prognosis (Alban et al., 2018). Glioma cells secrete immunomodulatory cytokines 

into the TME which can transform monocytes into MDSC (Gieryng and Kaminska, 

2016). Some groups described that normal monocytes co-cultured with GBM cells were 

transformed in M-MDSC and PMN-MDSC in vitro (Kumar et al., 2017). The same 

phenomenon was observed in vivo when monocytes were co-injected with GL261 cells 

in C57BL/6 mice yielding an increase in the tumor growth (Chae et al., 2015) 

Furthermore, several studies demonstrated that MDSCs are present in blood of GBM 

patients with high arginase activity (Gielen et al., 2016; Raychaudhuri et al., 2011). 

Mainly, in humans, M-MDSC are localized in the peripheral circulation while PMN-

MDSCs are accumulated within the tumor. In brain tumors it is not obvious why the 

distribution of MDSC subtypes is different in tumor versus circulation (blood), maybe 

TME could impact MDSC migration or differentiation. However, in murine GBM 

tumors, MDSCs comprise 8% of total cells, being the majority M-MDSCs 

(Raychaudhuri et al., 2015).  
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5.3.4. Targeting MDSCs as a therapeutic approach  

Most of the failures in therapeutic approaches have been associated with the 

immunosuppressive TME of GBM promoted mainly by MDSC and TAMs. For this 

reason, most of the therapeutic approaches are focused on inhibiting their formation, 

activity and recruitment, promoting their differentiation and enhancing an 

immunostimulatory phenotype (Mi et al., 2020). The role that exerts the Chemokine (C-

C motif) ligand 2/ C-C chemokine receptor type 2 (CCL2/CCR2) axis for glioma 

evasion is one of the most MDSC studied mechanism (Ding et al., 2019). Furthermore, 

CCR2 inhibition combined with PD-1 blockade reduces MDSCs and slow progression 

of resistant murine gliomas (Flores-Toro et al., 2020). Depletion of MDSCs from 

PBMC co-cultured with CD3 cells improves T cell function in vitro and facilitates 

tumor rejection in murine models (Fujita et al., 2011). Sunitinib, an inhibitor of tyrosine 

kinase for MDSC depletion, increased the median survival of treated mice 

(Raychaudhuri et al., 2015). Furthermore, other inhibitors that target MDSC 

development showed an increased in mature dendritic cell development and reduced 

MDSC expansion in vitro (Kumar et al., 2017). Moreover, other studies described the 

use of nanosystems to deplete or inhibit the activity of MDSCs in GBM (Pinton et al., 

2020). These positive results propelled a phase I clinical trial targeting MDSC using the 

combination of Bevacizumab and Capecitabine in recurrent GBM patients. This study 

demonstrated Capecitabine tolerability, circulating MDSCs reduction and an increment 

in cytotoxic T cells. However, no clinical benefit has been demonstrated (Peereboom et 

al., 2019). 

 

5.4. TUMOR ASSOCIATED MACROPHAGES  

Tumor associated macrophages (TAMs) are comprised by resident microglia and 

macrophages of BM origin, making the 30% of the bulk tumor mass cells in GBM 

(Komohara et al., 2008; Saha et al., 2017). These two cell populations are closed to 

macrophage 2 (M2) phenotype producing anti-inflammatory cytokines and lacking the 

expression of T cell co-stimulatory molecules CD40, CD80 and CD86 (Hussain et al., 

2006). Moreover, TAMs are associated with higher grade and poor outcome prognosis 

in GBM (Caponegro et al., 2018; Engler et al., 2012; Ruffell and Coussens, 2015). 
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5.4.1. Macrophage populations and polarization 

This population entity can change their phenotype and function in response to local 

environment stimuli acquiring immunosuppressing and pro-tumor properties (Roesch et 

al., 2018). Activated microglia and macrophages have been categorized as M1-like 

macrophages (classically activated) which express cytokines and enzymes that are pro-

inflammatory favoring the generation of Th1 lymphocytes or M2-like macrophages 

(alternatively activated) which express cytokines and enzymes that have anti-

inflammatory and pro-tumor functions promoting Th2 lymphocytes (Martinez and 

Gordon, 2014; Sica and Mantovani, 2012). Macrophages are activated to M1 following 

exposure to IFN-gamma and bacterial infections by Toll-like receptor 4 (TLR-4) 

(Nielsen and Schmid, 2017) or activated to M2 following exposure to IL-4, IL-13 

(Interleukin 13) or parasitic infections. M1 are associated with host defence 

participating in the response to immunogenic antigens through the production of pro-

inflammatory mediators such as TNF-α, IL-1β and IL-12 (Interleukin 12), upregulation 

of cell surface molecules for antigen presentation (MHCII, CD80 and CD86) and the 

ability to phagocytize (Jeannin et al., 2018). M2 macrophages are involved in regulatory 

or reparation activation states secreting anti-inflammatory mediators such as IL-10, IL-6 

and TGF-β, downregulation of cell surface molecules for antigen presentation, 

reduction of its phagocytosis capacity and upregulation of cell surface molecules such 

as B7-H1 and FasL which promotes programmed cell death in lymphocytes (Li and 

Graeber, 2012) (Figure 21). M2 populations have a decrease capacity to activate the 

immune system and an increase ability to induce tissue remodelling through 

extracellular matrix (ECM) degradation and vascularization (De Vrij et al., 2015). 
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Figure 21. M1 and M2 macrophage phenotypes. Overview of the main features of M1 and M2-like 

macrophages in tumor biology (Pathria et al., 2019). 

Although M1/M2 dichotomy is useful for understanding the functionality of TAMs, 

single cell sequencing revealed a spectrum of activation states more complex than the 

traditional polarization (Locati et al., 2019). 

5.4.2. TAM functionality in glioblastoma 

GBM tumors are associated with M2-like macrophages (Gabrusiewicz et al., 2015) 

located in the perivascular area (Feng et al., 2015). Several works demonstrated that 

microglia mediate immunosuppression by TGF-β secretion (Jackson et al., 2016; 

Roesch et al., 2018; Wesolowska et al., 2008) whereas macrophages are able to increase 

the expression of the cell surface marker PD-L1 in order to restrict the cytotoxic activity 

of T cells (Bloch et al., 2013). Moreover, tumor cells attract microglia and macrophages 

promoting immunosuppression enhancing tumor growth (Hambardzumyan et al., 2015) 

and sequestrate T cells out of the circulation into the bone marrow downregulating 

sphingosine 1 phosphate receptor 1 (S1P1) in T cells (Chongsathidkiet et al., 2018). 

Infiltration of TAMs appears to increase in response to treatments such as radiation 

(Escamilla et al., 2015), chemotherapy (Xu et al., 2013) and immunotherapies (Stafford 

et al., 2016). These treatments induce the secretion of CSF-1 from tumor cells, which 

promotes the influx of myeloid cells into the tumor. TAMs contribute to tumor 

progression by enforcing immunosuppression and enhancing proliferation, invasion and 

angiogenesis (Quail et al., 2016) (Figure 22). 
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Figure 22. Overview of TAM functions. TAMs are involved in different mechanisms that favor tumor 

growth and immune surveillance.  

CSF-1 is a cytokine involved in regulating multiple functions of microglia and 

macrophages such as survival, differentiation, proliferation and motility through the 

colony-stimulating factor 1 receptor (CSF-1R) via PI3K (Phosphatidylinositol 3-kinase) 

and SFK (Src family kinase) which activate adhesion, actin polymerization, 

polarization, migration and invasion signals in macrophages (Dwyer et al., 2017). IL-34 

(Interleukin 34) is another ligand of CSF-1R, however its role in TAMs is unclear (Lin 

et al., 2019). Several studies described that CSF-1 and its receptor CSF-1R are 

overexpressed in GBM tumors (De et al., 2016). Furthermore, GSCs can recruit 

monocytes to TME and polarize them to a pro-tumor phenotype via secretion of CSF-1 

and CCL2 (Shi et al., 2017).  

5.4.3. Targeting TAMs as a therapeutic approach in glioblastoma 

CSF-1R inhibitors targeting TAMs have shown efficacy in murine models of GBM and 

are under evaluation in clinical trials (Mantovani et al., 2017). PLX3397 is an oral, 

small molecule, inhibitor of CSF-1R and c-kit which blocks glioma progression, 

suppress tumor cell proliferation and reduces tumor grade (Pyonteck et al., 2013) 

(Figure 23). 
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Figure 23. Chemical structure of Pexidartinib (PLX3397), a CSF-1R inhibitor (Lamb, 2019). 

Interestingly CSF-1R blockade reduces the expression of M2 genes favoring the 

depolarization of TAMs from their original M2-like state and restores the sensitivity of 

glioma cells to tyrosine kinase inhibitors (D. Yan et al., 2017) (Figure 24). 

 

 

 

 

 

 

 

 

 

Figure 24. Schematic representation of BMDM differentiation. BMDMs stimulated by the 

CSF1/CSF-1R pathway show an M2-like phenotype (alternative activation), whereas BMDMs stimulated 

by CSF2/CSF-2R pathway show an M1-like phenotype (classical activation). PLX3397 blocks CSF-

1/CSF-1R pathway fostering the differentiation of BMDM to M1-like phenotype (Adapted from (Ao et 

al., 2017)). 

In pharmacological studies, PLX3397 markedly reduced the GL261 cell invasion when 

they were co-cultured with microglia in a matrigel invasion assay (Coniglio et al., 

2012). Moreover, administration of PLX3397 can reverse the tumor infiltrate 

lymphocytes (TILs) dysfunction generated by the TAM recruitment in DC vaccinated 

glioma-bearing mice increasing their survival (Antonios et al., 2017). Furthermore, in 

vivo analysis reported that PLX3397 as monotherapy has no therapeutic effect, 
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however, in combination with other receptor tyrosine kinase (RTK) inhibitors elicits a 

reduction in tumor growth increasing the median survival (Yan et al., 2017). Advances 

in the mechanism of CSF-1R blockade have discovered that the long-term effects of 

CSF-1R inhibitor BLZ945 promote resistance in murine GBM models upregulating the 

PI3K pathway in some cell populations within the TME. This effect in recurrent tumors 

can be mitigated by combining CSF-1R blockade with PI3K inhibitors (Quail et al., 

2016). Moreover, preclinical studies have identified crucial pathways regulating the 

recruitment, polarization and metabolism of TAMs. Therefore, novel therapeutic 

approaches targeting these pathways can indirectly stimulate cytotoxic T cells (Figure 

25). 

 

Figure 25. Therapeutic strategies targeting TAM populations. Schematic representation of different 

pathways that can be targeted in macrophage populations in order to promote: phagocytosis, M1 

polarization, survival and angionesis inhibitition (Pathria et al., 2019).  

Several approaches to inhibit CSF-1R are currently being employed in clinical trials 

including antibodies and small molecules. PLX3397 has advanced through phase II 

clinical trials in recurrent GBM patients demonstrating its potential as TAM inhibitor 

and its capacity to pass the BBB. However, it did not show benefit in survival 

(Butowski et al., 2016). A phase II clinical trial combining PLX3397 with RT and TMZ 
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in newly diagnosed GBM patients is ongoing. Other strategies achieved positive results 

in other tumors including targeting the recruitment of TAMs and reprogramming TAMs 

towards an antitumor phenotype are currently testing in preclinical GBM analysis 

(Grégoire et al., 2020). 

 

6. THE COMPLEMENT SYSTEM 

6.1. Overview 

The complement is the major humoral mediator of the innate immunity playing a key 

role in defence against pathogens, host homeostasis and shaping the adaptive immune 

response (Atkinson, 2013; Dunkelberger & Song, 2010). The complement system 

comprises more than 50 components including plasma proteins produced mainly by the 

liver or membrane proteins expressed on the cell surfaces (Trouw, 2017). Complement 

proteins act as a cascade to opsonize pathogens and induce inflammatory responses 

helping immune cells to fight infections and maintain homeostasis (Mak and Saunders, 

2006) (Figure 26). 

 

 

 

 

 

 

 

 

 

 

Figure 26. Overview of the complement system. Complement system can be activated by different 

pathways: classical, lectin and alternative pathway fostering a flu of activation in order to kill pathogens. 

The complement system is extremely regulated with activators and regulators throughout all the pathway 

(Giang et al., 2018). 



Introduction 
 

73 
 

It can be initiated by three different mechanisms depending on the context: classical 

(CP), alternative (AP) and lectin (LP) pathways, which converge in a common end 

pathway (Merle et al., 2015). CP is triggered by antigen-antibody complexes or by 

direct binding of complement C1q on the surface of the pathogen. AP is directly 

activated when complement components bind on pathogen surfaces. LP is initiated by 

mannan-binding lectin to mannose or other sugar residues in some encapsulated bacteria 

(Charles A Janeway et al., 2001). Components of CP are: C1q, C1r, C1s, C2 and C4; 

components of LP are: MBL, MASPs, C4 and C2 and components of AP are: C3b, 

Factor B and D (Monie, 2017). The common pathway starts with the C3 convertase 

which is the central component of the system resulting in a cleavage of inactive C3 into 

the functional fragments C3a and C3b. C3a is an anaphylatoxin (inflammation 

mediator) and C3b is an opsonin (principal mediator of phagocytosis), subsequently, C5 

is activated by C5 convertase cleavage yielding the anaphylatoxin C5a and C5b, a 

component of the multi-protein pore, the membrane attack complex (MAC) which 

causes the lysis of gram negative bacteria and some eukaryotic cells (Bayly-Jones et al., 

2017; Serna et al., 2016). All three pathways are activated on the surface of apoptotic 

cells during normal homeostasis. Its activation is tightly regulated to eliminate dead 

cells without activation of other components of the innate or adaptive immunity 

throughout membrane-bound and circulating complement inhibitors (Zipfel and Skerka, 

2009). Due to the BBB protection, CNS does not received the same composition of 

circulating complement factors produced in the liver, however, many studies revealed 

that the majority of tissue resident cells locally synthesize multiple components of the 

complement cascade (Lee et al., 2019). Complement is fully activated during pathogen 

infections by inducing inflammation, opsonisation, phagocytosis, destruction of the 

pathogen and activation of the adaptive immune response (Kolev et al., 2014). 

Inefficient and overstimulation of the complement are associated with several diseases 

including autoimmunity and cancer (Pio et al., 2014; Ricklin et al., 2010).  

6.2. Role of complement in cancer 

Several studies revealed a dual role of the complement system in cancer. Traditionally, 

it was believed that the complement mediates recognition and killing of tumor cells via 

complement mediated toxicity to lyse tumor cells (Gelderman et al., 2004; Ostrand-

Rosenberg, 2008). However, recently, it has been discovered that pro-inflammatory 

complement activation promotes tumor progression by generating an 
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immunosuppressive TME, mechanism which is used by tumor cells to avoid immune 

responses (Afshar-Kharghan, 2017; Gialeli et al., 2018). Moreover, the complement can 

be activated by non-canonical mechanisms independent of convertases pathways 

throughout different enzymes such as cathepsin L and plasmin (Huber-Lang et al., 

2006). C3a and C5a bind to their respective receptors C3a receptor (C3aR) and C5a 

receptors (C5aR1 and C5aR2) playing a critical role in inflammation and immune cell 

activation (Strainic et al., 2008). Moreover, C5a has shown dual roles in CNS 

(Woodruff et al., 2010). In cancer, complement anaphylatoxins are continually 

generated by different non-tumor and tumor cell types within the TME and furthermore, 

several myeloid cells including macrophages and MDSCs express high levels of 

complement receptors and regulators leading to tumor-promoting chronic inflammation 

(Reis et al., 2018) and immunosuppressive TME (Roumenina et al., 2019) in mouse 

models. C3a and C5a generated locally in TME promote leukocyte attraction; C5a 

recruits MDSCs to the TME suppressing effector T cells and both anaphylatoxins 

recruit TAMs, decreasing the amount of CD4, neutrophils and NK cells and inhibiting 

IL-10 secretion by CD8 T cells (Markiewski et al., 2008; Nabizadeh et al., 2016) 

(Figure 27). 

 

 

 

 

 

 

 

 

 

 

Figure 27. Complement system activation in the tumor microenvironment. C5a and C3a release in 

the TME promotes tumor growth, attraction of MDSCs which reduce cytotoxic T cell response inducing 

apoptosis and inhibition of CD8+ T cell functions by the generation of ROS and RNS species. These 
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effects on cells are mediated by the C5a and C3a receptors (C5aR and C3aR) on these cells (adapted from 

(Roumenina et al., 2019)).  

Furthermore, evidence suggest that complement activation plays a role in angiogenesis 

(Corrales et al., 2012; Nunez-Cruz et al., 2012) and metastasis (Ajona et al., 2019; 

Vadrevu et al., 2014). In addition, receptors of C5a have been studied revealing 

opposite roles in a melanoma model; C5aR1 signalling mediated tumor growth by 

promoting infiltration of immunosuppressive leukocyte populations into the TME, 

whereas C5aR2 had a beneficial role limiting tumor growth (Nabizadeh et al., 2019).  

6.3. Complement in glioblastoma 

In GBM, components of the complement interact with HIF-α (Hipoxia inducible factor 

alpha) playing a role in GSC maintenance (Yu et al., 2015). Moreover, complement 

components can interact with GSCs through C3aR and C5aR favoring their 

maintenance by activation of NOTCH signalling (Qiang et al., 2012). Furthermore, 

interaction of C5a with C5aR1 induces VEGF expression facilitating angiogenesis 

(Bouwens van der Vlis et al., 2018; Y. Wang et al., 2016). Other study demonstrated 

that tumor cells derived from GBM patients secrete Factor H related protein 5 (FHR5) 

with similar properties as conventional factor H including inhibition of lysis mediated 

by the complement system, acting as co-factor for factor I cleaving C3b and decay 

acceleration of C3 convertase (DeCordova et al., 2019). Additionally, analyses of GBM 

patient sera revealed the activation of the initiation of the complement cascade 

promoting inflammation and therefore, enhancing the pathophysiology of GBM 

(Bouwens et al., 2015).  

6.4. Targeting the complement system as cancer therapy 

Several inhibitors targeting components of the complement have been evaluated. One of 

the most studied are the inhibitors of C3a/C3aR and C5a/C5aR axes. In a study 

performed in a squamous cell carcinoma model, mice were treated with the combination 

of chemotherapy and PMX-53, a cyclic peptide inhibitor of C5aR1 (Figure 28). 
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Figure 28. Structure of the cyclic hexapeptide PMX53, with amino acid sequence Ace-Phe-[Orn-

Pro-dCha-Trp-Arg]. 3D representation of the ensemble of the nuclear magnetic resonance spectroscopy 

(NMR) of PMX53. The color of residues transitions from blue to red between the N- and C- termini 

(Tamamis et al., 2014). 

This combination increased the survival in mice and demonstrated that PMX-53 reduces 

the infiltration of MDSC favoring the cytotoxicity activity of CD8 T cells (Medler et al., 

2018). In another study, targeting C5a with a L-aptamer in lung cancer resulted in a 

more permissive environment for immune-mediated tumor rejection and C5a blockade 

synergized with PD-1 impairing tumor growth and metastasis (Ajona et al., 2017). 

Interestingly, a study performed in a melanoma murine model showed that anti PD-

1/PD-L1 therapy increased the complement activation promoting the generation of high 

amounts of C5a within the tumor due to Fc domains of antibodies can trigger a 

proinflammatory response by the initiation of the complement system hampering the 

antitumor effect. However, a therapeutic benefit was observed in mice when PD-1/PD-

L1 blockade was combined with the C5aR antagonist PMX-53 (Ajona et al., 2017; Zha 

et al., 2017).  

Although our understanding of GBM including its biology and treatment has advanced 

tremendously in the past years, the prognosis of these patients remain fatal. In this 

study, we will combine an armed oncolytic virus (Delta-24-ACT) with different 

strategies with the aim to find a curative therapy for GBM.  
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HYPOTHESIS  

GBM is the most common malignant primary brain tumor in adults. Although, in the 

past decade the genomic understanding and the way this tumor is therapeutically 

managed has improved, the survival of patients with GBM still remains dismal. 

Oncolytic viruses have emerged as a feasible therapy to treat solid tumors. Recent 

findings have demonstrated that tumor microenvironment plays a pivotal role in the 

biology of GBM. This tumor has an immunosuppressive/immune-“desert” phenotype, 

and different components of these microenvironment impinge in this phenotype. 

Therefore, we hypothesize that the use of an oncolytic virus armed with the co-

stimulator 4-1BB ligand in combination with different immunomodulators of the tumor 

microenvironment could enhanced the antitumor effect of each component alone.  

 

OBJECTIVES 

To test our hypothesis, we propose the following objectives:  

1. To characterize in vitro and in vivo the antitumor effect of the oncolytic virus 

Delta-24-ACT in murine GBM models. 

2. To evaluate the antitumor effect of Delta-24-ACT in combination with dendritic 

cell vaccination in in vivo GBM models.  

3. To determine the therapeutic effect of Delta-24-ACT in combination with 

different checkpoint inhibitors in GBM models. 

4. To analyze the anti-glioma effect of the combination Delta-24-ACT- with 

inhibitors of MDSC and TAM populations.
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1. CELL CULTURE 

1.1. Cell lines 

Murine glioma cell lines, GL261-5 (a clone of the cell line GL261 with a slow growth) 

and CT-2A, were a kind gift from Drs Fueyo and Gómez-Manzano (UT MD Anderson 

Cancer Center). Murine glioma cell line GL261 was a kind gift of Dr. Safrany (Frederic 

Joliot-Curie National Research Institute for Radiobiology and Radiohygiene, Budapest, 

Hungary). GL261-5 cell line was grown in Dulbecco’s Modified Eagle Medium: 

Nutrient mixture F-12 (DMEM F-12) (Gibco, Life technologies, Carlsbad, CA). GL261 

and CT-2A cell lines were grown in Dulbecco’s Modified Eagle Medium (DMEM) 

(Gibco, Life technologies, Carlsbad, CA). All media were supplemented with 10% Fetal 

Bovine Serum (FBS) (Gibco, Life technologies, Carlsbad, CA) and 1% Penicillin-

Streptomycin (Gibco, Life technologies, Carlsbad, CA). Human glioma cell lines, U87-

MG and U251-MG were purchased from the ATCC (American type culture collection). 

Both cell lines were grown in DMEM F-12 supplemented with 10% FBS and 1% 

Penicillin-Streptomycin. The human HEK293 cell line was used for viral replication 

assays. All mentioned cell lines were grown in a humidified atmosphere at 37ºC with 

5% CO2. 

 

2. GENE EXPRESSION ANALYSIS 

2.1. RNA extraction 

Total RNA from cells was extracted using Trizol (Life Technologies, Carlsbad, CA). 

Trizol is a monophasic lysis solution which recovers total RNA. . Briefly, 500 µL of 

Trizol was added to the cell pellet for 5 min followed by the addition of 250 µL of 

chloroform for 3 min and centrifuged at 12000 revolutions per minute (rpm) for 15 min 

at 4ºC. The addition of the chloroform creates two phases (the aqueous, where RNA is 

and the organic, where contains proteins and DNA). Once the aqueous phase was 

recovered, RNA was precipitated using 250 µL of isopropanol. After centrifuging at 

12000 rpm for 10 min at 4ºC, 70% ethanol was added in order to wash the RNA before 

the drying step. Pellet was resuspended in 30 µL of H20 DEPC (dyethyl pyrocarbonate) 

and quantity and quality of the obtained RNA were determined with Nanodrop 1000 

Spectrophotometer (Thermo Scientific, Waltham, MA). For RNA extraction from a 

tumor biopsy; the biopsy was put in a 10 mL tube with 1mL of Trizol and then, it was 
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dissociated using the T-10 basic ultra-turrax homogenizer (Ika, Staufen, GE). Once the 

tissue was homogenized the rest of the protocol was the same that the one detailed for 

the cell lines. 

2.2. Reverse transcription 

To obtain the cDNA, 1µg of RNA was retro-transcribed using the MultiScrib Reverse 

Transcriptase Kit (Thermo Fisher Scientific, Waltham, MA). The reagents needed for 

the procedure are: 

 

 

 

 

 

 

Reverse transcription is based on two incubations, one at 25ºC for 10 min and 2h at 

37ºC in the thermal cycler GeneAmp PCR System 2700 (Applied Biosystems, Watham, 

MA). Finally, cDNA was stored at -20ºC until the start of the analysis. 

2.3. Quantitative real time PCR (qRT-PCR) 

Real Time Polymerase Chain Reaction (RT-PCR) was used to assess the expression 

levels of different genes. cDNA was amplified using the SYBR-Green Master Mix 

(Applied Biosystems, Watham, MA). SYBR-Green dye is a molecule that intercalates 

within the DNA by non-specifically binding. The complex DNA-dye emits green light 

at 497 nm. The gene specific assays were:  human and murine C5aR1 (Complement 

C5a receptor 1), human and murine IDO1 (Indoleamine 2,3-dioxygenase 1) and murine 

4-1BBL. GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) primers were used as 

an endogenous control gene and all samples were run in triplicates. Sequences of the 

primers are listed in Table 1. Real time PCR was monitored using ABI 7700 sequence 

detection system (Applied Biosystems, Foster City, CA) and samples were subjected to 

the following steps: 95ºC for 20 seg and 40 cycles of 95ºC for 1 seg and 60ºC for 20 

seg.  Fold-changes of the genes of interest were calculated as mean values of 2–ΔΔCT 

(ΔCT of the interest gene normalized by the ΔCT of GAPDH).
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Table 1. Primers used in the quantitative real time PCR. 

 

2.4. Nanostring 

In order to evaluate at transcriptional level whether the treatments used in in vivo 

experiments modified the tumor microenvironment Nanostring technology was 

performed. This technology is a multiplex analysis based on three steps: hybridization 

of the capture probe and the reporter probe to the target, purification and immobilization 

of the target- probe and the counting of the barcodes labelled in the reporter probe. RNA 

from murine brain tumors were extracted using a RNA purification kit performed by the 

CIMA Lab Diagnostics platform. RNA was quantified using QUBIT technology and 

RNA quality was evaluated by TAPEstation. 100 ng were used and the murine 

PanCancer immune profiling panel was performed. 

 

3. PROTEIN ASSAYS 

3.1. Protein isolation 

Protein extracts from cells were prepared using 100 µL lysis buffer (Phosphate buffer 

saline (PBS) + 0.1% Triton and protease inhibitor cocktail) for 30 min on ice. Samples 

were then centrifuged at 10000 rpm for 15 min at 4ºC and supernatant were collected 

and store at -80ºC for further analysis. 

3.2. Protein quantification 

All protein extracts were quantified using the colorimetric assay Protein Assay Dye 

Reagent Concentrate (Bio-Rad, Hercules, CA) following manufacturer’s indications. 

We performed a BSA standard curve (Bovine serum albumin, Sigma-Aldrich, St Louis, 

MO) and samples were run in duplicate in a 96-well plate mixed with 200 µL of protein 
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assay diluted 1:5. Protein quantification was measured at a wavelength of 495 nm using 

the SpectrostarNano, BMG Labtech reader.   

3.3. Western Blot 

In our study, 30 µg of protein were prepared with commercial loading buffer 4x 

NuPAGE LDS Sample buffer (Invitrogen, Carlsbad, CA) to get the reducing conditions. 

Then, samples were loaded and separated in a 10% polyacrylamide gel under denaturing 

conditions (The protein mix was heated before for 5 min at 95ºC). Electrophoresis was 

carried out during 90 min at 110 V in running buffer (50 mM MOPS, 50 mM Trizma-

base, 0.1% SDS (Sodium dodecyle sulfate) and 1 mM EDTA (Ethylenediamine 

tetraacetic acid), pH 7.7). Afterwards, proteins were transferred into a nitrocellulose 

membrane for 1h 15 min at 110 V. In order to assure that the transfer worked well, 

nitrocellulose membrane was stained using Ponceau S (Sigma-Aldrich, St Louis, MO). 

Membrane was blocked with 5% non-fat dried milk diluted in PBS 0.1% Tween for 1h 

at room temperature (RT) and incubated with the respective antibodies overnight at 4ºC 

followed by subsequent secondary HRP-conjugated antibodies. All the antibodies used 

are listed in Table 2. Protein bands were detected by enhanced chemiluminiscence 

using the Lumi-light PLUS Western blotting substrate (Roche 12015196001, Basilea, 

CH) and developed in the Chemidoc MP imaging system (Bio-Rad. Hercules, CA). 

Protein bands were measured by densitometry and quantified using ImageJ software. 

Table 2. Antibodies used for Western blot assays. 

 

 

 



Materials and methods 
 

 

87 
 

3.4. Flow cytometry 

Excised tumors were mechanically dissociated using scalpers followed by collagenase 

IV/DNAse (Gibco 17018-029, Carlsbad, CA) incubation, in rotation for 15 min, 

followed by two extra incubations of 10 min at 37ºC. Before every incubation at 37ºC, 

tumors were dissociated using a different diameter size of pasteur pipettes. The solution 

was filtered through a 70-μm cell strainer (Thermo Fisher Scientific, Waltham, MA) 

and tumor cells were isolated after the addition of PerColl solution (GE Healthcare 17-

0891-01, Chicago, IL) followed by a centrifugation at 800 x g for 15 min at 4ºC. Single-

cell suspensions were then stained for flow cytometry. The fluorochrome-tagged mAbs 

used are listed in Table 3. For intranuclear staining, cells were fixed and permeabilized 

using the BD Cytofix/CytoPERM Plus (555028 BD Biosciencies, San Diego, CA) and 

then stained according to manufacturer’s instructions. Acquisition was performed using 

a FACS Canto II flow cytometer (BD Biosciences, Franklin Lakes, NJ). 
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Table 3. Antibodies used in flow cytometry. 
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4. PROLIFERATION ASSAYS 

4.1. Cell viability assay 

The cytotoxic effect of PMX-53 (a kind gift from Dr. Woodruff, University of 

Queensland, Australia) was analyzed in vitro by a colorimetric assay using the Cell-

Titer 96 One Solution Aqueous Proliferation kit (Promega, Madison, WI). The 

compounds of the assay are: the tetrazolium compound [MTS, 3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] and the 

electron coupling reagent (PES, phenazine ethosulfate). PES when is combined with 

MTS forms a stable solution due to the chemical stability of the first compound. MTS is 

reduced by cells into a coloured formazan product which is soluble in tissue culture 

medium. Dehydrogenase enzymes in metabolically active cells produce NADH or 

NADPH metabolites which accomplish the described conversion. 1500 or 3000 U87-

MG cells were seeded per well in a 96-well plate. Different concentrations of PMX-53 

(0.625, 1.25 and 2.5 µg/mL) were added in 100 µL of medium. Three or five days later 

(as indicated), MTS reagent was added to the cells and incubated during 2h at 37ºC. 

Absorbance was measured at a wavelength of 490 nm and 650 nm (reference) using the 

SpectrostarNano, BMG Labtech reader. Data was represented as cell viability relative to 

mock-treated cells (100%) and the viral treatment was normalized to 100%.  

 

5. VIRAL ASSAYS 

5.1. Viral infectivity assays 

To assess the infectivity of the virus Delta-24-ACT, 175000 CT-2A cells or 250000 

GL261-5 cells were seeded respectively in 6-well plates and 24 h later, infected with the 

replication-deficient AdGFP-Delta-24-RGD adenovirus (Delta-24-RGD with a GFP 

gene reporter) at 0.1, 1, 10 and 100 MOIs (multiplicity of infection) for 48h. Cells with 

a mock infection (treated with PBS) were included as a control sample. Then, green 

GFP positive cells were analyzed by flow cytometry using the FACS CANTO I flow 

cytometer (BD Biosciences, Franklin Lakes, NJ).  

5.2. Characterization of viral proteins 

In order to characterize the viral proteins, 175000 CT-2A cells or 250000 GL261-5 cells 

were seeded in a 6-well plate and 24 h later, infected with Delta-24-ACT at 25, 50, 100 

and 300 MOIs for 48 h. A control group of cells without infection was included. 16 h 
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after the viral infection, cells infected with 300 MOIs and the control group was 

collected and 48 h later of the infection, the other conditions were collected to perform a 

WB in order to analyze two viral proteins (E1A and Fiber) and the 4-1BB ligand. 

5.3. Viral replication assays 

To quantify the viral replication of the virus, 175000 CT-2A and 250000 GL261-5 cells 

were seeded in a 6-well plate. 24h later, cells were infected with Delta-24-ACT at 300 

MOIs and cells and supernatant were collected 16 h and 72 h later. The amount of virus 

was determined performing the anti-hexon staining method in HEK293 cells. Briefly, 

supernatant and cells were collected and lysed after three freeze-thaw cycles in order to 

obtain the virus, followed by a centrifugation of 1500 rpm for 5 min at 4ºC. 100 µL of 

DMEM supplemented with 2% FBS without Penicillin-Streptomycin was added in each 

well and 10 serial dilution of the virus was added in every well. Finally, 100000 

HEK293 cells were seeded in 50 µL per well in a 96-well plate (Figure 29). After 36 h, 

supernatant was removed and the anti-hexon staining was performed. The amount of 

virus was quantified under a fluorescent microscopy (Zeiss Imager MP, Oberkochen, 

GE). The quantification consists on choosing the wells where FITC positive single cells 

were present counting them by a cell counter. Then, the FITC positive cells observed in 

the next 10 serial dilution were counted and using the following formula: FITC positive 

cell x well dilution x 10, the amount of virus was determined doing an average of the 

two counted serial dilutions.  

 

Figure 29. Representative picture of a replication assay. 
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5.4. Cell viability assays 

The oncolytic effect of the Delta-24-ACT was analyzed in vitro by a colorimetric assay 

using the Cell-Titer 96 One Solution Aqueous Proliferation kit (Promega, Madison, 

WI). 3000 CT-2A cells and 3000 GL261-5 cells were seeded per well in a 96-well plate. 

24 h later, medium was removed and cells were infected with Delta-24-ACT at 5, 10, 

25, 50 and 100 MOIs in 50 µL of medium free. Six hours later, 50 µL of medium 

supplemented with 20% FBS without Penicillin-Streptomycin was added. Three or five 

days later (as indicated), MTS reagent was added to the cells and incubated during 2 h 

at 37ºC. Absorbance was measured at a wavelength of 490 nm and 650 nm (reference) 

using the SpectrostarNano, BMG Labtech reader. Data was represented as cell viability 

relative to mock-treated cells (100%) and the viral treatment was normalized to 100%.  

 

6. ELISA 

This assay is based on three steps: incubation of the sample for 2 h, incubation of the 

secondary antibody for 1 h and the addition of the substrate for 20 min.  

6.1. IFN-gamma ELISA  

To quantify the INF gamma secreted into the cell culture supernatant a Mouse IFN- 

gamma DuoSet ELISA (R&D systems DY485, Minneapolis, MN) was used following 

the manufacturer’s instructions. Briefly, three mice (C57BL/6) of all the groups 

included in the in vivo experiment were sacrificed and spleens were extracted under 

sterile conditions. Splenocytes were isolated dissociating the spleen using the plunge 

and filtering them through a 70 µm strainer. The solution was centrifuged and 

erythrocytes were lysed using the ACK lysis solution for 3 min. Splenocytes were 

counted using the Neubauer chamber (Tiefe Depth Profoundeur, Optik Labor, Gorlitz, 

GE) and 400000 cells were co-cultured with 40000 mock or infected tumor cells in a 

96- flat bottom plate for 72 h. Cells were previously infected with Delta-24-ACT at 100 

MOIs for 48 h. 4 h after the infection cells were stimulated with the recombinant murine 

IFN-gamma antibody (100 IU/mL, 12343536, Immunotools, Friesoythe, GE). Seventy-

two hours after the co-culture, the supernatant of the wells was collected and store at -

20ºC until the IFN-gamma ELISA was performed. The absorbance was read at 450 nm 

using the SpectrostarNano, BMG Labtech reader and the concentration was determined 

based on the standard curve. To assess whether the activation of T cells is higher when 
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tumor cells were infected with Delta-24-ACT than infected with Delta-24-RGD, 

splenocytes from spleen of B6.CgThy1a-Tg(TcraTcrb)8Rest/J (PMEL) mice were 

isolated and seeded in a 96- flat bottom plat (400000 cells) coated with CD3 antibody 

for 24 h. Afterwards, 10000 tumor cells that were infected at 100 MOIs with Delta-24-

RGD and Delta-24-ACT for 48 h were incubated with hgp100 (25-33) (1ng/mL) 

(RP20344, GenScript, Piscataway, NJ) for 2 h before co-culturing the tumor cells with 

the splenocytes for three days. Mock infected cells were included in the study. 

Supernatant was collected at 24, 48 h of the co-culture and store at -20ºC until the IFN-

gamma ELISA was performed. The absorbance was read at 450 nm using the 

SpectrostarNano, BMG Labtech reader and the concentration was determined based on 

the standard curve. 

6.2. KYN ELISA 

To quantify kynurenine (KYN) in the sera of mice samples, a mouse KYN ELISA kit 

(EU0188, FineTest, Wuhan, CHN) was used. Briefly, CT-2A cells were implanted to 

the mice intracraneally and mice were treated with 1-methyltryptophan for 7 days using 

different ways of administration (intracraneally, drinking water and oral gavage). Mice 

without treatment and healthy mice were included in the study. At day 7, mice were 

sacrificed and blood was collected. Blood samples were centrifuged at 2400 rpm for 10 

min in order to obtain the serum. 10 µL of serum was used to perform the ELISA 

following manufacturer’s instructions and the concentration was determined based on 

the standard curve.  

6.3. C5a ELISA  

In order to determine the C5a molecule in the sera of control and patients with GBM 

samples a Human C5a ELISA kit II (BD OptEIA 557965, San Diego, CA) was used. 

Sera were obtained after centrifuging the blood sample at 2400 rpm for 10 min. 100 µL 

of serum was used and Human C5a ELISA was performed following manufacturer’s 

instructions. The absorbance was read at 450 nm using the SpectrostarNano, BMG 

Labtech reader and the concentration was determined based on the standard curve. 
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7. IFN-gamma ELISPOT 

The enzyme-linked immunospot assay (ELISPOT) is commonly used for assessing the 

immune system response. It is a highly sensitive immunoassay based on measuring the 

amount of cytokine secretion by a specific cell population. In this methodology, the 

microplate is coated with a capture antibody followed by the addition of the cells in the 

presence or absence of the stimuli to analyze the desired cytokine-secreted cell 

population. Mouse INF gamma ELISPOT set (BD 551083, San Diego, CA) was 

performed following manufacturer’s instructions. Splenocytes were isolated from the 

spleen of mice using the same protocol described in ELISA section. 400000 splenocytes 

were co-cultured with 10000 mock or infected tumor cells for 24 h in a 96-well plate 

previously coated with IFN-gamma antibody for 16 h. Cells were previously infected 

with Delta-24-ACT for 48 h and 4 h after the infection, cells were stimulated with 

recombinant murine IFN-gamma antibody (100U/mL, 12343536, Immunotools, 

Friesoythe, GE). ELISPOT was performed and mean spot size and cell number was 

measured using IMMUNOSPOT (Bonn, GE). 

 

8. DENDRITIC CELL VACCINES 

8.1. Generation of dendritic cells 

Dendritic cells (DCs) from C57BL/6 mice were generated from bone marrow (BM) 

monocyte precursors. All the procedure was performed on ice under sterile conditions. 

BM extracted from tibiae and femur of mice were collected by flushing them with cold 

PBS. Then, BM was dissociated using the plunger of a 5 mL syringe and filtered in a 70 

µm-strainer. The solution was centrifuged at 1800 rpm for 5 min at 4ºC and lysed 

adding 5 mL of the ACK lysing solution (Gibco, A1049-01, Carlsbad, CA) for 3 min. 

Cells were suspended in complete medium (RPMI 1640 media supplemented with 10% 

FBS, 1x Penicillin-Streptomycin and 0.05 mM 2-mercaptoethanol). Cells were seeded 

at a density of 1x106 cells / 100mm dish in 10 mL complete medium supplemented with 

recombinant murine GM-CSF (mGM-CSF, 20ng/mL) (Peprotech 315-03, Rocky Hill, 

NJ). Medium was changed at day 3 and 5, replacing 2/3 of the medium and adding 7 

mL of new complete medium supplemented with mGM-CSF. At day 7, immature DCs 

were collected and pulsed with 200µg of cell lysate/10x106 cells/ mL for 2h at 37ºC. 

GL261-5 and CT-2A cell lysates were obtained after 5 thaw/freeze cycles of the desired 
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cells (seeded in a 150 mm plate at 80% confluence collected previously) followed by a 

centrifugation of 1.500 rpm for 5 min at 4ºC. DCs were seeded at a density of 2x106 and 

matured adding in the medium PolyI:C (20 µg/mL) (GE Healthcare 27-4732-01, 

Chicago, IL) and LPS (0.5 µg/mL) (MERCK L439, Darmstadt, GE) for 18h at 37ºC. 

Immature and mature DCs were stained for flow cytometry to assess their phenotypic 

status (Figure 30). The fluorochrome-tagged mAbs used are listed in Table 4. 

Acquisition was performed using a FACS Canto II flow cytometer (BD Biosciences, 

Franklin Lakes, NJ). 

Figure 30. Schematic representation of DC generation from BM. 

Table 4. Antibodies used in flow cytometry analysis of DCs generated ex vivo. 

 

8.2. Mechanistic studies to assess the functionality of the dendritic cells 

In order to assess that our generated DCs were able to activate CD8 T cells, IFN-gamma 

ELISPOT and 3H thymidine proliferation assays were performed.  
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8.2.1. CD8+ isolation 

Spleens from OT-I transgenic mice were extracted under sterile conditions, dissociated 

using a plunger syringe and filtered through a 70 µm cell strainer in a 50 mL falcon with 

PBS buffer (PBS, 0.5% BSA and 2mM EDTA) for obtaining the cells. After 

centrifuging the cells at 1500 rpm for 5 min, erythrocytes were lysed using 5 mL of 

ACK lysate buffer for 3 min. Solution was centrifuged at 1500 rpm for 5 min at 4ºC and 

splenocytes were counted using the Neubauer chamber (Tiefe Depth Profoundeur, Optik 

Labor, Gorlitz, GE). CD8+ T cells were purified using the CD8a+ T cell isolation kit 

(130-104-075 Miltenyi Biotec, Bergisch Gladbach, GE) following manufacturer’s 

instructions.  

8.2.2. IFN-gamma ELISPOT  

To analyze the activation of CD8+ T cells by matured DCs, the previous day of the 

starting of the experiment a 96-well plate was coated with IFN-gamma antibody O/N at 

4ºC. Then, 100000 or 200000 purified CD8+ T cells were co-cultured with 10000 or 

20000 matured DCs (ratio 1:10) in a 96-well plate for 24 h. IFN-gamma ELISPOT was 

performed following manufacturer’s instructions and mean spot size and cell number 

was read using IMMUNOSPOT (Bonn, GE). 

8.2.3. 3H thymidine proliferation assay  

For the proliferation assay, 100000 or 200000 purified CD8+ T cells from OT-1 

transgenic mice were co-cultured with 10000 or 20000 matured DCs (ratio 1:10) in a 

96- flat bottom plate for 72h. Then, they were further incubated with 0.5 µCi of 3H 

thymidine O/N and measured with scillation.   

8.3. Validation of the functionality of dendritic cells 

8.3.1. Characterization of dendritic cells  

DCs were generated from bone marrow-derived monocytes (BMDMs) isolated from the 

femur and tibiae of mice as explained above. Afterwards, DCs were analyzed by flow 

cytometry to assess that they expressed the DC markers CD11c and MHCII, and the 

marker of maturation and activation CD86. Subsequently, two different experiments 

were performed in order to check that generated DCs ex vivo were functional. First, DCs 

were pulsed with SIINFKL protein, GL261 or GL261-OVA lysates and characterized 

by flow cytometry. In the immature DCs subset, 76.6% of DCs (CD11c+ MHCII+) 
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were obtained and only 9.40% of CD11c/CD86 (mean fluorescence = 1205) indicating 

that they were not matured (Figure 31).  

 

Figure 31. Characterization of the immature DC subset generated ex vivo from C57BL/6 mice. Dot 

plots of the DC markers CD11c and MHCII, and histogram of the maturation marker CD86 analyzed by 

flow cytometry. 

In matured DCs pulsed with GL261 lysates, 74.6% of DCs (CD11c+ MHCII+) and 

86.2% of CD11c/CD86 (mean fluorescence = 16240) were obtained (Figure 32), in 

matured DCs pulsed with GL261-OVA lysates, 70.8% of DCs (CD11c+ MHCII+) and 

88.9% of CD11c/CD86 (mean fluorescence = 15807) were acquired (Figure 33). 
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Figure 32. Characterization of the matured DC subset generated ex vivo from C57BL/6 mice pulsed 

with GL261 lysates. Dot plots of the DCs markers CD11c and MHCII, and dot plot and histogram of the 

maturation marker CD86 analyzed by flow cytometry. 
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Figure 33. Characterization of the matured DC subset generated ex vivo from C57BL/6 mice pulsed 

with GL261-OVA lysates. Dot plots of the DCs markers CD11c and MHCII, and dot plot and histogram 

of the maturation marker CD86 analyzed by flow cytometry. 

Finally, in matured DCs pulsed with SIINFKL protein, 72.3% of DCs (CD11c+ 

MHCII+) and 89.9% of CD11c/CD86 (mean fluorescence = 13824) were obtained 

(Figure 34). 

 

Figure 34. Characterization of the matured DC subset generated ex vivo from C57BL/6 mice pulsed 

with SIINFKL protein. Dot plots of the DCs markers CD11c and MHCII, and dot plot and histogram of 

the maturation marker CD86 analyzed by flow cytometry. 

8.3.2. Functional assays 

IFN-gamma secretion was analyzed co-culturing 100000 or 200000 CD8 OT-I T cells 

with 20000 or 10000 DCs pulsed with GL261, GL261-OVA or SIINFKL (ratio 10:1) 

for 24 h by an IFN-gamma ELISPOT. We demonstrated that DCs were able to activate 

CD8 T cells in a specific manner (Figure 35).  
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Figure 35. Representative image of IF- gamma ELISPOT analyzed by ImmunoSPOT technology. 

Activated OT-I CD8 T cells were higher in wells co-cultured with DCs pulsed with 

GL261-OVA than DCs pulsed with GL261 in the group of wells with 100000 OT-I 

CD8 T cells and 10000 DCs (Figure 36A and Figure 36B). Similar results were 

obtained in wells co-cultured with 200000 CD8 OT-I T cells and 20000 DCs (Figure 

36A and Figure 36B). Highest activation of CD8 OT-1 T cells were observed in the 

wells co-cultured with CD8 T cells and DCs pulsed with SIINFKL (Figure 36A and 

Figure 36B). Positive control group of activation (CD8 OT-I T cells incubated with 

SIINFKL protein) and negative control of activation (CD8 OT-I T cells incubated with 

PHA protein) were included in the assay (Figure 36A and Figure 36B). 

 

Figure 36. IFN-gamma ELISPOT. Mean counted spots (A) and mean spot size (B) quantified by 

ImmunoSPOT technology. 

 

The other employed methodology consisted on co-culturing 100000 or 200000 CD8 

OT-I cells with 20000 or 10000 DCs pulsed with SIINFKL protein, GL261 or GL261-



Materials and methods 
 

 
 

100 
 

OVA lysates for three days in a 96-flat bottom wells and afterwards, 3H thymidine (0.5 

µCi) was added and incubated O/N. Counts per minute were measured using scillation. 

We observed that in wells of CD8 OT-I T cells co-cultured with DCs pulsed with 

GL261-OVA lysates, the counts were higher than in wells of CD8 OT-I T cells co-

cultured with DCs pulsed with GL261 lysates (Figure 37). The highest counts were 

displayed when the CD8 OT-I T cells were co-cultured with SIINFKL protein. Positive 

and negative controls of activation were included (Figure 37). 

 

 

 

 

 

 

 

Figure 37. Proliferation of activated CD8 OT-I T cells. Mean cpm/min of activated CD8 OT-I T cells 

measured by 3H thymidine using scillation. 

 

9. DELTA-24-ACT CONSTRUCTION 

Delta-24-ACT is an adenovirus, which has the same modifications as the Delta-24-RGD 

previously described (Fueyo et al., 2000) (Figure 38). This oncolytic virus has been 

engineered in order to increase the antitumor effect and the T cell infiltration in the 

tumor microenvironment. To do so it has been armed with the co-stimulatory ligand 4-

1BBL in the E3 exon which promotes the expansion of activated T cells and the 

maintenance of CD8 T cells. 

 

 

 

Figure 38. Delta-24-ACT construction. 

 

O
T-I 

O
T-I 

+ s
iin

fk
l

O
T-I 

+ P
H
A

D
C
 +

 s
iin

fk
l

D
C
 +

 G
L26

1-
O

VA

D
C
 +

 G
L26

1

D
C
 s

iin
fk

l +
 O

T-I

D
C
 G

L26
1-

O
VA

 +
 O

T-I

D
C
 G

L26
1 

+ O
T-I

0

100

200

300

400

500

10000

20000

30000

40000
100000 cells

200000 cells

Samples

M
e
a
n

 c
p

m
/m

in



Materials and methods 
 

 

101 
 

10. IN VIVO EXPERIMENTS 

All the animal experimental protocols were reviewed and approved by the Committee of 

Bioethics of the Government of Navarra and the Institutional Animal Care Department.  

10.1. Glioblastoma orthotopic model 

For animal studies using glioma cells, we used an orthotopic brain tumor model using a 

guided-screw described by the Lal’s group (Lal et al., 2000). Briefly the procedure 

consists in the implantation of a 2.6 mm guide-screw at the skull of mice (2.5 mm 

lateral and 1 mm anterior to the bregma) and the injection of the cells through the screw 

at a 3.5 mm depth using a Hamilton syringe (Fisher Scientific, Waltham, MA)(Figure 

39). Mice were anesthetized previously by an intraperitoneal injection with ketamine 

Imalgene/xylazine (Rompun 2% Bayer) solution (200 mg ketamine and 20 mg xylazine 

in 17 mL of saline) at a dosage of 0.15 mg/10 g body weight. For our experiments, after 

the guide screw was implanted, GL261-5 (50000 cells per mouse in 3 µL of free 

medium), CT-2A (5000 cells per mouse in 2 µL of free medium) or GL261 (50000 cells 

per mouse in 3 µL) cells were injected. To avoid reflux, Hamilton syringes were 

installed in an infusion pump (Harvard Apparatus, Holliston, MA) which constantly 

injects at a ratio of 15 µL per hour.  

 

Figure 39.Representative image of the guided-screw system performed in mice. The screw was 

implanted on a set of determined coordinates and then cells and treatment were injected through it (Lal et 

al., 2000). 
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For glioma experiments, C57BL/6 mice (male and female) of 4-6 weeks were used 

(Envigo Laboratories) and maintained at the Center for the Applied Medical Research 

(CIMA, Pamplona) in specific pathogen-free conditions and fed standard laboratory 

chow (Protocol number: 090-18). Mice were sacrificed when they showed symptoms of 

tumor burden: weight loss, hemiparesis, hunched posturing and unresponsiveness to 

stimuli. 

 

10.1.1. TREATMENT SCHEDULES 

 

GL261-5: Delta-24-ACT 

 

 

CT-2A: Delta-24-ACT 
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Comparison Delta-24-RGD and Delta-24-ACT 

 

 

 

GL261-5: Delta-24-ACT combined with DC vaccines 

 

 

 

CT-2A: Delta-24-ACT combined with DC vaccines 
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CT-2A: Delta-24-ACT combined with 1-MT 

 

 

 

CT-2A: Delta-24-ACT combined with Pexidartinib 

 

 

 

CT-2A: Delta-24-ACT combined with PMX-53 
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GL261: Delta-24-ACT combined with PD-L1 antibody 

 

 

10.2. Immunohistochemistry and immunofluorescence 

To study the tumor microenvironment of brain tumors treated with the different 

strategies, immunohistochemistry and immunofluorescence analysis were performed.  

Immunohistochemistry (IHC) is the most common methodology employed to detect 

different antigens in tissues through antibody incubations. IHC is based on three steps: 

antigen retrieval, blocking-antibody incubations and DAB revealing.  IHC were 

performed in tissue slides from FFPE (Formalin-fixed, paraffin embedded) brain tumor 

samples. Brains of sacrificed mice were collected and fixed with formol for 24 h and 

dehydrated using absolute ethanol. Then, brains were embebbed in paraffin blocks and 3 

µm tissue slides were cut using the Microm HM 340E (ThermoFisher Scientific, 

Waltham, MA). Slides were dewaxed with xylene, rehydrated through a graded series of 

ethanol and antigen retrieval was performed in Citrate pH = 6 or Tris-EDTA pH = 9 

using PT-Link machine (Dako, Santa Clara, CA) depending on the primary antibody 

employed. Endogenous peroxidase was blocked with 3% H202 in methanol for 30 min. 

Samples were incubated with the blocking solution followed by primary and secondary 
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antibody incubations. The antibodies used were listed in Table 5 and Table 6. Finally, 

samples were revealed using DAB (3,3-dyaminobencine) (Dako, K346889-26, Santa 

Clara, CA) and counterstained with hematoxylin (MERCK HX85602653, Darmstadt, 

GE). Preparations were observed under the confocal microscope (Nikon Y-THS 

0114107, JP) and scanned using Aperio C52 image capture device (Leica 

Microsystems, Wetzlar, GE) and Aperio ImageScope 12.1.0 software (Leica 

Microsystems, Wetzlar, GE). 

Immunofluorescence (IF) is another common technique used to detect proteins from cell 

and tissue samples. It is based on using antibodies that are chemically conjugated to 

fluorochrome dyes. There are two types of IF, the direct (primary), in which the primary 

antibody binds to the protein of interest and is conjugated directly to the fluorescent 

dye. The indirect (secondary), in which the sample is incubated firstly with a primary 

antibody who binds to the protein of interest and then, the secondary antibody that 

recognizes the primary antibody is conjugated to the fluorochrome. IF consists in two 

steps: antigen retrieval and blocking-antibody incubation. Slides were dewaxed with 

xylene, rehydrated through a graded series of ethanol and antigen retrieval was 

performed in citrate pH = 6 using PT-Link machine (Dako, Santa Clara, CA). Then, 

samples were incubated with the blocking solution followed by primary and secondary 

antibody incubations. The antibodies used are listed in Table 5 and 6. Finally, nucleus 

were stained with DAPI (4’,6-diamidino-2-phenylindole) (Biotium 40009, 1:400, 

Fremont, CA) and samples were analyzed under the fluorescent microscope (Zeiss 

Image MP, Oberkochen, GE). 

Table 5. Primary antibodies used in immunohistochemistry and immunofluorescence analysis. 
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Table 6. Secondary antibodies used in immunohistochemistry and immunofluorescence analysis. 

 

11. STATISTICAL ANALYSIS 

Data were represented as the mean ± standard deviation of three biological replicates 

and were compared using Student’s t-test. Analysis of multiple comparisons was 

obtained using ANOVA and posterior Bonferroni test. Significant p-values are reached 

when p-values <0.05 (* <0.5, **< 0.01 ***<0.001 and ****<0.0001). Survival rate was 

evaluated using Kaplan-Meier plots and statistical analysis was performed employing 

the log rank test. For Nanostring analysis, for each sample, counts of the reporter proves 

were classified by the nCounter Digital Analyzer and the raw data obtained was 

imported into nSolver Analysis. Pathway analyses were performed using Reactome 

version 72 and String software. The program used for the statistics was the GraphPad 

Prism Software (GraphPad Software, San Diego, CA). 
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1. CHARACTERIZATION IN VITRO AND IN VIVO OF DELTA-

24-ACT 

1.1. Delta-24-ACT is able to maintain its oncolytic capacity in glioma 

cell lines 

In order to assess whether Delta-24-ACT is able to infect murine glioma cell lines, 

GL261-5 and CT-2A cell lines were treated with a Delta-24-RGD virus that expresses 

GFP, ranging from 0.1 to 100 MOIs, and infection was quantified by flow cytometry. 

We observed that Delta-24-ACT could infect both cell lines at low MOIs, being CT-2A 

cells the most susceptible one with almost 100% of the cells positives at 10 MOIs 

(Figure 40A). According to these data, we determined that Delta-24-ACT infects CT-

2A cell line better than GL261-5 cell line; 50% of CT-2A and GL261-5 cells were 

infected at 1.37 ± 1.30 MOIs and 6.14 ± 2.09 MOIs respectively. In addition, we 

characterized the effect of this oncolytic virus in those murine glioma cells by assessing 

the expression of two important viral proteins, i.e., E1A and Fiber. Infection of CT-2A 

and GL261-5 cells with Delta-24-ACT resulted in the expression of  E1A protein in a 

dose-dependent manner in both cell lines at 16 h and 48 h post-infection (Figure 40B). 

Moreover, we noticed a light band corresponding to Fiber protein collected 48 h post-

infection at 300 MOIs in GL261-5 and at 50, 100 and 300 MOIs in CT-2A (Figure 

40B), indicating that the virus might be able to replicate in these cell lines. 

Since replication is a very important part of the therapeutic effect of the virus, we also 

quantified Delta-24-ACT replication in two human glioma cell lines (U87-MG and 

U251-MG) and the two previously mentioned murine glioma cell lines. Regarding 

GL261-5 cell line, we observed a higher number of viral particles at 16 h when 

compared with 72 h (Figure 40C). These data suggest that despite the expression of 

Fiber in CT-2A, Delta-24-ACT is not able to replicate in these cells. This finding is in 

accordance with the notion of adenovirus species-specific replication (Alemany et al., 

2000) and that Adenovirus 5 replication is attenuated or abrogated in murine cell lines 

(Blair, 1989; Oualikene et al., 1994). Importantly, the virus efficiently replicated in 

U251-MG and U87-MG human glioma cell lines, showing an increase in viral particles 

that ranged from 3 to 4 logarithms, depending on the cell line, when compared with the 

initial viral input dosage (P = 0.01 and P = 0.03 respectively; Figure 40C). These data 

indicate that Delta-24-ACT retains a high replication potential in human glioma cell 

lines.   
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Figure 40. Characterization of Delta-24-ACT in glioma cell lines. A. Infectivity of Delta-24-ACT in 

GL261-5 cells and CT-2A cells measured by flow cytometry as a percentage of GFP+ cells at 48 h after 

being infected with Delta-24-RGD-GFP (the external structure is the same as Delta-24-ACT) at MOIs 

ranging from 0.1 to 100 PFUs (plaque forming unit)/cell. Values represent the mean GFP+ cells ± SD (N 

= 3). B. Assessment of viral proteins expression (Fiber and E1A) by western blot in GL261-5 and CT-2A 

cells. Cells were infected with Delta-24-ACT at the indicated MOIs and 48 hours later whole-cell lysates 

were collected. Samples were also collected at 16 h post-infection at the highest dose (MOI 300) as a 

control. GRB2 was used as a protein-loading control. C. Replication and quantification of Delta-24-ACT 

in GL261-5 cells and CT-2A and U251-MG cells and U87-MG cells. Murine cells were infected with 300 

MOIs and human cells with 10 MOIs of Delta-24-ACT and Delta-24-ACT replication determined at 16 h 
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and 72 h. Dashed lines indicate the total initial viral input and the results are expressed as the mean viral 

titer ± SD (N = 3). 

Next, since one of the properties of the oncolytic virus is the induction of cytotoxicity, 

we analyzed the viability of glioma cells after the infection with Delt-24-ACT by MTS. 

Cell lines were infected at different MOIs and the oncolytic effect was determined at 5 

days post-infection as described in the materials and methods’ section. Delta-24-ACT 

displayed a potent oncolytic effect in murine GL261-5 (IC50 = 29.79 ± 1.26 MOIs) and 

CT-2A (IC50 = 25.52 ± 1.08 MOIs) cells (Figure 41). As expected, the virus displayed 

lower IC50 in human glioma cell lines due to the replication potential of the virus. We 

observed an IC50 = 8.36 ± 2.3 MOIs in U251-MG and 6.08 ± 1.1 MOIs in U87- MG 

(Figure 41).  

 

Figure 41. Oncolytic effect of Delta-24-ACT in murine and human glioma cells. To quantify the 

oncolytic effect of Delta-24-ACT in murine cells (GL261-5 and CT-2A) and human cells (U251-MG and 

U87-MG), cells were infected at the indicated MOIs and five days later the viability was evaluated by 

MTS assays. Values indicate percentages of viable cells compared to those of non-infected cultures (mean 

± SD, N = 3). 
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In conclusion, our findings confirm that Delta-24-ACT is able to infect, retains the 

replication potential and exerts a robust cytolytic effect in all the cell lines tested, being 

the human glioma cell lines the most sensitive ones to the virus actions.   

1.2. Delta-24-ACT efficiently activates CD8+ lymphocytes 

Since Delta-24-ACT is designed to express the co-stimulatory ligand 4-1BBL, we 

further assessed its expression and functionality in vitro and in vivo.  

We confirmed that after infection with Delta-24-ACT, murine cells (GL261-5, CT-2A 

and GL261) and the human glioma cell line U251-MG were able to express the co-

stimulatory ligand 4-1BBL in vitro (Figure 42A). Interestingly, we observed a different 

pattern of expression in the human and murine cell lines probably reflecting different 

post-transductional changes that the protein undergoes in murine versus human cell 

lines.  

Next, in order to assess the expression of 4-1BBL in vivo CT-2A cells were implanted 

supratentorally near the caudate nucleus in mice (50000 cells/mouse), and 3 days later 

Delta-24-ACT (1x108 pfu/mouse) was administered intratumorally. We analyzed the 

expression of 4-1BBL mRNA in the tumor 4 days after viral treatment by Real Time 

PCR. We observed that the expression of 4-1BBL was more than two folds higher in 

infected tumors when compared with normal-like brain (NL, contralateral hemisphere to 

where the tumor was inoculated; P = 0.001; Figure 42B), suggesting that 4-1BBL 

expression is restricted to the tumor site. The TP54 human glioma cell line infected with 

Delta-24-ACT was used as positive control (data not shown). Thereafter, it was 

important to demonstrate the capability of the ligand to trigger lymphocyte activation in 

the context of viral infection. Thus, we performed experiments comparing the capacity 

of Delta-24-ACT to activate the production of IFN-gamma with that of Delta-24-RGD. 

For that purpose we co-cultured CD8+ T cells that recognize the hgp-100 protein, 

isolated from the spleen of a B6.Cg-Thy1a/Cy Tg(TcraTcrb)8Rest/J mouse, with CT-2A 

cells previously infected and pulsed with the human hgp-100, and we used the 

production of IFN-gamma as readout. Delta-24-ACT was able to activate these 

lymphocytes as shown by the IFN-gamma production at 24 and 48 hours. Delta-24-

ACT-infected cells produced significantly higher amounts of IFN-gamma (14598.53 ± 

4595.49 pg/mL; P = 0.001) than that displayed by Delta-24-RGD-infected cells (0.08 ± 

0.09 pg/mL). Lymphocytes co-cultured with CT-2A cells and stimulated with the 4-

1BB antibody were used as a positive control (8452.33 ± 691.86 pg/mL) (Figure 42C).  
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Figure 42. Delta-24-ACT expresses the 4-1BBL in glioma cells and induces the activation of 

splenocytes. A. 4-1BBL protein expression in GL261-5, CT-2A, GL261 and U251-MG cells infected 

with Delta-24-ACT at the indicated MOIs and analyzed by Western blot. A representative image is 

shown. B. In vivo evaluation of 4-1BBL mRNA expression. The expression of 4-1BBL mRNA 

expression was analyzed by Real Time PCR in CT-2A tumor-bearing mice treated with Delta-24-ACT. 

Contralateral hemisphere was used as negative control. C. IFN-gamma production of lymphocytes after 

Delta-24-ACT infection. CD8 T cells from PMEL mice were co-cultured with CT-2A cells infected with 

100 MOIs of Delta-24-RGD or Delta-4-Act. The secretion of IFN-gamma was quantified in the 

supernatants at 24 h and 48 h post-culture by ELISA. 
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In conclusion, these data underscore the potential of Delta-24-ACT to trigger an 

effective immune response. 

1.3. Delta-24-ACT induces an anti-glioma effect and triggers an 

immune response in vivo 

The antitumor effect of Delta-24-ACT was further evaluated in vivo. Mice bearing 

either CT-2A or GL261 cells intracraneally were treated with Delta-24-ACT or PBS 

(Control) (Figure 43A and Figure 43B). Treatment with Delta-24-ACT resulted in an 

increased median survival (PBS = 27 days vs. Delta-24-ACT = 41.5 days; P < 0.0001), 

and led to 42% of long-term survivors among mice bearing CT-2A tumors (Figure 

43A). Treatment of mice bearing GL261-5 cells with Delta-24-ACT also led to an 

increase in the median survival (PBS = 35 days vs Delta-24-ACT = 39 days; P = 0.01) 

and 10% of long-term survivors (Figure 43B).  

In a subsequent experiment, we assessed whether treatment with Delta-24-ACT or 

Delta-24-RGD would show differences in survival (Figure 43C and Figure 43D). We 

observed that both viruses increased the median survival of mice bearing CT-2A 

compared to the control group (PBS = 23 days, Delta-24-RGD = 28.5 days and Delta-

24-ACT = 30 days; P = 0.0015; Figure 43C). Importantly, treatment with Delta-24-

ACT also led to 35% of long-term survivors. In mice bearing GL261 tumors, albeit with 

a smaller difference, Delta-24-ACT showed a superior efficacy (PBS = 24 days, Delta-

24-RGD = 28 days and Delta-24-ACT = 28.5 days; P = 0.039; Figure 43D) leading to 

23% long-term survivors.  

Subsequently, to evaluate whether the virus induces an antitumor immune response, 

splenocytes from PBS (control) and Delta-24-ACT-treated mice were isolated and co-

cultured with either mock or infected cells for 3 days, and IFN-gamma secretion was 

quantified by ELISA. IFN-gamma production was significantly increased in the Delta-

24-ACT infected tumor cells co-cultured with the Delta-24-ACT treated splenocytes 

when compared with PBS treated splenocytes (Delta-24-ACT = 94307.7 ± 16974.4 

pg/mL vs PBS = 11908.4 ± 17002.1 pg/mL; P = 0.013). Moreover, we observed an 

increase of IFN-gamma secretion in mock infected tumor cells co-cultured with Delta-

24-ACT treated splenocytes compared to PBS treated splenocytes (Delta-24-ACT = 

33406.7 ± 6136.6 pg/mL vs. PBS = 449.2 ± 639.01 pg/mL; P = 0.0021; Figure 43E), 

demonstrating that splenocytes from mice treated with Delta-24-ACT were functionally 

more active than those from control mice. Splenocytes incubated with CD3 and CD28 
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antibody (IFN-gamma = 387677.01 pg/mL) and splenocytes incubated with CD3, CD28 

and 4-1BB antibodies (IFN-gamma = 474187.43 pg/mL) were used as positive controls. 

Lymphocytes, non-infected cells and infected cells without co-culture were used as 

negative controls (Figure 43E). Additionally, we assessed the lymphocytes’ 

functionality using IFN-gamma ELISPOT. Again, we observed a significant increase in 

both the total amount (PBS = 52.3 ± 29.2, Delta-24-ACT = 239.3 ± 5.1; P = 0.012) and 

mean (PBS = 26.5 ± 3.5, Delta-24-ACT = 37.8 ± 1.9; P = 0.0063) of spots when co-

culturing mock or Delta-24-ACT infected cells with Delta-24-ACT treated splenocytes 

compared to PBS (Figure 43F and Figure 43G).  

Figure 43. Anti-glioma effect of Delta-24-ACT in vivo and characterization of activated splenocytes. 

Survival of mice bearing CT-2A (A) or GL261-5 tumors (B) treated with Delta-24-ACT or PBS. 

Comparison of Delta-24-RGD and Delta-24-ACT in the survival of mice bearing CT-2A (C) or GL261 
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(D) tumors. All survival experiments show the Kaplan-Meier survival curves. The shaded area represents 

a 10-day interval from the time of cell implantation. IFN-gamma secretion of CD8 T cells co-cultured 

with CT-2A cells infected with different oncolytic virus analyzed by ELISA (E) and ELISPOT (Mean 

counted spots (F) and mean spot size (G)).  

In summary, these data support the therapeutic effect of Delta-24-ACT and its 

capability to trigger an immune response. 

1.4. Delta-24-ACT recruits immune cell populations, alters their 

functional status and modulates the tumor microenvironment 

In order to study in detail the immune response, we characterized the different immune 

populations recruited and their functional status after Delta-24-ACT treatment. CT-2A 

cells were implanted orthotopically and four days later mice were randomized to either 

PBS (control) or Delta-24-ACT treatment group. Mice were sacrificed 15 days after 

treatment and processed for either pathology or flow cytometry studies. Delta-24-ACT 

treated brains displayed a significant increase in CD45+ cells when compared with 

those from the PBS group (P = 0.01; Figure 44A). In addition, viral treatment resulted 

in a significant increase in CD4+ T cells (P = 0.04) and CD8+ T cells (P = 0.04) 

compared to the PBS group (Figure 44B and Figure 44C). Interestingly, we also 

observed a significant increase in the Treg population (P = 0.008; Figure 44D). We did 

not observe differences in neither B cells nor NK1 cell populations between PBS and 

Delta-24-ACT treated animals (Figure 44E and Figure 44F). However, because mice 

brains were analyzed 15 days after treatment, we cannot rule out the possibility that a 

first wave of NK cells occurred very early in the treatment and waned already at this 

time point. 

Analyses of the functional status of the TILs showed that both CD4+ and CD8+ cells 

isolated from Delta-24-ACT treated tumors displayed a significant increase of the 

exhaustion marker PD-1 (P = 0.01 and P = 0.002 respectively; Figure 44G and Figure 

44J). Moreover, CD4+ cells displayed an increase in both GITR (P = 0.001; Figure 

44H) and GrzB in the Delta-24-ACT-treated group compared with the PBS group (P = 

0.001; Figure 44I), thus suggesting an activated phenotype. We did not observe 

statistically significant differences between the two groups when these markers were 

analyzed in the CD8+ cells, although both of them appeared increased in the treated 

population (P = 0.091 and P = 0.243 respectively; Figure 44K and Figure 44L). In 



Results 
 

 

119 
 

conclusion, lymphocytes from Delta-24-ACT-treated group showed a more exhausted 

phenotype compared to PBS-treated mice. 

Figure 44. Lymphocyte cell populations in brains of mice bearing CT-2A tumors. Tumor infiltrate of 

lymphocyte populations were analyzed in brains of mice bearing CT-2A tumors treated with Delta-24-

ACT or PBS. Analyzed populations were CD45 (A), CD4 (B), CD8 (C), CD19 (D), NK (E) and FOXP3 

(F) by flow cytometry. 

In addition, we studied the myeloid cell population. We observed that the PBS group 

had an increase of this population compared to Delta-24-ACT group (PBS = 70.23% ± 

6.44 vs Delta-24-ACT = 51.1% ± 10.87; P = 0.05; Figure 45A). Interestingly, Delta-24-

ACT group displayed a slight increase, although not statistically significant, in the 

percentage of dendritic cells compared to the PBS group (Delta-24-ACT = 18.36% ± 
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6.06 vs PBS = 11.02% ± 2.56; P = 0.125; Figure 45B). This might reflect the capacity 

of the virus to trigger an immune response that starts with an effective presentation, 

although a more thorough analysis would be needed to shed light on this point. The 

percentage of macrophage were similar in PBS and Delta-24-ACT groups (P = 0.811; 

Figure 45C). Analysing the myeloid-derived suppressor cell (MDSC) population, we 

observed that there were no differences in granulocyte-like MDSC (LY6G) in the Delta-

24-ACT treated group compared to PBS (P = 0.207; Figure 45D). A similar result was 

obtained when the monocyte-like MDSC population (LY6C) was evaluated. No 

differences were observed in the percentage of these cells in Delta-24-ACT treated 

group compared to the PBS group (Delta-24-ACT = 23.14% ± 14.29 vs PBS = 11.92% 

± 13.85; P = 0.384; Figure 45E). These data could suggest that Delta-24-ACT is not 

modulating the infiltration of MDSC populations, although more deep studies would be 

required to rule out that indeed this is the case. Finally, we analyzed PD-L1 expression 

in the myeloid cell population. We observed that there were no differences in PD-L1 

expression in macrophages, LY6C+ and LY6G+ cells (P = 0.372, P = 0.293 and P = 

0.353 respectively; Figure 45F, Figure 45G and Figure 45H). Similar results were 

observed regarding PD-L1 expression in CD11c cell population in the Delta-24-ACT 

treated group compared to the PBS group (P = 0.228; Figure 45I). In summary, we do 

not have enough data to conclude that Delta-24-ACT alters neither myeloid cell 

populations within the tumor microenvironment nor their status. Further studies should 

be performed increasing the number of subjects and refining the research design (for 

example the time of analyses) to better understand the fate of tumor microenvironment. 
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Figure 45. Myeloid cell populations and PD-L1 expression in brains of mice bearing CT-2A tumors. 

Myeloid cell populations were analyzed in brains of mice bearing CT-2A tumors treated with Delta-24-

ACT or PBS. Analyzed populations were CD11b (A), CD11c (B), F4/80 (C), LY6G (D) and LY6C (E) 

and PD-L1 expression in F4/80 (F), LY6G (G), LY6C (H) and CD11c (I) cells. All markers were 

analyzed by flow cytometry.   

For a deeper understanding of the Delta-24-ACT effect on the immune cell population 

and the glioma tumor microenvironment, we also performed histological analyses. CT-

2A (5000 cells) or GL261-5 (50000 cells) were implanted orthotopically and 4 days 

later, Delta-24-ACT (1x108 pfu/mouse) was inoculated intratumorally. Fifteen days 

after the virus inoculation, all mice were sacrificed and immunohistochemistry and 

immunofluorescence analyses were carried out. Mice bearing GL261-5 cells treated 

with Delta-24-ACT showed an increase in the infiltration of CD3+ cells when compared 

with PBS treated ones (Delta-24-ACT = 201.5 ± 67.17, vs PBS = 73.25 ± 39.54; P = 

0.009; Figure 46A). TAM infiltration was similar in both groups (P = 0.491; Figure 

46B). Treatment with Delta-24-ACT did not have any effect in angiogenesis, and no 

differences were detected neither in the number of blood vessels (P = 0.515; Figure 

46C) nor in the vessel size compared to PBS group (P = 0.195; Figure 46C).  
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Figure 46. Characterization of the tumor microenvironment in GL261-5 tumors. A. CD3, B. IBA1, 

C. CD31 infiltration and quantification in mice bearing GL261-5 tumors treated with PBS or Delta-24-

ACT analyzed by IHC (CD3) or IF (IBA1 and CD31). Images were taken at 20x, scale bar 200 µm. 

Mice bearing CT-2A tumors, showed an increase in CD3+ cells in the Delta-24-ACT 

treated group when compared to PBS (Delta-24-ACT = 85 vs PBS = 24.9 ± 22.4; 

Figure 47A). There were no differences in TAM infiltration rate between the two 

groups (PBS = 10.69% ± 8.58, Delta-24-ACT = 14.06%; Figure 47B) as previously 

observed for GL261.5 tumors. Similarly, there were no differences in the amount and 

size of blood vessels within the tumor burden between the two groups (PBS = 1.7% ± 

0.5, Delta-24-ACT = 2.1% and PBS = 2.0 mm2 ± 1.1, Delta-24-ACT = 2.0 mm2 

respectively; Figure 47C). One problem that we encountered when performing this 

analysis is that Delta-24-ACT treated mice displayed very small or even no tumors at 

the time they were evaluated, so only one tumor could be analyzed. Thus, the drawn 

conclusions should be taken with caution.  
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Figure 47. Characterization of the tumor microenvironment in CT-2A tumors. A. CD3, B. IBA1, C. 

CD31 infiltration and quantification in mice bearing CT-2A tumors treated with PBS or Delta-24-ACT 

analyzed by IHC (CD3) or IF (IBA1 and CD31). Images were taken at 20x, scale bar 200 µm. 

In summary, Delta-24-ACT treatment results in an increase in the lymphoid cells in 

both murine glioma models, suggesting that this oncolytic virus promotes the 

infiltration of cytotoxic cells that in turn display an exhausted phenotype. On the other 

hand, myeloid cells were not altered by Delta-24-ACT treatment within the tumor 

microenvironment in neither of the two murine glioma models evaluated highlighting 

that the virus is modulating the lymphoid arm of the immune system.  

1.5. Delta-24-ACT treatment does not induce an immune memory 

response in glioma murine models. 

Lastly, we performed a rechallenge experiment to assess whether this therapy was able 

to generate a memory immune response against these tumors. Therefore, CT-2A cells 

(5000 cells) were inoculated in naïve (N = 7) and in the Delta-24-ACT treated long-

term survivors (N = 5) mice. Surprisingly, all the mice in the experiment regardless of 

the treatment group (PBS and Delta-24-ACT) died within 30 days. These results suggest 

a lack of immune memory by Delta-24-ACT (Figure 48). Because 4-1BBL has shown 

to induce memory in effector cells (Bukczynski et al., 2004; Wiethe et al., 2003; Zhou 

et al., 2017), whether this is due to a low expression of the ligand above a certain 

threshold that triggers memory or other reason remains to be elucidated. 
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Figure 48. Rechallenge experiment of mice bearing CT-2A tumors. CT-2A cells were implanted in 

naïve or long-term survivors’ mice. The figure shows the Kaplan-Meier survival curves. 

Since Delta-24-ACT as monotherapy did not induce an anti-glioma memory response, 

we further evaluated the combination of this virus with different immunomodulatory 

strategies in an attempt to boost its antitumor effect. 

2. EFFECT OF DELTA-24-ACT IN COMBINATION WITH 

DENDRITIC CELL VACCINES WITHIN THE TUMOR 

MICROENVIRONMENT 

Dendritic cells are one of the main known antigen-presenting cells of the immune 

system (Haniffa et al., 2013). A major role of these cells is to present different antigens 

by the major histocompatibility complex to CD8 T cells in order to activate them and 

thus prepare the immune response against the tumor (Lesage Cindy Audiger et al., 

2017). The Clinic University of Navarra has a Good Manufacturing Practices (GMP) 

unit that focuses in generating dendritic cells from peripheral blood by apheresis. 

Furthermore, in our Institution patients with gliomas and other tumors have been 

enrolled in different clinical trials with autologous dendritic cell vaccination that have 

shown safety of the procedure and promising survival data (Inogés et al., 2017; 

Rodriguez et al., 2018; Solans et al., 2019). For these reasons, one of the combinations 

that we explored in this project was the combination of Delta-24-ACT with DC 

vaccines generated ex vivo.  

2.1.The combination of Delta-24-ACT and DC vaccines exert an anti-glioma 

effect in glioma murine models  

To assess whether the combination of the oncolytic virus Delta-24-ACT with DC 

vaccines could result in an enhanced therapeutic effect, we analyzed the anti-glioma 
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effect of this combination in murine glioma models. First, GL261-5 cells (50000 

cells/mouse) were implanted orthotopically. On days 6, 8 and 10 post-cell inoculation, 

Delta-24-ACT (1x108 pfu/mouse) was administered intratumorally. DC vaccines were 

generated as previously described in the materials and methods’ section and were 

inoculated subcutaneously once a week during 4 weeks. Treatment with Delta-24-ACT 

alone or in combination with DC vaccination significantly increased the overall survival 

compared to PBS-administered mice (PBS = 35 days, DC = 35 days, Delta-24-ACT = 

38 days and Delta-24-ACT + DC = 40 days, P = 0.046; Figure 49A). Moreover, both 

treatments resulted in some long-term survivors (Delta-24-ACT = 1, Delta-24-ACT + 

DC = 2). However, no statistically significant differences in survival were found 

between mice treated with Delta-24-ACT in monotherapy or in combination with DC 

vaccination (P = 0.557; Figure 49A). At the final endpoint, we could not detect 

differences in CD3+ infiltration amongst the different groups (P = 0.414; Figure 49B), 

probably because at that time the heighten immune response had already passed. 

Combination studies were also performed using the CT-2A model. CT-2A cells (5000 

cells/mouse) were implanted intracraneally and Delta-24-ACT (1x108 pfu/mouse) was 

administered intratumorally on days 3, 5 and 7 post- cell implantation. DCs vaccines 

were administered once a week subcutaneously following the same schedule as above. 

Administration of Delta-24-ACT alone or in combination with DC vaccination led to an 

increase in the median survival when compared to the control group or the DC 

vaccination in monotherapy (PBS = 25 days, DC = 25.5 days, Delta-24-ACT = 30.5 

days and Delta-24-ACT + DC = 30 days, P = 0.002; Figure 49C). Furthermore, one 

long-term survivor was obtained in the Delta-24-ACT treatment group. However, no 

differences in survival times were observed between the group of mice treated with the 

oncolytic virus alone and the group of mice treated with combination of virus and DC 

vaccination (P = 0.767; Figure 49C). Interestingly, in this model we did observe 

significant differences in the amount of CD3+ cells in the tumors treated with the virus 

as single treatment or in combination with vaccines compared to both PBS and 

vaccination alone (Delta-24-ACT = 21.6 ± 17.1, Delta-24-ACT + DC = 48.5 ± 25.8 vs 

PBS = 11.8 ± 8.06, DC = 12.5 ± 8.7; P = 0.054; Figure 49D). 
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Figure 49. Anti-glioma effect of Delta-24-ACT and DC vaccination. A and C. Survival of mice 

bearing GL261-5 and CT-2A tumors, respectively.  Mice were treated with DC vaccines or Delta-24-

ACT as monotherapy or with the combination of Delta-24-ACT with DC vaccines following the schedule 

described in materials and methods. The figures show the Kaplan-Meier survival curves. B and D. CD3 

infiltration and quantification in GL261-5 and CT-2A tumors respectively treated with DC vaccines, 

Delta-24-ACT and the combination analyzed by IHC. A control group (untreated) was included. 

In summary, increased survival was observed in both murine glioma models using the 

combined strategy compared to PBS and DC vaccination alone. However, because the 

benefit of this combination compared to oncolytic virus monotherapy was non-existent 

or scarce, we continued looking for other combinations that could result in a synergistic 

or additive anti-glioma effect.  

3. EFFECT OF DELTA-24-ACT IN COMBINATION WITH THE 

IDO ENZYME INHIBITOR (1-METHYLTRYPTOPHAN) 

WITHIN THE TUMOR MICROENVIRONMENT 

The metabolism of tryptophan to kynurenine regulated by the IDO1 enzyme is one of 

pathways involved in the profound immunosuppression that GBM exhibits (Munn and 

Mellor, 2016). Kynurenine can act as an immunosuppressive molecule altering T cell 

functions and increasing immunosuppressive cell populations such as Treg cells (Zhai et 

al., 2015b). Recent studies demonstrated that GBM harbors a highly increased IDO 

activity promoting an immunosuppressive tumor environment that in turn favors tumor 

cell growth (Uyttenhove et al., 2003). Moreover, IDO1 is an IFN-gamma inducible 
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enzyme (Ball et al., 2007; Mbongue et al., 2015). Since Delta-24-ACT promotes the 

activation of immune cell populations leading to IFN-gamma secretion, we 

hypothesized that IFN-gamma might promote higher expression of IDO1 favoring 

glioma cell growth and immunosuppression. Based on this premise, we next evaluated 

the combination of Delta-24-ACT with the IDO1 enzyme inhibitor, 1-methyltryptophan 

(1-MT). 

3.1. IDO1 expression is increased in GBM biopsies but not in murine 

and human glioma cell lines when compared with normal cells 

The expression of IDO1 enzyme was analyzed in vitro in murine and human glioma cell 

lines by Real Time PCR. IDO1 expression was low in murine and human glioma cell 

lines and non-tumor cell lines (normal human astrocytes, NHAs). Human glioma cell 

lines, in general, displayed similar levels of IDO1 to the control cells (Figure 50A and 

Figure 50B). Moreover, IDO1 expression was analyzed in biopsies from patients with 

GBM. Although we did not observe significant differences in the expression of this 

gene between GBM samples and healthy control samples (P = 0.097; Figure 50Cb), we 

noticed that the expression of IDO1 enzyme was increased between 5 to 32 times in 

GBM patients (Figure 50Ca and 50Cb).  

Figure 50. Assessment of IDO expression in vitro. Expression of IDO1 mRNA levels in murine glioma 

(A), human glioma (B) cell lines and GBM biopsies (mean expression and expression in each 
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individualized sample) (Ca and Cb) analyzed by Real Time PCR. Control samples and non-tumor cell 

lines (astrocytes) were included. 

3.2. The combination of Delta-24-ACT and 1-MT does not exert an 

anti-glioma effect in CT-2A glioma murine model  

CT-2A cells (5000 cells/mouse) were implanted supratentorially and on days 3, 5 and 7 

post-implantation, Delta-24-ACT (1x108 pfu/mouse) was administered intratumorally 

and 1-MT was added to the drinking water for 1 month following the cell inoculation. 

Administration of Delta-24-ACT alone or in combination with 1-MT led to an increase 

in survival in both groups compared to PBS (PBS= 27 days, 1-MT = 28 days, Delta-24-

ACT = 38 days and Delta-24-ACT + 1-MT = 35 days; P = 0.0013; Figure 51A). 

However, there were no statistically significant differences in median survival between 

the single treatment and the combination groups (P = 0.77; Figure 51A). Moreover, 

Delta-24-ACT as single treatment displayed the highest number of long-term survivors 

1-MT = 1, Delta-24-ACT = 5 and Delta-24-ACT + 1-MT = 4; Figure 51A). Preliminary 

results suggested that there were no differences in the amount of CD3+ infiltrating cells 

among the different groups (Figure 51B) at the time of sacrifice of mice. 

Next step was to demonstrate whether the combination therapy was able to generate 

anti-glioma memory immune response. We performed a rechallenge experiment 

inoculating CT-2A cells in naïve (N = 5) and long-term survivors (N = 6) mice to assess 

the memory response. All mice developed tumors and died at similar times (Naïve mice 

= 28 days, 1-MT= 32 days, Delta-24-ACT= 30 days and Delta-24-ACT + 1-MT = 28 

days; P = 0.695; Figure 51C). According to these data, the combination Delta-24-ACT 

with 1-MT did not induce immunological memory. 
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Figure 51. Anti-glioma effect of the Delta-24-ACT and 1-MT combination. A. Survival of mice 

bearing CT-2A tumors. Mice were treated with 1-MT or Delta-24-ACT as a monotherapy or as a 

combination therapy following the described schedule in materials and methods section. B. CD3 

infiltration and quantification in mice bearing CT-2A tumors treated with 1-MT, Delta-24-ACT and the 

combination analyzed by IHC. A control group (untreated) was included. C. Rechallenge experiment of 

mice bearing CT-2A tumors. CT-2A cells were implanted in naïve (N = 7) or long-term survivors mice 

(N = 9). All survival experiments show the Kaplan-Meier survival curves. 

3.3. 1-MT is not able to efficiently cross the blood brain barrier and 

target IDO1 

Taken into account the survival and the rechallenge results previously described, we 

wondered whether the drug was reaching the tumor and crossing the blood brain barrier 

(BBB). To ascertain the capability of 1-MT to cross the BBB, CT-2A cells (5000 

cells/mouse) were inoculated orthotopically and mice were treated with 1-MT using 

different ways of administration and concentrations of kynurenine (KYN, a metabolite 

generated when IDO enzyme is active) were quantified in the mice serum by ELISA 1 

week after cell implantation. We observed a reduction tendency in the KYN levels in 

those groups treated with 1-MT intratumorally (97.66 ± 9.03 pmol/mL) and through 

drinking water (109.9 ± 15.01 pmol/mL) compared to the untreated group of mice 

bearing CT-2A tumors, whose expression levels of KYN were higher (114.9 ± 8.60 

pmol/mL). Because KYN concentration was highest (147.24 ± 20.49 pmol/mL) with 

oral gavage, we considered this administration route inefficient in our model and thus 

not valid. In this regard, and given that similar concentrations were obtained 

administering the 1-MT into the drinking water when compared with the control group, 

intratumor administration of the drug appeared to be the most effective route (Figure 

52).   
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Figure 52. KYN concentration in serum of mice bearing CT-2A tumors treated with 1-MT. A. 

Schedule of the experiment and KYN concentration in serum of mice bearing CT-2A tumors (N = 4 each 

group) treated with 1-MT using different ways of administration: intratumorally (three doses every two 

days), oral gavage (everyday) and throughout the drinking bottles for a week. One group of mice without 

treatment was included. A control group of healthy mice without inoculation of tumor cells was included. 

All mice were sacrificed one week after the inoculation of the cells, blood were collected, centrifuged to 

obtain the serum and KYN concentration was analyzed by ELISA (mean ± SD; N = 3).  

In summary, the combination of Delta-24-ACT with 1-MT did not result in an enhanced 

therapeutic effect when compared with Delta-24-ACT alone. Thus, and although some 

questions remained unsolved regarding the mechanism of action of this combination, 

we decided to keep searching for a more effective combination option. 

4. EFFECT OF DELTA-24-ACT IN COMBINATION WITH THE 

MACROPHAGE INHIBITOR PEXIDARTINIB WITHIN THE 

TUMOR MICROENVIRONMENT 

The tumor microenvironment of GBM is characterized by low T cell infiltration and 

high abundance of myeloid cells such as macrophages and granulocytes (Prionisti et al., 

2019). Recent studies have demonstrated that myeloid cells play a pivotal role in the 

immunosuppressive microenvironment present in this type of tumors (Hambardzumyan 

et al., 2015) with preclinical studies showing that inhibition of this population leads to 

therapeutic effects (Mantovani et al., 2017). One of the most studied macrophage 

inhibitor is Pexidartinib (PLX3397), a small molecule that binds to the CSF-1 receptor 

(CSF-1R) present in M2 macrophages (immunosuppressive phenotype) (Pyonteck et al., 

2013). Based on this context, in our next approach we aimed at combining the oncolytic 

virus Delta-24-ACT with Pexidartinib to try to reduce the immunosuppression within 

the tumor and thus favor the infiltration of cytotoxic T cells.  
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4.1. The combination of Delta-24-ACT and Pexidartinib elicits an anti-

glioma effect in CT-2A glioma murine model  

First, we performed an in vivo survival experiment to determine whether the 

combination Delta-24-ACT + Pexidartinib could be an effective therapeutic strategy for 

gliomas. CT-2A (5000 cells/mouse) cells were implanted orthotopically, and on days 4, 

8 and 11 post cell inoculation Delta-24-ACT (1x108 pfu/mouse) was administered 

intratumorally. Pexidartinib was administered by oral gavage following the schedule 

described in the materials and methods’ section. Treatment with Delta-24-ACT alone or 

in combination with Pexidartinib resulted in a significant increase in the median 

survival of mice bearing CT-2A cells (PBS = 24 days, Pexidartinib = 24 days, Delta-24-

ACT = 35 days and Delta-24-ACT + Pexidartinib = 36 days; P <0.001; Figure 53A). 

Moreover, the treatment led to long-term survivors (Pexidartinib = 1, Delta-24-ACT = 3 

and Delta-24-ACT + Pexidartinib = 4). Similarly to what happened with the previous 

combination strategies, the median survival of Delta-24-ACT as monotherapy or in 

combination with Pexidartinib did not differ between these two groups (P = 0.625; 

Figure 53A). Preliminary histopathological examination failed to show an increase in 

CD3+ cells in the Delta-24-ACT or Delta-24-ACT + Pexidartinib treated groups 

compared to the PBS and Pexidartinib alone treated groups (Figure 53B). Interestingly, 

there was an increment in CD8+ cells in the Delta-24-ACT treated group compared to 

PBS or Pexidartinib alone (Figure 53C). Moreover, we also observed an increase in 

Delta-24-ACT + Pexidartinib compared to PBS and Pexidartinib groups (Figure 53C). 

However, we did not find any difference between Delta-24-ACT alone or in 

combination with Pexidartinib. More experiments will be required to characterize which 

type of T cells were specifically affected by the treatment. On the other hand, the levels 

of cytotoxic T cells were higher in both Delta-24-ACT alone and in combination with 

Pexidartinib, highlighting a potential role of CD8 + cells in killing tumor cells and 

therefore increasing the survival of these two groups.   
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Figure 53. Delta-24-ACT and CSF-1R peptide inhibitor induces an anti-glioma effect and promotes 

an immune response. A. Survival of mice bearing CT-2A tumors. Mice were treated with Pexidartinib or 

Delta-24-ACT as a monotherapy or as combined with Pexidartinib. The figure shows the Kaplan-Meier 

survival curve. B. CD3 and C. CD8 infiltration and quantification in mice bearing CT-2A tumors treated 

with Pexidartinib, Delta-24-ACT and the combination analyzed by IHC. A control group (untreated) was 

included. Images were taken at 20x, scale bar 200 µm. 

The following step was to perform a rechallenge experiment to assess whether this 

therapy could generate immunological memory. Naïve (N = 5) and long-term survivors 

(N = 8) mice were inoculated with CT-2A cells, and were thereafter followed-up for 

survival analysis. Remarkably, we did not observe significant differences in survival 

times between naïve mice and long-term survivors (Naïve = 25 days, Pexidartinib = not 

reached, Delta-24-ACT = 23 days and Delta-24-ACT + Pexidartinib = 24 days; P = 

0.307; Figure 54). All mice developed tumor except the one treated with Pexidartinib as 

single agent (Figure 54). According to our previous survival studies in which 

Pexidartinib did not show a survival advantage, this result might be related to a 

technical issue with the cell injection procedure.  

 

 

 

 

 

 

Figure 54. Rechallenge experiment of mice bearing CT-2A tumors. CT-2A cells were implanted in 

naïve or long-term survivors’ mice and the figure shows the Kaplan-Meier survival curves. 

4.2. Pexidartinib crosses the blood brain barrier and targets TAM cell 

populations 

As the suggested therapy did not induce anti-glioma memory response, we wondered 

whether Pexidartinib is able to cross the BBB, reach its target and exert its function 

reducing TAM infiltration. To elucidate these questions, we assessed the expression of 

the macrophage marker F4/80 in the tumors of the different treated groups whose brains 

had been collected at the time of sacrifice. We observed that there was a reduction in the 

infiltration of macrophages in mouse brains treated with Pexidartinib as monotherapy 
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(macrophages = 176.3 ± 33.5) compared to PBS (macrophages = 1350.8 ± 152.4; P = 

0.023) and Delta-24-ACT as monotherapy (macrophages = 1400.7 ± 89; P = 0.018) 

(Figure 55), suggesting that Pexidartinib was able to cross the BBB and reduce the 

macrophage infiltration. Although there was also a reduction in the macrophage 

infiltration in the combination group compared to PBS and Delta-24-ACT 

(macrophages = 592.4 ± 745.8), differences did not reach statistical significance (P = 

0.149 and P = 0.12 respectively; Figure 55). Considering that the reduction of 

macrophages was less marked with the combination strategy than with Pexidartinib 

alone, it might be very interesting to better characterize the functional status of these 

macrophages before and after treatment and whether they polarize towards a pro-

inflammatory phenotype or not. 

 

Figure 55. Modulation of macrophage infiltration combining Delta-24-ACT and Pexidartinib in 

CT-2A tumors. A. F4/80 infiltration and quantification in mice bearing CT-2A tumors treated with 

Pexidartinib, Delta-24-ACT and the combination analyzed by IHC. A control group (untreated) was 

included. Images were taken at 20x, scale bar 200 µm. 

In summary, although, in our model Pexidartinib was able to cross the BBB and reduce 

macrophage infiltration, its combination with Delta-24-ACT failed to show a 

therapeutic benefit compared to monotherapy with the oncolytic virus. Consequently, 



Results 
 

 

135 
 

we kept searching for other strategies that could increase the T cell infiltration and 

decrease the tumor-related immunosuppression. 

5. EFFECT OF DELTA-24-ACT IN COMBINATION WITH THE 

COMPLEMENT C5aR1 INHIBITOR PMX-53 WITHIN THE 

TUMOR MICROENVIRONMENT 

Recent studies discovered that complement system activation promotes tumor 

progression by generating an immunosuppressive tumor microenvironment. As 

previously explained, the tumor microenvironment of GBM is immunosuppressive and 

tumor cells can secrete C5a in the microenvironment attracting MDSCs, which exhibit 

the C5aR receptor and favor the immune suppression and inhibition of cytotoxic cell 

functions. Several preclinical studies in other neoplastic diseases such as lung cancer 

have determined that the use of PMX-53 (a cyclic peptide which binds to C5aR1) in 

combination with checkpoint inhibitors could improve the survival of treated mice and 

reduce the immunosuppression (Ajona et al., 2017). For these reasons, we decided to 

test the combination of Delta-24-ACT with PMX-53 in our CT-2A murine glioma 

model. 

5.1. C5aR1 expression is upregulated in GBM biopsies but not in 

murine and human glioma cell lines 

Despite that the expression of C5aR1 is mainly detected in MDSC, tumor cells can also 

express this receptor. Therefore, we quantified the expression of C5AR1 mRNA in 

murine and human glioma cell lines, DIPG and paediatric high-grade gliomas in vitro. 

We observed that C5AR1 expression was 2 to 6000 times lower in murine glioma and 

paediatric high-grade glioma cells compared to the non-tumor cell line (normal human 

astrocytes, NHAs), although its expression was also lower (Figure 56A). Although, the 

expression in human tumor cell lines was higher than in murine cell lines, their 

expression was 1.5 to 22 times lower than that observed in the positive control (a lung 

tumor cell line) with the exception of U87-MG that displayed more than double 

expression that the one found in the control (Figure 56B). 

C5AR1 expression was also analyzed in GBM biopsies and in normal brain samples. 

Interestingly, we observed that its expression was 70 to 163 times increased in GBM 

samples (P = 0.0008) (Figure 56C), highlighting the importance to assess this type of 

markers in the context of tumor microenvironment in order to understand a potential 

role in tumor growth and immunosuppression.  
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Furthermore, we evaluated the levels of C5a in the serum of newly diagnosed GBM 

patients, recurrent gliomas and healthy controls by ELISA. We observed that the 

concentration of C5a was similar in newly diagnosed GBM (C5a = 60.7 ± 13.8 ng/mL) 

and recurrent GBM patients (C5a = 60.51 ± 19.54 ng/mL) compared to control samples 

(C5a = 52.23 ± 14.13 ng/mL) (P = 0.824; Figure 56D). Although we did not observe 

differences in C5a levels in serum, since C5AR1 expression was increased in samples of 

patients with GBM, we considered that PMX-53 could be a potential candidate to 

combine with Delta-24-ACT. 

 

Figure 56. C5aR1 and C5a analysis. Expression of C5AR1 in tumor and non-tumor murine cell lines (A) 

and in tumor and non-tumor human cell lines (B) by Real Time PCR. C. C5AR1 expression in biopsies of 

patients with glioblastoma and healthy patients and mean expression of C5AR1 between glioblastoma and 

healthy brain biopsies by Real Time PCR. D. C5a concentration in newly diagnosed (N = 7) and recurrent 

(N = 9) glioblastoma samples and control samples (N = 10) analyzed by ELISA. 

5.2. PMX-53 does not affect viability of glioma cells and does not 

interact with Delta-24-ACT biology 

First, we studied whether administration of  PMX-53 resulted in a cytotoxic effect in  

the human glioma cell line U87-MG by MTS. PMX-53 administration did not 

compromise U87-MG cells viability at any of the time-points evaluated (Figure 57A). 

Next, we set to determine whether combination of PMX-53 could interfere with Delta-
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24-ACT viral cycle and reduce its ability to replicate in tumor cells. Combination 

treatment of Delta-24-ACT (at the indicated MOIs) with PMX-53 (1.25 µg/mL) led to a 

slight reduction in the expression of E1A and Fiber proteins in U87-MG cells treated 

with the combination when compared to Delta-24-ACT alone (Figure 57B). Since these 

differences were minimum we quantified the viral progeny at 16h and 72h post-

infection in U87-MG cells infected with Delta-24-ACT alone and in combination with 

PMX-53. Delta-24-ACT replication was not compromised by the addition of PMX-53 

(Figure 57C). All these data demonstrated that PMX-53 does not interfere with the 

viral cycle of Delta-24-ACT. 

 

Figure 57. Characterization of PMX-53 in vitro. A. Cytotoxic effect of PMX-53 in U87-MG cells. 

1500 or 3000 cells were seeded with different concentrations of the peptide (0.625 µg/mL, 1.25 µg/mL 

and 2.5 µg/mL) and cell viability was measured at 3 and 5 days by MTS. B. Replication and 

quantification of Delta-24-ACT alone or in combination with PMX-53 in U87-MG cells. U87-MG cells 

were infected with 10 MOIs of Delta-24-ACT alone or combined with PMX-53 (1.25 µg/mL) and Delta-

24-ACT replication was determined at 16h and 72h. Dashed lines indicate the total initial viral input and 

the results are expressed as the mean viral titer ± SD (N = 3).C. Viral proteins (Fiber and E1A) in U87-

MG cells infected at indicated MOIs of Delta-24-ACT  alone or in combination with PMX-53 (1.25 

µg/mL) at 48 h by Western blot. Samples were also collected at 16 h post-infection at the highest dose 

(MOI 100) as a control. GRB2 was used as a protein-loading control.  
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5.3. The combination of Delta-24-ACT and PMX-53 exerts an anti-

glioma effect in CT-2A glioma murine model  

We performed an in vivo experiment to find out whether the combination strategy 

would increase the survival of mice bearing CT-2A tumors. CT-2A (5000 cells/mouse) 

were implanted orthotopically. On days 4, 7 and 11 post-cell inoculation Delta-24-ACT 

(1x108 pfu/mouse) was administered intratumorally, and on day 3, 6, 10 and 14 after 

cell inoculation PMX-53 (2 mg/mL) was administered using the same route. Delta-24-

ACT alone or in combination with PMX-53 significantly increased the median survival 

when compared with PBS (PBS = 25.5 days, PMX-53 = 26 days, Delta-24-ACT = 31 

days and Delta-24-ACT + PMX-53 = 31 days; P = 0.0088; Figure 58A) albeit no 

differences were found amongst each other (P = 0.7; Figure 58A). In addition, both 

treatment groups led to long-term survivors (Delta-24-ACT = 2 and Delta-24-ACT + 

PMX-53 = 3). Preliminary data in immunohistochemical studies performed at sacrifice 

time did not led to conclusive results regarding cell infiltration. At this endpoint, we did 

not see differences in either CD3, CD4 or CD8+ cells populations in any of the 

treatment groups (Figure 58B and Figure 58C). We hypothesized that treated mice 

could have had considerably longer survivals due to an immune response which in turn 

faded by the time the brains were collected. 



Results 
 

 

139 
 

  

Figure 58. Anti-glioma effect of Delta-24-ACT in combination with PMX-53. A. Survival of mice 

bearing CT-2A tumors. Mice were treated with PMX-53 or Delta-24-ACT as a monotherapy or in 

combination following the schedule described in materials and methods. The figure shows the Kaplan-

Meier survival curve. Infiltration and quantification of CD3 (B) and CD8 (C) in mice bearing CT-2A 

tumors treated with PMX-53, Delta-24-ACT and the combination analyzed by IHC. A control group 

(untreated) was included. Images were taken at 20x, scale bar 200 µm. 

Since PMX-53 is supposed to play a role inhibiting MDSCs function we next studied 

the C5aR1+ cells. There was a reduction in the C5aR1+ cells in all treated groups when 
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compared to PBS (PMX-53 = 7.00% ± 0.57, Delta-24-ACT = 2.21% ± 0.61, Delta-24-

ACT + PMX-53 = 6.07% ± 0.7 vs PBS = 9.29% ± 0.85; P <0.0001 Figure 59A). 

Interestingly, Delta-24-ACT treated mice were the ones displaying the most striking 

reduction. This finding opens again several questions regarding the effect of the virus. 

We hypothesized that this effect could reflect a better response to the virus due to 

complement inhibition and thus TME remodelling. Therefore, a short-term experiment 

to fully characterize the localization and functional status of the different cell 

populations involved in the response will be our next step.  

Finally, we performed a rechallenge experiment in order to ascertain whether 

therapeutic combination could generate memory immune response. CT-2A cells (5000 

cells/mouse) were inoculated in naïve (N = 5) and long-term survivor (N = 5) mice, and 

animals were followed-up for survival. None of the treatments resulted in 

immunological memory, with all the mice developing tumors within the first 35 days 

(Naïve = 28 days, Delta-24-ACT = 26 days, Delta-24-ACT + PMX-53 = 34 days; P = 

0.093; Figure 59B). 
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Figure 59. Modulation of MDSC in CT-2A tumors. A. MDSC infiltration in CT-2A tumors. Infiltration 

and quantification of C5aR1 in mice bearing CT-2A tumors treated with PMX-53, Delta-24-ACT or the 

combination analyzed by IHC. A control group (untreated) has included. Images were taken at 20x, scale 

bar 200 µm. B. Rechallenge experiment of mice bearing CT-2A tumors. CT-2A cells were implanted in 

naïve or long-term survivors’ mice. The figure shows the Kaplan-Meier survival curves. 

One caveat of the above schedule was that all the therapeutic agents were administered 

intracraneally, through repeated invasive procedures that might interfere themselves 

with mice survival. Therefore, we performed another survival experiment using the 

same murine glioma model but implementing a different schedule of PMX-53. CT-2A 

(5000 cells/mouse) were implanted orthotopically followed by an intratumor 

administration of PMX-53 on day 3 and Delta-24-ACT (1x108 pfu/mouse) on day 7 

post-cell inoculation. The rest of PMX-53 administrations were done subcutaneously. 

We added a control group where all PMX-53 administrations were done subcutaneously 

(SC). Delta-24-ACT alone or in combination with PMX-53 increased the median 

survival of mice when compared to PBS or PMX-53 alone (PBS = 24 days, PMX-53 = 

26 days, Delta-24-ACT = 29 days, Delta-24-ACT + PMX53 T = 36 days, Delta-24-

ACT + PMX-53 SC = 63 days; P = 0.0036; Figure 60). Although the combination 

treatment (SC) doubled the survival time of Delta-24-ACT (33 days), this difference did 

not retain statistical significance (P = 0.788; Figure 60).  Delta-24-ACT alone or in 

combination with PMX-53 (SC) led to long-term survivors (N = 2 and N = 1, 

respectively; Figure 60).  
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Figure 60. Survival of mice bearing CT-2A tumors. Mice were treated with PMX-53 or Delta-24-ACT 

as a monotherapy or as a combination therapy. Two groups were treated with the combination, T: which 

first dose of PMX-53 was administered intratumorally and SC: which all administrations were 

subcutaneously. The figure shows the Kaplan-Meier survival curves. 

In order to study in more detail the tumor microenvironment of CT-2A tumors, 3 mice 

of every group were sacrificed at 15 days post-virus inoculation to perform mechanistic 

studies and to evaluate the modulation of immune cell populations elicited by our 

therapeutic strategy. 

5.4. Combination of Delta-24-ACT with PMX-53 does not trigger an 

activation of splenocytes in vivo 

Firstly, we analyzed the secretion of IFN-gamma by activated CD8 T cells from 

splenocytes isolated from the spleen of the different groups of mice. We observed that 

the secretion of IFN-gamma was increased in the groups where the cells were infected 

with Delta-24-ACT 48 h before the co-culture compared to non-infected cells by ELISA 

(Figure 61A). However, only the IFN-gamma secretion was statistically significant 

between splenocytes from Delta-24-ACT treated mice compared to PBS treated mice 

when they were co-cultured with infected cells (P = 0.0227; Figure 61A). Splenocytes 

incubated with CD3 and CD28 antibodies (IFN-gamma = 387677 pg/mL) and 

splenocytes incubated with CD3, CD28 and 4-1BB antibodies (IFN-gamma = 474187.4 

pg/mL) were used as positive controls. On the contrary, lymphocytes alone, non-

infected cells and infected cells without co-culture were used as negative controls 

(Figure 61A). 

Performing the IFN-gamma ELISPOT, we observed that the number of spots were 

higher when splenocytes were co-cultured with infected CT-2A cells in all groups (PBS 

= 302.6 ± 173.4, PMX-53 = 331 ± 217.3, Delta-24-ACT = 443.8 ± 490.9, Delta-24-

ACT + PMX-53 = 333.3 ± 98) compared to splenocytes co-cultured with mock-infected 
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CT-2A cells (PBS = 52.3 ± 29.2, PMX-53 = 146.4 ± 88.8, Delta-24-ACT = 239.3 ± 5.1, 

Delta-24-ACT + PMX-53 = 51.8 ± 51.6) (Figure 61B). However, no significant 

differences were found between the treated groups neither in non-infected cells 

conditions nor in infected cells conditions (P = 0.231; Figure 61B), albeit the highest 

spot number was observed in the splenocytes from the Delta-24-ACT treated group in 

both co-culture cell conditions. Lymphocytes alone (spots = 6.33), non-infected cells 

(spots = 3.66) and infected cells (spots = 2) without co-culture were used as negative 

controls. Furthermore, splenocytes co-cultured with infected CT-2A in all groups 

showed an increase in mean spot size  (PBS = 26.56 ± 3.5, PMX-53 = 26.66 ± 10.08, 

Delta-24-ACT = 37.82 ± 1.9, Delta-24-ACT + PMX-53 = 24.33 ± 5.82) compared to 

splenocytes co-cultured with mock-infected CT-2A cells (PBS = 47.42 ± 19.02, PMX-

53 = 44.34 ± 16.73, Delta-24-ACT = 67.55 ± 18.36, Delta-24-ACT + PMX-53 = 45.95 

± 16.53) (P = 0.064; Figure 61B). As in spot number analysis, we determined that the 

highest mean spot size was observed in splenocytes from Delta-24-ACT treated group 

in both co-culture conditions (Figure 61B).  

 

Figure 61. Mechanistic studies of Delta-24-ACT in combination with PMX-53 from in vivo 

experiments. IFN-gamma secretion by activated splenocytes from the four treated groups co-cultured 

with mock or infected CT-2A cells measured by ELISA (A) and ELISPOT (Mean SPOT and mean spot 

size) quantified by ImmunoSPOT technology (B).  

Summarizing, all these mechanistic studies demonstrated that splenocytes from the 

combination group were not more active than those from the other treatment groups. 

Furthermore, CD8+ T cells were more active in the Delta-24-ACT treated group, 

suggesting that when PMX-53 was combined with Delta-24-ACT the effect was not 

synergic. Additional analyses will be required to uncover the role of PMX-53 when 
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combined with the virus because these data were not in accordance to what we observed 

in the survival experiments. In this sense, analysing splenocytes might not exactly 

reflect what is happening in the tumor microenvironment of murine glioma tumors. 

5.5. Combination of Delta-24-ACT and PMX-53 modulates the tumor 

microenvironment  

We performed an in-depth analysis of the immune cell populations present within the 

tumor microenvironment by flow cytometry. Delta-24-ACT treated mice presented 

more CD45+ cell infiltration when compared with PBS, PMX-53 and D24-ACT + 

PMX-53 groups (Delta-24-ACT = 46.3% ± 7.7 vs PBS = 11.9% ± 10.4, PMX-53 = 12% 

± 3.1 and Delta-24-ACT + PMX-53 = 16.6% ± 9.34; P = 0.003, P = 0.003 and P = 

0.009 respectively; Figure 62A). CD4+ T cell infiltration was similar in all groups 

(PBS = 6% ± 1.1, PMX-53 = 10.3% ± 12.1, Delta-24-ACT = 12.13% ± 3.3, Delta-24-

ACT + PMX-53 = 16.4% ± 6.4; P = 0.402 Figure 62A). In addition, CD8+ T cell 

infiltration was found to be increased in the combination therapy group when compared 

to the PBS and PMX-53 groups (Delta-24-ACT + PMX-53 = 43.2% ± 21 vs PBS = 

6.5% ± 3, PMX-53 = 3.3% ± 1.2; P = 0.045 and P = 0.03 respectively; Figure 62A), 

and all groups displayed similar amounts of B cells and NK cells (Figure 62A). Since 

the analysis was performed 15 days after viral administration, we cannot rule out the 

possibility of missing the NK kinetics. We observed an increase in the Treg cells in the 

Delta-24-ACT group when compared with the rest of the groups, although this 

difference was only statistically significant when compared to PBS and PMX-53 groups 

(P = 0.007 and P = 0.033 respectively Figure 62A).  

In-depth studies of the myeloid cells showed that PMX-53 treated group exhibited an 

increase of myeloid populations when compared to Delta-24-ACT (PMX-53 = 79.4% ± 

6 vs Delta-24-ACT = 51.1% ± 10.8; P = 0.016). The rest of the groups showed a similar 

percentage of CD11b+ cells (PBS = 70.2% ± 6.4 and Delta-24-ACT + PMX-53 = 

67.5% ± 9.8; Figure 62A). Dendritic cell and macrophages populations were also 

similar in all the groups (P = 0.157 and P = 0.199 respectively; Figure 62A). Equally, 

we could not detect any difference among treatment groups in granulocyte-like MDSC 

(LY6G; P = 0.192)) and monocyte-like MDSC (LY6C; P = 0.235; Figure 62A).  

Lastly, we assessed the functional status of the different CD45+ populations. PD-L1 

was similarly expressed in macrophages, LY6C+, LY6G+ and CD11c+ cells from the 

different groups (P = 0.351, P = 0.528, P = 0.605 and P = 0.472 respectively; Figure 
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62B). Besides PD-1, in the lymphocyte population we also quantified the positive 

functional makers GrzB and GITR. We noticed that the expression of PD-1 was 

significantly increased in CD4+ cells from both the Delta-24-ACT and the combined 

therapy group when compared to the PBS group (Delta-24-ACT = 3062.3 ± 453.3 vs 

PBS = 339.5 ± 33.2; P = 0.01 and Delta-24-ACT + PMX-53 = 2935.3 ± 978.6 vs PBS = 

339.5 ± 33.2; P = 0.01; Figure 62B). Interestingly, mice treated with Delta-24-ACT as 

monotherapy showed higher exhaustion as shown by the increase of PD-1 when 

compared with the PMX-53 group (Delta-24-ACT = 3062.3 ± 453.3 vs PMX-53 = 1300 

± 557; P = 0.04; Figure 62B). CD8+ cells also showed an increase in PD-1 expression 

in the Delta-24-ACT and combination groups vs PBS or PMX-53 alone treated groups 

(Delta-24-ACT = 3326 ± 1011.8 vs PBS = 42.5 ± 211.4, PMX-53 = 229.5 ± 259; P = 

0.002 and P = 0.001 respectively; Figure 62B) and (Delta-24-ACT + PMX-53 = 2019.8 

± 334.7 vs PBS = 42.5 ± 211.4, PMX-53 = 229.5 ± 259; P = 0.03 and P = 0.03 

respectively; Figure 62B). We did not observe differences in the expression of GITR in 

either CD4+ cell (P = 0.395; Figure 62B) or CD8+ cells (P = 0.42; Figure 62B) 

amongst the different treated groups when compared to PBS. The expression of GrzB in 

CD4+ cell populations in Delta-24-ACT group was increased 4 and 5 times compared to 

PBS and PMX-53 treated groups respectively (P = 0.001, P = 0.0003 respectively; 

Figure 62B). The increase of GrzB in Delta-24-ACT compared to the combination 

group was only a 1.7 fold-increase (P = 0.01; Figure 62B). Moreover, the expression of 

GrzB was increased by 3 times between the combination group and the PMX-53 group 

(P = 0.02; Figure 62B). In CD8+ cells, the expression of GrzB was not significantly 

different amongst the different groups (P = 0.352; Figure 62B).  
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Figure 62. Evaluation of immune cell infiltration within the tumor microenvironment of CT-2A 

tumors. A. Lymphocyte and myeloid cell infiltration in brains of mice bearing CT-2A tumors treated 

with PMX-53, Delta-24-ACT and combination groups. Analyzed lymphocyte populations were CD45, 

CD4, CD8, CD19, NK and FOXP3. Analyzed myeloid cell populations were CD11b, CD11c, F4/80, 

LY6G and LY6C. All populations were evaluated by flow cytometry. B. Activation and exhaustion 

markers in immune cell populations within brains of mice bearing CT-2A tumors treated with PMX-53, 
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Delta-24-ACT and combination groups. PD-L1 was analyzed in F4/80, LY6C, LY6G and CD11c cell 

populations and PD-1, GrzB and GITR were analyzed in CD4 and CD8 cell populations. All markers 

were evaluated by flow cytometry.  

 

In summary, Delta-24-ACT combined with PMX-53 did not led to a CD8+ cell amount 

increase within the tumor microenvironment and to functional changes in both CD4+ 

and CD8+ cells compared to Delta-24-ACT group alone. No differences in proportion 

and status of myeloid cell populations were observed using this strategy. These data 

could suggest that the effect of the virus observed in mice treated with Delta-24-ACT 

alone might be neutralized in the combination group promoting a weak immune 

response due to complement inhibition. The complement system is involved in the 

defence against viral agents, therefore by inhibiting C5aR1, we might be offsetting the 

immune response. Short-term experiments will be mandatory to evaluate the 

mechanisms by which PMX-53 modulates the innate immune response. 

For better understanding how this therapy could impact the tumor microenvironment 

and which mechanisms could be involved in the anti-glioma effect induced by this 

strategy, we performed a shorter in vivo experiment in the two glioma models. CT-2A 

(5000 cells/mouse) or GL261-5 cells (50000 cells/mouse) were implanted 

orthotopically, and Delta-24-ACT and PMX-53 were administered following the 

indicated schedule (Figure 63A). Fifteen days after oncolytic virus inoculation, all mice 

were sacrificed and brains were collected for immunohistochemistry and 

immunofluorescence analyses. Relative to GL251-5 tumors, we observed that Delta-24-

ACT had higher CD3 infiltration compared to PBS, PMX-53 and Delta-24-ACT + 

PMX-53 treated groups (Delta-24-ACT = 201.5 ± 67.1 vs PBS = 73.2 ± 39.5, PMX-53 

= 101.7 ± 39.9 and Delta-24-ACT + PMX-53 = 152.7 ± 21.9; P = 0.0198; Figure 63B). 

We noticed an increase of CD8 T cells in Delta-24-ACT + PMX-53 groups compared to 

PBS, PMX-53 and Delta-24-ACT treated groups (Delta-24-ACT + PMX-53 = 97.1 ± 

50.5 vs PBS = 22.3 ± 10.4, PMX-53 = 39.6 ± 27.7, Delta-24-ACT = 69 ± 42.8; P = 

0.045; Figure 63C). CD4 and Treg cell infiltration were similar in all mice groups (P = 

0.517 and P = 0.309 respectively; Figure 63D and Figure 63E). Furthermore, we did 

not observe any reduction in cell proliferation in the treated groups at this endpoint as 

shown by PH3 (P = 0.768; Figure 63F). In addition, microglia and TAM cell 

infiltration was similar in all treated groups compared to PBS group (P = 0.267; Figure 
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63G). Relative to angiogenesis, there were no differences neither in the number of 

blood vessels (P = 0.306) nor in their size (P = 0.175) in the treated groups compared to 

PBS group (Figure 63H)  
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Figure 63. Characterization of tumor microenvironment of GL261-5 tumors. A. Schedule 

administration in CT-2A and GL261-5 murine models. Infiltration and quantification of  CD3 (B), CD8 

(C), CD4 (D), FOXP3 (E), PH3 (F) IBA1 (G) and CD31 (H) in mice bearing GL261-5 tumors treated 

with PMX-53, Delta-24-ACT and the combination analyzed by IHC (CD3, CD4, CD8, FOXP3 and PH3) 

or IF (IBA1 and CD31). A control group (untreated) was included. Images were taken at 20x, scale bar 

200 µm.  

Regarding CT-2A tumors, as few mice of the treatment groups developed tumor the 

data have to be taken with caution. Preliminary data suggested that Delta-24-ACT + 

PMX-53 treated groups displayed an increase in CD3 infiltration when compared to 

PBS and PMX-53 groups (Delta-24-ACT + PMX-53 = 200 vs PBS = 24.9 ± 22.4, 

PMX-53 = 17.5 ± 12; Figure 64A). No differences were observed when compared to 

Delta-24-ACT. Furthermore, we observed that CD8+ T cell population was higher in 

Delta-24-ACT and Delta-24-ACT compared to PBS and PMX-53 groups (Delta-24-

ACT = 30 vs PBS = 2.9 ± 4.8, PMX-53 = 6 ± 0.5; Figure 64B) and (Delta-24-ACT + 

PMX-53 = 38.7 ± 0.9 vs PBS = 2.9 ± 4.8, PMX-53 = 6 ± 0.5; Figure 64B). Regarding 

to CD4+ T cell population, we observed that there was an increase in these cells in the 

combination group compared to PBS and PMX-53 (Delta-24-ACT + PMX-53 = 25.5 ± 

6.3 vs PBS = 3.15 ± 1.3, PMX-53 = 4.37 ± 4; Figure 64C). Finally, we did not find 

differences in Treg cell populations amongst all groups (Figure 64D). Concerning the 

number of proliferative cells within the tumor, we did not detect a reduction in 

proliferating cells in the treated groups compared to the PBS group at this endpoint 

(Figure 64E). No differences were observed in microglia and TAMs infiltration 

between groups (Figure 64F). Regarding blood vessels in the tumor microenvironment, 

we observed that there were no differences neither in the number of blood vessels 

(Figure 64G).  
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Figure 64. Characterization of tumor microenvironment of CT-2A tumors. Infiltration and 

quantification of  CD3 (A), CD8 (B), CD4 (C), FOXP3 (D), PH3 (E) IBA1 (F) and CD31 (G) in mice 

bearing CT-2A tumors treated with PMX-53, Delta-24-ACT and the combination analyzed by IHC (CD3, 

CD4, CD8, FOXP3 and PH3) or IF (IBA1 and CD31). A control group (untreated) was included. Images 

were taken at 20x, scale bar 200 µm. 

Summarizing, combining Delta-24-ACT with PMX-53 promoted lymphocytes 

infiltration within the tumor microenvironment, albeit we did not find remarkable 

changes in the myeloid cells population. Moreover, this increase in lymphocytes could 

be due to the viral effect. Moreover, the lack of differences in CD31 marker was 

analyzed as a negative result (in terms of angiogenesis, given its potential repercussion 

as a therapeutic target), although these data could reflect that new blood vessels were 

generated to induce more immune cell trafficking .More experiments will be performed 

to unveil this potential role. In addition, since some treated animals did not develop 

tumors, the scarce number of mice analyzed precluded from obtaining firm conclusions. 
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Lastly, to have an overview of the whole process, we performed a transcriptional study 

using the mouse PanCancer immune profiling panel (Nanostring technology) of CT-2A 

tumors treated with the different strategies. Comparing the gene expression of the PMX-

53 and the PBS groups, we observed significant differences in the expression of up to 

25 genes in the PMX-53 group: 14 up-regulated and 11 down-regulated (Table 7A). 

This differential gene expression was found in genes related with pathways involved in 

cytokine signalling in the immune system including IL-10, IL-4 and IL-13, IL-18, 

immune response and cell migration, IL-1 processing and angiogenesis (Figure 65). 

Comparing the Delta-24-ACT treated group with the PBS group, 10 genes exhibited 

significant differences: 9 up-regulated and 1 down-regulated (Table 7B). The main 

differences involved pathways related to the extracellular matrix organization including 

laminin interactions, collagen trimerization and degradation, integrin cell surface 

interactions and degradation of the ECM. Moreover, other pathways were involved in 

immune response and cell migration and IL-4 and IL-13 signalling (Figure 66). The 

combination treated group displayed the highest number of genes differently expressed 

when compared to the PBS group (54 genes; 20 up-regulated and 34 down-regulated; 

Table 7C). The main changes affected pathways related to the immune system and cell 

migration, IL-33 signalling, innate immune system including toll-like receptors cascade 

and terminal pathway of complement. Other affected genes are related with the 

extracellular matrix organization including ECM degradation (Figure 67). 

 

 

 

 

 

 

 

 

 

 



Results 
 

156 
 

Table 7. Differential gene expression in CT-2A tumors. Differences in genes in CT-2A tumors treated 

with PMX-53 (A), Delta-24-ACT (B) or combination (C) analyzed by Nanostring technology. All 

comparisons were performed with untreated CT-2A tumors (PBS). Differences in gene expression P 

<0.05. 
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Figure 65. Graphical description of tumor microenvironment of CT-2A tumors treated with PMX-

53. Gene enrichment (upper pannel) or diminishment (down pannel) of CT-2A tumors treated with PMX-

53 compared to PBS control group performed by Nanostring technology and analysed by nCounter digital 

analyzer. Differences in gene expression P <0.05. Pathway analysis were performed using Reactome 

version 72 and String software. 
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Figure 66. Graphical description of tumor microenvironment of CT-2A tumors treated with Delta-

24-ACT. Gene enrichment (upper pannel) or diminishment (down pannel) of CT-2A tumors treated with 

Delta-24-ACT compared to PBS control group performed by Nanostring technology and analysed 

nCounter digital analyzer. Differences in gene expression P <0.05. Pathway analysis were performed 

using Reactome version 72 and String software. 

 



Results 
 

 

159 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 67. Graphical description of tumor microenvironment of CT-2A tumors treated with Delta-

24-ACT + PMX-53. Gene enrichment (upper pannel) or diminishment (down pannel) of CT-2A tumors 
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treated with Delta-24-ACT + PMX-53 compared to PBS control group performed by Nanostring 

technology and analysed nCounter digital analyzer. Differences in gene expression P <0.05. Pathway 

analysis were performed using Reactome version 72 and String software. 

In conclusion, Delta-24-ACT in combination with PMX-53 prolonged the survival of 

mice bearing CT-2A tumors, modulated the tumor microenvironment heightening the 

infiltration of immune cells, mostly lymphocytes. However, we could not conclude that 

this approach affected myeloid cells and their phenotype. We are currently performing 

additional experiments to further elucidate the role of the complement in our system and 

exploring other complement inhibitors. 

6. EFFECT OF THE COMBINATION OF DELTA-24-ACT 

WITH AN IMMUNE CHECKPOINT INHIBITOR IN THE 

ANTITUMOR IMMUNE RESPONSE 

Immunotherapies using immune checkpoints inhibitors have obtained positive results in 

different solid tumors (Rizvi et al., 2015). Several clinical trials conducted in newly and 

recurrent GBM patients unfortunately did not achieve success (Reardon et al., 2016). 

Nevertheless, due to the finding that the TILs resulting from Delta-24-ACT treatment 

displayed an exhausted phenotype with an increased expression of PD-1, we next 

sought to evaluate whether the addition of an immune checkpoint inhibitor would 

alleviate this exhaustion and would result in an increased antitumor effect. 

6.1. The combination of Delta-24-ACT and PD-L1 blockade exerts an 

anti-glioma effect in the GL261 murine model  

First, we performed a survival experiment to assess the suitability of this combination. 

GL261 cells (50000 cells) were implanted orthotopically and Delta-24-ACT was 

administered in a similar fashion as before, and 4 intraperitoneally (IP) administrations 

of an anti-PD-L1 antibody on days 7, 10, 13 and 16 were performed. The combination 

treatment resulted in a significant increase in the median survival of the animals (PBS = 

25 days, αPD-L1 = 27 days, Delta-24-ACT = 30.5 days and Delta-24-ACT + αPD-L1 = 

52.5 days; P = 0.02; Figure 68A). More importantly, the combination treatment lead to 

50% of long-term survivors (Figure 68A). Although, the combination of anti-PD-L1 

and Delta-24-ACT showed an increase of 20 days in median survival times when 

compared with the viral treatment alone, this difference did not reach statistical 

significance (P = 0.249; Figure 68A). 
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Next, we studied the tumor microenvironment with immunohistochemical studies. We 

observed no differences in the amount of CD4+ cells between the treated groups and the 

PBS group (P = 0.1649; Figure 68B). Similar results were observed when CD8+ T cells 

from treated mice groups were compared to PBS group (P = 0.119; Figure 68B). There 

were also no differences in proliferation between treated mice groups compared to the 

PBS group (P = 0.642; Figure 68B). On contrary, we observed significant differences 

in PD-L1 expression between Delta-24-ACT + PD-L1 treated mice group compared to 

PBS mice group (PBS = 32.3% ± 2.5 vs Delta-24-ACT + PD-L1 = 10.7% ± 10.7; P = 

0.334; Figure 68B). The other treated groups had similar PD-L1 expression compared 

to the PBS group (PD-L1 = 15.9% ± 13 and Delta-24-ACT = 21.5% ± 0.1; Figure 

68B). This data demonstrated that PD-L1 antibody targets its antigen favoring the 

generation of an antitumor immune response. Furthermore, this analysis was performed 

in brains of mice obtained from the survival experiment which had been sacrificed when 

GBM symptoms appeared at different endpoints. We consider that shorter-time analyses 

will be required to understand the role of Delta-24-ACT in combination with PD-L1 

blockade in the modulation of the tumor microenvironment  
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Figure 68. Combination of Delta-24-ACT and PD-L1 blockade in GL261 tumors. A. Survival of 

mice bearing GL261 tumors. Mice were treated with anti- PD-L1 antibody, Delta-24-ACT as 

monotherapy or with the combination of Delta-24-ACT with anti-PD-L1 antibody and the figure shows 

the Kaplan-Meier survival curves. B. Infiltration and quantification of CD4, CD8 and quantification of 

Ki67 and PD-L1 in mice bearing GL261 tumors treated with PD-L1, Delta-24-ACT or the combination 

analyzed by IHC. A control group (untreated) was included. Images were taken at 20x, scale bar 200 µm.  

6.2. Delta-24-ACT in combination with PD-L1 blockade induce 

immune memory response in GL261 model 

Finally, we analyzed whether this combination was able to generate immunological 

memory. For this purpose we performed a rechallenge experiment inoculating GL261 

(50000 cells/mouse) cells in naïve (N = 5) and long-term survivors (N = 6) mice. All the 

PBS and Delta-24-treated mice died within 27 days and 29 days, respectively, 

corroborating the lack of immune memory in Delta-24-ACT as single treatment. Of 

importance, 100% of the long-term survivors in the combination treatment group lived 
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more than 90 days, suggesting the development of an immune memory response 

(Figure 69). 

Altogether, these data uncover the combination of Delta-24-ACT with an anti PD-L1 

antibody as a potential therapeutic option. This combination increased overall survival 

and led to the generation of immune memory.  

 

 

 

 

 

 

 

 

Figure 69. Rechallenge experiment of mice bearing GL261 tumors.  GL261 cells were implanted in 

naïve or long-term survivors’ mice and the figure shows the Kaplan-meier survival curves.
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GBM is the most common, aggressive and malignant primary brain tumor (Tamimi & 

Juweid, 2017; Hans Georg Wirsching et al., 2016). Given its poor prognosis, many 

efforts have focused on finding effective therapies to treat this devastating malignancy 

(Carlsson et al., 2014). However, there have been few advances in the treatment of 

GBM over the last decades, being the standard of care surgery, when feasible, followed 

by radiotherapy and temozolomide (Stupp et al., 2005a).  

During the early 2000s several works demonstrated that vascular endothelial growth 

factor A (VEGF-A) expression was upregulated in GBM biopsies and that it was 

associated with poor prognosis supporting the use of anti-angiogenic agents for treating 

this tumor (Kim et al., 2018). Therefore, paramount work was done to investigate the 

potential of VEGF inhibitors (Reardon et al., 2011; Robles Irizarry et al., 2012). One of 

the most promising agents studied was Bevacizumab, a monoclonal antibody that 

targets VEGF. This drug was tested in clinical trials in recurrent and newly diagnosed 

patients (Wenger et al., 2017; Yu et al., 2016). Because Bevacizumab demonstrated that 

its administration was safe, well-tolerated and promoted an antitumor response, it was 

approved by the FDA in 2009 for recurrent GBM (Franceschi et al., 2018). 

Bevacizumab has also been tested in several clinical trials in combination with 

radiotherapy. The rationale of this combination was that radiotherapy stimulates VEGF 

expression in glioma cell lines and xenograft mice (Gorski et al., 1999; Gutin et al., 

2009). Although it showed promising data in early GBM trials, failed to demonstrate a 

survival benefit in large phase III trials as first line treatment. Treatment with 

Bevacizumab improved the PFS, however, the OS remained unchanged (Chinot et al., 

2014; Gilbert et al., 2014). Furthermore, VEGF plays other roles such as the induction 

of immunosuppression and tumor resistance by altering tumor biology (Cursiefen et al., 

2004; Goel and Mercurio, 2013). In this line of thinking, Bevacizumab has been 

combined with other chemotherapeutics (Friedman et al., 2009; Wick et al., 2017), 

immunomodulators (Shrimali et al., 2010; Terme et al., 2013) or invasion inhibitors 

(Wang et al., 2017a) unfortunately, obtaining similar negative results. In any case, 

Bevacizumab is routinely used in the clinical practice to manage complications 

associated with GBM due to its effect in alleviating radionecrosis and oedema leading 

to the reduction of steroid requirements in certain patients (Taphoorn et al., 2015).  

In the last years, immunotherapy has revolutionized the oncology field in several 

neoplasias such as melanoma (Dougan and Dranoff, 2012). The promising data derived 



Discussion 
 

168 
 

from the use of ICIs in other cancers prompted the evaluation of its efficacy in patients 

with glioblastoma (Pennock and Chow, 2015). A recent work showed that PD-L1 

overexpression in glioma correlated with glioma grades. Moreover, PD-L1 

overexpression negatively affected the survival as a result of inducing and maintaining 

the Treg cell population (Xue et al., 2017). As monotherapy, ICI has shown a modest 

response in murine glioma mouse models, prompting its combination with other 

therapies (Reardon et al., 2016). Treatment with an anti-PD-1 inhibitor in combination 

with TMZ in a murine glioma model led to a superior survival either when compared 

with single therapies and tumor size reduction enhanced by increased infiltration of 

CD4 and CD8 T cells (Dai et al., 2018). Moreover, dual PD-1 inhibition and RT in 

murine glioma models provided a median survival two times longer than single 

treatments (Zeng et al., 2013). In another study using double ICI blockade (PD-1 and 

CTLA-4) in two murine glioma models, the combination treatment improved the 

median survival compared to untreated mice (Genoud et al., 2018). Although, the 

majority of works utilized PD-1 blockade, other studies investigated the antitumor 

response to PD-L1 blockade. Triple ICI blockade combination led to 100% of long-term 

survivors in mice bearing orthotopic brain tumors (Wainwright et al., 2014). Moreover, 

studies that compared PD-1 and PD-L1 efficacy obtained contentious results. Anti-PD-

L1 antibody demonstrated better therapeutic effects than PD-1 antibody increasing the 

median survival time in a glioma stem cell-derived model (Saha et al., 2017). However, 

in other work, PD-L1 blockade showed less potency compared to PD-1 antibody, 

although, it had a long-term survival effect in mice bearing GL261 tumors (Reardon et 

al., 2016). Therefore, all these data supported the opening of clinical trials to test 

different ICIs. Unfortunately, early trials showed no survival benefit in GBM patients 

(Maxwell et al., 2017). Pembrolizumab was well tolerated, however, PFS and immune 

analysis indicated that anti-PD-1 monotherapy was insufficient for an antitumor 

response in the majority of GBM patients due to high levels of CD68+ cells and few T 

cells within the tumor microenvironment (Chamberlain and Kim, 2017; De Groot et al., 

2018). Pembrolizumab administered in neoadjuvancy improved overall survival in 

patients with recurrent and surgically resectable tumors when compared to patients 

receiving adjuvant PD-1 blockade post-surgery. Moreover, the treatment induced 

changes in immune cell populations within the tumor microenvironment (Cloughesy et 

al., 2019). Pre-surgical dosage of Nivolumab followed by administration of this 

antibody until disease progression or unacceptable toxicities in recurrent and newly 
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diagnosed patients reported no clinical benefit. Although, higher amount of T cell 

infiltration and increased TCR clonal diversity among tumor-infiltrating T lymphocytes 

were determined (Schalper et al., 2019). Furthermore, works analyzing differences in 

non-responders and responders to PD-1 blockade in GBM demonstrated that clinical 

benefit was associated with immune expression signatures, specific molecular 

alterations, and the immune infiltration that reflect the tumor’s clonal evolution during 

treatment (Zhao et al., 2019). Lastly, a clinical trial comparing Bevacizumab and 

Nivolumab showed lack of survival benefit of PD-1 blockade. However, deep analysis 

indicated that a subgroup of patients with methylated MGMT promoter and no baseline 

corticosteroid dependence might have clinical benefit from the immune checkpoint 

inhibition (Reardon et al., 2020). In summary, clinical trials testing PD-L1 antibody in 

recurrent GBM patients showed safety, OS were modest and not all patients benefited 

(Lukas et al., 2018). Clinical trials combining PD-L1 blockade with other therapies also 

showed humble efficacy. Avelumab plus Axitinib did not meet the threshold for activity 

(Neyns et al., 2019). Durvalumab followed by standard of care resulted in a modest 

increase of OS in newly diagnosed patients with unmethylated MGMT (Reardon et al., 

2019). Currently, clinical trials evaluating the effect of other ICIs as Atezolizumab and 

Pidilizumab in recurrent and newly diagnosed GBM are ongoing (Caccese et al., 2019). 

The main limitations to implement ICIs as treatment for glioblastoma include: tumor 

localization, the presence of the BBB, which makes it difficult for molecules to access 

the tumor, and the global immune dysfunction state of patients, with reduced levels of 

lymphocyte populations as an effect of chemotherapy and radiotherapy treatment 

(Banks, 2009; Gustafson et al., 2010; Mirzaei et al., 2017). Furthermore, only a small 

number of patients with glioblastoma present microsatellite instability or mismatch 

repair deficient tumors resulting in a higher mutational tumor burden which might 

benefit from ICI treatment. These data suggest the need for a refinement in patient 

selection in immunotherapy using  molecular and personalized approaches (Brahm et 

al., 2020; Zhao et al., 2019). In summary, up to date no therapies have demonstrated 

substantial survival benefit beyond standard of care in glioblastoma.  

Virotherapy has emerged as a promising strategy to fight against brain tumors (Foreman 

et al., 2017; Forsyth and Abate-Daga, 2018). Different OVs have been tested in 

preclinical glioma studies (Hua and Wakimoto, 2019; Nakashima et al., 2018; 

Romanenko et al., 2019). The positive results achieved in vitro and in vivo with 
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oncolytic virus propelled clinical trials for this disease (Martikainen and Essand, 2019). 

One of the most studied OV in gliomas is Delta-24-RGD. This virus has demonstrated 

cytotoxic effect in preclinical studies in glioma cell lines and antitumor response in 

glioma murine models (Alonso et al., 2008; Fueyo et al., 2003; Martínez-Vélez et al., 

2019). Moreover, recurrent GBM patients have been enrolled in a phase I/II clinical trial 

showing that Delta-24-RGD intratumoral administration is safe and generate an anti-

glioma immune-mediated response. Furthermore 20% of patients reported clinical 

response with long-progression free intervals and long-term survivals (Lang et al., 

2018).  However, not all the patients showed clinical benefit emphasizing the need to 

improve this approach. Recent strategies focus on arming OVs with modulators of the 

immune system in order to awake the immune system (de Graaf et al., 2018; Harrington 

et al., 2019) demonstrating positive results in preclinical studies (Pearl et al., 2019). 

Furthermore, as the composition of the glioblastoma tumor microenvironment is 

characterized by large amount of TAMs (myeloid cell populations) but low frequencies 

of lymphocyte cell populations (Gabrusiewicz et al., 2016; Hambardzumyan et al., 

2015), we hypothesized that arming an OV with a co-stimulator ligand promoting 

lymphocyte cell infiltration will be an exceptional scenario to treat gliomas. Our lab has 

engineered Delta-24-ACT, modified from Delta-24-RGD, which encodes the 4-1BB 

ligand (4-1BBL) in the E3 exon. In this project, we demonstrated that Delta-24-ACT is 

able to infect efficiently murine and human glioma cells, replicate in the latter and exert 

a cytotoxic effect in vitro. These facts were in accordance with other studies which 

demonstrated replication and cytotoxic effect by OVs armed with immunomodulators in 

glioma cells (Li et al., 2012; Parker et al., 2000; Wohlfahrt et al., 2007). For example, 

M002 (HSV encoding for IL-12) was able to replicate and kill murine glioma cell line 

4C8 (Hellums et al., 2005). In our system, we confirmed that Delta-24-ACT infected 

glioma cells are able to express the 4-1BBL being more efficient in attracting and 

activating T cells compared to Delta-24-RGD in vitro using as readout the IFN-gamma 

secreted by splenocytes. Moreover, Delta-24-ACT enhanced the antitumor response in 

vivo leading to an increase of the median survival of treated mice in three murine 

glioblastoma models. 

Targeting co-stimulatory members of the tumor necrosis factor receptor (TNFR) 

superfamily specifically up-regulated on activated T cells, OX40 in CD4 T cells and 4-

1BB in CD8 T cells (Pollok et al., 1993) has proven effective in the GL261 murine 
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model resulting in a 50% cure rate and increased median survival (Kim et al., 2001; 

Newcomb et al., 2010). In other studies, agonist 4-1BB antibody as monotherapy 

increased median survival without leading long-term survivors. However, in 

combination with PD-1 blockade showed survival benefit including long-term 

survivors, decreased TIL exhaustion and improved TIL functionality (Woroniecka et al., 

2020). Similar results were achieved combining anti-4-1BB antibody with DC 

vaccination enhancing a cytotoxic activity of primed T cells emphasizing the need of 

multimodal approaches for glioblastoma treatment (Kühnöl et al., 2013). Clinical trials 

of 4-1BB agonist were performed in other solid tumors demonstrating safety, 

tolerability and preliminary antitumor efficacy with partial remission and stable disease 

(Segal et al., 2018). Unfortunately, side effects, especially hepatotoxicity, have 

complicated the progression of agonist antibodies into late stage clinical trials (Ascierto 

et al., 2010). In our models, administration of Delta-24-ACT did not induce liver 

toxicity suggesting that intratumoral delivery of the virus encoding for the co-stimulator 

abrogates the side effects reported by targeted-antibodies due to its limited distribution. 

Similar results were displayed in two studies using 4-1BB bivalent aptamers and 

1D8N/CEGal (a three anti-4-1-BB single-chain variable fragments and three anti-EGFR 

single-domain antibodies) respectively. 4-1BB bivalent aptamers were administrated 

intratumorally enhancing tumor rejection in a mastocytoma murine model with similar 

results in survival as 4-1BB antibody alone (McNamara et al., 2008). Trimeric antibody 

1D8N/CEGal exhibited high-avidity binding to 4-1BB and EGFR, potent co-stimulatory 

capacity in vitro and similar antitumor activity to 4-1BB agonistic monoclonal 

antibodies in a murine colon cancer model. Interestingly, this trimeric antibody, 

although administered intraperitoneally, as it lacks the fragment crystallisable (Fc) 

region, abolished the systemic inflammatory cytokine production or hepatotoxicity 

associated with 4-1BB antibodies (Compte et al., 2018). Other groups have confirmed 

positive results employing OVs armed with other immunomodulators in preclinical 

analysis. Vaccinia virus encoding GM-CSF has demonstrated efficacy and safety in two 

glioma murine models enhancing a potential immune activity (Lun et al., 2010). 

Another study testing an oncolytic virus armed with IL-15 confirmed an antitumor 

effect eliciting NK cell stimulation (Kowalsky et al., 2018). 

Our results showed that the increase in median survival of mice treated with Delta-24-

ACT was associated with an increase in the infiltration of CD45 cell populations,’ 
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mainly cytotoxic cells (CD8+ T cells), within the tumor microenvironment. 

Surprisingly, myeloid population remained unaltered with Delta-24-ACT 

administration. Engineered Vaccinia virus in combination with 4-1BB antibody 

displayed an increase in CD8+ cells in a breast cancer model. However, they observed 

an increase of myeloid cells, especially neutrophils (John et al., 2012). Some studies 

demonstrated that 4-1BB receptor is expressed in different immune cells including T 

cells (Vinay and Kwon, 2011; Watts, 2005; Ye et al., 2020) and described that its 

interaction with the 4-1BBL promotes the expansion of activated T cells and the 

generation and maintenance of CD8 T memory cells (Bukczynski et al., 2004; Wiethe et 

al., 2003). In our model, we did not observe the generation of a memory phenotype 

when rechallenge experiment was performed. One plausible explanation is that Delta-

24-ACT replication is very attenuated in murine cells due to adenovirus species-specific 

(Alemany et al., 2000; Blair, 1989), therefore, we only have a first wave of 4-1BBL 

expression. This expression of 4-1BBL might activates CD4 and CD8+ cells but might 

not be enough to maintain them. Moreover, some works have confirmed that microglia 

and astrocytes attenuate the replication of OVs (Fulci et al., 2007; Kober et al., 2015), 

suggesting that intratumoral administration within the brain might downplay the 

antitumor effect exerted by our virus. Moreover, other studies described viral instability 

associated to oncolytic virus armed with immunomodulators in the E3 exon (Bett et al., 

1993) resulting in an antitumor activity inefficacy because the immune mediated-

response observed is only correlated to the boost generated by the viral inoculation. On 

the other hand, other work showed that the increment of T cells elicited by the oncolytic 

virus was associated with the induction of anti-glioma memory response. In addition, 

they demonstrated that it was specific for glioma antigens due to the fact that when 

other non-glioma cells were inoculated, mice developed tumors (Rivera-Molina et al., 

2019). We would need further experiments to explain the lack of immune memory in 

our system. 

Other armed-oncolytic virus showed modulation of the glioblastoma tumor 

microenvironment. In a GSC derived tumor model (005 GBM model) intratumoral 

injection of G47Δ-mIL12 induced local expression of IL-12 which improved median 

survival compared with mock infected cells. Additionally, this virus promoted an 

increase in CD3+ infiltration inducing a Th1 response increasing their IFN-gamma 

secretion. Moreover, they also observed higher levels of M1 cells and reduction of 



Discussion 
 

 

173 
 

Tregs+ cells (Cheema et al., 2013). These positive data propel a clinical trial to assess 

the clinical response of recurrent GBM to M032 (HSV expressing IL-12), which is 

currently ongoing (Pearl et al., 2019). Delta-24-GREAT, another oncolytic adenovirus 

armed with the co-stimulatory ligand GITRL, promoted antiviral and anti-glioma 

immune responses increasing the frequency of central memory CD8 T cells which in 

turn, prolonged the survival of glioma-bearing mice (Rivera-Molina et al., 2019). 

Similar data were achieved testing OVs armed with different immunomodulators in 

other murine tumor models. Vaccinia virus expressing 4-1BBL in B16 melanoma model 

demonstrated tumor regression and improvement of cytotoxic tumor lymphocytes 

(CTL)/ Treg cell ratio within the tumor microenvironment (Hong et al., 2009). 

Treatment with a vaccinia virus expressing CD40L resulted in tumor growth inhibition 

and increased in effector T, NK and DC cell infiltration in melanoma mouse model. 

However, MDSC cells were also increased with unknown consequences (Parviainen et 

al., 2014). Lastly, intratumoral injection of a recombinant adenovirus vector expressing 

murine OX40L suppressed the growth of melanoma, lung and colon tumors mediated 

by an increase of Th1 cytokine expression and CTL infiltration rather than Th2 cytokine 

expression (Andarini et al., 2004). All these data demonstrated that OV armed with 

immunomodulators that promote the influx of lymphocyte populations are beneficial for 

inducing an antitumor response.  

Several works described that glioblastoma are highly vascularized tumors facilitating 

glioma growth (Ahir et al., 2020; Das and Marsden, 2013). Analyzing our CT-2A 

tumors treated with Delta-24-ACT, we did not observe that administration of Delta-24-

ACT had an impact in neither the amount of tumor vessels nor their sizes. Interestingly, 

there is controversy of whether oncolytic virus which express immunomodulatory 

transgenes support or suppress tumor angiogenesis (Zhang and Liu, 2020). Some studies 

performed with OVs expressing IL-12 or IL-15 demonstrated an antiangiogenic effect 

(Rohena-Rivera et al., 2017). In this same line of thinking, in a study using an 

engineered vaccinia virus expressing human recombinant GM-CSF and β-galactosidase 

exerted an antiangiogenic effect due to targeting VEGF (Breitbach et al., 2013). 

However, other studies reported that for viral replication, virus need CpG motifs which 

are secreted as a paracrine effect when cells were infected induce immune cell attraction 

and VEGF release promoting angiogenesis (Zheng et al., 2002). As we demonstrated 

previously, Delta-24-ACT is not able to replicate in murine glioma cells indicating that 
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the changes made within the tumor microenvironment are short-term  and therefore they 

might not have enough time nor threshold to induce any effect in tumor vessels. 

With the aim of further enhancing the therapeutic effect of Delta-24-ACT and inducing 

an anti-glioma immune memory, in this study we evaluated the combination of Delta-

24-ACT with different immunomodulators. We started our work with DCs. These cells 

are the main antigen-presenting cells and have been tested in several tumors as vaccines 

promoting the reduction of the tumor growth in vivo (Mac Keon et al., 2015; Turnis and 

Rooney, 2010). The possibility to load them with antigens, RNA, autologous cell 

lysates, etc. make DCs a versatile therapeutic candidate to be evaluated (Palucka and 

Banchereau, 2012). For years, CNS has been considered as immuno-privileged due to 

the BBB, however, the discovery of a lymphatic system which can drained in the 

cervical nodes and that could induce the cross-presentation allowing the immune system 

trafficking throughout the brain opened a new work frame (Louveau et al., 2015). 

Despite the success that preclinical studies with DCs have yielded in glioma models 

(Liau et al., 1999), in clinical trials, DC vaccination have resulted inefficient. Several 

works demonstrated that DC vaccination is feasible, well-tolerated and induce an 

immunological response. However, this treatment lack efficacy and did not increase the 

overall survival of newly diagnosed and recurrent GBM patients (Inogés et al., 2017). 

On the other hand, DC vaccination increased TIL infiltration, although it lacked 

cytotoxic activity (Okada et al., 2011; Prins et al., 2011; Yu et al., 2004). To overcome 

this limitation, several clinical trials have assessed the potential effect of combining DC 

vaccination with viral therapies. In this line of thinking treatment using a mixture of OV 

strains (NDV, Parvovirus and Vaccinia) with DCs in relapsed GBM patients after 

standard treatment, benefited this combination. Patients achieved complete response or 

stable disease with long-term survival. However, it seemed that the therapy was more 

efficient without DC vaccination (Gesundheit et al., 2020). In other clinical trial, 

patients with recurrent GBM pre-treated with NDV intravenously in combination with 

DCs primed with NDV infected cells improved the clinical antitumor response (Neelhut 

et al., 2011). Taking into account these interesting findings, we hypothesized that the 

combination of Delta-24-ACT with DC vaccination could potentiate antitumor immune 

response. In our hands, DC vaccination as monotherapy did not improve survival in any 

of the models tested, although we confirmed that DCs generated ex vivo were 

functional. This result was in accordance with other works which determined that DC 
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vaccination requires to be in combination with other agents to succeed. In contrast, 

other studies demonstrated that DC vaccination as single agent increased the median 

survival of mice in different murine glioma models when DC vaccines or tumor lysates 

were inoculated prior to cell implantation or the same day (Heimberger et al., 2000) 

suggesting that in order for the DCs to work they need an inflammatory 

microenvironment. Furthermore, other studies have suggested that the therapeutic 

response was associated to an increase of lymphocyte influx within the tumor 

microenvironment and the generation of memory immune response (Belmans et al., 

2017). Moving to another animal model, 9L-gliosarcoma cancer stem cell (CSC) tumors 

treated with DC vaccines after cell implantation resulted in a protective effect on 

survival due to tumor-specific immunity in F344 Fisher rats (Xu et al., 2009). This 

therapeutic effect was explained because isolated CSC in its work expressed a range of 

TAAs and MHCI molecules which are critical for immune recognition. On the contrary, 

when we treated CT-2A and GL261-5 tumors using DC vaccination in combination 

with Delta-24-ACT, we observed an increase in the median survival compared to 

control and DCs treated groups leading to long-term survivors. This result was 

consistent with data obtained when DCs were combined with immune checkpoint 

inhibitors (clinical studies demonstrated that DC vaccination up-regulated PD-1 in vivo) 

(Antonios et al., 2016), CD25 antibody (Maes et al., 2009), TMZ (Kim et al., 2010) or 

engineered DCs expressing IL-12 (Kim et al., 2006) enhancing tumor-specific CTL 

activity and antitumor immunity in distinct murine glioma models. Additionally, 

although, the combination of 4-1BB antibody with survivin peptide vaccine did not 

promote survival benefit in two aggressive neuroblastoma models (AgN2a and NXS2), 

peptide vaccine in combination with CTLA-4 antibody increased the survival rate of 

mice (Williams et al., 2013). Furthermore, the positive results in DC vaccination with 

PD-1 antibody propelled two clinical trials in recurrent GBM patients which are 

ongoing. One combining Nivolumab and vaccination with autologous DCs transfected 

with viral mRNA and other combining Nivolumab and autologous tumor lysate-pulsed 

DC vaccines (DCVax-L) or DC alone to demonstrate safety, tolerability, efficacy and 

quality of life of the patients receiving the treatment. In other murine tumor models, the 

combination of IL-12-secreting DCs with CD137 antibody (Tirapui et al., 2004), DC 

vaccination with 4-1BB antibody (Lee et al., 2011) and the combination of IL-12 and 4-

1BBL co-expressing oncolytic virus with DC vaccination (Huang et al., 2010) elicited 

potent and synergistic antitumor effects with Th1 antitumor response inducing an 



Discussion 
 

176 
 

increase in the median survival of mice. Moreover, there was an increase in CTL and 

monocyte/macrophage infiltration. Nevertheless, when we analyzed the lymphocyte 

infiltration in our tumors, no differences in CD3+ cells were observed between groups 

suggesting that our DCs generated using only GM-CSF were not as potent as the ones 

generated in the others studies using GM-CSF and IL-4. Furthermore, DCs generated 

from BMDM differentiated to DCs are similar to cDC2, which are not able to do 

directly cross-presentation to CD8 T cells (Embgenbroich and Burgdorf, 2018; Nierkens 

et al., 2013).Whereas cDC1s excel in the activation of CTL involved in the antitumor 

response (Böttcher and Reis e Sousa, 2018; Fogg, 2020), suggesting that the immune 

response could be diminished. Recently, some evidences showed that microglia have 

the ability to cross-present protecting the brain from infections (Moseman et al., 2020) 

which might hinder the antitumor effect of the virus. Additionally, the efficient 

presentation of DCs to T cells needs the transduction of signals 2 and 3 which consists 

on different activation markers and cytokine secretions (Budd and Fortner, 2017; 

Fowell, 2016) which might be disrupted in the generated ex vivo DCs or further, the 

amount of CD4 and CD8 T cells could not be enough to trigger an efficient activation.  

Doing a comparison between our two models, we observed higher antitumor effect in 

GL261-5 tumors compared to CT-2A tumors suggesting that its slower growth fosters a 

wider therapeutic window in order to generate an acquired immune response for killing 

glioma cells. Contrary to expectations, in our models, we did not observe significant 

differences in median survival between mice treated with Delta-24-ACT alone or in 

combination, although in the GL261-5 model, the combination group yield a higher 

number of long-term survivors. A possible explanation for these results could be that 

the administrated DC vaccines were not 100% CD11c+ cells. There are other 

populations such as macrophages that might be eliciting an immunosuppressor role 

counteracting the cytotoxic activity of infiltrated lymphocyte populations. Additionally, 

DC vaccines were subcutaneously administrated not knowing whether they are able to 

reach the lymph nodes. Recently, one area of active investigation is the efficiency at 

which injected DCs reach vaccine site-draining lymph nodes (LNs). A clinical trial 

investigating advanced melanoma showed that only a maximum of 4% of intradermally-

administered DCs reached these draining LNs (Verdijk et al., 2009). Besides, 

preconditioning the vaccine site with inflammatory cytokines or mature, unpulsed DCs 

significantly increases the migration of subsequently injected antigen-specific DC to 



Discussion 
 

 

177 
 

draining LNs in different preclinical studies underlining the importance of fostering an 

inflammatory microenvironment administering locally subcutaneous inflammatory 

agents prior to DC vaccination to achieve an effective lymph node homing (Martín-

Fontecha et al., 2003; Mitchell et al., 2015). In summary, our data suggested that Delta-

24-ACT in combination with autologous DCs vaccination was not efficient in fostering 

a potent antitumor immune response in our models and unable to generate an anti-

glioma memory response. 

Tumor cells generate an immunosuppressive tumor microenvironment by different 

mechanisms. One of the most studied is associated with the upregulation of IDO 

enzyme (Wainwright et al., 2012; Zhai et al., 2020). Kynurenine, a catabolite of 

tryptophan, acts on the aryl hydrocarbon receptor inducing the synthesis of CCL22 (a 

Treg-recruiting chemokine) which enhances cytotoxic T cell dysfunction (Huang et al., 

2020). Several studies demonstrated that upregulation of IDO mRNA levels is detected 

in primary and recurrent GBM tissue samples (Sordillo et al., 2017; Zhai et al., 2017). 

Therefore, we considered that the combination of Delta-24-ACT and IDO inhibitor 1-

methyl-tryptophan (1-MT) could potentiate the effect exerted by the virus. We showed 

that IDO1 mRNA levels in the murine and human glioma cells analyzed were lower 

compared to non-tumor cells. This finding was in accordance with various studies 

which demonstrated that baseline expression of IDO1 was low or undetectable in 

established murine and human GBM cells and robustly expressed by stimulation of 

IFN-gamma (Adams et al., 2014). Furthermore, another study suggests that IDO1 is 

found upregulated in GSCs rather than differentiated glioblastoma cells highlighting the 

important role GSCs have in the GBM biology and immunosuppression (Ozawa et al., 

2020).  However, IDO1 expression in our GSC samples was low. In contrast, IDO1 

mRNA levels were increased in our GBM biopsies cohorts which is in accordance with 

works which confirmed that IDO1 expression progressively increased with tumor grade 

and negatively correlated with prognosis (Zhai et al., 2015b) emphasizing the 

importance of tumor microenvironment in these tumors. Mice treated with 1-MT alone 

did not show any survival benefit in our experiments. Several works analyzing the 

effect of IDO1 inhibitors found that the monotherapy failed to elicit a tumor rejection 

response in different glioma murine models as we observed in our CT-2A model. 

Moreover, clinical trials testing IDO inhibitors as monotherapy in different neoplasias 

showed that it was well-tolerated and safe, however, no therapeutic efficacy has been 
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reported (Günther et al., 2019). One reason for examining the combination of IDO 

inhibition with other agents is that IDO expression might be spontaneously upregulated 

in any host immune response, including antitumor response induced by an established 

therapy (Brochez et al., 2017). Therefore, when 1-MT was combined with Delta-24-

ACT, we observed an increase in the median survival of mice. Similar result was 

achieved using triple treatment with 1-MT, PD-L1 and CTLA-4 blockade resulting in a 

survival benefit in mice bearing GL261 tumors. Interestingly, this strategy showed a 

significant decrease in Treg cells and therefore, alleviating the immunosuppression 

(Wainwright et al., 2014). Other work testing two IDO1 inhibitors (1-MT and NLG919) 

combined with radiotherapy and temozolomide demonstrated an increase in the median 

survival of mice compared to radiotherapy and temozolomide alone (Minghui Li et al., 

2014). In the same study the addition of cyclophosphamide to 1-MT and radiotherapy 

increased the median survival of mice compared to cyclophosphamide and radiotherapy 

alone. Moreover, dual therapies combining 1-MT with radiation or temozolomide 

displayed a synergistic antitumor effect in murine glioblastoma models fostered by 

CD3+ cells, mainly CD4 and CD8 T cells, which suppress the proliferation of tumor 

cells (Hanihara et al., 2016; Kesarwani et al., 2018). Although in our study, we failed to 

detect an increase in CD3+ cells, we hypothesize that at some point after treatment there 

was an immune response because the survival response observed in mice. One plausible 

explanation could be that, as we observed previously, Delta-24-ACT increased Treg cell 

infiltration not being able to be counteracted by the addition of IDO blockade. Other 

justification could be that other enzymes such as TDO are capable of cleaving 

tryptophan into kynurenine. Indeed, TDO expression correlates with overall survival in 

glioma patients (Kanai et al., 2009; Pilotte et al., 2012; Ye et al., 2019). Therefore, since 

1-MT target is IDO1, glioma cells might escape the immune system by upregulating 

TDO pathway.  

There are several studies in glioblastoma models combining other IDO inhibitors with 

standard treatment or ICIs that showed survival benefit and furthermore, immune 

memory response. Interestingly, in one study, some of the long-term survivors bearing 

GL261 cells survived when rechallenged with CT-2A cells suggesting some form of 

immune cross-reactivity protection triggered by the original tumor cells (Ladomersky et 

al., 2018). However, in our study Delta-24-ACT combined with 1-MT did not lead to an 

immune response in rechallenged mice, highlighting that the immune response observed 
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is only achieved by the boost generated by the intratumoral administration of the virus 

not being enough to properly activate the CD8+ T cells. Despite IDO inhibitors 

combined with other antitumor agents have promising efficacy in preclinical studies, 

controversial data in terms of antitumor efficacy were obtained in clinical trials. Several 

clinical trials using IDO inhibitors in combination with other therapeutic agents showed 

negative results regarding survival benefit, although they were safe and well-tolerated 

(Labadie et al., 2019; Long et al., 2019; Vacchelli et al., 2014). On the other hand, other 

clinical studies demonstrated control of tumor growth, no treatment limiting toxicities 

and appeared to achieve a clinical benefit in brain tumors and other neoplasias (Fox et 

al., 2018; Gangadhar et al., 2017; Perez et al., 2017; Zakharia et al., 2014). Currently, 

clinical trials enrolling patients with recurrent malignant brain tumors in pediatric, adult 

and newly diagnosed DIPG patients to test the effect of different combinations with 

IDO inhibitors are ongoing. 

Lastly, we did not find differences in the median survival of mice treated with the 

combination when compared to Delta-24-ACT treated group. In fact, the median 

survival and long-term survivors were higher in Delta-24-ACT as monotherapy. This 

could be due to several reasons including that maybe the way of administration was not 

the most suitable due to our data that showed that the most kynurenine reduction was 

achieved when the inhibitor was intratumorally inoculated. Although, several studies 

demonstrated treatment efficacy in murine models using this way of administration 

(Hanihara et al., 2016; Minghui Li et al., 2014). Moreover, 1-MT is not a lipophilic 

substance and its permeability into brain tissue may be limited to areas of damage BBB 

that occur around the glioma tissue (Jia et al., 2008). Therefore, the generation of IDO 

inhibitors that can easily pass throughout the BBB is highly desired.  

The two above combination strategies focusing on increasing the lymphocyte cell 

infiltration resulted in a weak immune response against glioma tumors with no 

enhanced memory response. Hence, next we decided to test other combinatorial 

approaches, which could modulate both lymphocytic and myeloid populations within 

the tumor microenvironment.  

Glioma cells secrete different factors within the tumor microenvironment to attract 

immune cells potentiating its immunosuppressed microenvironment (Gabrilovich et al., 

2012). CSF-1 is one of the most studied factors in TAM populations (Pollard, 2009) 
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secreted by tumor cells promoting monocyte infiltration which are polarized to M2 

macrophages within the tumor microenvironment (Jenkins et al., 2013; Murray et al., 

2014). Moreover, CSF-1 has roles in migration, invasion and metastasis (Wyckoff et al., 

2007). Therefore, we considered that the combination of Delta-24-ACT and 

Pexidartinib (PLX3397), an inhibitor of CSF-1R, could be an effective approach to treat 

glioblastoma. We observed that the median survival of mice treated with Pexidartinib 

alone was similar to PBS in accordance to other works that confirmed that PLX3397 as 

single agent did not increase median survival in murine glioma models (Coniglio et al., 

2012). However, BLZ945 (other CSF-1R inhibitor) as single agent, improved long-term 

survival inducing a reduction in the malignancy of tumors and a reduction in M2 

polarization, although the amount of macrophages was similar to untreated mice 

(Pyonteck et al., 2013). Interestingly, other study using PLX3397 showed a reduction in 

tumor growth in two hepatocarcinoma murine models and demonstrated that CSF-2 

(Colony stimulating factor 2), protected M1-macrophages from Pexidartinib treatment 

(Ao et al., 2017). In our model, the median survival of mice bearing CT-2A tumors 

increased when we combined PLX3397 with Delta-24-ACT. This effect is in 

accordance to that observed in other studies where using trimodal therapy with 

Pexidartinib and two multiple-targeted receptor tyrosine kinase inhibitors (including 

CSF-1R; Vatalanib and Dovitinib) enhanced and abolished tumor cell proliferation 

leading to TAM depolarization from their initial M2 state in human and murine glioma 

models (Yan et al., 2017). Moreover, several studies demonstrated that radiation 

induced monocyte recruitment (Shiao et al., 2015), therefore, the combination of 

PLX3397 and radiation showed survival benefit using two human glioma cell lines 

preventing the differentiation of monocytes into immunosuppressive and pro-

angiogenic TAMs (Stafford et al., 2016). Interestingly, recurrence in mice was 

prevented adding the CSF1-R inhibitor BLZ945 that reverses the plasticity and dynamic 

changes in transcriptional signatures that suffers the distinct macrophage populations in 

irradiated tumor microenvironment (Akkari et al., 2020).  Other study demonstrated that 

DC vaccination promoted PD-L1 expression in tumor infiltrative myeloid cells (TIMs), 

and  when DC vaccination was combined with PLX3397 and anti-PD-1 antibody 

fostered an antitumor response increasing median survival of mice bearing GL261 

tumors (Antonios et al., 2017). In our work, we observed an increase in CD3+ 

infiltration, mostly CD8 T cells in CT-2A tumors treated with the combination when 

compared to the other groups. Moreover, we observed a reduction of F4/80+ cells in 
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both Pexidartinib groups. These changes within the tumor microenvironment are in 

agreement with other works where PLX3397 or other CSF-1R inhibitors alone or in 

combination increased CD8 T cell and M1-macrophage infiltration and led to a 

reduction of MDSC in murine glioma models or ex vivo GBM samples (Antonios et al., 

2017). The reduction in the macrophage population suggests that Pexidartinib crossed 

the BBB in live animals exerting its role of reducing the infiltration of macrophage 

populations. Furthermore, there are other studies that reported similar effects when 

either PLX3397 or CSF-1 monoclonal antibody were combined with immune 

checkpoint blockade or radiotherapy. These different combinations reduced tumor 

growth, altered TAM status improved its ability to engulf tumor cells (Chen et al., 

2019b; Strachan et al., 2013; Xu et al., 2013; Zhu et al., 2014) or potentiated T cell 

adoptive therapy followed by a reduction in TAMs and M2-macrophages polarization 

(Mok et al., 2014). Other caveat of our combination strategy was that it did not generate 

immune memory. It seems that the combination treatment alleviated the 

immunosuppressed tumor microenvironment due to the reduction of macrophages, 

however it was not enough to allow the virus to foster the expansion of memory CD8 T 

cells. This might be due to the fact that viral dissemination is rapidly suppressed by 

other components of the immune system. Moreover, some studies confirmed that 

Pexidartinib depletes microglia (De et al., 2014; Delwar et al., 2018). Therefore, it was 

surprising to not observe survival benefit in the combination because we considered that 

depletion of microglia would allow viral replication and dissemination due to a less 

effective phagocytation of the virus. Moreover, CSF-1R treatment leads to acquire 

resistance by elevated macrophage-derived insulin-like growth factor 1 (IGF-1) and 

higher IGF-1 receptor (IGF-1R) levels on tumor cells enhancing survival and invasion 

(Quail et al., 2016), suggesting that daily administration of Pexidartinib might diminish 

the effect of the combination.  

Despite positive results in preclinical models, clinical trials testing CSF-1R inhibitors as 

a single agent did not show survival benefit in glioblastoma patients. BLZ945 did not 

improve OS in recurrent glioblastoma patients, however combined with a PI3K or IGF-

1 inhibitor significantly prolonged OS (Quail et al., 2016). A phase II clinical trial 

evaluating PLX3397 effectiveness in recurrent glioblastoma patients demonstrated that 

crosses the blood-brain barrier and is well tolerated, however, it did not show 

therapeutic efficacy (Butowski et al., 2016). In this line of thinking, Pexidartinib 
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combined with radiotherapy and Temozolomide in newly diagnosed GBM was safe but 

only a few patients responded (Colman et al., 2018). Different clinical trials testing 

combination strategies with Pexidartinib or other CSF-1R inhibitors in combination 

with RT, TMZ or immune checkpoint blockade in newly diagnosed and recurrent 

glioblastoma patients are ongoing in order to identify a responsive subset of patients or 

biomarkers that could help to choose the patients that will benefit from this treatment 

strategy.  

All together, these data highlight that although the reduction in macrophage populations 

could be fostering an inflammatory microenvironment, the combination did not yield a 

synergistic effect. Therefore, we decided to keep on investigating new combination 

strategies.  

The imbalanced activation of the complement in the tumor microenvironment 

modulates local immunity resulting in suppression of antitumor responses (Afshar-

Kharghan, 2017). Therefore, the complement system has become an emerging target for 

cancer immunotherapy. Complement regulates the recruitment of myeloid-derived 

suppressor cells to tumor niches establishing an immunosuppressive environment that 

restrains T cell activity allowing cancer development (Bouwens van der Vlis et al., 

2018; Hajishengallis et al., 2017). Furthermore, tumor cells can secrete C3a and C5a 

anaphylatoxins that recruits immunosuppressor cell populations (Nitta et al., 2014). In 

gliomas, MDSC density increases as the tumor progresses correlating with higher grade 

and poorer outcome (Hussain et al., 2006). PMX-53 is a cyclic peptide that binds to 

C5aR1 impairing MDSC functionality (Kumar et al., 2018) and restoring cytotoxic T 

cell activity (Kolev and Markiewski, 2018). Our analyses of C5aR1 expression in 

glioma cells did not show an increase neither in murine nor human glioma cells. 

However, C5aR1 levels in lung cancer are increased (Ajona et al., 2018). In agreement 

with those results, levels of C5aR1 were dramatically higher in biopsies of GBM 

patients, highlighting the importance of tumor microenvironment in glioma 

pathogenesis. In the same line, other study showed deposition of C3 and C1q in necrotic 

and non-necrotic areas of GBM tumor tissue but not in the sera of GBM patients 

(Bouwens et al., 2015). In our work, mice treated with PMX-53 as single agent did not 

provide any survival benefit when compared with PBS. This is in agreement with other 

studies, which showed that blocking C5aR1 with PMX53 or an antagonist aptamer as 

monotherapy did not have any effect in the survival of mice bearing melanoma, lung 
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and colon cancer cells (Ajona et al., 2017; Zha et al., 2017). On the other hand, other set 

of studies demonstrated that C5aR1 or C5a inhibition had antitumor activity. For 

examples, treatment with PMX-53 led to a reduction in tumor growth and CD8 T cell 

infiltration in breast and lung cancer (Markiewski et al., 2008; Vadrevu et al., 2014). 

Moreover, in the breast model, PMX-53 induced a reduction in the number of 

metastasis, MDSC and Treg populations and an increment in CD4+ T cells. In a lung 

cancer bone metastasis model, treatment with AON-D21 (anti-C5a L-aptamer) showed 

a decrease in lung metastasic burden due to the modulation of CXCL16 in tumor cells 

(Ajona et al., 2018). In any case, the most encouraging results were achieved when 

C5aR1 inhibitors were combined with other therapies (Sharma and Dubinett, 2017; 

Wang et al., 2019b). For example, combination of PMX-53 with PD-1/PD-L1 blockade 

displayed an antitumor response in different murine models (Ajona et al., 2017; Wang 

et al., 2016a; Zha et al., 2017). Furthermore, C5a and C5aR1 is not the unique axis of 

the complement system studied in cancer. Works inhibiting C3a or C3aR1 achieved 

similar results when combined with PD-1 blockade (Zha et al., 2019). In CT-2A tumors 

treated with the combination of PMX-53 with Delta-24-ACT, we observed an increase 

in CD8 T cells accordingly with other studies which also found an increase in this 

population (Zha et al., 2017). However, there were no changes in myeloid cells 

suggesting that PMX-53 was not able to cross disrupted BBB. We only observed a 

reduction in C5aR1+ cells when all PMX-53 doses were intratumorally administered. In 

other studies despite they did not observe changes in MDSCs, they found a decrease in 

the MDSC arginase activity in the combination group compared to PD-L1 group (Zha et 

al., 2017). Furthermore, combination of anti-PD-1 antibody and anti-C5a L-aptamer, 

AON-D21, induced a reduction in tumor growth, an increase in CD8+ T cells and a 

reduction in MDSC resulting in an increase in median survival in two murine lung 

models (Ajona et al., 2017). In a squamous carcinoma model, combination of PMX-53 

and Paclitaxel induced a reduction of tumor growth leading to an increase of median 

survival due to an increment in apoptosis and a reduction in proliferative cells and 

angiogenesis (Medler et al., 2018). In contrast, anatomopathological analysis in CT-2A 

and GL261-5 tumors treated with the combination did not reveal changes in microglia, 

angiogenesis and proliferation potential, indicating that whether PMX-53 could exert its 

function in glioblastoma tumor microenvironment the antitumor response will be more 

potent. We only found an increase in CD8 T cells in GL261-5 tumors and an increment 

in CD3, CD4 and CD8 T cells in CT-2A tumors when compared with PBS. Although, 
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we did not observed differences in overall survival between Delta-24-ACT as 

monotherapy or in combination with PMX-53, the combination yield more long-term 

survivors. This effect was surprising because we thought that viral clearance by the 

innate immune response could limit the therapeutic potential of OVs favoring the 

synergy between OV and complement blockade. There are several works describing 

how OVs exploits the complement system to its own benefit. Serotype B and D 

adenovirus use CD46 as a cellular attachment receptor (Agrawal et al., 2017; Wu et al., 

2004). Nonetheless, complement can lead to direct viral destruction, even in the absence 

of neutralizing antibodies (Friedman et al., 2006; Wakimoto et al., 2002). C5a has been 

described to be one of the main component for the viral clearance, therefore, inhibition 

of C5a improves Vaccinia virus infectivity (Magge et al., 2013). In other study, 

complement depletion improved initial infection of intracerebral brain tumors with HSV 

using cobra venom factor (CVF) (Ikeda et al., 1999, 2000). Thus, some groups 

engineered oncolytic virus incorporating complement regulatory proteins (CD46, CD55 

and CD59) to mitigate complement-mediated virus inactivation (Rangaswamy et al., 

2016). All these data suggested that complement inhibition could improve the antitumor 

response exerted by the oncolytic virus. One of the reason, behind the lack of 

differences in immune cell populations within the tumor microenvironment might be 

that mechanistic analyses were performed fifteen days after virus inoculation and thus 

we were unable to study the effect of the innate response in the modulation of the tumor 

microenvironment. Moreover, complement system activation after virus inoculation 

could be fostering a boost of immune cell infiltration generating an antitumor response. 

Therefore, administrating PMX-53 all days during several weeks could be self-

defeating. Despite the positive results achieved using this combination, the antitumor 

effect elicited was poor when compared to Delta-24-ACT alone.  

The last strategy evaluated was the combination of Delta-24-ACT with PD-L1 

blockade. As we described above, lymphocytes from Delta-24-ACT treated mice 

displayed an increase in the expression of PD-1, suggesting that they had a more 

exhausted phenotype. Moreover, several works demonstrated that secretion of 

inflammatory cytokines, such as IFN-gamma, generated by OVs upregulates PD-L1 in 

tumor cells being self-defeating for cytotoxic T cells (Qian et al., 2018; Rajani et al., 

2016). Therefore, we hypothesized that Delta-24-ACT in combination with PD-L1 

antibody could help to alleviate the exhaustion induced by the activation of the immune 



Discussion 
 

 

185 
 

response. Recently, two clinical trials in recurrent or newly diagnosed GBM patients 

were performed showing modest clinical response, although PD-1 blockade reported 

immune changes within the tumor microenvironment (Cloughesy et al., 2019; Schalper 

et al., 2019). Moreover, clinical benefit in GBM was associated with immune 

expression signatures, specific molecular alterations, and the immune infiltration that 

reflect the tumor’s clonal evolution during treatment (Zhao et al., 2019). In our GL261 

murine model, we did not observed antitumor response in mice treated with anti-PD-L1 

alone when compared to PBS. Similar results were obtained in other works using both 

PD-1 and PD-L1 blockade as single agent in syngeneic and GEMM GBM models 

(Chen et al., 2020; Dai et al., 2018; Zeng et al., 2013) suggesting the importance of 

combinatorial approaches.  In our system, combination of Delta-24-ACT with PD-L1 

blockade resulted in significant increase in the overall survival when compared with 

monotherapy. This result is consistent with other studies, which employed different 

OVs in combination with ICIs achieving also positive results. Herpes simplex virus 

encoding for an anti-PD-1 antibody showed potent and durable antitumor immune 

response and improvement in survival in preclinical GBM models (Passaro et al., 2019). 

However, one of the limitations of inserting immunomodulatory molecules or ICI in the 

virus is that its expression will be transient due to viral clearance by immune cells 

(Chaurasiya et al., 2020; Fulci et al., 2006; Maroun et al., 2017). Moreover, Measles 

virus in combination with an anti-PD-1 antibody enhanced an influx of CTLs within the 

tumor microenvironment leading to a prolonged survival in a murine GBM model 

(Hardcastle et al., 2017). A triple combination of IL-12 expressing Herpesvirus with 

PD-1 and CTLA-4 antibodies was required to enhance overall survival in another GBM 

model (Saha et al., 2018). In other tumor models (lung, colon and melanoma), OVs - 

ICI combination approach generated also antitumor response (Liu et al., 2018b; Wang et 

al., 2020a) supporting the appropiatness of the combination. Moreover, neoadjuvant 

oncolytic virotherapy followed by ICIs before surgery was successful in preventing 

tumor relapses in a murine model of breast cancer (Bourgeois-Daigneault et al., 2018). 

Because the positive results in preclinical models, a phase Ib clinical trial combining 

Talimogene with Pembrolizumab in advanced melanoma patients was performed. In 

this trial, they observed that the viral administration generated a pro-inflammatory 

microenvironment with an influx of T cells while immunosuppression was blocked by 

ICIs demonstrating higher overall survival and complete response rate (Ribas et al., 

2017). Other strategies combining PD-1 antibody with 4-1BB agonists have also shown 
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increased therapeutic potential toward subcutaneously CT26 colon carcinoma and 

B16F10 melanoma (Chen et al., 2015; Shindo et al., 2015). Interestingly, they showed 

that PD-1 blockade increased 4-1BB expression in CD8+ T cells and 4-1BB antibody 

conversely induced PD-1 expression suggesting a potential synergy in the combination 

approach. Furthermore, dual therapy increase CD8/Treg ratio as well as the cytotoxic 

activity of T cells (Chen et al., 2015). However, co-administration of PD-1 and 4-1BB 

antibodies appeared to heighten 4-1BB antibody associated toxicities indicating the 

importance of choosing the right administration. In the same line, other study in which 

transfected 4-1BBL hepatocarcinoma cells were inoculated and then followed by PD-1 

blockade yielded a reduction in tumor burden and increased antitumor cytotoxicity 

(Xiao et al., 2007). Moreover, in other work focused in GBM, agonist 4-1BB antibody 

as monotherapy increased median survival without leading to long-term survivors. 

However, when 4-1BB antibody was administered in combination with PD-1 blockade 

not only resulted in survival benefit but also yielded long-term survivors, decreased TIL 

exhaustion and improved TIL functionality (Woroniecka et al., 2020). This result was in 

accordance with our data showing an increase, although not significant, in CD4 and 

CD8 T cells and a reduction in proliferative cells in tumors treated with the 

combination, compared to PBS suggesting that the viral administration fosters a 

lymphocytic influx within the tumor and these populations are functional to exert their 

cytotoxic activity. Moreover, PD-L1 expression was reduced in tumors treated with the 

anti-PD-L1 alone or in combination.  The most relevant difference in our system was 

that combination treatment protected the mice against a new tumor rechallenge and 

generated immunological memory. We speculate that the immune memory response 

observed in the mice treated with the combination was due to the influx of CD8 T cells 

generated in the combination group does not enter in exhaustion and therefore, they are 

able to become CD8 memory T cells. In agreement with our data, Delta-24-RGDOX 

followed by PD-L1 antibody in the GL261-5 murine model, led to the development of 

immune memory, which prevented tumor growth at distant site (Jiang et al., 2017).  

Taking account all the data presented, we proposed a therapeutic strategy using Delta-

24-ACT in combination with different immunomodulators which increase the T cell 

infiltration reducing the immunosuppression of the GBM TME and increasing the 

cytotoxic effect of T cells yielding an increase in the median survival of mice bearing 

glioma tumors promoting tumor cell killing (Figure 70). 
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Figure 70. Therapeutic strategy proposed model for GBM tumors. The combination of Delta-24-ACT 

and different immunomodulators increase Tcell infiltration reducing the immunosuppressive GBM tumor 

microenvironment yielding an increase in the median survival of mice bearing glioma tumors. 

Summarizing all the data from this work, we observed that in our three murine glioma 

models Delta-24-ACT showed a potent antitumor effect, although, it was difficult to 

find the right combination. Several works postulated that the treatment regimen is very 

important resulting in different antitumor response depending on when the therapeutic 

agents were administrated (Messenheimer et al., 2017; Rojas et al., 2015; Russell et al., 

2019). Therefore, it might be that the combination strategies use in our study would 

show more or less potency using different schedules. Most of the brains used in the 

anatomopathological analysis in FFPE were collected at the day of sacrifice when the 

immune response was already waned and therefore it prevented us from observing 

significant differences between groups. Mechanistic studies for analyzing the status of 

immune cell populations within the tumor microenvironment and spleen were 

performed fifteen days after Delta-24-ACT administration. At this endpoint, innate 

immune responses could not be analyzed and we believe this is an important component 

of the immune response influencing the improvement observed in the median survival 

of treated mice. Furthermore, the number of mice analyzed within the mechanistic 

studies was small (N = 3) and because the early times in some instances we only had a 

very small tumor, challenging the interpretation of the analysis to assure definitive 
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conclusions. Another important limitation that we have discussed previously is the lack 

of replication of Delta-24-ACT in murine cell lines. The effect of adenoviruses is 

examined for the most in mice bearing human xenografts tumors, however, these 

models does not allow us to study the immune system. Wold et al. developed a Syrian 

hamster model which is both immunocompetent and permissive to human adenovirus 

replication demonstrating anti-tumor efficacy in vivo (Thomas et al., 2006; Wold and 

Toth, 2012). This model provides a unique opportunity to evaluate interactions between 

tumor, virus, and the host immune system that previously could not be examined in 

either immunodeficient or non-permissive animals (Thomas et al., 2008). Another 

promising tool arising in the immunooncology field in recent years is the use of 

humanized mice to evaluate the interactions between immune components and tumors 

of human origin in a mice recipient (De La Rochere et al., 2018; Shultz et al., 2012). 

Humanized GBM mice were used to study the effect of ICIs using the U87-MG cell line 

demonstrating antitumor response only in mice transplanted with human PBMCs, 

indicating that the reduction of tumor growth was mediated by the engrafted PBMCs 

(Ashizawa et al., 2017). A final limitation of this work is that the three used murine 

glioma cell lines have been generated throughout chemical induction with 20-

methylcholanthrene in C57BL/6 mice failing to recapitulate many of the human specific 

tumor microenvironment glioblastoma features (Maes and Van Gool, 2011). GL261 

tumors are partially immunogenic, as they express higher levels of MHCI and they 

harbors mutations in KRAS which are not associated with GBM (Akbasak et al., 1991; 

Szatmári et al., 2006). SB28 is a more suitable GBM model as a result of the absence of 

constitutively MHCI and MHCII and modest CD8 infiltration resembling better the 

GBM phenotype (Genoud et al., 2018; Kosaka et al., 2014). Although CT-2A cells are 

deficient in PTEN (present in 70% of high-grade gliomas), P53 WT and have a GSC-

like phenotype, they no recapitulate all the features of human GBM (Oh et al., 2014; 

Seyfried et al., 1992). GL261-5 is a clone from GL261 cell line with slower growth 

(Jiang et al., 2014). Unfortunately, there are limited number of syngeneic glioblastoma 

models (Khalsa et al., 2020). One of the solutions could be to evaluate our therapeutic 

approaches using GEMMs or humanized models (Robertson et al., 2019). However, 

GEMMs limitations are the need to breed specific mouse strains, the time length needed 

for the development of the neoplasia or the lack of tumor initiation control (Becher and 

Holland, 2006; Ireson et al., 2019). Moreover, they have viral cargo limitations, which 

possess some restrictions for some mutations such as EGFRvIII (Holland et al., 2000). 
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Using humanized models, the antitumor response generated by the immune system 

could be analyzed inoculating cells from biopsies of GBM patients. However, this 

approach is extremely costly.  

As in 2020 glioblastoma is still a deadly tumor that desperately need a therapeutic 

solution. All the efforts made throughout the years, have resulted in a comprehensive 

understanding of key features of this tumor. Unfortunately, all this molecular 

knowledge has not been enough to leverage a cure. Future directions for glioblastoma 

should address key aspects such as aggressiveness of the disease, to achieve maybe not 

a cure but chronification of the disease; heterogeneity of the disease within the same 

tumor, quality of life and multitarget therapies, amongst others. There is a pressing need 

for the medical and the scientific communities to work together to find efficacious and 

safe therapies for patients suffering this terrible disease. 
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1. Delta-24-ACT is able to infect, express 4-1BBL and exert a cytotoxic effect in 

murine and human glioma cell lines. Moreover, the virus is able to replicate in 

the latter in vitro. 

 

2. Delta-24-ACT fosters an antitumor response in vivo in murine glioblastoma 

models, being its effect more potent than Delta-24-RGD. Moreover, treatment 

with Delta-24-ACT results in the triggering of an immune response with an 

influx of CD8+ T cells. However, Delta-24-ACT does not generate immune 

memory response in long-term survivors. 

 

3. The combination of Delta-24-ACT with DC vaccination in glioblastoma murine 

models elicits an antitumor response. The effect is more potent in GL261-5 

tumors. However, the survival benefit is not significantly different from Delta-

24-ACT as monotherapy. 

 

4. IDO1 mRNA levels are increased in glioblastoma biopsies compared to healthy 

controls. However, murine and human glioma cells do not display any 

differences in IDO1 expression. 

 

5. The combination of Delta-24-ACT with the IDO1 inhibitor 1-MT leads to an 

antitumor response in mice bearing CT-2A tumors. However, the antitumor 

effect does not present an advantage regarding median survival when compared 

to Delta-24-ACT. In addition, this combination is not sufficient to generate an 

immune memory response. 

 

6. Pexidartinib alone or in combination with Delta-24-ACT yields a reduction in 

macrophage populations in CT-2A tumors. 

 

7. The combination Delta-24-ACT and Pexidartinib provides a survival benefit in 

mice bearing CT-2A tumors. Although, as similar to the other strategies, the 

survival advantage is not significantly different from viral therapy alone, and 

does not provide immune memory to long-term survivors. 
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8. The expression of the complement molecule C5aR1 is significantly elevated in 

glioblastoma biopsies compared to healthy controls.  

 

9. The combination of Delta-24-ACT and the complement inhibitor PMX-53 fosters 

an antitumor response in the murine CT-2A model using two different schedules, 

albeit not significantly different than Delta-24-ACT as a single agent and was not 

able to generate an immune memory response.  

 

10. The combination of Delta-24-ACT and PD-L1 blockade elicits a significant 

antitumor response in GL261 model. Importantly, this combination generated an 

anti-glioma immune memory response in the long-term survivors. These results 

highlight the interest of investigating this therapeutic strategy in the clinical 

setting. 
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Abstract
Background. Glioblastoma (GBM) is the most common malignant primary brain tumor in adults. Circulating bio-
markers may assist in the processes of differential diagnosis and response assessment. GBM cells release extra-
cellular vesicles containing a subset of proteins and nucleic acids. We previously demonstrated that exosomes 
isolated from the serum of GBM patients had an increased expression of RNU6-1 compared to healthy subjects. 
In this exploratory study, we investigated the role of this small noncoding RNA as a diagnostic biomarker for GBM 
versus other brain lesions with some potential radiological similarities.
Methods. We analyzed the expression of RNU6-1 in circulating exosomes of GBM patients (n = 18), healthy con-
trols (n = 30), and patients with subacute stroke (n = 30), acute/subacute hemorrhage (n = 30), acute demyelinating 
lesions (n = 18), brain metastases (n = 21), and primary central nervous system lymphoma (PCNSL; n = 12) using 
digital droplet PCR.
Results. Expression of RNU6-1 was significantly higher in GBM patients than in healthy controls (P  =  .002). 
RNU6-1 levels were also significantly higher in exosomes from GBM patients than from patients with non-
neoplastic lesions (stroke [P = .05], hemorrhage [P = .01], demyelinating lesions [P = .019]) and PCNSL (P = .004). 
In contrast, no significant differences were found between patients with GBM and brain metastases (P = .573). 
Receiver operator characteristic curve analyses supported the role of this biomarker in differentiating GBM from 

RNU6-1 in circulating exosomes differentiates GBM 
from non-neoplastic brain lesions and PCNSL but not 
from brain metastases
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subacute stroke, acute/subacute hemorrhage, acute demyelinating lesions, and PCNSL (P < .05), but again 
not from brain metastases (P = .575).
Conclusions. Our data suggest that the expression of RNU6-1 in circulating exosomes could be  
useful for the differentiation of GBM from non-neoplastic brain lesions and PCNSL, but not from brain 
metastases.

Key Points

Increased levels of RNU6-1 in GBM patients than in healthy controls.

RNU6-1 in circulating exosomes could be useful for the differentiation of GBM from 
non-neoplastic brain lesions and PCNSL, but not from brain metastases.

Glioblastoma (GBM) is the most common malignant pri-
mary brain tumor in adults,1 with an estimated incidence 
of about 3 cases per 100 000 people per year.2 The current 
standard of care consists of maximal safe resection when 
feasible, followed by radiotherapy with concomitant and ad-
juvant temozolomide.3,4 Despite such multimodal approach 
the prognosis of patients with this diffusely infiltrating 
disease remains dismal, with median overall survival of 
14.6 months and 5-year survival rates of less than 10%.5

Although magnetic resonance imaging (MRI) often sug-
gests its diagnosis, other enhancing tumors and brain 
lesions such as acute demyelinating plaques, subacute 
ischemic stroke, or intraparenchymal hemorrhages might 
exhibit similar radiological features.6 Apart from the ther-
apeutic and prognostic role of surgical resection, histo-
logical examination of tumor tissue is required for definite 
diagnosis and further specific treatment. The identification 
of a blood-based diagnostic biomarker for GBM would be 
clinically helpful, particularly in the process of differential 
diagnosis in those patients in whom surgery is contraindi-
cated or with inconclusive histopathological results7,8 and 
in monitoring response to treatment.

Circulating vesicles released by tumor cells have re-
cently emerged as promising reservoirs of diagnostic 
biomarkers in GBM.9–12 These extracellular vesicles are 

composed of a lipid bilayer containing transmembrane 
proteins and enclosing cytosolic proteins and nucleic 
acids such as DNA, mRNA, miRNA, and long noncoding 
RNA. They constitute biologically active molecules that 
mediate both surrounding and distant intercellular com-
munication, thus favoring immune evasion and tumor 
growth and dissemination.13–17 According to their origin, 
content, and size, extracellular vesicles can be classified 
in shedding microvesicles (microvesicles, ectosomes, and 
microparticles) and exosomes.13 Exosomes are 30–100 nm 
diameter vesicles formed by inward budding of endosomal 
compartments and secreted into the environment when 
these compartments fuse with the plasmatic membrane.18 
They are very stable vesicles that express different sur-
face markers such as CD9, CD63, CD81, TSG101, and dif-
ferent types of integrins.19 Several groups have described 
an increased release of exosomes from GBM cells, and 
the potential of their molecular cargo for facilitating the 
diagnosis and predicting both response to treatment and 
prognosis.11,20–22

In a previous study, we found a significantly higher ex-
pression of RNU6-1 in exosomes isolated from the serum 
of GBM patients compared with healthy controls, thus hy-
pothesizing its potential role as a diagnostic biomarker 
for GBM.9 RNU6-1 is a small noncoding RNA (sncRNA) 

Importance of the Study

Glioblastoma (GBM) is the most common ma-
lignant primary brain tumor in adults. Although 
neuroimaging may suggest the diagnosis, his-
tological examination of the tumor tissue re-
mains mandatory for definitive diagnosis and 
further specific treatment. The identification 
of diagnostic and prognostic biomarkers for 
GBM in more accessible fluid specimens might 
be helpful for assisting in the process of dif-
ferential diagnosis in those patients in whom 
surgery is contraindicated or with inconclu-
sive histopathological results and in moni-
toring response to treatment. In this work, we 

evaluated the role of RNU6-1 in circulating 
exosomes isolated from the serum of patients 
with GBM and other brain lesions that might 
potentially exhibit some radiological similar-
ities: subacute stroke, acute/subacute hem-
orrhage, acute demyelinating lesions, brain 
metastases, and PCNSL. We observed that the 
expression of RNU6-1 was higher in patients 
with GBM compared to the remainder patholo-
gies except for brain metastases, concluding 
that RNU6-1 might allow differentiating GBM 
from nontumoral brain lesions and PCNSL but 
not from brain metastases.
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involved in RNA processing and cellular growth rate 
regulation.23–25

Based on our previous results, we conducted this study 
to assess the role of RNU6-1 isolated from circulating 
exosomes as a diagnostic biomarker for GBM and its accu-
racy for distinguishing other tumors and brain lesions that 
may mimic GBM on neuroimaging.

Methods

Study Population

Between 2016 and 2018, a total of 159 patients exhibiting 
different brain lesions or non-glial malignancies that can 
share some radiological features with GBM, and 18 pa-
tients with newly diagnosed GBM were prospectively in-
cluded in the current study. Nonmalignant brain lesions 
consisted of subacute ischemic non-lacunar hemispheric 
stroke (from 7 to 28 days after onset) in 30 patients, acute 
or subacute hemispheric intraparenchymal hemorrhage 

(from onset to up to 28  days) in 30 patients, and acute 
enhancing demyelinating plaques in 18 patients with mul-
tiple sclerosis. Brain tumors consisted of primary central 
nervous system lymphoma (PCNSL) in 12 patients and 
intraparenchymal brain metastases in 21 patients. Figure 1 
illustrates the potential radiological similarities between 
GBM and the other brain disorders considered in this 
study. In addition, 30 healthy subjects with no recent his-
tory of head trauma or symptoms of an intracranial lesion 
served as controls.

The local ethics committee approved the study protocol 
and informed written consent was obtained from all pa-
tients and healthy controls.

Serum Sample Collection

For patients with GBM and non-glial brain tumors, blood 
samples were taken before surgery and any other spe-
cific antitumor treatment. Additionally, in patients with 
PCNSL peripheral blood was drawn prior to receiving any 
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Figure 1 Examples of potential radiological similarities between glioblastoma and other types of brain lesions included in the study: (A) subacute 
stroke, (B) subacute hemorrhage, (C) acute multiple sclerosis lesion, (D) primary central nervous system lymphoma, (E) brain metastasis, and (F) 
glioblastoma.
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corticotherapy. Lack of previous corticosteroid treatment 
before blood sampling was also required for patients with 
acute multiple sclerosis lesions. Samples from volun-
teer subjects were collected in the absence of a concur-
rent inflammatory illness at the time of peripheral blood 
sampling.

Venous blood was drawn into Vacutainer tubes con-
taining sodium citrate solution as anticoagulant, inverted 4 
to 6 times, and allowed to clot at 4ºC for 1 h. Samples were 
then centrifuged at 2400  rpm for 10  min to separate the 
serum. The supernatant fluid was collected and aliquoted 
into 2-mL cryotubes and stored at −80ºC until subsequent 
analysis.

Exosome Isolation and Characterization

After filtering 250  µL of serum through a 0.22  µm filter, 
microvesicles were isolated using the Exoquick precip-
itation solution (System Biosciences) according to the 
manufacturer’s instructions. Then, the obtained pellet was 
treated with RNAse (Ambion) and DNAse I (New England 
Biolabs) for 30  min at room temperature and at 37ºC, 
respectively.

Dynamic light scattering

Particle number and exosome size were analyzed using 
the Zetasizer Nano ZS (Nanosizer, Malvern Panalytical) 
equipped with a blue laser (405  nm), according to the 
manufacturer’s instructions. Distilled water (MilliQ) was 
used for the measurements and samples were diluted 
1:125.

Western blot

Protein extracts from exosomes were prepared using a 
100 µL lysis buffer (PBS + 0.1% Triton) and were kept 30 min 
on ice. Samples were then centrifuged at 10 000× g for 
15  min at 4ºC and supernatant was reserved for further 
analysis. All protein extracts were quantified using Protein 
Assay Dye Reagent Concentrate (Bio-Rad) following the 
manufacturer’s indications; 30  µg of protein were then 
loaded and separated in a 10% polyacrylamide gel under 
denaturing conditions. Afterward, proteins were trans-
ferred to a nitrocellulose membrane and incubated with 
the respective antibodies: ADAM 10 (Cell Signaling), Alix 
(Cell Signaling), Calnexin (Cell Signaling), CD63 (Sigma-
Aldrich), CD9 (Millipore), Syntenin-1 (Abcam), and TSG101 
(Sigma-Aldrich). Protein bands were detected by enhanced 
chemiluminescence (GE Healthcare) measured by densi-
tometry and quantified using ImageJ software.

RNA Extraction

Total RNA was extracted from the isolated exosomes using 
the Trizol reagent (Invitrogen). Quantity and quality of 
the obtained RNA were determined with Nanodrop 1000 
Spectrophotometer (Thermo Scientific). Forty nanograms 
of RNA were further retro-transcribed using GoScriptTM 
Reverse Transcription System to obtain cDNA.

Digital Droplet PCR

Digital droplet PCR (ddPCR) was performed as described 
previously.26 Briefly, 20  µL of ddPCR assay mix was loaded 
into the wells of a disposable DG8 cartridge (Bio-Rad) with 
70 µL of droplet generation oil for probes (Bio-Rad). The car-
tridge was then placed into the QX200 Droplet Generator 
(Bio-Rad). Around 15 000 highly uniform nanoliter-sized 
droplets were generated in each well and transferred to a 
96-well PCR plate (Eppendorf, Germany). PCR amplifica-
tion was performed in a thermal cycler (Bio-Rad) at 95°C 
for 10  min, then 40 cycles of 94°C for 30  s and 52°C for 
1 min (ramping rate reduced to 2%), and a final inactivation 
step at 98°C for 10 min. After PCR, the plate was loaded into 
the QX200 Droplet Reader (Bio-Rad) for automatic reading 
of positive and negative droplets in each sample. All sam-
ples were run in duplicate, and a positive control and a 
blank (BLK) were included in every assay. Obtained data 
were analyzed using the QuantaSoft software™ (Bio-Rad). 
Discrimination between negative and positive droplets 
was achieved by setting manually a fluorescence ampli-
tude threshold for the RNU6-1 assay based on results from 
BLK wells. The absolute amount of RNU6-1 was calculated 
by counting the number of positive droplets per well. The 
corrected number of targets, determined by Poisson statis-
tical analysis, was multiplied by the corresponding dilution 
factor to obtain the total copy number per microliter of PCR 
mixture.

Statistical Analysis

Continuous data are expressed as means with SDs and 
medians with 25th and 75th percentiles. The assumption 
of normality was checked using the Shapiro–Wilk test. 
Differences in serum RNU6-1 expression levels between 
patients with GBM, patients with other brain lesions, and 
healthy controls were conducted using the Wilcoxon rank-
sum test. The area under the receiver operator character-
istic (ROC) curve was calculated to explore the diagnostic 
role of RNU6-1. The area under the curve (AUC) ranges 
from 0.5 to 1, with 0.5 meaning no predictive ability and 1 
meaning perfect predictive ability. Two-tailed P values ≤.05 
were considered statistically significant. All analyses were 
performed using Stata 14 (StataCorp. 2015).

Results

Characteristics of the Study Population

Gender and age characteristics of the study population 
are summarized in Table 1. Among patients with brain me-
tastases, primary tumors consisted mainly of lung and 
breast cancers and were as follows: 8 patients (36.36%) 
had lung cancer, 6 patients (27.27%) had breast cancer, 
4 patients (18.18%) had colorectal cancer, and 4 pa-
tients had each (18.18%) a melanoma, pancreatic cancer, 
gastroesophageal cancer, and bladder cancer metastases. 
Eleven of these patients (52.38%) had a single brain me-
tastasis whereas 10 patients (45.45%) had multiple meta-
static brain lesions.
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Characterization of Exosomes Isolated from 
Patients’ and Healthy Controls’ Sera

First, exosomes were isolated from the serum of patients 
with GBM and with the other brain pathologies that can 
mimic GBM on neuroimaging, as well as from healthy 
controls. In order to confirm the nature of the obtained 
microvesicles, their size and the expression of several pro-
tein markers were evaluated. Interestingly, the proportion 
of exosomes, that is, microvesicles with a size ranging 
from 30 to 120 nm, was higher in patients with GBM com-
pared to the other brain disorders and healthy controls. 
In addition, healthy controls exhibited the lowest propor-
tion of circulating exosomes (Figure 2A). The expression of 
several exosomal markers and the lack of detection of the 
endoplasmic reticulum marker calnexin confirmed that re-
sulting samples from all groups of patients and controls 
were enriched with exosomes (Figure 2B). Importantly, the 
number of circulating exosomes did not significantly differ 
between the group of patients with tumoral lesions and the 
group of patients with non-neoplastic lesions. Although we 

observe an increasing tendency in the group of patients 
with neoplastic lesions (Supplementary Figure S1).

RNU6-1 Expression in Circulating Exosomes from 
GBM Patients, Patients with Other Brain Lesions, 
and Healthy Subjects

In order to accomplish the aim of the study, RNA from the 
isolated exosomes was extracted and the expression of 
RNU6-1 was determined by ddPCR. Obtained results are 
given in Table 2.

Statistically significant differences in the expression 
levels of this sncRNA were found between all groups 
(P =  .006). Particularly, the highest expression of RNU6-1 
was observed in the group of patients with GBM (412 
copies/20  μL [189–611]) followed by the group of pa-
tients with brain metastases (325 copies/20  μL [65–617]) 
(Figure 3A).

Importantly, the expression of RNU6-1 was signifi-
cantly higher in GBM patients than in healthy subjects (93 

  
Table 1 Characteristics of the Study Population

Healthy Controls Stroke Hemorrhage Multiple Sclerosis PCNSL Metastasis GBM

N 30 30 30 18 12 21 18

Sex n (%)        

 Female 17 (56.7) 11 (36.7) 9 (30) 13 (68.4) 4 (33.3) 10 (47.61) 8 (44.4)

 Male 13 (43.3) 19 (63.3) 21 (70) 6 (31.6) 8 (66.7) 11 (52.38) 10 (55.6)

Age, years        

 Median (range) 47 (21–77) 70.8 (44–93) 65.6 (28–91) 40.6 (20–61) 66.2 (47–84) 60.3 (45–82) 63 (20–72)

PCNSL, primary central nervous system lymphoma; GBM, glioblastoma.
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Figure 2 The proportion of circulating exosomes in the serum of patients with GBM and other brain pathologies and healthy controls (A). 
Characterization of circulating exosomes by Western blot (B). C, controls; S, stroke; H, hemorrhage; MS, multiple sclerosis; PCNSL, primary cen-
tral nervous system lymphoma; BM, brain metastasis; GBM, glioblastoma.
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copies/20 μL [20–409]; P = .002), thus corroborating the re-
sults of our previous study.9

Mean levels of RNU6-1 were also significantly higher 
in patients with GBM compared with patients with 
nonmalignant brain lesions altogether (143 copies/20  μL 
[62–298]; P  =  .008) (Figure  3B). Differences retained sta-
tistical significance when comparisons were made in-
dividually between GBM patients and stroke patients 
(412 copies/20 μL [189–611] vs 223 copies/20 μL [44–390]; 
P = .05), brain hemorrhage patients (412 copies/20 μL [189–
611] vs 135 copies/20 μL [67–277]; P = .010) and acute mul-
tiple sclerosis lesions’ patients (412 copies/20 μL [189–611] 
vs 111.5 copies/20 μL [82–273]; P = .019).

Regarding non-glial tumor etiologies, the difference was 
also found to be statistically significant between patients 
with GBM and those with PCNSL (412 copies/20 μL [189–611] 
vs 18.1 copies/20 μL [6.4–241]; P = .004). On the contrary, dif-
ferences did not reach significance between GBM patients 
and patients with brain metastases (412 copies/20 μL [189–
611] vs 325 copies/20 μL [65–617]; P = .573).

No statistically significant differences were observed 
when etiologies were grouped altogether as tumoral 
versus nontumoral (P = 0.0942) (Figure 3C).

RNU6-1 as a Predictive Biomarker for the 
Diagnosis of GBM

Finally, ROC curve analyses were performed to further an-
alyze the usefulness of RNU6-1 for distinguishing GBM pa-
tients from healthy controls and from patients with other 
radiologically similar brain lesions. In general, this analysis 
afforded an AUC of 0.700 (95% CI, 0.576–0.824, P = .001) for 
such differentiation (Figure  4A). More concretely, the ex-
pression levels of RNU6-1 in circulating exosomes were 
found to be a helpful biomarker for discriminating pa-
tients with GBM from healthy subjects (AUC 0.759 [95% CI, 
0.621–0.897], P < .001), as well as from those with subacute 
stroke (AUC 0.695 [95% CI, 0.501–0.817] P = .048), acute or 
subacute hemorrhage (AUC 0.724 [95% CI, 0.563–0.884] 
P = .006), and acute multiple sclerosis plaques (AUC 0.728 
[95% CI, 0.552–0.904] P = .011) (Figure 4B–E). Importantly, 
the discriminative role of this circulating biomarker was 
maintained when patients with all 3 nontumoral path-
ologies were grouped altogether (AUC 0.700 [95% CI, 
0.558–0.841] P  =  .006) (Figure  4F). Concerning the ne-
oplastic lesions, RNU6-1 was also able to differentiate 
GBM patients from those with PCNSL (AUC 0.814 [95% 
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Table 2 RNU6-1 Expression Levels in Circulating Exosomes

Healthy  
Controls

Stroke Hemorrhage Multiple  
Sclerosis

PCNSL Metastasis GBM

N 30 30 30 18 12 21 18

RNU6-1  
copies/ 
20 μL

Mean (SD) 194.9 (224.3) 432.9 (709.8) 203.1 (195.3) 214.6 (250.4) 160.5 (245.8) 529.6 (632.1) 546.2 (550.5)

Median  
(p25–p75)

93 (20–409) 223 (44–390) 135 (67–277) 111.5 (82–273) 18.1 (6.4–241) 325 (65–617) 412 (189–611)

P value of comparison 
with GBM

.002 .05 .01 .019 .004 .573 —

PCNSL, primary central nervous system lymphoma; GBM, glioblastoma.
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CI, 0.646–0.983] P < .001) but not from patients with brain 
metastases AUC 0.552 [95% CI, 0.368–0.737] P  =  .575) 
(Figures 4G–H). Indeed the ROC analysis did not yield a sig-
nificant result for the differentiation of patients with GBM 
from those with non-GBM tumors overall (AUC 0.648 [95% 
CI, 0.496–0.799] P = .055; Figure 4I).

Discussion

The identification of a diagnostic marker for GBM in an ac-
cessible specimen such as blood would be helpful in the 

clinical setting, especially for assisting in the differential 
diagnosis process in those patients in whom surgery is 
not feasible or in whom the histological diagnosis is incon-
clusive after a biopsy. In the current exploratory study, we 
investigated the diagnostic role of RNU6-1 isolated from 
circulating exosomes and its accuracy for distinguishing 
GBM from other brain lesions that might, in some cases, 
mimic GBM on neuroimaging.

In agreement with previous reports, we found a higher 
amount of circulating exosomes in patients with GBM 
compared with healthy subjects,11,20–22 reflecting the in-
creased release of these vesicles from GBM tumor cells 
and their potential usefulness as reservoirs of biomarkers. 

  
A

100

100

80

80

60

40

6040

20

20
0

0

S
e 

(%
)

100-Sp (%)

B
100

100

80

80

60

40

6040

20

20
0

0
S

e 
(%

)
100-Sp (%)

C
100

100

80

80

60

40

6040

20

20
0

0

S
e 

(%
)

100-Sp (%)

D

100

100

80

80

60

40

6040

20

20
0

0

S
e 

(%
)

100-Sp (%)

E

100

100

80

80

60

40

6040

20

20
0

0

S
e 

(%
)

100-Sp (%)

F

100

100

80

80

60

40

6040

20

20
0

0

S
e 

(%
)

100-Sp (%)

G
100

100

80

80

60

40

6040

20

20
0

0

S
e 

(%
)

100-Sp (%)

H
100

100

80

80

60

40

6040

20

20
0

0

S
e 

(%
)

100-Sp (%)

I
100

100

80

80

60

40

6040

20

20
0

0

S
e 

(%
)

100-Sp (%)

AUC = 0.6847 AUC = 0.7593 AUC = 0.6593

AUC = 0.7241 AUC = 0.7284 AUC = 0.7001

AUC = 0.8148 AUC = 0.5529 AUC = 0.6481

p = 0.005 p < 0.001 p = 0.048

p = 0.006 p < 0.011 p = 0.006

p < 0.001 p = 0.575 p = 0.055
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In this sense, we also confirmed our previous finding of 
increased expression of RNU6-1 in exosomes isolated 
from the serum of GBM patients in comparison to healthy 
controls.9

The expression of the sncRNA RNU6-1 in circulating 
exosomes was also significantly higher in patients with 
GBM than in patients with nonmalignant brain lesions, 
including subacute ischemic non-lacunar hemispheric 
strokes, subacute hemispheric intraparenchymal hemor-
rhages, and acute demyelinating multiple sclerosis lesions. 
Regarding the neoplastic brain lesions, RNU6-1 expression 
levels were also significantly higher in GBM patients than 
in patients with PCNSL. However, differences did not reach 
statistical significance and thus did not allow a clear-cut 
distinction between patients with GBM and patients with 
metastatic brain lesions.

These results might be relevant from a clinical per-
spective, particularly with regard to nontumoral lesions. 
Although clinical characteristics and advanced neuroim-
aging techniques are usually enough for diagnosing such 
disorders, there are some particular cases in which this 
issue still results challenging. This is especially true for pa-
tients with pseudotumoral multiple sclerosis27 or patients 
with spontaneous intraparenchymal hemorrhage and no 
risk factors for bleeding. Indeed, in these latter patients, 
serial MRI exams are frequently performed to ensure, 
once the hematoma has resolved, that there is no un-
derlying brain neoplasm.28 Parenchymal enhancement is 
also a frequent radiological finding few days after stroke 
onset,29 and consequently this consideration necessarily 
needs to be taken into account when new enhancement 
develops in the first weeks following GBM surgery.30

RNU6-1 is located in the spliceosome of cells with 4 
other sncRNA31 and is transcribed by RNA polymerase III. 
This sncRNA is involved in RNA processing and cell growth 
rate regulation,23–25 and its enhanced activity has been 
shown essential for tumorigenesis.32,33 The transcription 
of this sncRNA is negatively regulated by the phospha-
tase and tensin homolog (PTEN) tumor-suppressor gene 
via one of the transcription factors of the BRF2 (BRF2 RNA 
polymerase III transcription initiation factor subunit) onco-
gene.34 Therefore, it can be expected that tumors with sig-
nificant PTEN pathway alterations, such as GBM,35 might 
exhibit overexpression of the sncRNA RNU6-1. Accordingly, 
the different prevalence of these genetic pathway alter-
ations in PCNSL and other metastatic systemic cancers 
might explain, at least in part, the results observed in this 
study. Indeed genomic alterations at this tumor-suppressor 
gene are usually rare in PCNSL, whereas they occur more 
frequently in other types of systemic tumors.35

The heterogeneity of the group of patients with brain 
metastases and the limited number of patients included 
in the groups of patients with GBM, brain metastases, and 
specially PCNSL constitute a limitation of the current study 
and require further validation in more homogeneous and 
larger series. In addition, the lack of differences among 
GBM and brain metastases patients limits the usefulness 
of this biomarker, although in an appropriate clinical set-
ting a negative whole-body computed tomography scan 
might favor the former diagnosis. Regarding patients 
with brain metastases, it remains unclear whether circu-
lating exosomes are released by brain metastatic cells, by 

systemic tumor cells, or by both types of cells. Because 
brain abscesses are frequently included in the radiological 
differential diagnosis of GBM, further studies incorporating 
a group of patients with this type of ring-enhancing lesions 
would be of interest. This issue seems particularly chal-
lenging because of the low prevalence of these infectious 
disorders and the common lack of further histological con-
firmation. In fact, during the study period, we only man-
aged to include one patient with a single pyogenic brain 
abscess, in which the RNU6-1 expression in circulating 
exosomes was 76 copies/20 μL.

In summary, in the current study, the expression of the 
sncRNA RNU6-1 was found to be significantly higher in 
GBM patients compared with healthy controls and also 
allowed for the differentiation of patients with GBM from 
those with PCNSL and other nontumoral lesions that might 
share some radiological features with GBM. These results 
suggest that RNU6-1 isolated from circulating exosomes 
could serve as a differential biomarker for GBM versus 
non-neoplastic brain lesions and PCNSL. However, further 
studies on independent and larger series are needed to 
confirm these findings and to explore the utility of RNU6-1 
for monitoring response to treatment and its mechanistic 
role in the pathogenesis of GBM.

Supplementary Data

Supplementary data are available at Neuro-Oncology 
Advances online.
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