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Oncolytic virotherapy in glioblastoma patients induces
a tumor macrophage phenotypic shift leading to an
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Abstract

Background. Immunosuppressive protumoral M2 macrophages are important in pathogenesis, progression, and ther-
apy resistance in glioblastoma (GBM) and provide a target for therapy. Recently oncolytic virotherapy in murine models
was shown to change these M2 macrophages toward the pro-inflammatory and antitumoral M1 phenotype. Here we
study the effects of the oncolytic virotherapy Delta24-RGD in humans, using both in vitro models and patient material.
Methods. Human monocyte-derived macrophages were co-cultured with Delta24-RGD-infected primary glioma
stem-like cells (GSCs) and were analyzed for their immunophenotype, cytokine expression, and secretion profiles.
Cerebrospinal fluid (CSF) from 18 Delta24-RGD-treated patients was analyzed for inflammatory cytokine levels,
and the effects of these CSF samples on macrophage phenotype in vitro were determined. In addition, tumor
macrophages in resected material from a Delta24-RGD-treated GBM patient were compared with 5 control GBM
patient samples by flow cytometry.

Results. Human monocyte-derived M2 macrophages co-cultured with Delta24-RGD-infected GSCs shifted toward
an M1-immunophenotype, coinciding with pro-inflammatory gene expression and cytokine production. This phe-
notypic switch was induced by the concerted effects of a change in tumor-produced soluble factors and the pres-
ence of viral particles. CSF samples from Delta24-RGD-treated GBM patients revealed cytokine levels indicative
of a pro-inflammatory microenvironment. Furthermore, tumoral macrophages in a Delta24-RGD-treated patient
showed significantly greater M1 characteristics than in control GBM tissue.

Conclusion. Together these in vitro and patient studies demonstrate that local Delta24-RGD therapy may provide
a therapeutic tool to promote a prolonged shift in the protumoral M2 macrophages toward M1 in human GBM,
inducing a pro-inflammatory and potentially tumor-detrimental microenvironment.
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Importance of the study

Tumor macrophages are important for tumor progres-
sion and maintenance. This has led to a search for mac-
rophage modulating therapeutic tools. Here we combine
human in vitro and patient studies to demonstrate the
glioblastoma macrophage modulating effect of the onc-
olytic adenovirus Delta24-RGD, leading to a pro-inflam-
matory and tumor-detrimental microenvironment. To

Tumor macrophages have an important role in cancer
pathogenesis. Within aggressive tumors such as glio-
blastoma (GBM), melanoma, and lung carcinoma, tumor-
supportive macrophages have been found to inhibit the
antitumor immune response and promote angiogenesis,
tumor growth, and therapy resistance.”*These tumor-sup-
portive macrophages, known as M2 macrophages, are one
phenotype on the phenotypic spectrum that macrophages
acquire through microenvironmental signaling.8

M2 macrophages provide local immune suppression,
promote a T helper cell (Th) type 2 response, and are
involved in parasite clearance, tissue remodeling, and
tumor development through production of interleukin
(IL)-1RA, IL-10, vascular endothelial growth factor, and
transforming growth factor-f3, regulated by interferon reg-
ulatory factor 4 (IRF4)-signal transducer and activator of
transcription 6 (STAT6) pathway.”®'3 At the opposite end of
the spectrum are M1 macrophages with pro-inflammatory
properties. These macrophages kill intracellular pathogens
and promote aTh1 response, as well as mediate an antitu-
mor immune response by pro-inflammatory cytokine pro-
duction such as tumor necrosis factor alpha (TNF-a), IL-1B,
IL-6, IL-8, IL-12, and IL-23, regulated by the nuclear factor-
kappaB (NF-kB) pathway.”'*'> However, the M1 and M2
dichotomy used to simplify description of polarized mac-
rophages in vitro are phenotypic extremes and therefore
do not fully resemble in vivo macrophage phenotypes,
which show less pronounced M1/M2 phenotypes and
functional plasticity.” Both phenotypes are primarily regu-
lated through IRF4 (M2) and IRF5 (M1) competing for the
myeloid differentiation primary response gene 88 (MyD88)
complex involved in Toll-like receptor (TLR) signaling.'®'?
Therefore, the in vivo phenotype is based on the dominant
cytokines, genes, and proteins expressed.

Within GBM, a malignant brain tumor known for its het-
erogeneity and dismal prognosis, M2-like macrophages
are abundant and their presence is negatively correlated
with patients’ progression-free survival and overall sur-
vival.’®20 Moreover, in vitro models have shown that gli-
oma stem-like cells (GSCs),?" the current gold standard
for glioma cultures, induce the M2 phenotype in mac-
rophages, suppressing an immune response and enabling
tumor evasion from immune cell clearance.??%

A new and promising treatment for GBM consists of
oncolytic viruses (OVs), which combine direct cancer cell
lysis with systemic antitumor immunity induction.?* The
oncolytic adenovirus Delta24-RGD, also known as DNX-
2401, was designed to replicate selectively in cells harbor-
ing retinoblastoma gene or pathway mutations, currently

our knowledge, this is the first study to describe an onc-
olytic virus-induced prolonged M2 to M1 tumor mac-
rophage phenotype shift in human GBM patients. Since
this shift disables a major GBM-maintaining mechanism
and disrupts indirect local GBM-induced immune sup-
pression, this effect may play a significant role in onco-
lytic virotherapy in humans.

under investigation in clinical phase Il trials for GBM.? We
previously demonstrated that intratumoral injections of
this virus in murine GBM leads to increased intratumoral
macrophage numbers.?® Recently Saha et al demonstrated
in murine models that tumoral macrophages play a crucial
role in herpes simplex oncolytic virotherapy and that the
virus shifts the murine GBM macrophage phenotype from
M2 to M1,%” suggesting that OVs can be used as inducers of
pro-inflammatory signaling in macrophages and may offer
a tool to shift macrophage phenotype in human tumors.?®

As clinical trial material is limited, this OV macrophage
modulating effect has thus far not been studied in humans.To
elucidate OV effects on behavior and function of human GBM
macrophages we investigated macrophage phenotype and
function upon Delta24-RGD treatment in vitro and in patients,
including extensive analysis of GBM resection material from
a Delta24-RGD-treated patient and cerebrospinal fluid (CSF)
from 18 Delta24-RGD-treated patients. Together, our results
demonstrate that Delta24-RGD therapy changes the GBM
macrophage phenotype from protumoral M2 toward the anti-
tumoral and pro-inflammatory M1 phenotype, thereby disa-
bling a major tumor-maintaining mechanism.

Materials and Methods
Patient Material

Tumor tissue was obtained from GBM patients undergo-
ing a routine tumor resection procedure at primary diag-
nosis. These tumor samples were either used to establish
GSC cultures, according to Balvers et al,?® or used for
flow cytometric analysis. Tumor tissue was also obtained
from 2 patients enrolled in a clinical phase /Il study test-
ing convection-enhanced delivery of Delta24-RGD virus
(ClinicalTrials.gov: NCT01582516). This was an open-label
nonrandomized 2-center study for which 19 patients were
recruited. From Patients 12 and 16, tumor resection mate-
rial was obtained at 8 weeks and 26 months, respectively,
after receiving loco-regional infusion of 10210 infectious
viral particles. Stored material from Patient 12 was used for
cryosectioning and immunohistochemistry, while tissue
from Patient 16 was directly dissociated and analyzed by
flow cytometry as described below.

CSF from 18 clinical trial patients was obtained through
a subcutaneous ventricular catheter system enabling
repetitive CSF sampling. Within one hour, cells and debris
were removed and CSF was stored at —80°C. This trial was
approved by the Central Committee on Research Involving
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Human Subjects and the Ministry of Health, Welfare, and
Sport (VWS). All patient materials were obtained according
to the local guidelines of the Medical Ethical Committees
of Erasmus Medical Center Rotterdam and VU University
Medical Center Amsterdam. Written informed consent was
obtained from all participants.

Viruses

The conditionally replicating human adenoviruses Delta24-
RGD and its derivative encoding green fluorescent protein
(GFP) under the adenovirus major late promoter, Delta24-
RGD-GFP, were described previously.3%3' The replication-
deficient E1 deleted adenovirus expressing luciferase
under the cytomegalovirus promoter, Ad.Luc.RGD, has
been described previously.3?

Immunohistochemistry

Fresh frozen tumor sample cryosections were fixed in
acetone before Protein Block (Dako) was added, before
staining with cluster of differentiation (CD)68 (clone KP-1,
Dako), fluorescein isothiocyanate (FITC)-conjugated
anti-hexon (Santa Cruz Biotechnology) and Alexa Fluor
568 rabbit anti-mouse immunoglobulin G (heavy + light
chain) (Life Technologies Europe). Slides were mounted
with 4’,6’-diamidino-2-phenylindole (Vectashield, Vector
Laboratories) and imaged on a Leica DMRB microscope.

Macrophage Culture and Polarization

Human CD14-positive monocytes were isolated by CD14
MicroBeads (Miltenyi) from healthy donor buffy coats (pro-
ject #NVT 0084.02, Sanquin). Monocytes were cultured for
4 days with Iscove’s modified Dulbecco’s medium (IMDM)
(Thermo Fisher Scientific) containing 10% heat-inactivated
fetal calf serum (Life Technologies), 5% penicillin/strepto-
mycin (Life Technologies), and 5 ng/mL macrophage col-
ony-stimulating factor (M-CSF) (R&D Systems). Then, IL-4,
interferon (IFN)-y (both 50 ng/mL, R&D Systems), or phos-
phate buffered saline (PBS) was added for 24 h.

GSCs were pre-infected at multiplicity of infection (MOI)
25 Delta24-RGD for 24 h then washed with PBS twice prior
to being added to macrophages cultured and polarized
using I-4 (M2) as described above. All experiments were
performed at least twice and in duplicate. Supernatants
were stored at —20°C and cells were harvested for flow
cytometry or mRNA isolation. Cytochalasin D (Sigma-
Aldrich) was added to the appropriate cultures at 10 uM,
5 min prior to addition of infected GSCs.

Viral Infectivity and Replication Assay

Ad.Luc.RGD was added at MOI 25 to cultured M1 and M2
macrophages. After 24 h, intracellular luciferase was meas-
ured using the Promega Luciferase Assay according to the
manufacturer’s instructions. Delta24-RGD-GFP was added
at MOI 25 and macrophages were followed by time-lapse
imaging with an IncuCyte system (Essen Bioscience).

Flow Cytometry

Scraped monolayer cells or dissociated tumor material was
washed with with PBS +0.5% bovine serum albumin before
30 min staining with antibodies (Supplementary Table S1).
Fix&Perm (Nordic MUbio) was used to fix and intracel-
lularly stain with FITC-conjugated anti-hexon (Santa Cruz
Biotechnology). Samples were acquired on a FACSCanto
I (BD Biosciences) and analyzed using Infinicyt v1.8
(Cytognos) (see Supplementary Fig. S2 for gating strategy).

Gene Expression Analyses

RNA from cultured macrophages was isolated using the
RNeasy mini kit (#74104, Qiagen). Primers and probes
(Supplementary Table S1) were used to analyze cytokine
expression, with the ABL gene as reference. Samples were
run for 40 cycles on a 7900 HT Fast Real-Time PCR system
(Applied Biosystems).

Cytokine Analysis

Cytokine levels in culture supernatants were measured
using the Cytometric Bead Array Human Inflammatory
Cytokines Kit (BD Bioscience), according to the manufac-
turer’s instructions with undiluted samples with technical
replicates. Data analyses were done using FCAP Array v3.0
software (BD Bioscience).

Patient CSF cytokine levels were analyzed using MSD
electrochemiluminescence panels and a SECTOR Imager
6000 Plate Reader according to the manufacturer’s instruc-
tions. Data were analyzed using MSD Discovery Workbench
software (all MSD Mesoscale Discovery).

Conditioned Medium Experiments

Control GSCs and Delta24-RGD-infected GSCs (MOI
25) were cultured for 72 h in 5 ng/mL M-CSF in IMDM (10%
fetal calf serum + 5% penicillin/streptomycin). The condi-
tioned media (CM) were stored for up to 3 months at -80°.
Thawed samples were added to MO macrophages cultured
as above with PBS. After 72 h, cells were harvested and
stained for flow cytometric analyses as above. For Delta24-
RGD spiking of control GSCs CM, MOI 25 relative to the
monocytes was used. CM was filtered by Amicon Ultra-4
(100000 molecular weight cutoff) Centrifugal Filter Device
(Millipore) at 4000 g for 15 minutes.

Macrophages Cultured in Patients’ CSF

CD14+ monocytes were cultured for 4 days in 5 ng/mL
M-CSF and IMDM (10% fetal calf serum + 5% penicil-
lin/streptomycin). Fresh medium was mixed (2:1) with
patients’ CSF and added for 72 h prior to harvesting of cells
and flow cytometric analysis.

Statistical Analysis

Statistical analysis was performed with SPSS Statistics
21 (IBM). Missing data points were excluded. Gaussian
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datasets were analyzed using one-way ANOVA and if
P<0.05 followed by Tukey’s multiple comparison test. Non-
Gaussian distributed paired samples were analyzed using
the Wilcoxon signed rank test. Differences were considered
statistically significant when P < 0.05.

Results and Discussion

Tumor Macrophages Phagocytize Infected
Tumor Cells

Cryosections of recurrent GBM tissue obtained from a
Delta24-RGD-treated patient 8 weeks after virus infusion
were stained for the macrophage marker CD68 and the
adenoviral protein hexon to assess immune cell infiltration
and virus-infected tumor cells. CD68-positive cells con-
tained hexon-positive concentrations (Fig. 1A). We hypoth-
esized that these hexon concentrations may be derived
from either viral replication in macrophages or infected
tumor cell phagocytosis by macrophages. To investigate
this, we infected human macrophages and GSC cultures
with the replication-defective adenoviral vector Ad.Luc.
RGD. Significantly higher luciferase expression was found
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in the GSC cultures (ANOVA P = 0.003, Tukey P = 0.032,
Fig. 1B), indicating that macrophages are susceptible to
RGD-modified adenovirus infection, albeit to a lesser extent
than tumor cells. Infection of GSCs and macrophages with
the replication-competent adenovirus Delta24-RGD-GFP
revealed abundant GFP expression in the infected GSCs,
whereas no GFP was detected in the macrophages, indicat-
ing lack of adenoviral replication in macrophages (Fig. 1C
and Supplementary Movie S1).The macrophage resistance
to wild-type adenovirus replication has been shown previ-
ously,®® and our results demonstrate that also Delta24-RGD
is not capable of replicating in these cells.

To evaluate whether the observed hexon positivity in
tumor macrophages is caused by phagocytosis, we cul-
tured macrophages with Delta24-RGD, Delta24-RGD-
infected human primary GSCs, or control human primary
GSCs. Significantly increased amounts of hexon-positive
macrophages were observed after 24 h in the co-cul-
tures with Delta24-RGD-infected GSCs but not in co-cul-
tures with Delta24-RGD (P = 0.001) or uninfected GSCs
(P = 0.009) (Fig. 1D). Addition of cytochalasin D, which
blocks actin polymerization required for phagocytosis,®*
completely abrogated hexon positivity in macrophages
(P=0.011) (Fig. 1D).This indicates that the observed hexon-
positive macrophages in the resected tumor have most
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Fig. 1 Tumor macrophages acquire hexon accumulations by phagocytosis of virus-infected tumor cells. (A) Delta24-RGD—treated patient
tumor-resection material, stained for CD68 (green) and hexon (red). White bar indicates 20 uM. (B) Mean + SEM luminescence of human mac-
rophages and GSCs 24 h after mock or Ad.Luc.RGD infection. (C) GFP-positive objects per mm? in 5-day culture of Delta24-RGD-GFP-infected
macrophages and GSCs. (D) Mean + SEM percentage of hexon-positive macrophages after 24 h of culture with GSCs, Delta24-RGD, or Delta24-
RGD-infected GSCs with or without cytochalasin. (B-D) Data represent at least 2 independent experiments. *P <0.05; **P <0.01; ***P <0.005

(one-way ANOVA, Tukey post-hoc test).
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likely acquired this through Delta24-RGD-infected tumor
cell phagocytosis.

Phenotype, Cytokine Profile, and Phagocytosis
Capacity of In Vitro Polarized Macrophages

Most tumor macrophages are derived from blood mono-
cytes,®3 and their tumor promoting and immune-
suppressive M2-like phenotype is induced by the tumor
microenvironment. Therefore we used human monocytes
to culture macrophages, which were polarized by IFN-y
(M1) or IL-4 (M2), or PBS (MO0) as a control.To validate the
macrophage phenotypes, differential expression of polar-
ization markers CD64, CD192 (C-C chemokine receptor
type 2), TLR4, CD163, and CD206 was assessed after 24 h.
The selected markers were based on extensive in vitro
immunophenotyping experiments.®” Macrophages cul-
tured with IFN-y increased expression of the M1 markers
CD64, CD192, and TLR4 and downregulated CD163 and
CD206, whereas macrophages cultured with I-4 increased
expression of CD163 and CD206 and downregulated

CD64, confirming appropriate macrophage polarization
(Fig. 2A).

Gene expression analysis showed that 24 h of M1 polari-
zation significantly upregulated TNFA (P < 0.005), IL6
(P < 0.005), IFNG (P < 0.005), IRF4 (P < 0.01), and IRF5
(P < 0.05), and downregulated IL70 (P < 0.05) compared
with MO, whereas M2 macrophages significantly upregu-
lated /IRF4 (P < 0.01) and /RF5 (P < 0.05). M2 macrophages
had significantly lower TNFA (P < 0.001), IL6 (P < 0.001),
and IFNG (P < 0.001) expression compared with M1
(Fig. 2B). Additionally, the supernatant cytokine profiles of
the different phenotypes revealed increased levels of TNF-a
(P < 0.01) and IL-6 (P < 0.01) in the M1 cultures. IL-8 was
significantly decreased (P < 0.001) in the M2 culture.
IL-10, IL-1B, and IL-12p70 levels did not significantly differ
between phenotypes (Fig. 2C).

Co-cultures of the different macrophage phenotypes
with Delta24-RGD-infected GSCs showed that M1 mac-
rophages were more efficient in phagocytizing infected
GSCs than the other phenotypes (P < 0.05) (Fig. 2D).
Addition of the virus only to these cultures revealed no
hexon-positive macrophages in any of the phenotypes up
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Fig. 2

Immunophenotyping, gene expression and cytokine production demonstrate in vitro macrophage polarization. (A) CD64, CD192, TLR4,

CD163, and CD206 expression on cultured human macrophages after 24 h either unpolarized (M0) or polarized with IFN-vy or IL-4. (B) Mean + SEM
of hexon-positive macrophages per M0, M1, and M2 phenotype, indicative of phagocytosis efficiency at 1 h and 6 h (Student's t-test). (C) Mean +
SEM of mRNA fold-change relative to ABL of TNFA, IL6, IL10, IFNG, IRF4, and IRF5 in M0 and M1 or M2 macrophages, 24 h after polarization. (D)
Mean + SEM of cytokine concentration of TNF-a,, IL-6, IL-10, IL-1f, IL-8, and IL-12p70 in culture supernatants of MO, M1, and M2 macrophages.
(B-D) Data represent at least 2 independent experiments. *P < 0.05; **P <0.01; ***P <0.005; ****P <0.001 (one-way ANOVA, Tukey post-hoc

test).
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to 72 h (Supplementary Fig. S1), confirming that none of
the phenotypes are permissive for adenoviral replication
and that the observed hexon positivity was derived from
phagocytosis of infected GSCs.

Delta24-RGD Shifts Macrophages from M2 to M1
Phenotype

As GBMs contain mostly protumoral M2-like mac-
rophages™ and viruses can induce a pro-inflamma-
tory microenvironment,???838 we investigated whether
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Delta24-RGD was capable of shifting the phenotype of
human macrophages from M2 to M1. M2 macrophages
cultured with either Delta24-RGD or Delta24-RGD-infected
GSCs for 72 h demonstrated upregulation of CD64 and
downregulation of CD163, indicative of an immunophe-
notypic shift toward M1. This shift did not occur when
M2 macrophages were cultured with uninfected GSCs
(Fig. 3A).

Furthermore, M2 macrophages cultured with Delta24-
RGD for 72 h demonstrated significant upregulation of
TNFA (P = 0.003), IL6 (P < 0.001), IL70 (P = 0.004), IFNG
(P < 0.001), and /IRF5 mRNA (P = 0.027) compared with
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Fig.3 Delta24-RGD in vitro changes human macrophages’ genotype, inmunophenotype, and cytokine profile. (A) CD64 and CD163 expression
on M2 macrophages after 72 h of culturing with Delta24-RGD, GSCs, or Delta24-RGD-infected GSCs. (B) Mean + SEM of mRNA fold-change rela-
tive to ABL of TNFA, IL6, IL10, IFNG, IRF4, and IRF5 in M2 macrophages after 72 h of culturing with Delta24-RGD, GSCs, or Delta24-RGD—infected
GSCs. (C) Mean + SEM cytokine concentration of TNF-q, IL-6, IL-10, IL-1f, IL-12p70 in supernatant of M2 macrophages co-cultured for 72 h with
Delta24-RGD, GSCs, or Delta24-RGD—infected GSCs. (D) Mean fluorescence intensity (MFI) of CD64, CD192, CD163, CD206 on MO macrophages
cultured for 72 h with conditioned medium (CM) from Delta24-RGD—infected or control GSCs either with Delta24-RGD or filtered with a 100 kD
filter. (B—D) Data represent at least 2 independent experiments. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001 (one-way ANOVA, Tukey

post-hoc).
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cultures of M2 macrophages, while IRF4 was slightly
downregulated (P = 0.003). A comparable change in gene
expression was observed in the co-cultures with virus-
infected GSCs compared with uninfected GSCs, where
TNFA (P = 0.045), IL10 (P = 0.004), IFNG (P = 0.003), IRF4
(P <0.001), and IRF5 (P = 0.003) were increased. Only the
IL6 expression was decreased by infected GSCs compared
with uninfected GSCs (P =0.07) (Fig. 3B).

Cytokine levels in culture supernatants confirmed the
gene expression results. TNF-a (P = 0.045), IL-10 (P = 0.04),
IL-1B (P =0.013), and IL-12p70 (P = 0.025) were increased in
co-cultures with virus-infected GSCs. Contrary to the gene
expression data, -6 production was significantly increased
in conditions with GSCs compared with the conditions with-
out GSCs (P = 0.003), but not by the virus alone (P = 0.68)
(Fig. 3C). IL-6, under regulation of the M1-associated NF-kf3-
pathway,®® has been ambiguously described as both tumor
promoting as well as an initiator of antitumor immunity.*°
Interestingly, among the evaluated cytokines, only IL.-12p70
was increased with infected GSCs and not with Delta24-
RGD alone, suggesting a combined effect of the presence
of tumor cells and virus, leading to production of this
anti-angiogenic and Th1-lymphocyte activating cytokine.*'
The infected tumor cells themselves were not the source
of this increase, since they stopped producing several
of the evaluated cytokines, as shown by Supplementary
Fig. S3). Altogether, a full phenotypic shift with complete
loss of M2 traits was not observed, fitting with the notion
that the defined M1 and M2 phenotypes are extremes on
the polarization spectrum which cannot be obtained under
physiological conditions. This is attributed to the complex
changes necessary to shift phenotype as well as the many
factors influencing macrophage heterogeneity in glioma.®
However, our results do demonstrate that in vitro Delta24-
RGD shifts human macrophages from a more tumor-sup-
portive toward a tumor-detrimental phenotype.

In the Tumor Environment Both GSC-Derived
Factors and the Presence of Viral Particles Are
Required to Induce M1 Polarization

To study whether in macrophage-tumor cell interactions
(eg, phagocytosis), soluble factors or viral particles induce
the macrophage phenotypic shift, we tested several condi-
tions on unpolarized (M0) macrophages to allow the evalu-
ation of small effects. Addition of conditioned medium
from GSCs (GSC CM) to MO macrophages significantly
decreased CD64 expression (P < 0.001), whereas CD163
was not significantly affected, confirming the M2 polar-
izing effects of the tumor environment. CM from Delta24-
RGD-infected GSCs led to increased M1 markers CD64
(P < 0.001) and CD192 expression (P = 0.005) compared
with control GSC CM, whereas no significant effect was
observed on CD163 and CD206 (Fig. 3D).This indicates that
soluble factors from OV-infected GSCs can induce a pheno-
typic shift toward M1 without direct contact between mac-
rophages and GSCs (eg, phagocytosis).

Whether Delta24-RGD particles in the tumor microenvi-
ronment exert these M1 polarizing effects was evaluated by
spiking virus into GSC CM. Surprisingly, this did not alter
CD64 and CD192 M1 marker expression compared with GSC

CM, but did lead to decreased CD163 and CD206 M2 marker
expression. Indeed, compared with Delta24-RGD-infected
GSC CM, all markers remained lower.Together, these results
suggest that local tumor cells need to be infected by the virus
to allow M1 marker upregulation, and the viral particles in
the tumor environment contribute to M2 marker downregu-
lation, together inducing M1 polarization (Fig. 3D).

To gaininsightinto the nature of the secreted factors from
infected cells that are involved in the M1 polarization, the
Delta24-RGD-infected GSC CM was filtered using a 100 kD
filter, which retains large structures, such as adenoviruses
and extracellular vesicles, and allows small secreted and/or
soluble factors such as cytokines to pass. This filtered CM
did not induce the phenotypic shift observed with Delta24-
RGD-infected GSC CM. The M1 marker increase induced
by Delta24-RGD-infected GSC CM was not observed, while
a decrease in the M2 markers CD163 and CD206 (P < 0.05)
was observed. The latter is not unexpected, as it has been
shown that larger-sized GSC-derived vesicles mediate M2
polarizing effects,?! although we cannot exclude that small
molecules produced by the virus-infected cells also con-
tribute to M1 polarization (Fig. 3D). We therefore conclude
that within the tumor microenvironment, OV delivery leads
to a phenotypic switch through the concerted action of a
change in factors produced by OV-infected GSCs and the
presence of viral particles, together contributing to an M1
macrophage phenotypic switch.

Delta24-RGD Treatment Markedly Changes
Cytokine Profile in Patients’ CSF

Unique CSF samples from patients enrolled in the phase
I/ll Delta24-RGD clinical trial at our institute provided the
opportunity to explore the clinical relevance of our in vitro
data. Poli et al previously showed that a tumor-detrimen-
tal microenvironment in mice can be detected through
analysis of CSF cytokine levels.5 Indeed, analysis of post—
Delta24-RGD treatment CSF samples revealed significantly
increased levels of TNF-a (P = 0.002), IL-6 (P = 0.001), and
IFN-y (P=0.005) (P<0.01) (Fig. 4A). Additionally, IL-10 levels
were also increased, corresponding with the virus-induced
gene expression and cytokine profiles found in our in vitro
experiments. This demonstrates that Delta24-RGD therapy
in humans alters the tumor microenvironment toward a
more pro-inflammatory state.

Patients’ CSF Alters Macrophage Phenotypes

To assess whether the detected microenvironmental
changes not only are hallmarks but also induce the mac-
rophage phenotypic shift, we selected 3 CSF samples with
a marked change in cytokine levels (Fig. 4A; full squares)
and 3 samples with a limited change in cytokine levels
(Fig. 4A; open triangles). Macrophages cultured for 72 h in
markedly changed CSF revealed significant CD64 upregula-
tion (Fig. 4B). Furthermore CD192, CD163, and CD206 were
slightly upregulated with the posttherapy CSF. Interestingly,
macrophages co-cultured with CSF samples with limitedly
changed cytokine levels did not reveal changes in marker
expression (Fig. 4B). This heterogeneity in macrophage
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Fig. 4 CSF cytokine profile and macrophage phenotype shift to pro-inflammatory under influence of Delta24-RGD treatment. (A) CSF cytokine
concentration of TNF-a, IL-6, IL-10, and IFN-v in 20 Delta24-RGD-treated patients (18 individual patients, 15 pairs) before and 72 h after viral infu-
sion. Each dot represents one patient. Squares represent patients with increased cytokine concentrations. Open triangles represent patients
with little cytokine changes upon treatment. Black line is the mean, **P <0.01; *** P <0.005 (Wilcoxon signed rank test). (B) CD64, CD163, CD192,
and CD206 expression on macrophages cultured for 72 h with patient’s CSF both pretreatment and 72 h after start of treatment. Black line is
the mean, each symbol represents mean of 2 separate experiments. The symbol ¢ marks patients with statistical significant changes, *P <
0.05 (one-way ANOVA, Tukey post-hoc). (C) CD206, CD163, CD192, CD64, and TLR4 expression on GBM macrophages, in untreated (N =5) and

Delta24-RGD-treated (N = 1) patients, *P <0.05 (Student's t-test).

response suggests that the conditions required to induce
the immunophenotypic shift are present in some patients’
CSF, whereas in others it is not, a phenomenon that may be
related to therapeutic efficacy of OV treatment.

Patients’ GBM-Macrophage Immunophenotype
Shifts upon Delta24-RGD Treatment

Direct immunophenotypic analysis of tumor macrophages
from OV-treated GBM patients is rarely possible. Only a
limited number of clinical trials have been performed and
secondary resections are uncommon. In the trial at our
institute, a patient who had received Delta24-RGD treat-
ment 26 months earlier underwent a second tumor resec-
tion due to recurrence. Considering the normal time to
progression in recurrent GBM (mean 6.2 mo#?), this was an
exceptionally long progression-free survival. The resected
tumor tissue was immunophenotyped and compared with
5 untreated GBMs. As GBM is notorious for intratumoral
heterogeneity, the sampled tumor cannot represent the

entire tumor, limiting result interpretation. Nevertheless,
intratumoral macrophages in the virus-treated GBM dem-
onstrated increased CD192 (P =0.002),TLR4 (P=0.008), and
CD64 expression. Furthermore, we found decreased CD206
expression and increased levels of CD163 compared with
the majority of untreated GBMs (Fig. 4C). Although CD163
was not decreased, as would be expected for an M1 pheno-
type, the other phenotype markers suggest OV treatment
induced pro-inflammatory effects and prolonged pheno-
typic changes in tumor-associated macrophages. Whether
this phenotypic shift is related to the patient’s delayed
recurrence needs to be investigated in future studies.

The analyses of patient material and our in vitro experi-
ments reveal that under the influence of Delta24-RGD,
human (tumor) macrophages change phenotype, thereby
modifying the microenvironment toward pro-inflammatory
and antitumoral. Although the gene expression, immu-
nophenotype, and cytokine profiles showed that M2 traits
were not completely lost, M1 traits became dominant. This
lack of a clear boundary between M1 and M2 macrophagesin
patient-derived material® complicates result interpretation;
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however, as we used multiple macrophage traits to identify
the prominent phenotype, a more general conclusion can
be drawn. Furthermore, we demonstrated that a combina-
tion of factors is required to cause the observed phenotypic
shift. Both direct macrophage-Delta24-RGD interaction as
well as a Delta24-RGD-induced change in tumor-derived
soluble factors are essential. The latter is most likely caused
by virus-induced oncolysis and blocking or changing of the
secretion of immune modulating factors. However, small
molecular structures, such as cytokines from infected tumor
cells alone, could not induce a switch to M1. This indicates
that large soluble structures, such as extracellular vesi-
cles, not only induce M2 macrophages within the tumor
environment but may also contribute to the observed M1
shift upon viral infection of tumor cells.?>*® Fig. 5 depicts
a schematic representation of these processes. Most

A Untreated glioblastoma

M2 polarizing
molecules/cytokines/
extracelllular vesicles

* .

Immune
suppression

likely, macrophages need to be able to detect viral double-
stranded DNA (via TLR9) or infected tumor cells (via TLR2),
triggering the MyD88 complex and activating IRF5, which
upregulates NFxp, IRF5, and IRF7, leading to M1-associated
cytokine transcription (Fig. 5C—E).16:1740.41

Unfortunately, the limited availability of Delta24-RGD-
treated patient material precluded more extensive analy-
sis using larger panels of genes, markers, or timepoints,
thereby limiting clinical effect evaluation of the phenotypic
shift. In vivo studies in mice, however, may also have lim-
ited translational value with regard to macrophage plastic-
ity as murine monocytes/macrophages differ from those
in humans.* More insight into the effect of phenotypic
shifts on tumor cell clearing or antigen presentation upon
OV therapy therefore requires further immune monitoring
studies in clinical trials.

Delta24-RGD-treated Glioblastoma

M2 polarizing
molecules/cytokines/
extracellular vesicles

M1 polarizing
extracellular vesicles

Antigen
presentation

=
IL-1B 3 Leukocyte
| —bl I_L_'162 recruitment
TNF-ot and activation

Fig. 5 Macrophage phenotype regulation in Delta24-RGD therapy of glioblastoma. (A) Glioblastoma cells secrete M2 polarizing molecules,
cytokines, and extracellular vesicles that primarily affect the macrophage IRF4-STATS. (B) This induces M2-related gene transcription and M2
membrane marker upregulation. Furthermore IL-10, which suppresses leukocytes and the M1-associated NF-kf3 pathway, and the MyD88—IRF5
complex inhibitor IRF4 are produced. (C) Delta24-RGD administration by directinfusion or released by infected tumor cells (as particles or in extra-
cellular vesicles) leads to viral double-stranded DNA detection by TLR9 in macrophage endosomes, activating IRF5 via the MyD88—IRF5 complex.
(D) Delta24-RGD infection of tumor cells inhibits M2 polarizing molecule production, allowing M1 polarization of macrophages and promoting
tumor cell phagocytosis. Tumor cell digestion in the phagolysosome leads to virus detection by TLR2 and TLR9, activating IRF5 via the MyD88-IRF5
complex. Furthermore, digested infected tumor cells are loaded onto human leukocyte antigen class Il for antigen presentation. (E) Active IRF5
inhibits IRF4 and the subsequent M2-related pathways and promotes NF-xf3, IRF5, and IRF7 transcription, leading to CD64 and CD192 upregulation,
type | IFN production, and M1-associated gene transcription, together inducing inflammation, leukocyte recruitment, and activation.
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Taken together, we have shown that the antitumor effect
of Delta24-RGD therapy is not merely restricted to oncolysis
and the induction of aT cell-mediated antitumor response,
but local macrophages also gain antitumoral properties. Our
studies show that OV therapy may offer the highly sought
after tool to modulate tumor-supportive M2 macrophages
into antitumoral M1 macrophages in humans, providing a
new therapeutic approach to change the tumor microenvi-
ronment and possibly improve patient survival.'9:2045
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