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Abstract

Integrins are known to play an important role in activating multiple intracellular pathways, one
of which is focal adhesion kinase (FAK). Phosphorylation of FAK can lead to the activation of
various downstream signaling pathways that can increase tumor cell growth and proliferation,
making it an ideal target for cancer therapeutics. Due to the fact that many FAK inhibitors are
limited in their penetration of the blood brain barrier, we investigated the use of Penfluridol, an
antipsychotic drug known to attenuate integrin expression at a transcriptional level, in
combination with oncolytic herpes simplex | virus (0HSV) in a glioblastoma model. We
examined the effects of oHSV on FAK signaling by looking at FAK phosphorylation at different
time points post-infection and saw that FAK was activated by viral infection at earlier time
points. When combining Penfluridol with oHSV, we saw that at higher drug concentrations there
was a decrease in viral propagation, however combination treatment increased overall tumor cell
killing compared to either treatment alone. Additionally, we know that viral treatment causes
immune cell infiltration leading to viral clearance. Combination of Penfluridol with virus
treatment significantly reduced immune cell migration towards infected cells. To assess the
effects of Penfluridol in vivo, GBM tumors were implanted intracranially in mice and treated
with Penfluridol and oHSV. Survival data and bioluminescence imaging to evaluate virus
replication was collected to examine the efficacy of the combination treatment. Overall, virus
replication was not inhibited by Penfluridol treatment in vivo. Furthermore, mice treated with
both Penfluridol and oHSV survived significantly longer than mice in individual treatment
groups. These findings conclude that Penfluridol has the ability to attenuate integrin and FAK
signaling and increase tumor cell killing when combined with oHSV in vitro. Additionally, we
have seen that the combination treatment of Penfluridol and oHSV can significantly enhance

survival in both immune deficient and immune competent mouse models in vivo.
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Introduction

Glioblastoma (GBM) is currently the most commonly diagnosed primary, malignant
brain tumor. The invasive nature of this tumor makes complete surgical resection with clear
margins extremely difficult to accomplish without negatively affecting normal brain function (1).
In addition to its invasive nature, GBM also secretes various cytokines and growth factors that
encourage the infiltration of tumor supportive immune cells. This ultimately leads to the creation
of a tumor microenvironment (TME) that influences tumor growth and metastasis, along with the
ability for the tumor to resist treatment (2). Despite efforts that have been made towards
developing treatments, the overall prognosis remains poor, making it imperative that other
therapeutic approaches are investigated in order to improve the survival outcome in GBM
patients (3). Oncolytic viral (OV) therapy is an approach that involves the use of either a natural
strain or genetically engineered virus that can enter and replicate specifically in cancer cells. This
will ultimately lead to the lytic destruction of cancer cells causing minimal damage to
surrounding tissues (4). Currently, one of the most studied OV treatments is the use of the herpes
simplex-1 virus (HSV) and the oHSV therapy, Talimogene laherparepvec (T-Vec), which is
currently FDA approved for the treatment of metastatic melanoma (5). Additionally, many other
second generation o0HSV vectors are at various stages in clinical trials for GBM treatment
(NCT00028158, NCT02062827, NCT00157703). Despite the numerous advantages of oHSV
therapy, virally induced activation of pathways that can allow for viral clearance and tumor cell
growth can pose an issue for the clinical development and application of viral therapy. Therefore,
it is pertinent that we examine the mechanism behind these activated pathways and consider
using oHSV in combination with another therapy to enhance overall tumor cell death. In this

paper, we will explore the role that oHSV plays in activating integrins and in turn, activating



FAK which can ultimately allow for tumor cell growth/proliferation and viral clearance.
Integrins are a family of cell surface receptors that bind extracellular matrix (ECM) proteins and
activate numerous intracellular signaling pathways that are known regulate tumor cell
proliferation and survival (6). In addition to their signaling ability, integrins also play a role in
viral entry. The gH/gL complex on the viron envelope interacts with high affinity to integrin
receptors av36 and av8, which then allow the virus to enter the cell via plasma membrane
fusion or endocytosis (7). One of the major pathways that is activated as a result of integrin
engagement is focal adhesion kinase (FAK). FAK is known to regulate many aspects of
metastasis and is overexpressed and activated in a variety of cancers. Furthermore, activation of
FAK can lead to adhesion, migration, and invasion of tumor cells (8). Due to these downstream
effects of integrin activation, we investigated the use of Penfluridol, an FDA approved
antipsychotic drug, which has been shown to reduce integrin expression at a transcriptional level
and decrease tumor cell growth in breast cancer tumor models (9). We hypothesize that
combining oHSV with Penfluridol will decrease downstream activation of FAK, therefore,

decreasing viral clearance, tumor cell survival, and tumor growth in our glioma model (Fig.1).
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Fig.1 Graphical representation of hypothesis which illustrates the ability for Penfluridol (PF) to attenuate integrin
and FAK signaling which can ultimately lead to a decrease in tumor growth and viral clearance.



Materials and Methods
Cell lines and Oncolytic Herpes Simples Virus-1 (0HSV-1)

U251T3, US7AEGFR, and Vero cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gendepot, Houston, TX) supplemented with 10% fetal bovine serum (FBS).
U251 cells were obtained from Dr. Erwin G. Van Meir (Emory University, Atlanta, GA) and
U251-T3 (T3) cells were created in our laboratory (May 2009) as a tumorigenic clone of U251
cells by serially passaging these cells three times in mice. US7AEGFR cells express a truncated,
constitutively active, mutant form of the epidermal growth factor receptor (EGFRvIII). Patient-
derived primary GBM cells (GBM8, GBM12, GBM28, GBM43, and GBM1016) were provided
by Dr. Jann N. Sarkaria (Mayo Clinic, Rochester, MN). Primary GBM cells were maintained as
tumor spheres in neurobasal medium supplemented with 2% B27 without vitamin A, human
EGF (20 ng/mL), and basic FGF (20 ng/mL) in low-attachment cell culture flasks. GL261N4
cells and monkey kidney epithelial derived Vero cells were obtained from the ATCC. Primary
GBM cells (February 2019) were authenticated by MD Anderson Cancer Center Characterized
Cell Line Core via STRS profiling and U87AEGFR (October 2018), and U251T3 (January 2015)
cells were authenticated by the University of Arizona Genetics Core via STRS profiling. Murine
BV2 microglia were maintained in DMEM supplemented with 2% FBS (2F). BV2 cells were
obtained in January 2009 from J. Godbout (Ohio State University, Columbus, OH). Murine
RAW264.7 macrophages were maintained in RPMI supplemented with 10% FBS. RAW264.7
macrophages were received in June 2010 from S. Tridandapani (Ohio State University,
Columbus, OH). Murine BV2 and RAW264.7 cells have not been authenticated since receipt.
All cells were maintained at 37 °C in a humidified atmosphere with 5% carbon dioxide and with

100 units of penicillin/mL and 0.1 mg of streptomycin/mL (Pen/Strep). All cells were routinely



monitored for changes in morphology and growth rate. All cells were confirmed negative
for Mycoplasma. For oncolytic HSV, we used rHSVQ and rHSVQ-IE4/5-Luciferase (rHSVQ-
Luc), which are both disrupted in the UL39 locus and deleted for both copies of the ICP34.5

gene. Viral stocks were generated and titered on Vero cells via standard plaque forming unit

assays.

Western blot analysis and antibodies

Cell lysates were fractionated by SDS-PAGE and transferred to nitrocellulose (NC) membranes.
Blocked membranes were then incubated with antibodies against Anti-integrin alpha V, Anti-
integrin alpha 6, Anti-integrin beta 3, Anti-phospho Akt (S473), Anti-phospho p44/p42 MAPK
(Cell Signaling Technology, Waltham, MA), Anti-phospho FAK (Abcam, Cambridge, MA), and
GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) (each diluted 1:1000) ; HRP-conjugated
secondary anti-mouse antibody (each diluted 1:1000) (GE Healthcare, Piscataway, NJ); HRP-
conjugated secondary goat anti-rabbit antibody (each diluted 1:1000) (Dako, Hamburg,
Germany), and the immunoreactive bands were visualized using enhanced chemiluminescence

(ECL) (GE Healthcare, Piscataway, NJ).

Cell Proliferation Assay

Cells were plated in 96-well plates containing 10000 cells/well in 50uL of 2%FBS-containing
media. Seeded cells were infected at 0.01, 0.05, and 0.1MOI with HSVQ in a volume of 25uL of
2%FBS-containing media and one hour later were treated with 4 different concentrations of
either GSK2256098 or Penfluridol. Cells and virus were incubated for 24-72hpi at 37C, and cell

viability was measured using a cell proliferation kit (Roche) following manufacturer’s protocol.



Absorbance was measured using a Synergy HT Multi-Mode Microplate reader (Biotek), and cell

viability was measured as a percentage of uninfected control.

Quantitative virus spread by Cytation 5 live imaging

Glioma cells and primary GBM cells were infected with 0.5 MOI of HSVQ. One hour post virus
infection, unbound virus was removed, and cells were treated with Penfluridol at 0.078uM,
0.156uM, 0.3125uM, 0.625uM and 1.25uM for 48 hours. Virus-encoded GFP expression was
monitored every 4 hours for 48 hours using the Cytation 5 live plate reader/imager (BioTek
Instruments). Captured images were analyzed by BioTek Genb5 version 2.06 software program.

Prism (GraphPad) was used for curve fitting.

Cell Migration Assay

Cell migration was evaluated in a 24-well chemotaxis chamber equipped with a polycarbonate
filter with 5 um pores (Costar, Corning, NY). GBM8 tumor cells were plated in the bottom
chamber and infected for 1 hour at a MOI of 1 and unbound viruses were washed out and treated
with and without Penfluridol (5uM) for 2 hours. Subsequently, serum starved Raw264.7 or BV2
cells were plated in the top chamber and then left to migrate for 6 hours. Following incubation,

cells were fixed and stained.

ELISA

Raw264.7 and BV?2 cells were seeded in 6 well- plates and treated with 5uM of Penfluridol. All
assays were performed in triplicate. Cells and media were harvested 24 hours post drug
treatment, centrifuged for 5 minutes at 8,000 rpm, and cell pellets and supernatant conditioned
media were frozen. Murine TNFa was quantified in cell supernatants using the mouse murine

TNFa DuoSet ELISA kit (R&D Systems, Cat# DY410, Minneapolis, MN) according to the



manufacturer's recommendations. Serial dilutions of a known concentration of purified

recombinant murine TNFa were used to establish a standard curve.

Xenograft studies

All mouse housing and experiments were performed in accordance with the Subcommittee on
Research Animal Care of the Ohio State University (OSU) and the Animal Welfare Committee
at the University of Texas Health Science Center in Houston guidelines and have been approved
by the Institutional Review Board. Six-week-old outbred female athymic nu/nu mice were
obtained from the Target Validation Shared Resource at the Ohio State University, from which
original breeders (strain #553 and #554) were received from the NCI Frederick facility. NSG and

C57BL/6 mice were obtained from Jackson Laboratory.

Three intracranial tumor studies were done in this paper. For intracranial tumor implantation,
anesthetized mice were fixed in a stereotactic apparatus, and a burr hole was drilled at 2 mm lateral
and 1 mm front to the bregma, to a depth of 3.5 mm. 1x10"5 GBM30 human glioma cells, 1x1075
GBM12 human glioma cells, and 1x10"5 GL261N4 murine glioma cells were implanted
intracranially. Ten days post tumor cell implantation, mice were randomized and injected with
PBS or 1x1075 pfu of rHSVQ1-Luc intratumorally. One day before PBS/oHSV injection, GBM12
and GL261N4 implanted mice began daily treatment of DMSO or Penfluridol (10 mg/kg) by oral
gavage, while GBM30 implanted mice began daily treatment of DMSO or Penfluridol (10 mg/kg)
by oral gavage after virus injection. Animals were observed daily and euthanized at the indicated

time points or when they showed signs of morbidity (hunched posture and weight loss).



In vivo luciferase imaging

Nude mice bearing GBM30 tumors or NSG mice bearing GBM12 tumors were treated with
DMSO or Penfluridol (10 mg/kg) via oral gavage daily starting at day 9 post tumor implantation.
Mice were then treated with PBS or HSVQ1-Luc of 1x1075 pfu by intratumoral injection 10
days post tumor implantation. Mice were subjected to in vivo luciferase imaging on days 1, 2,
and 3, after the oHSV therapy. Mice were injected with Luciferin solution (25 mg/ml in PBS,
dose of 100 mg/kg, Perkin Elmer, Waltham, MA) by an intraperitoneal injection and
anesthetized. The anesthetized mice were placed on non-fluorescent black paper on the imaging
platform under ZFOV-24 zoom lens-installed 1VVIS Lumina Series 111 Pre-clinical in vivo
Imaging System (Perkin Elmer, Waltham, MA) to reduce background noise. Luminescence

intensity was expressed as Averaged Radiance [p/s/cm?/sr], then normalized by tumor volume

(mma).

Statistical analysis

To compare two independent treatments for continuous endpoints such as viral titers, and cell
viability assay, student’s t test was used. When multiple pairwise comparisons were assessed,
one-way ANOVA was used. To evaluate the synergistic interaction between Penfluridol and
oHSV, an interaction contrast or two-way ANOVA model was applied. Log-rank test was used
to compare survival curves for survival data and Cox regression model was used to evaluate the
interaction between Penfluridol and oHSV on survival data. P values were adjusted for multiple

comparisons by Holms’ procedure. A p value of 0.05 or less was considered statistically

significant.



Results

Early activation of pFAK is consistent with engagement of virus with integrin receptors as a

form of viral entry

To evaluate the role that the virus plays on FAK activation, we evaluated changes in
cellular FAK phosphorylation upon treatment with oHSVQ. Patient derived primary GBM
neurosphere cells (GBM12, GBM28, and GBM43) were plated on 6 well plates. Cells were
treated with the indicated OV at an MOI (multiplicity of infection) of 1 for an hour, after which
time unbound virus was washed off and cells were overlaid with media. Cell lysates from
infected and uninfected cells were collected 1 and 8 hours post infection and probed for
phosphorylated FAK by western blot analysis. Increased phosphorylation of FAK was observed
early after infection in both the cells which was then reduced by 8 hours post infection. AKT is a
central kinase that is downstream of FAK activation. To analyze changes in AKT pathway we
probed for changes in AKT phosphorylation in these samples. Consistent with early FAK
activation, we observed AKT phosphorylation as soon as an hour after infection. While FAK
activation was lost at later time points, AKT phosphorylation was sustained even at later times

after infection suggesting that FAK activation is temporal (Fig. 2).



A. GBM12 GBM28 GBM43

1HR Infec. 8 HR Infec. 1HR Infec. 8 HR Infec. 1HR Infec. 8 HR Infec.
NT Q NT Q NT Q NT Q NT Q NT Q

pFAK

FAK

pAkt

Akt

WALE
o Wl [ 1
AN
B/ (8] ]
PalE R
PEGER

GAPDH

Fig.2 Effects of oHSV on FAK activation/signaling
GBM12, GBM28, and GBM43 were treated with 1 MOI (multiplicity of infection) of HSVQ and Enve virus. Cell lysate was collected
and processed for western blot at two different timepoints post infection. Expression levels of pFAK and pAkt were assessed at each

Penfluridol reduces expression of integrin a6, aV, and pFAK in a dose dependent manner

Penfluridol has been shown to reduce integrin expression at a transcriptional level in
breast cancer models (10). To evaluate the role that Penfluridol plays on expression of integrin
and FAK signaling in glioma models, we analyzed changes in protein levels of integrin a6, aV,
and pFAK with different doses of Penfluridol treatment by western blot analysis. GBM12,
GBM43, and GBM1016 were plated on a six well plate and treated with three concentrations of
drug for 18 hours. Cell lysates were then collected and probed for integrin a6, aV, and pFAK.
We observed that Penfluridol treatment reduced the expression of integrins a6, aV, and pFAK in

a dose dependent manner in all three primary GBM models (Fig. 3a).
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Fig.3 Effects of OV and PF on integrin expression and FAK signaling in GBM

(A) Western blot analysis in GBM cell lysates treated with PF for 18 hrs and virus +PF treatment for 24hrs (B) PF treatment
alone significantly reduced integrins av and a6 as well as FAK phosphorylation. Virus +PF treatment reduces phosphorylation
of FAK as well as downstream targets such as Akt and Erk. GAPDH was used as loading control.

Combination treatment of Penfluridol and oHSV decreases activation of FAK, Akt and Erk.

FAK phosphorylation can lead to the activation of multiple downstream pathways that
allow for cell proliferation. Therefore, we evaluated the effects of combining our oHSV
treatment with Penfluridol. GBM1016, U87AEGFR, and T3 were plated on 6 well plates and
treated at an MOI of 1 for one hour. Unbound virus was washed away and cells were overlaid
with 2.5uM of Penfluridol. Cell lysates were collected 18 hours post infection and probed for
phosphorylated FAK by western blot analysis. Decreased pFAK expression was observed in
cells treated with combination of OV and Penfluridol. Additionally, we probed for
phosphorylated Akt as well as phosphorylated Erk to examine the effects of the combination
treatment on downstream targets in the FAK signaling pathway. We observed that the
combination treatment of oHSV and Penfluridol reduced expression of both pAkt and pErk (Fig.
3b).
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Penfluridol alone kills glioma cells in a dose dependent manner and when combined with

OoHSV has an additive killing effect.

In addition to investigating the role that Penfluridol plays in attenuating integrin and FAK
signaling in glioma cells, we also examined the cytotoxicity of Penfluridol in glioma cells.
UB7AEGFR, T3, GBM28 and GBM43 were plated on 96 well plates and treated with five
different concentrations of Penfluridol. Cells were treated with cell proliferation kit (Roche)
reagents 48 hours post treatment, and absorbance was measured using a Synergy HT Multi-Mode
Microplate reader (Biotek). Cell viability was measured as a percentage of uninfected control.

We observed that Penfluridol kills cells in a dose dependent manner in all cell lines (Fig. 4a).

Additionally, we examined the cytotoxicity of Penfluridol in combination with oHSV.
U8B7AEGFR, T3, GBM28 and GBM43 were plated on 96 well plates and treated with four
different MOIs of oHSVQ. One hour later, cells were overlaid with three different concentrations
of Penfluridol. Cells were treated with cell proliferation kit (Roche) reagents, either 24 or 48
hours post infection, and absorbance was measured using a Synergy HT Multi-Mode Microplate
reader (Biotek). We observed that the individual virus and drug treatments induced cytotoxicity;
however, when the two treatments were combined, we observed an additive or greater than

additive killing effect in all cell lines (Fig. 4b)

11
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Fig.4 Effects of PF and oHSV on tumor cell killing
A) Mean % cell killing of PF alone relative to uninfected cells (B) Mean % killing of virus +PF alone relative to
uninfected cells. Error bars indicate + SD for each group. *, P < 0.05.

Penfluridol inhibits viral propagation at high concentrations in vitro

Since Penfluridol has an effect on integrin expression which are also important for viral
entry, we examined the effect of Penfluridol on viral propagation in vitro (7). T3, GBM12,
GBM28, and GBM43 cells were plated on 24 well plates and treated with an MOI of 0.5
oHSVQ. One hour later unbound virus was washed away, and cells were overlaid with five
different concentrations of Penfluridol. The plate was imaged every 4 hours for 48 hours using
the Cytation 5 live plate reader/imager (BioTek Instruments) to track GFP expression elicited by
our GFP encoded virus. Captured images were analyzed by BioTek Gen5 version 2.06 software
program, and GFP count was extracted and applied in Prism (GraphPad) to compare treatment
groups. Consistent with reduced integrin expression treatment of cells with higher concentrations

of PF inhibited viral spread in vitro (Fig. 5).
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Fig.5 Effects of Penfluridol on Viral Replication in vitro
A) Comparison of viral kinetics/replication between oHSV and oHSV+PF. Glioma cells were infected with oHSV (MOI=0.1) and viral
GFP expression was quantified for 48 hrs utilizing the Cytation 5 Live Cell Imaging.

Penfluridol does not inhibit viral replication in vivo

Based on the in vitro effects of combining Penfluridol and oHSV, we then proceeded to
examine the anti-tumor effects of combining PF treatment with OV in vivo. Athymic nude and
NSG mice were implanted with 1x10"5 GBM30 and GBM12 cells, respectively. Athymic nude
mice, bearing GBM30 tumors, were treated with PBS or 1x10"5 pfu of rHSVQ1-Luc
intratumorally 10 days post tumor implantation and began daily treatment of DMSO or 10mg/kg
of Penfluridol the following day. NSG mice, bearing GBM12 tumors, began daily treatment of
DMSO or 10mg/kg of Penfluridol 9 days post tumor implantation and were treated with PBS or
1x1075 pfu of rHSVQ1-Luc intratumorally the following day (Fig 6a). For the three days
following intracranial virus treatment, bioluminescence imaging was performed to measure viral
replication via measuring virus encoded luciferase activity. Imaging data revealed that

Penfluridol did not inhibit viral replication in vivo (Fig. 6b).
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Fig.6 Effects of PF on viral replication in vivo
(A) Timeline of in vivo experiments (B) Mice bearing primary GBM30 and GBM12 intracranial tumors were treated with a single
intratumoral injection of 2 x 10° oHSV-Luc. Luciferase activity was measured by 1VIS imaging

Penfluridol reduces migration of macrophage and microglia cells towards infected cells
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Fia.7 Graphical representation of the effects of viral entry via inteqgrins on the tumor microenvironment.

Engagement of viral proteins with integrin receptors not only activates FAK in tumor
cells, but also affects the tumor microenvironment (TME) by allowing for the transcription of

pro-inflammatory cytokines and anti-viral proteins as well as activation of an innate immune
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response. Additionally, in macrophages, integrin 2 is important in allowing pro-inflammatory
effects to recruit and assist in immune cell migration (Fig. 7)(7, 25). Therefore, we examined the
effects of Penfluridol on macrophage and microglia migration towards infected cells using a
Boyden chamber assay. GBMS cells were plated on the bottom of the Boyden chamber and
treated with the indicated oncolytic viruses (black bar) at an MOI of 1 for an hour. Unbound
virus was washed away and cells were then treated with or without Penfluridol. Two hours after
Penfluridol treatment, serum starved murine macrophage cells (Raw 264.7) or murine microglia
cells (BV2) were plated in the top chamber and allowed to migrate for 6 hours. Quantification of
migrated cells were accomplished by counting the number of cells/view field that migrated to the
bottom side of the transwell. Data shown are mean cells/view field £ s.d.The data showed that
upon virus infection there was an increase in number of Raw 264.7 and BV2 cells which had
migrated towards infected cells. However, when infected cells were treated with Penfluridol, the

number of migrated macrophage and microglia cells decreased significantly (Fig. 8a).

Tumor necrosis factor (TNFa) is a proinflammatory cytokine secreted predominantly by
macrophages but also other immune cells as well. TNFa binds to two TNF receptors leading to
the downstream activation of both anti-apoptotic and proapoptotic pathways (11). We examined
the effect of Penfluridol on TNFa secretion from macrophage and microglia cells. Raw 264.7
and BV2 cells were plated on 6 well plates and treated with Penfluridol for 24 hours.
Conditioned media was collected from each triplicate well and concentrations of secreted murine
TNFo was measured using the murine TNFa DuoSet ELISA kit (R&D Systems). Serial dilutions
of a known concentration of purified recombinant murine TNFa were used to establish a
standard curve. Quantified data showed that Penfluridol treatment reduced secretion of murine

TNFa in both macrophage and microglia cells (Fig. 8b).
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Combination treatment of oHSV and Penfluridol enhances survival in vivo

Based on the in vitro and in vivo data that was previously shown, we wanted to confirm
whether an overall therapeutic benefit was achieved when combining Penfluridol with our OV.
Thus, we tracked survival of mice bearing intracranial GBM30 or GBM12 mouse models treated
with PF and/or OV. Kaplan Meier survival curves showed that the combination treatment of
oHSV and Penfluridol significantly enhanced survival compared to individual treatments in both

the immune deficient mouse models.

Additionally, we examined the effects of OV and PF in immune competent mouse
models as well. The use of immune competent mice is beneficial as it allows us to investigate
effects of the host immune system on PF and OV therapy. Both effector and suppressor immune
cells can play a role in harming tumor cells or recruiting immune cells that are tumor supportive
(12). In our study we are interested in the effects that OV and PF can have on both the tumor and
the TME. Therefore, the use of an immune competent mouse model can help us assess these
effects by examining survival and potentially immune cell populations that are present in the
different treatment groups as well. We implanted 1x10"5 GL261N4 murine glioma cells into
C57BL/6 mice intracranially. Mice began daily treatment of DMSO or 10mg/kg of Penfluridol 9
days post tumor implantation and were treated with PBS or 1x1075 pfu of rHSVQ1-Luc
intratumorally on day 10. Survival for mice was recorded and analyzed using a log-rank test to
compare survival curves for survival data, and Cox regression model was used to evaluate the
interaction between Penfluridol and oHSV on survival data. Survival in the combination
treatment was enhanced even further in the immune competent mouse model compared to

individual treatment groups (Fig. 9b and c).
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Fig.9 Effects of oHSV and PF on survival in vivo

(A) Kaplan- Meier survival data of GBM30-Luc and GBM12. Intracranial GBM-bearing mice were injected with oHSV by intratumoral injection.
DMSO/PF (10mg/kg) were treated by daily oral gavage during study. Significant reduction in tumor growth in PF and oHSV combination-treated
mice (B) Intracranial GL261-N4-bearing C57BL/6 mice were injected with oHSV by intratumoral injection and DMSO/PF (10mg/kg) were
treated by daily oral gavage. Significantly enhanced mice survival rate in combination-treated mice
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Discussion & Conclusion

Due to its invasive nature and volatile tumor microenvironment (TME) the need for
effective therapeutics against glioblastoma (GBM) is necessary in order to improve survival in
patients (2). Oncolytic viral (OV) therapy has shown promise in the lytic destruction of cancer
cells, specifically in melanoma for which it is currently FDA approved as a form of therapy (4,
5). However, a concern regarding OV therapy is the risk that the virus can activate pathways that
cause viral clearance and promote tumor growth. In this study, we examined the role of integrins
in viral entry and how their enagagement can ultimately lead to the activation of FAK. Integrins
are made up of an a and B subunit and bind extracellular matrix proteins thereby regulating cell
adhesion and signaling across the cellular membrane (6). In GBM, a negative correlation has
been seen between overexpression of integrins in GBM and overall survival. V3 and aV5
integrins were first discovered to be therapeutic targets for GBM as they are not expressed on
normal brain tissue but instead found solely on tumor associated endothelial cells and GBM
cells. Malric et al., conducted a statistical analysis based on TCGA Affymetrix data to determine
the relationship between integrin expression and overall survival in GBM patients. They found
that patients with primary GBM tumors that had overexpression of 1, B3, a3, a5, and aV had a
decreased overall survival (6). Campadelli et al., found that expression of aV3, aV[36, and
aVB8, is vital in initiating virus entry (REF HERE). These three receptors bind to the gH/gL
complex on the viron envelope to allow the virus to enter the cell. Additionally, a6 and aV38
bind the gH/gL complex at a higher affinity than o\V3. Furthermore, blocking or depletion of
either B6 or B8 integrins results in the inhibition of viral entry, which emphasizes the significance
of these integrins in viral entry (7). Integrin activation can ultimately lead to the activation of

numerous downstream pathways that can allow for tumor growth and metastasis. One of the
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major downstream targets is Focal Adhesion Kinase (FAK). Stimulation of FAK by integrins
promotes what is called FAK-survival to allow evasion of cell death (13). In this paper, we
examined the effects of viral infection on FAK activation at two timepoints following infection
through western blotting analysis. Figure 2a shows activation of FAK 1 hour post infection as
well as activation of Akt. At 8 hours post infection however, there is a decrease in FAK
activation while Akt activation is sustained. This result suggests that FAK activation is temporal
and that integrin-mediated viral entry can lead to activation of FAK at an early time point.
Additionally, activation of Akt, a downstream target of FAK, was seen at both early and later
timepoints suggesting that Akt activation may be independent of the FAK signaling pathway

(13).

Since FAK activation can result in the activation of multiple downstream targets that
promote cell invasion, metastasis, angiogenesis, and resistance to apoptosis (14), we investigated
the use of Penfluridol (PF) , an FDA approved antipsychotic that has been shown to attenuate
integrin-FAK signaling on oncolytic viral herapy (10). PF was developed in 1963 and functions
as a long-acting drug by being deposited in fatty tissue after absorption in the Gl tract and being
slowly released over time (15). Therefore, the drug is given weekly to patients. As an
antipsychotic, it functions as a dopamine antagonist by blocking the dopaminergic receptor
membranes (16). The repurposing of PF as a potential cancer therapeutic is something that has
previously been explored and has been shown to elicit cytotoxic effects against breast-brain
metastasis and GBM, as well as downregulation of integrin a6 and 4 at a transcriptional level
(9, 10). From this finding, we investigated the effects that PF would have on integrin and pFAK
expression in primary GBM cells. Using western blot analysis, we specifically focused on

expression levels of integrin oV and a6 as well as activation of FAK. We saw that Penfluridol
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reduces expression of both integrin aV and a6 in a dose dependent manner and also reduced
activation of pFAK in a dose dependent manner. Due to the fact that virus infection can activate
FAK and Akt we were interested in the effects that the combination treatment of OV and PF
would have on this signaling pathway and its downstream targets. Through western blot analysis
we examined the activation of FAK, Akt and Erk with OV and PF as individual treatments and
as a combination treatment. In all three GBM cell lines, the combination treatment group reduced
activation of FAK as well as Akt and Erk. This result illustrates the idea that PF can assist in
attenuating the activation of certain signaling pathways that would normally be upregulated upon

virus infection.

In addition to the therapeutic advantage that OV and PF offer as a combination treatment,
we also examined the effects of both agents on tumor cell killing, virus replication and the tumor
microenvironment. It has previously shown that PF has cytotoxic effects in breast-brain
metastasis and GBM models (9, 10) and increases expression of cell cycle arrest and pro-
apoptotic proteins (18). We assessed PF’s cytotoxicity as a single agent and in combination with
OV on GBM cells in our own hands by using a cell proliferation assay. Figure 4a illustrates the
fact that cell Killing occurs in a dose dependent manner across all cell lines that were tested in
vitro, however this did not translate into an in vivo efficacy as a single agent. Additionally, when
PF was combined with oncolytic HSV we see that both OV and PF are effective at killing cells
as single agents, however when combined they display an additive, if not more than additive,
killing effect. Due to the fact that PF has been shown to reduce transcriptional expression of
integrins we wanted to examine the effect PF has on viral propagation. As stated earlier,
integrins play a critical role in virus entry and propagation, specifically through aV6 and oV {8

(7). PF has been shown to attenuate integrin a6 and B4 expression and though their targets are
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not the same, we wanted to examine whether or not PF may have an effect on viral entry in vitro.
Using the Cytation 5 live plate reader/imager (BioTek), we tracked viral propagation through
GFP expression for 48 hours. The data showed that there was a reduction in viral propagation in
a dose and time dependent manner in all 4 cell lines. We noticed was that viral propagation
began to reduce more significantly at higher drug concentrations at 12-16 hours post infection.
During the treatment, we treated the cells with virus for one hour before washing away unbound
virus and overlaying with drug. Therefore, the initial virus infection could not be attenuated by
PF. However, during the second infection, which would occur around 16 hours post infection,
the increase in GFP was not as great in the groups treated with higher concentrations of PF. This
result is consistent with the fact that PF can downregulate integrin expression and because
integrins are important for viral entry; the presence of PF may play a role in decreasing viral

propagation over time.

We investigated the effects of PF further by testing the drug in combination with the
virus in vivo. Immune deficient (athymic nude and NSG) mice were implanted with GBM30 and
GBM12 tumors respectively and treated with PF or virus as singular agents or treated with both
agents as a combination therapy. To compare viral replication in vivo between virus alone and
virus + PF groups, bioluminescence imaging was conducted to track viral replication for three
days in both models. Contrary to what is seen in vitro, there is no inhibition of viral replication in
vivo in either mouse model. The rationale behind this difference in in vitro and in vivo result
could be due to the ability for PF to successfully reach the tumor at the same concentration that it
was given. The blood brain barrier (BBB) plays a critical role in dictating what can and cannot
reach the brain and has multiple transporters and pumps that help regulate the homeostasis of the

brian. This tight regulation has been a hurdle when it comes to drug delivery to the brain (19).
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ATP-binding cassette (ABC) Transporters are abundant in the BBB and assist in maintaining
lipid bilayers and transporting peptides and sterols across the BBB. However, ABC transporters
are of particular interest due to the fact that they have been known to play a role in the
development of a multidrug resistance (MDR) phenotype (20). Overexpression of P-
glycoportein, which is encoded by the MDR gene, is thought to have been an evolutionary
mechanism put in place protect the brain. In fact, it was seen that knockdown of
MDR1a/MDR1b in mice caused a 100 fold increase in uptake of neurotoxins (20). Although
Rajan et al stated that they saw 72% tumor inhibition upon treatment of PF in an intracranial
model and that there is BBB penetrability by PF (10), there is little evidence that illustrates how
much PF actually reaches the brain. A paper published in 1979 by Grindel et al., examined how
PF was metabolized in rabbits, rats, dogs and humans. They examined percent dose of PF per
organ, after 24 hours, by tagging the drug with a radioactive isotope and measuring radioactivity
in each organ in rats. On average the percent dose of PF that reached the brain was less than 1%
when given orally (5mg/kg) and through i.v (2mg/kg) (21). Another method by which we can
assess how much PF has reached the brain would be to harvest the brains of PF treated mice and
perform mass spectrometry analysis to determine the amount of PF present after treatment. After
determining the concentration of PF that reaches the brain we can test that concentration in vitro
to determine if it is enough to inhibit viral replication. Additionally, if PF penetration is actually
limited by the BBB and its transporters, knocking down the MDR1a/MDR1b gene and tracking
survival as well as comparing PF in the brain through mass spectrometry between MDR null and

wild type could illustrate the limitations of drug delivery through the BBB.

We continued to investigate the role of PF by examining its effects on the tumor

microenvironment (TME). Campadelli et al., discuss the fact that activation of integrins upon
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viral entry can ultimately lead to the activation and recruitment of immune cells and cytokines
that can encourage viral clearance (7). Therefore, we examined the effects of PF on macrophage
and microglial migration towards infected tumor cells. Our results showed that PF significantly
reduced migration of macrophage and microglia towards infected cells and that PF treatment
reduced secretion of TNFa from macrophage and microglia, implying that.... Despite these
findings, it is still unclear as to whether the reduction in recruitment of macrophage and
microglia is due to the attenuation of integrin and FAK signaling. To test this hypothesis, we
could knock down FAK expression or block it in GBM cells and evaluate of the expression of
cytokines such as TNFa and IFNy as well as immune cell migration. If knockdown of FAK is
not sufficient to suppress cytokine secretion and immune cell infiltration then it is possible that
FAK is not the major pathway that regulates this response. We could also attempt to block
integrin activation to see whether or not integrin activation is important in the downstream
expression of proinflammatory cytokine secretion and immune cell infiltration. Additionally, the
fact that PF can reduce anti-viral cytokines in the TME should increase viral replication in vivo.
However, because it is unclear as to how much PF can successfully reach the brain, this may be

the rationale behind why we did not see a significant increase in viral replication in vivo.

In addition to examining viral replication in vivo we also looked into the effects of OV
and PF on overall survival in vivo. Three different mouse models were used in this study to track
survival, athymic nude and NSG which are immune deficient and C57BL/6 which is immune
competent. The results showed that the combination treatment of OV and PF significantly
improved survival in both immune competent and immune deficient models compared to the
individual treatments alone.. Six mice in the syngeneic immune competent model continued on

to be long term surviors (survival >100 days) and were included in a rechallenge experiment.
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Ultimately, there was no difference in survival between rechallenged and naive mice and
therefore we concluded that there was no formation of an immune memory response that could
result in subsequent tumor rejection. However, it is possible that there is anti-tumor immunity
without complete rejection of the tumor. To test this hypothesis, we can implant the same tumor
model (GL261N4) into athymic nude mice and examine the therapeutic efficacy of PF in

combination with OV and examine if these effects are dependent on the TME.

Since the effects of PF on the TME have not been thoroughly explored, it is important to
consider the reasons why we may not have seen an anti-tumor memory response in our immune
competent model to better understand the potential limitations of PF as a cancer therapeautic.
Macrophages and T cells play an important role in activating an effective adaptive anti-tumor
immune response (22). In cancer biology, macrophages, specifically tumor associated
macrophages (TAMs), are one of the most common cells found in the TME of solid tumors and
often correlate with poor prognosis in several different cancers. They are part of the innate
immune response and act by blocking immune mediated clearance of tumor cells and engage
directly with tumor cells to initiate pro-surival signaling pathways. Macrophages also encourage
tumor progression by releasing cytokines, such as IL-6, that can activate anti-apoptotic pathways
and induce angiogenesis through the production of vascular endothelial growth factor (VEGF)
(23). Additionally, macrophages can differentatiate into two different phenotypes: M1 and M2.
M1 macrophages respond to interferon gamma (IFNy) and lipopolysaccharide (LPS) and are
known to elicit a proinflammatory response. M2 macrophages on the other hand, respond to I1L-4
or IL-13 and produce an anti-inflammatory response therefore encouraging tissue remodeling
and a protumorigenic environment (24). Macrophages are known to express integrins,

specifically integrin B2, which is expressed primarily on leukocytes. When interacting with their

24



o subunit, integrin B2 can activate three distinct functions: immune cell recruitment, immune cell
interactions and immune cell signaling (25). Based on previous papers and our data, we know
that PF is capable of downregulating the expression of integrins, specifically oV and a6.
However, the specificity of PF in targeting integrins is unknown and therefore PF could have an
effect on the expression of numerous integrins including those found on immune cells in the
TME. In the case of macrophages, integrin 2 is important in allowing pro-inflammatory effects
to recruit and assist in immune cell migration (25). If PF attenuates expression of integrin 2 in
the immune competent mouse model this can be benficial in reducing viral clearance and
therefore allowing for further viral propagation. However, PF’s blockade of integrin 2 may also
reduce pro-inflammatory effects and migration of immune cells thereby preventing the induction
of an adaptive immune response. This second rationale may also be a contributing factor as to
why we did not see a strong adaptive immune response. We can test this hypothesis by
harvesting brain tissue of mice with OV, PF and OV+PF treatment and staining for specific
immune cell populations using flow cytometry. Additionally, we can test the in vitro effects of
PF on cytokine expression using an antibody array to check protein expression of numerous pro-
inflammatory cytokines that recruit immune cells to the TME and also using gPCR to assess

changes in gene expression of cytokine levels.

T cells are the second most common immune infiltrate in the TME and are a key player
in the adaptive immune response. In the early stages of tumor development, T cells elicit an
effector response to eradicate immunogenic cancer cells. Therefore a high level of effector T cell
infiltration correlates with a better prognosis in numerous cancer types. These effector T cells
include cytotoxic T cells, which directly destroy cells by releasing perforins and granzymes

causing cell lysis, and helper T cells, which indirectly target cells by secreting cytokines to
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recruit immune cells to the TME. As the tumor grows and the TME evolves, recruitment of
regulatory T cells (Tregs) can occur, suppressing anti-tumor effects. Tregs are group of T cells
known as suppressor cells and function by activating signaling mechansims that enhance the
recruitment of immunosuppressive cytokines and molecules which ultimately leads to a decrease
in activation of effector T cells (26). Similar to macrophages, T cells also express integrins
which play a role in T cell signaling and differentiation. Expression of integrins on T cells can
change throughout the lifecyle of the cell however, the most commonly found integrins include
o4, aL, a5, a6, oV and B1, B2, 7 and B3 (27). One importance of integrins in T cells is the role
they play in thymocyte differentiation. aL2, a4p1, a5B1 are important integrins that initiate
differentiation of CD4+/CD8+ thymocytes by binding to ICAM-1, VCAM-1 and fibronectin
repectively. In addition to assisting with T cell differentiation, a2 on naive T cells, can
interact with endothelial cells by binding with ICAM-1 to become a “primed” form of oL 32
ultimately causing T cell arrest and the production of matrix metalloproteinases (MMPs) (27).
The interaction between oL32 and ICAM-1 can be beneficial for T cell migration, however, the
release of MMPs into the TME can lead to tumor cell growth and metastasis. MMPs particulary
play a role in the development of a pre-metstatic niche by remodeling the extracellular matrix of
tumors and recruiting cells and factors that further contribute to metastatic colonization (28). As
stated earlier, the specificity of PF on certain integrins is unknown, however we can test PF’s
effects on aLB2 expression using western blot analysis and by examining gene expression of
MMPs by doing qPCR on tumor cells cocultured with human PBMCs with and without PF
treatment. If PF can reduce expression of MMPs, it is possible that PF can contribute to reducing

tumor metastasis as well. On the other hand, because aL2 plays an important role in T cell
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differentiation, the blocking of aLp2 by PF may result in reduced T cell maturation and

production.

Another aspect of this study that is important to address is the translational purpose and
potential pitfalls of the use of PF as an anti-cancer treatment. As | mentioned earlier in the
discussion, the repurposing of PF as an anti-cancer drug is a concept that has been explored. One
thing to take into consideration when using a drug is the dosage and side effects associated with
it. PF is an antipsychotic with a long half-life and, through clinical research, has a suggested dose
is 40-80 mg/week to see clinical improvement (29). However, in order to exhibit anti cancer
effects much higher concentrations of PF need to be used. It has been published that between
4.5-10umol/L is the 1C50 for GBM(30) and in our own study we have seen that 4-5uM of PF
was the IC50 dose which again are significantly higher than the doses given to patients to treat
psychosis. The pitfall to using a higher concentration of PF to treat cancer patients is the
neurological side effects that may be exhibited such as epilepsy, depression, dyskinesias,
dystonia, and fatigue (30). When we began drug treatment with our in vivo models our dosing
was 10mg/kg everyday until the mouse was sacrificed which is equivalent to a 50 mg dose
everyday in humans. Overall, this exceeds the recommended dose even in patients with severe
psychosis and can be a concern due to the neurological side effects associated with PF.
Therefore, it is important that we examine the direct mechanistic effects of PF as an anti cancer
drug and determine if there are ways that PF can be modified to elicit less side effects and

toxicity while retaining it’s capabilities as a cancer therapeutic.

As an antipsychotic PF functions by blocking dopamine receptors specifically dopamine
receptor 2 (D2) (30). From here, the first question we could ask is whether or not there is

relationship between dopamine receptor 2 and cancer and if so could this be the reason why PF is
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effective in Killing tumor cells. As far as what is known about PF as an anti cancer drug it is seen
to lower transcriptional expression of integrin alpha 6, induce cell death, reduce cell proliferation
and invasion and even suppress T regulatory cells. However, a direct mechanism of anti cancer
activity by PF has not been proven and it’s anti cancer effects were seen predominatly at
concentrations that are significantly higher than those that are typically given to patients.
Therefore, development of PF derivatives with lower antipsychotic effects and enhanced anti
cancer effects could be highly significant. This concept is key because it is important to
understand the direct mechanism of action for a drug so that it can be fine tuned to maximize
therapeutic benfit while minimizing unwanted side effects. Ashraf-Uz-Zaman et al hypothesized
that leveraging the pharmacophores activities to promote anti cancer effects and reducing the
effects of PF on G protein coupled receptors (GPCRs) can make PF a safer and more effect caner
therapeutic (31). Ultimately, they identified two modified compounds that exhibited less effects
on the CNS and retained their anti cancer effects at a lower 1C50 concentration than traditional
PF. When testing these compounds in vivo, they treated mice with a dose of 5mg/kg for 7 days,
instead of the usual 10mg/kg, and saw that one of the compounds reached the brain better than
traditional PF. For the purposes of our study, we could examine whether or not these PF
derivatives can elicit the same cytotoxicity in vivo while also enhancing viral replication instead
of inhibiting it, therefore giving off a more synergistic effect. We can test this by using a cell
proliferation assay and comparing killing in combination treatment groups, as well as assess viral
replication with the PF derivative via our Cytation 5 machine through GFP count. Addtionally,
since we hypothesize that traditional PF may have a more direct effect on the TME vs tumor
cells we could also examine whether the PF derivative compound has the same effects on the

TME as traditional PF and whether it improves survival in vivo as well.
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In conclusion, our study highlights one aspect of the mechanistic effects of viral entry
and infection and how this effect can be attenuated by FDA approved Penfluridol (PF). We
showed that PF is sufficient at reducing integrin expression and FAK activation as well as
increasing tumor cell killing when combined with oncolytic HSV. We also showed the effects of
PF and OV in vivo by examining the combined agents’ therapeautic efficacy. Overall, survival
was significantly higher in the combination treated groups compared to individual treatments.
Future directions for this study involve examining the effects of PF on immune cell infiltration in
the TME by looking at whether or not PF attenuates integrin signaling on immune cells and to
gain a better understanding as to the overall role of integrin signaling is in the TME as a tumor

progresses.

29



References

1. Omuro A, DeAngelis LM. Glioblastoma and other malignant gliomas: a clinical review. JAMA.

2013;310(17):1842-50. doi: 10.1001/jama.2013.280319. PubMed PMID: 24193082.

2. Gieryng A, Pszczolkowska D, Walentynowicz KA, Rajan WD, Kaminska B. Immune
microenvironment of gliomas. Lab Invest. 2017;97(5):498-518. Epub 2017/03/13. doi:
10.1038/labinvest.2017.19. PubMed PMID: 28287634.

3. Wang Y, Jiang T. Understanding high grade glioma: molecular mechanism, therapy and
comprehensive management. Cancer Lett. 2013;331(2):139-46. Epub 2013/01/20. doi:

10.1016/j.canlet.2012.12.024. PubMed PMID: 23340179.

4. Alvarez-Breckenridge C, Kaur B, Chiocca EA. Pharmacologic and chemical adjuvants in tumor

virotherapy. Chem Rev. 2009;109(7):3125-40. doi: 10.1021/cr900048k. PubMed PMID: 19462957;
PubMed Central PMCID: PMCPMC2790404.

5. Andtbacka RH, Kaufman HL, Collichio F, Amatruda T, Senzer N, Chesney J, Delman KA,
Spitler LE, Puzanov I, Agarwala SS, Milhem M, Cranmer L, Curti B, Lewis K, Ross M, Guthrie T,
Linette GP, Daniels GA, Harrington K, Middleton MR, Miller WH, Zager JS, Ye Y, Tao B, Li A,
Doleman S, VanderWalde A, Gansert J, Coffin RS. Talimogene Laherparepvec Improves Durable
Response Rate in Patients With Advanced Melanoma. J Clin Oncol. 2015;33(25):2780-8. Epub
2015/05/26. doi: 10.1200/JC0.2014.58.3377. PubMed PMID: 26014293.

6. Malric L, Monferran S, Gilhodes J, Boyrie S, Dahan P, Skuli N, Sesen J, Filleron T, Kowalski-
Chauvel A, Cohen-Jonathan Moyal E, Toulas C, Lemarie A. Interest of integrins targeting in
glioblastoma according to tumor heterogeneity and cancer stem cell paradigm: an update. Oncotarget.
2017;8(49):86947-68. Epub 2017/08/21. doi: 10.18632/oncotarget.20372. PubMed PMID: 29156849;

PubMed Central PMCID: PMCPMC5689739.

30



7. Campadelli-Fiume G, Collins-McMillen D, Gianni T, Yurochko AD. Integrins as Herpesvirus
Receptors and Mediators of the Host Signalosome. Annu Rev Virol. 2016;3(1):215-36. Epub 2016/08/03.
doi: 10.1146/annurev-virology-110615-035618. PubMed PMID: 27501260.

8. Kanteti R, Batra SK, Lennon FE, Salgia R. FAK and paxillin, two potential targets in pancreatic
cancer. Oncotarget. 2016;7(21):31586-601. doi: 10.18632/oncotarget.8040. PubMed PMID: 26980710;
PubMed Central PMCID: PMCPMC5058780.

9. Ranjan A, Gupta P, Srivastava SK. Penfluridol: An Antipsychotic Agent Suppresses Metastatic
Tumor Growth in Triple-Negative Breast Cancer by Inhibiting Integrin Signaling Axis. Cancer Res.
2016;76(4):877-90. Epub 2015/12/01. doi: 10.1158/0008-5472.CAN-15-1233. PubMed PMID:
26627008; PubMed Central PMCID: PMCPMC4755811.

10. Ranjan A, Srivastava SK. Penfluridol suppresses glioblastoma tumor growth by Akt-mediated
inhibition of GLI1. Oncotarget. 2017;8(20):32960-76. doi: 10.18632/oncotarget.16515. PubMed PMID:
28380428; PubMed Central PMCID: PMCPMC5464842.

11. Wang X, Lin Y. Tumor necrosis factor and cancer, buddies or foes? Acta Pharmacol Sin.
2008;29(11):1275-88. doi: 10.1111/j.1745-7254.2008.00889.x. PubMed PMID: 18954521 ; PubMed
Central PMCID: PMCPMC2631033.

12. Budhu S, Wolchok J, Merghoub T. The importance of animal models in tumor immunity and
immunotherapy. Curr Opin Genet Dev. 2014;24:46-51. Epub 2013/12/29. doi:
10.1016/j.9de.2013.11.008. PubMed PMID: 24657536; PubMed Central PMCID: PMCPMC4241684.
13. Sulzmaier FJ, Jean C, Schlaepfer DD. FAK in cancer: mechanistic findings and clinical
applications. Nat Rev Cancer. 2014;14(9):598-610. Epub 2014/08/07. doi: 10.1038/nrc3792. PubMed
PMID: 25098269; PubMed Central PMCID: PMCPMC4365862.

14. Cance WG, Golubovskaya VM. Focal adhesion kinase versus p53: apoptosis or survival? Sci
Signal. 2008;1(20):pe22. Epub 2008/05/20. doi: 10.1126/stke.120pe22. PubMed PMID: 18493017;

PubMed Central PMCID: PMCPMC4560103.

31



15. Claghorn JL, Mathew RJ, Mirabi M. Penfluridol: a long acting oral antipsychotic drug. J Clin
Psychiatry. 1979;40(2):107-9. PubMed PMID: 368045.

16. Nikvarz N, Vahedian M, Khalili N. Chlorpromazine versus penfluridol for schizophrenia.
Cochrane Database Syst Rev. 2017;9:CD011831. Epub 2017/09/23. doi:
10.1002/14651858.CD011831.pub2. PubMed PMID: 28940256; PubMed Central PMCID:
PMCPMC6483663.

17. Izumi Y, Wakita S, Kanbara C, Nakai T, Akaike A, Kume T. Integrin a5p31 expression on
dopaminergic neurons is involved in dopaminergic neurite outgrowth on striatal neurons. Sci Rep.
2017;7:42111. Epub 2017/02/08. doi: 10.1038/srep42111. PubMed PMID: 28176845; PubMed Central
PMCID: PMCPMC5296761.

18. Chien W, Sun QY, Lee KL, Ding LW, Wuensche P, Torres-Fernandez LA, Tan SZ, Tokatly I,
Zaiden N, Poellinger L, Mori S, Yang H, Tyner JW, Koeffler HP. Activation of protein phosphatase 2A
tumor suppressor as potential treatment of pancreatic cancer. Mol Oncol. 2015;9(4):889-905. Epub
2015/01/15. doi: 10.1016/j.molonc.2015.01.002. PubMed PMID: 25637283; PubMed Central PMCID:
PMCPMC4387089.

19. Wong AD, Ye M, Levy AF, Rothstein JD, Bergles DE, Searson PC. The blood-brain barrier: an
engineering perspective. Front Neuroeng. 2013;6:7. Epub 2013/08/30. doi: 10.3389/fneng.2013.00007.
PubMed PMID: 24009582; PubMed Central PMCID: PMCPMC3757302.

20. Sanchez-Covarrubias L, Slosky LM, Thompson BJ, Davis TP, Ronaldson PT. Transporters at
CNS barrier sites: obstacles or opportunities for drug delivery? Curr Pharm Des. 2014;20(10):1422-49.
doi: 10.2174/13816128113199990463. PubMed PMID: 23789948; PubMed Central PMCID:
PMCPMC3913737.

21. Grindel JM, Migdalof BH, Cressman WA. The comparative metabolism and disposition of
penfluridol-3H in the rat, rabbit, dog, and man. Drug Metab Dispos. 1979;7(5):325-9. PubMed PMID:

40775.

32



22. Wakimoto H, Johnson PR, Knipe DM, Chiocca EA. Effects of innate immunity on herpes
simplex virus and its ability to kill tumor cells. Gene Ther. 2003;10(11):983-90. doi:
10.1038/sj.gt.3302038. PubMed PMID: 12756419.

23. Nielsen SR, Schmid MC. Macrophages as Key Drivers of Cancer Progression and Metastasis.
Mediators Inflamm. 2017;2017:9624760. Epub 2017/01/22. doi: 10.1155/2017/9624760. PubMed PMID:
28210073; PubMed Central PMCID: PMCPMC5292164.

24, Lee DH, Ghiasi H. Roles of M1 and M2 Macrophages in Herpes Simplex Virus 1 Infectivity. J
Virol. 2017;91(15). Epub 2017/07/12. doi: 10.1128/JV1.00578-17. PubMed PMID: 28490589; PubMed
Central PMCID: PMCPMC5512262.

25. Schittenhelm L, Hilkens CM, Morrison VL. . Front Immunol. 2017;8:1866. Epub 2017/12/20.
doi: 10.3389/fimmu.2017.01866. PubMed PMID: 29326724; PubMed Central PMCID:
PMCPMC5742326.

26. Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in cancer: from tumor initiation
to metastatic progression. Genes Dev. 2018;32(19-20):1267-84. doi: 10.1101/gad.314617.118. PubMed
PMID: 30275043; PubMed Central PMCID: PMCPMC6169832.

27. Bertoni A, Alabiso O, Galetto AS, Baldanzi G. Integrins in T Cell Physiology. Int J Mol Sci.
2018;19(2). Epub 2018/02/06. doi: 10.3390/ijms19020485. PubMed PMID: 29415483; PubMed Central
PMCID: PMCPMC5855707.

28. Shay G, Lynch CC, Fingleton B. Moving targets: Emerging roles for MMPs in cancer
progression and metastasis. Matrix Biol. 2015;44-46:200-6. Epub 2015/01/31. doi:
10.1016/j.matbio.2015.01.019. PubMed PMID: 25652204 ; PubMed Central PMCID: PMCPMC4564058.
29. Soares BG, Lima MS. Penfluridol for schizophrenia. Cochrane Database Syst Rev.
2006(2):CD002923. Epub 2006/04/19. doi: 10.1002/14651858.CD002923.pub2. PubMed PMID:

16625563.

33



30. Tuan NM, Lee CH. Penfluridol as a Candidate of Drug Repurposing for Anticancer Agent.
Molecules. 2019;24(20). Epub 2019/10/11. doi: 10.3390/molecules24203659. PubMed PMID: 31614431,
PubMed Central PMCID: PMCPMC6832311.

31 Ashraf-Uz-Zaman M, Sajib MS, Cucullo L, Mikelis CM, German NA. Analogs of penfluridol as
chemotherapeutic agents with reduced central nervous system activity. Bioorg Med Chem Lett.
2018;28(23-24):3652-7. Epub 2018/10/24. doi: 10.1016/j.bmcl.2018.10.036. PubMed PMID: 30389290;

PubMed Central PMCID: PMCPMC6438620.

34



VITA

Mitra Nair was born in Assen, Netherlands to Gopalannair Mohan and Malini Nair. She
graduated from John Foster Dulles High School in May 2012 and went on to complete her
Bachelors in Science in Biology from Texas A&M University. She graduated from TAMU in
December 2016 and entered The University of Texas MD Anderson Cancer Center UT Health

Graduate School of Biomedical Sciences in August 2017.
Permanent Address:

3103 Summer Bay Drive
Sugar Land, TX 77478

35



	Effects Of Penfluridol On Integrin-Fak Signaling And Tumor Cell Killing In Combination With Oncolytic Hsv In Glioblastoma
	Recommended Citation

	By
	Houston, TX
	May 2020
	Acknowledgements
	Mitra Nair, B.S
	Abstract
	Table of Contents
	Approval Sheet…………………………………………………………………………………….I
	List of Figures
	Figure 2: Effects of oHSV on FAK activation/signaling
	Figure 3: Effects of Penfluridol and oHSV on integrin expression and FAK signaling pathway in GBM
	Figure 8: Effects of Penfluridol on immune cell migration and mTNFα secretion
	Introduction
	Results
	Early activation of pFAK is consistent with engagement of virus with integrin receptors as a form of viral entry
	To evaluate the role that the virus plays on FAK activation, we evaluated changes in cellular FAK phosphorylation upon treatment with oHSVQ. Patient derived primary GBM neurosphere cells (GBM12, GBM28, and GBM43) were plated on 6 well plates. Cells we...
	Penfluridol reduces expression of integrin α6, αV, and pFAK in a dose dependent manner
	Penfluridol has been shown to reduce integrin expression at a transcriptional level in breast cancer models (10). To evaluate the role that Penfluridol plays on expression of integrin and FAK signaling in glioma models, we analyzed changes in protein ...
	Combination treatment of Penfluridol and oHSV decreases activation of FAK, Akt and Erk.
	FAK phosphorylation can lead to the activation of multiple downstream pathways that allow for cell proliferation. Therefore, we evaluated the effects of combining our oHSV treatment with Penfluridol. GBM1016, U87ΔEGFR, and T3 were plated on 6 well pla...
	Penfluridol alone kills glioma cells in a dose dependent manner and when combined with oHSV has an additive killing effect.
	In addition to investigating the role that Penfluridol plays in attenuating integrin and FAK signaling in glioma cells, we also examined the cytotoxicity of Penfluridol in glioma cells. U87ΔEGFR, T3, GBM28 and GBM43 were plated on 96 well plates and t...
	Additionally, we examined the cytotoxicity of Penfluridol in combination with oHSV. U87ΔEGFR, T3, GBM28 and GBM43 were plated on 96 well plates and treated with four different MOIs of oHSVQ. One hour later, cells were overlaid with three different con...
	Penfluridol inhibits viral propagation at high concentrations in vitro
	Since Penfluridol has an effect on integrin expression which are also important for viral entry, we examined the effect of Penfluridol on viral propagation in vitro (7). T3, GBM12, GBM28, and GBM43 cells were plated on 24 well plates and treated with ...
	Penfluridol does not inhibit viral replication in vivo
	Based on the in vitro effects of combining Penfluridol and oHSV, we then proceeded to examine the anti-tumor effects of combining PF treatment with OV in vivo. Athymic nude and NSG mice were implanted with 1x10^5 GBM30 and GBM12 cells, respectively. A...
	Penfluridol reduces migration of macrophage and microglia cells towards infected cells
	Engagement of viral proteins with integrin receptors not only activates FAK in tumor cells, but also affects the tumor microenvironment (TME) by allowing for the transcription of  pro-inflammatory cytokines and anti-viral proteins as well as activatio...
	Tumor necrosis factor (TNFα) is a proinflammatory cytokine secreted predominantly by macrophages but also other immune cells as well.  TNF( binds to two TNF receptors leading to the downstream activation of both anti-apoptotic and proapoptotic pathway...
	Combination treatment of oHSV and Penfluridol enhances survival in vivo
	Based on the in vitro and in vivo data that was previously shown, we wanted to confirm whether an overall therapeutic benefit was achieved when combining Penfluridol with our OV. Thus, we tracked survival of mice bearing intracranial GBM30 or GBM12 mo...
	Additionally, we examined the effects of OV and PF in immune competent mouse models as well. The use of immune competent mice is beneficial as it allows us to investigate effects of the host immune system on PF and OV therapy. Both effector and suppre...
	References

