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Abstract

Glioma cells are one of the most aggressive and malignant tumors. Following initial surgery, and
radio-chemotherapy they progress rapidly, so that patients’ median survival remains under two
years. They invade throughout the brain, which makes them difficult to treat, and are universally
lethal. Though total resection is always attempted it is not curative. Standard of care in 2016
comprises surgical resection, radiotherapy and chemotherapy (temozolomide). Median survival is
currently ~14-20 months post-diagnosis though it can be higher in high complexity medical
university centers, or during clinical trials. Why the immune system fails to recognize the growing
brain tumor is not completely understood. We believe that one reason for this failure is that the
brain lacks cells that perform the role that dendritic cells serve in other organs. The lack of
functional dendritic cells from the brain causes the brain to be deficient in priming systemic
immune responses to glioma antigens. To overcome this drawback we reconstituted the brain
immune system for it to initiate and prime anti-glioma immune responses from within the brain.
To achieve brain immune reconstitution adenoviral vectors are injected into the resection cavity or
remaining tumor. One adenoviral vector expresses the HSV-1 derived thymidine kinase which
converts ganciclovir into phosphoganciclovir which becomes cytotoxic to dividing cells. The
second adenovirus expresses the cytokine fms-like tyrosine kinase 3 ligand (FIt3L). FIt3L
differentiates precursors into dendritic cells and acts as a chemokine for dendritic cells. This
results in HSV-1/ganciclovir killing of tumor cells, and the release of tumor antigens, which are
then taken up by dendritic cells recruited to the brain tumor microenvironment by FIt3L.
Concomitant release of HMGB1, a TLR2 agonist that activates dendritic cells, stimulates dendritic
cells loaded with glioma antigens to migrate to the cervical lymph nodes to prime a systemic
CD8+ T cytotoxic killing of brain tumor cells. This induced immune response causes glioma-
specific cytotoxicity, induces immunological memory, and does not cause brain toxicity or
autoimmunity. A Phase I Clinical Trial, to test our hypothesis in human patients, was opened in
December 2013 (see: NCT01811992, Combined Cytotoxic and Immune-Stimulatory Therapy for
Glioma, at ClinicalTrials.gov). This trial is a first in person trial to test the whether the re-
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engineering of the brain immune system can serve to treat malignant brain tumors. The long and
winding road from the laboratory to the clinical trial follows below.

Towards Gene Therapy for Brain Tumors: re-engineering the brain immune
system to treat highly malignant gliomas (Glioblastoma Multiforme [GBM],
WHO Grade V)

Malignant brain tumors are universally fatal (Omuro & DeAngelis, 2013). Though different
views persist concerning the cellular origin of malignant gliomas, it is thought that
astrocytes, oligodendrocytes, neuronal progenitors or neural stem cells can originate these
tumors (Stiles & Rowitch, 2008). In the early XXth century Hans Scherer described the
patients’ mean overall survival as 6 months post-diagnosis (Molinaro, Wrensch, Jenkins, &
Eckel-Passow, 2015). At that time the treatment of GBM was surgical as it was thought that
total tumor resection could be curative. However, a 50% surgical mortality, a high level of
recurrences, and an overall survival below 12 months, challenged this idea. To explain such
tumor behavior, in the 1950’s, Bailey suggested that malignant glioma tumors invade far
away from the initial tumor location and that these distal sites could initiate tumor regrowth.

Contemporary standard of care for the treatment of malignant brain tumors consists of
surgery (Pannullo, Fraser, Moliterno, Cobb, & Stieg, 2011; Sanai & Berger, 2008),
chemotherapy (Koukourakis et al., 2009; Pitz, Desai, Grossman, & Blakeley, 2011), and
radiotherapy (Rock et al., 2012; Stadlbauer, Buchfelder, Salomonowitz, & Ganslandt, 2010).
Surgery reduces tumor mass and brain swelling, one of the reasons that GBM patients are
taken to the ER; seizures are the other main reason for emergency treatment. In cases of
brain swelling surgery is indicated to avoid brainstem herniation, impaction, and death
(Kotsarini, Griffiths, Wilkinson, & Hoggard, 2010). Alternatively, patients may receive
dexamethasone or VEGF inhibitors to inhibit tumor induced edema. Chemotherapy,
currently represented by temozolomide is the standard chemotherapy for GBM (Brandes et
al., 2014; Field, Jordan, Wen, Rosenthal, & Reardon, 2015; Hart, Garside, Rogers, Stein, &
Grant, 2013; Olson, Nayak, Ormond, Wen, & Kalkanis, 2014; L. J. Yang, Zhou, & Lin,
2014). Radiotherapy improves survival and is usually administered at short times post-
surgery using established standards.

The largest carefully quantified series of extent of glioma resection vs. survival indicated the
existence of a survival threshold at ~70% of tumor resection; only above this threshold does
survival become proportional to the extent of resection (Mitchell, Ellison, & Mendelow,
2005; Pouratian & Bookheimer, 2010; Sanai & Berger, 2008). Below 70% survival is much
reduced. Even if not curative, this work shows that gross total resections carry a strong
survival benefit.

There is a critical need to develop new and effective treatments for patients suffering from
GBM. The large number of clinical trials for GBM is illustrated by the following ratio:
[(number of active clinical trials in the USA in www.clinicaltrials.gov) divided by the
prevalence of the disease in USA, x100], i.e., how many trials are active per patient. For
high grade glioma this ratio is 4.85; for ovarian cancer, 11.66; for pancreatic cancer, 4.11;
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for breast cancer, 2.99; for lung cancer, 2.71; for melanoma, 2.28; for prostate cancer, 2.28.
As the frequency of these cancers is: breast cancer > lung cancer > prostate cancer >
melanoma > pancreatic cancer > > ovarian cancer, the ratio reflects that the amount of active
clinical trials is a reflection of the lethality and lack of treatment for a given cancer, rather
than its incidence.

New data obtained from detailed analyses of the genomic landscape of GBM now informs
the development of novel chemotherapies. Chemotherapy that is effective in other cancers
that share alterations in signaling pathways also altered in GBM, new delivery methods for
otherwise unresectable tumors, new treatments targeted to childhood gliomas, are all being
explored to move forward the treatment of GBM (Buczkowicz, Bartels, Bouffet, Becher, &
Hawkins, 2014; Buczkowicz & Hawkins, 2015; Grimm & Chamberlain, 2013; Jansen, van
Vuurden, Vandertop, & Kaspers, 2012; Karsy et al., 2012; Nobusawa, Hirato, & Yokoo,
2014; Panditharatna, Yaeger, Kilburn, Packer, & Nazarian, 2015; Veldhuijzen van Zanten et
al., 2015; Z. J. Wang et al., 2015; Wu et al., 2014). Anti-angiogenic agents are also being
explored (Chinot et al., 2014; Fine, 2014; Gilbert et al., 2014; Gilbert, Sulman, & Mehta,
2014; Gururangan et al., 2010; Hart, et al., 2013; Raizer et al., 2015), as well as novel
surgical techniques designed to increase tumor resection with the aid of new imaging
technologies (e.g., MRI (Bohman et al., 2010; Kubben et al., 2011), 5-Aminolevulinic acid
(5-ALA (Colditz & Jeffree, 2012; Eljamel, 2015; Hauser, Kockro, Actor, Sarnthein, &
Bernays, 2015; Jaber et al., 2015; Lau et al., 2015), Raman spectroscopy (Ji et al., 2015; Ji et
al., 2013)). Immunization to treat brain tumors has been explored for the last 15-20 years
(e.g., dendritic cells primed with unknown or known tumor antigens; with TLR agonists;
with heat shock proteins) (Batich, Swartz, & Sampson, 2015; Bregy, Wong, Shah, Goldberg,
& Komotar, 2013; Finocchiaro & Pellegatta, 2014; Mohme, Neidert, Regli, Weller, &
Martin, 2014; Reardon et al., 2013; See et al., 2011; X. Wang et al., 2014; Weiss, Weller, &
Roth, 2015; Wheeler & Black, 2009), and this now includes the addition of checkpoint
inhibitors. It is disappointing that vaccination trials, gene therapy trials, chemotherapy trials,
and anti-angiogenic trials have, until now, not performed stronger than controls in Phase 111
trials (Khasraw, Ameratunga, Grant, Wheeler, & Pavlakis, 2014) (Simonato, et al., 2013). In
spite of this fervent activity, GBM remains one of the most lethal cancers. In the 1930°s
survival of GBM was ~6 months; as it currently stands at 14—20 months median survival, the
last 80 years have only improved survival by ~12 months, i.e., by less than 5 days per year
(deSouza et al., 2016).

In situ re-engineering the brain immune system to treat malignant brain
tumors

The brain immune system

The brain displays a set of particular immune responses that differ from those seen in most
other organs. Further, there are two immune compartments within the brain. One resides
within the brain parenchyma proper; the other within the ventricles and meninges. They
differ structurally, functionally and physiologically. The brain parenchyma lacks proper
lymphatic channels, and afferent dendritic cells, i.e., those that can pick up antigens, carry
them to lymph nodes and present them to naive T cells. Composing the second system are
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the choroid plexus located within the brain ventricles and the meninges of the spinal cord
and brain; these contain lymphatics and all immune cells necessary to prime a systemic
immune response. Extracellular fluid from the brain drains through well characterized
perivascular channels that lead to lymphatics near the olfactory bulb, and then to the cervical
lymph nodes (Carare, Hawkes, & Weller, 2014; Clapham, O'Sullivan, Weller, & Carare,
2010; Iliff et al., 2014; 1liff & Nedergaard, 2013; Iliff et al., 2012; Jessen, Munk, Lundgaard,
& Nedergaard, 2015; Kida, Pantazis, & Weller, 1993; Kida, Weller, Zhang, Phillips, &
lannotti, 1995; Kress et al., 2014; Laman & Weller, 2013; Weller, 1998; Weller, Djuanda,
Yow, & Carare, 2009; Weller, Engelhardt, & Phillips, 1996; Weller, Galea, Carare, &
Minagar, 2010; Weller, Kida, & Zhang, 1992; Weller, Subash, Preston, Mazanti, & Carare,
2008; L. Yang et al., 2013).

At the physiological level the brain parenchyma can be the target of an immune response
(i.e., in multiple sclerosis, or paraneoplastic syndromes), but it is essentially impossible to
stimulate a systemic immune response by carefully delivering a particulate insoluble antigen
directly into the brain parenchyma. Conditions which cause release of brain antigens into the
systemic circulation (e.g., trauma, stroke, neurosurgery) do not induce autoimmune
responses against brain tissue. In multiple sclerosis and paraneoplastic syndromes, and in
any situation aiming to induce brain autoimmunity, initial stimulation of the immune system
needs to occur systemically. In spite of the failure to induce systemic anti-brain immune
responses from the brain parenchyma, i.e., an antigen delivered directly into the brain
proper, systemic immune responses will only be triggered once the antigen enters the
ventricular system. This is elegantly illustrated by the results from Charles Bangham
laboratory, and others. Bangham’s group showed that careful injection of live replication
competent influenza virus into the brain caused a major local inflammation, yet, no systemic
immune response could be detected until the replicating virus penetrated the ‘ventricular
immune system’, and essentially comparable results can be obtained using different
experimental approaches (Bell, Taub, & Perry, 1996; Hawke, Stevenson, Freeman, &
Bangham, 1998; Matyszak & Perry, 1996a, 1996b, 1998; Perry, 2000; Stevenson, Bangham,
& Hawke, 1997; Stevenson, Hawke, & Bangham, 1997; Stevenson, Hawke, Sloan, &
Bangham, 1997).

Lymphocytes only persist in the brain if they engage their cognate antigen, which can lead to
neuropathology (Hawke, et al., 1998; Reuter, Gomez, Wilson, & Van Den Pol, 2004; van
Den Pol, Mocarski, Saederup, Vieira, & Meier, 1999). NK cells, which are not antigen
specific, also contribute to neuropathology in stroke (Gan et al., 2014), and in brain tumors
(Baker et al., 2014). Immune responses to non-replicating viral vectors injected into the
brain parenchyma can be induced, but only following a systemic immunization against the
vector. Such antiviral immune responses against vectors injected into the brain have been
described for RAdv, AAV, and lentivirus, and can either block transgene expression or even
cause overt neuropathology depending on vector dose and experimental design. Diffuse
brain autoimmunity is never encountered in these experimental paradigms (Abordo-Adesida
et al., 2005; Dewey et al., 1999; Larocque et al., 2010; Lowenstein, 2005; Lowenstein,
Mandel, Xiong, Kroeger, & Castro, 2007; Peden et al., 2009; Thomas, Birkett, Anozie,
Castro, & Lowenstein, 2001; Thomas, Schiedner, Kochanek, Castro, & Lowenstein, 2000,
2001; Zirger et al., 2012), indicating that such an immune response is specific to the viral
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antigens, but does not lead to a phenomenon akin to antigen spreading and the priming of an
anti-brain parenchyma immune response.

The entirety of brain immune responses described above, and which differ significantly from
immune responses elsewhere in the body, is described as ‘the brain immune privilege’
(Bechmann, Galea, & Perry, 2007; Galea, Bechmann, & Perry, 2007). In summary, the brain
can be targeted by a systemic immune response, but only if the primary immunization
occurs systemically, i.e., outside of the brain. Although an immune response will not be
induced following delivery of particulate, insoluble antigen to the brain parenchyma proper,
antigens injected directly into the brain parenchyma elicit a transitory and local innate
immune response (Barcia et al., 2007; Byrnes, MacLaren, & Charlton, 1996; Byrnes, Rusby,
Wood, & Charlton, 1995; Byrnes, Wood, & Charlton, 1996; Kajiwara, Byrnes, Charlton,
Wood, & Wood, 1997; Thomas, et al., 2000; Thomas, Schiedner, et al., 2001; Wood, Byrnes,
Rabkin, Pfaff, & Charlton, 1994; Wood, Charlton, Wood, Kajiwara, & Byrnes, 1996).

Injection of any type of antigen into the ventricles or meninges will elicit a systemic immune
response against the antigen. Equally, injection of a soluble antigen that can diffuse into the
ventricular system will also induce immune responses. Careful direct injection of viral
vectors into the brain parenchyma is predicted to cause a transitory innate immune
inflammation, but no systemic immune reaction. Therefore, potentially therapeutic
replication-incompetent viral vectors remain within the brain and express encoded
therapeutic proteins long term, as required for long term therapeutic administration, i.e.,
Parkinson’s Disease. For the treatment of malignant brain cancer shorter expression is
sufficient given glioma’s faster progression, with only transient local inflammation.

Combined gene and immunotherapy for brain tumors

The initial experimental therapeutic approach for the treatment of brain tumors employed
vectors expressing HSV1-TK delivered to the brain tumors. Both murine retroviral vectors
and human Adenoviral vectors were utilized. Adenoviral vectors have a high transduction
efficacy in brain tumors, and the combination of HSV1-TK and ganciclovir is a powerful
cytotoxin. We tested the efficiency of HSV1-TK/ganciclovir in a syngeneic rat model of
glioma (Dewey, et al., 1999). If the therapy was delivered shortly after implantation of the
tumor cells, all animals survived. However, if therapy was delivered at 12 days post
implantation when tumors occupied the whole rat striatum, Adv-TK/ganciclovir only
protected 20% of treated animals. Thus, depending on tumor size the therapy’s efficiency
decreased from 100% to 20% (Ali et al., 2004; Ali et al., 2005). In conclusion, directly
cytotoxic therapies that necessitate the transduction of ~100% of target cells would be hard
pressed to display high efficacy in human clinical trials, as no vector system is yet able to
transduce 100% of a target organ. As a consequence clinical trials utilizing strategies that
need to transduce a vast majority of tumor cells to be effective therapeutically performed
poorly in clinical trials.

It is usually thought that the brain’ immune privilege impedes an immune attack against
brain tumors. Thus, it was postulated that T cells could not cross the BBB. Interestingly
however, the BBB appeared very early in evolution and is thought to have facilitated the
development and growth of nervous systems in early animal lineages. As these were
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evolving in the sea, the BBB maintained ionic levels within limits permissive to neuronal
function. Immune cells, especially activated immune cells, can enter the brain even if no
disruption of the BBB is induced. This explains why in multiple sclerosis or paraneoplastic
syndromes the priming of immune responses occurs outside the brain. Immune surveillance
of the brain further suggests that the low number of immune cells necessary for immune
surveillance can also enter the brain. As activated lymphocytes, including activated and
cytotoxic lymphocytes, can enter the brain suggests that the failure to mount therapeutic
immune responses against brain tumors is likely to lie in the failure of brain tumors to
stimulate an active and systemic immune response. Further, if an immune response against
brain tumors could be induced, activated cytotoxic lymphocytes ought to be able to target
glioma cells. A number of mechanisms could be invoked to explain the failure to activate the
systemic anti-tumor immune response. A lack of priming from within the brain parenchyma
could be explained by a downregulation of immune responses (i.e., T-regs, MDSCs, etc.),
the inability of antigen containing cells — not dendritic cells- to exit the brain, or, the absence
of afferent antigen presenting dendritic cells from the brain parenchyma proper. Therefore, a
systemic immunization against brain tumors could be active in inducing a therapeutic anti-
glioma immune response.

Various types of systemic anti-glioma immunization have been attempted. Disappointingly
the results have not demonstrated consistent anti-glioma immune responses and extension of
patient’s survival beyond individual cases. Several of these approaches are now in Phase 111
clinical trials. Though some of these have presented data suggesting an increase in
progression free survival, none have been able to demonstrate an unequivocal increase in
overall patient survival in Phase 1l randomized, double blinded, clinical trials, the gold
standard in medical treatment. Given the excitement generated by these approaches, reasons
for the underperformance of these trials are not yet completely understood.

The physiology of brain immune responses (also referred to as the brain immune privilege)
could be explained by assuming that the brain lacks functional dendritic cells; i.e., a cell that
takes up antigens, travels to the lymph nodes to present antigens to antigen-specific naive T
cells to stimulate their expansion and effector mechanisms. Even if cells expressing dendritic
cell markers have been described in the brain we postulate that given the physiology of brain
immune responses described above there is no cell in the brain that acts as a peripheral
dendritic cell. Injection of an insoluble, particulate antigen into the skin (an organ that
contains proper dendritic cells) will induce the stimulation of a systemic adaptive immune
response. Careful injection of an identical antigen into the brain parenchyma will fail to
induce a systemic adaptive immune response (Bechmann, et al., 2007; Galea, et al., 2007;
Lowenstein, 2002). We assume that this difference is caused by the presence (skin) or
absence (brain) of functional dendritic cells. The differential distribution of functional
dendritic cells can be explained through a detailed study of the co-evolution of the brain and
the immune system (Lowenstein, 2002). The brain and its constituent cells, including
neurons and microglia, appear early in evolution and also during development, while
immune cells and lymphatic channels appear late. We postulated that the late appearance of
lymphatic vessels restricts their growth in the brain, and precludes the colonization of the
brain by dendritic cells (Lowenstein, 2002). As a consequence immune responses in the
brain, i.e. no priming of a systemic immune response, yet being a target of an immune
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attack), are the result of the parallel evolution and development of the brain and the immune
system. Our hypothesis can thus explain the physiology and pathology of brain immune
responses. We also postulated that recruiting dendritic cells to the brain tumors, could result
in antigen uptake, activation, and migration to the draining lymph nodes, and thus prime a
systemic adaptive immune response against brain tumors. Our work has shown this to be the
case. Our strategy, described below, results in the shifting of brain immune function to being
able to prime a systemic immune response against brain tumor antigens. In consequence, we
refer to our therapeutic strategy as the re-engineering of the brain immune system.

Another clinically relevant characteristic of malignant brain tumors, and which is beyond
clinical treatment at this time, is their high mutation rate (Brat et al., 2015; Brennan et al.,
2013; Buczkowicz et al., 2014; Galvao et al., 2014; Kim et al., 2015; Noushmehr et al.,
2010; Taylor et al., 2014; Verhaak et al., 2010). The molecular makeup of these tumors at
first resection differs significantly from tumors resected at recurrence. A capacity to
recognize tumor neo-antigens is a central determinant of the power of immune rejection of
tumors (Kreiter et al., 2015; Linnemann et al., 2015; Yadav et al., 2014). However, if
immunization is performed with pre-identified antigens, it is likely that the tumor could
escape such immune responses. Checkpoint inhibitors are now being exploited to stimulate
endogenous pre-existing anti-tumor immune responses, yet are ineffective due to T cell
exhaustion (Hamid et al., 2013; Kroemer & Galluzzi, 2015; Larkin et al., 2015; Page,
Postow, Callahan, Allison, & Wolchok, 2014; Robert et al., 2015; Romano et al., 2015;
Spain & Larkin, 2016; Weber et al., 2015; Wolchok et al., 2013).

Re-engineering the brain immune system to treat malignant brain tumors

To overcome tumor escape from the activated immune system we designed a therapy that
would re-engineer the brain immune system in such a way that immune cells, i.e., dendritic
cells, entering the brain tumor microenvironment would sample glioma antigens present
therein. In the absence of an experimental bias of tumor antigens made available to the
dendritic cells, upon tumor progression immune cells ought to identify tumor neo-antigens
and continue mounting an immune response against an evolving antigenic landscape of
gliomas.

We proposed to re-engineer the brain tumor microenvironment to recognize brain glioma
antigens to mount a systemic cytotoxic immune response, induce immunological memory,
and continue sampling the brain tumor microenvironment to recognize glioma neo-antigens
that appear during tumor evolution. To do so, based on the pathophysiological understanding
of the physiology and evolution of the brain immune system described above (Lowenstein,
2002), we concluded that recruiting dendritic cells to the brain could serve to simulate an
anti-glioma immune response and be of therapeutic benefit (Curtin et al., 2006).

Dendritic cells need to sample tumor antigens to then carry them to lymph nodes in order to
present such antigens to naive T cells. To promote the capacity of dendritic cells to sample
the brain tumor microenvironment we constructed an Adv expressing HSV1-TK. Upon the
systemic administration of ganciclovir (GCV), TK would kill transduced and actively
proliferating GBM cells releasing antigens within an immunogenic cell death process. To
attract DCs to the brain we constructed an Adv expressing FIt3L, the most powerful inducer
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of DCs. DCs would then be capable of carrying out their normal function, i.e., uptake GBM
antigens, migrate to the draining lymph node where they would present the GBM antigens to
T cells. Injections of Adv-FIt3L on its own into large experimental brain tumors induced an
antitumor response, albeit as a single agent, it had limited therapeutic efficacy. Importantly,
expression of FIt3L by itself within the brain tumor microenvironment demonstrated the
appearance of cells whose morphology was compatible with that of DCs. These experiments
demonstrated that even if FIt3L by itself was able to induce entry of DCs into the brain, and
provide a significant therapeutic response, this was not sufficient to induce complete tumor
rejection. We concluded from these experiments that there was a factor missing which was
necessary in order to elicit a significant improvement in median survival and yield long term
survivors. To evaluate our hypothesis we tested the combination of the conditional cytotoxic
(Ad-TK) and immune-stimulatory (Ad-FIt3L) approach. Only 10-15% of animals implanted
with large tumors and treated with Adv-TK+GCV alone showed a beneficial effect.
Importantly, as predicted, the addition of Adv-FIt3L increased survival of animals treated
with Adv.HSV1-TK to 70-80%. This demonstrated that Adv-FIt3L added a major
potentially synergistic effect to the GBM cell death induced by Adv-TK.

Brain tumors can be multifocal at diagnosis, and they always recur, which poses a
formidable therapeutic challenge. We thus tested experimentally whether our therapy would
be able to treat gliomas both in a model of recurrence and in a model of a multifocal tumor.
Multifocal tumors were modeled by injecting tumor cells into both hemispheres, whereas the
combination of therapeutic adenoviruses was injected into only one tumor mass. The
treatment protected a high percentage of animals (~70%) demonstrating that the combined
TK + FIt3L gene therapy approach induced a systemic immune response capable of
recognizing, attacking and destroying a second tumor which had not previously been treated
directly (King, Muhammad, et al., 2008). To model tumor recurrence after treatment,
animals were allowed t o survive for two months to assure that they were tumor free. At this
time they were challenged with a tumor injected into the contralateral brain hemisphere. All
animals that survived the initial tumor also survived the second tumor challenge
demonstrating that anti-GBM systemic immunity had been induced in response to the initial
treatment.

The efficiency of the combined Ad-TK and Ad-FIt3L gene therapy in eliminating large
experimental gliomas, including multifocal gliomas, and a recurring glioma model, in the
absence of long term behavioral (King, Kroeger, et al., 2008) or inflammatory side effects
(Barcia et al., 2006; Barcia, et al., 2007; Gerdes, Castro, & Lowenstein, 2000; Larocque, et
al., 2010; Thomas, Birkett, et al., 2001; Thomas, et al., 2000; Thomas, Schiedner, et al.,
2001) indicated the induction of systemic anti-glioma immunity. In experiments performed
in a rat model of recurrent GBM, animals that survived the first tumor (i.e., responded to the
combined gene therapy), were challenged with a second tumor implanted in the contralateral
brain hemisphere and, were injected systemically with antibodies to deplete various
populations of immune cells. Depletion of CD4+ and CD8+ T cells abolished the efficiency
of the GBM immune memory response. Depletion of macrophages and other immune cells
had very minor effects on the treatment. The treatment thus eliminates primary tumors,
multifocal tumors, and upon tumor recurrences through a systemic cytotoxic immune
response mediated by CD4+ and CD8+ T cells.
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In subsequent experiments we also tested whether our hypothesis concerning the proposed
mechanism of action was supported by the behavior of the immune cells involved. To this
effect, we were able to demonstrate that upon the intratumoral injection of pDCs
(plasmacytoid dendritic cells) were recruited to the tumoral microenvironment. Recruited
pDCs also took up fluorescent microbeads as a surrogate for the uptake of tumoral antigens,
and were detectable within the draining cervical lymph. Subsequently, we also followed the
increase in circulating CD8+ cytotoxic T cells, whose depletion blocked the anti-tumoral
effect of the gene/immunotherapy (Curtin, et al., 2006; Curtin et al., 2009).

An unresolved issue remaining was whether any innate immune mechanisms were also
necessary for the combined Ad-TK and Ad-FIt3L gene/immunotherapy to be effective.
Adenoviruses and recombinant adenovirus vectors (Ads) are known to be able to stimulate
innate immune responses which in the brain include the release of IL8, IL1a/B, and TNFa,
amongst other cytokines. In the brain innate immune responses are short lived and are
accompanied by cellular activation of microglia and astrocytes. We assessed the role of Ad-
TK mediated GBM cell death to uncover the role played by Toll Receptor signaling in
mediating anti-GBM immunity. The hypothesis we sought out to test, was that TLR
signaling was necessary for Ad-TK and Ad-FIt3L gene/immunotherapy effectiveness. We
implemented experiments identical to those described above, but performed in animals
deficient for various TLRs. GBM bearing mice treated with Ad-TK and Ad-FIt3L gene/
immunotherapy, but lacking TLR2, succumbed to tumor burden. Thus, indicating that TLR2
signaling was necessary for the effectiveness of the treatment. We subsequently identified
HMGB1 as an endogenous ligand for TLR2, and showed that it was released from dying
glioma cells (Curtin, et al., 2009). Though HMGBL1 has been described as a potential ligand
also for TLR4, we did not observe inhibition of our treatment in animals lacking TLRA4.
Even if a potential interaction of HMGB1 with RAGE has not been formally rejected, the
elimination of anti-tumor responses in TLR2 animals, and the need for TLR2 on dendritic
cells, reduces the odds that RAGE binding plays a significant role in our paradigm (Sims, et
al., 2010). The essential need for HMGB1 as part of our treatment was further elucidated by
inhibiting HMGBL. Using specific polyclonal anti-HMGB1 antibodies, or through the
injection of glycyrrhizin, a small molecule inhibitor of HMGBL1, we showed that blocking
HMGB1 completely abolishes the efficacy of our treatment. Both approaches blunted the
therapeutic effect of Ad-TK and Ad-FIt3L gene/immunotherapy indicating that release of
HMGB1 from dying glioma cells is necessary for tumor regression and the generation of
anti-GBM immunity. TLR2 signaling was required on dendritic cells originating from the
bone marrow. The absence of TLR2 from dendritic cells also eliminated the efficiency of
Ad-TK and Ad-FIt3L gene/immunotherapy (Candolfi et al., 2012; Candolfi et al., 2009;
Curtin, et al., 2006; Curtin, et al., 2009).

In summary, /n situ re-engineering of the brain immune response to develop a therapy for
deadly malignant brain tumors can be described as the induction of glioma cell death, and
release of HMGB1, by Ad-TK/ganciclovir, and the recruitment of DCs to the glioma
microenvironment by Ad-FIt3L. DCs can then sample the tumor microenvironment and take
up tumor antigens. Upon activation of DCs by HMGB1 acting on TLR2, DCs migrate to the
draining lymph nodes where they induce a CD8+ cytotoxic immune response which
eliminates glioma growth from the brain. This strategy also generates anti-GBM
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immunological memory, which eliminates GBM recurrence. This therapy exhibits a very
high safety profile without any evidence of toxic adverse effects disseminated throughout the
brain such as generalized autoimmunity (Dewey, et al., 1999; Larocque, et al., 2010),
provided a systemic anti-viral immune response does not occur (Zirger, et al., 2012).

The holy grail: endogenous immunotherapy trials in human patients suffering from
glioblastoma multiforme

At this time, we decided to move forward with the implementation of a Phase I clinical trial
using Ad-TK (+GCV) in combination with Ad-FIt3l in patients suffering from glioblastoma
grade IV (WHO). Following the production and quality control checks of the clinical grade
recombinant adenoviruses, their toxicity testing, and bio-distribution studies, we submitted
our application for an IND to the FDA. The letter from the FDA allowing us to proceed with
the Phase | Clinical Trial described by our IND #14574 was received in 2011. The first
patient to the trial was recruited at the beginning of 2014. To inspect the trial’s detail the
trial’s identifier NCT# NCT01811992 allows its review at https://clinicaltrials.gov/ct2/show/
NCT01811992, an NIH supported website describing ongoing clinical trials. The trial
involves 6 cohorts of 3 patients each, for a total of 18 patients, we have already completed
treatment of the first cohort and treated on patient in the second cohort. We are aiming to
complete the trial in 2018. Preliminary data of this ongoing trial will be presented during
2018.
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HIGHLIGHTS

Immune responses against brain tumors are usually limited and insufficient
for therapeutic effect.

We hypothesized that the absence of proper afferent dendritic cells from the
brain parenchyma underlies the failure of the brain to mount immune
responses against malignant brain tumors.

A method was developed to attract afferent dendritic cells to the brain,
through the intraparenchymal delivery of adenoviral-mediated expression of
fms-related tyrosine kinase 3 ligand (FIt3L). This was then combined with a
method to kill tumor cells, through the delivery of a second adenovirus
expressing HSV1-thymidine kinase, followed by systemic ganciclovir
administration to activate TK Killing of dividing tumor cells.

Delivery of both viral vectors into experimental malignant brain tumors
causes death of tumor cells and release of the endogenous TLR agonist
HMGB1. Afferent dendritic cells in the brain take up tumor antigens, and then
become activated by HMGB1 binding to TLR2 receptors on dendritic cells.
Once activated, dendritic cells migrate to cervical lymph nodes where they
stimulate a systemic anti-glioma immune response. This immune response is
mediated by CD4+ and CD8+ T cells, induces immunological anti-glioma
memory, and is able to recognize tumor neo-antigens.

In a first in person clinical trial at The University of Michigan we are testing
the hypothesis that Ad-FIt3L in combination with Ad-HSV1.TK (+
ganciclovir) can be potentially therapeutic in human patients suffering from
high grade malignant brain tumors, glioblastoma multiforme, WHO grade V.
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Adenovirus vectors injected into the
hrainparenchyma do not prime an adaptive
immune resp onse.
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FIGURE 1.
This figure illustrates in schematic fashion the neuroimmune structure underlying the

phenomenology known as the brain’s immune privilege. In this figure the antigen model
used to explore the brain’s immune responses are non-replicating adenoviral vectors. (A)
illustrates the condition in which adenoviral vectors are injected carefully only into the brain
parenchyma proper. Under these conditions given the absence of afferent dendritic cells
from the brain parenchyma, viral vectors have been shown to remain in the brain for 12
months and more. A systemic anti-adenoviral immune response will not be induced. (B) If
however, the systemic immune system is primed, an immune response will be generated,
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brain inflammation will ensue, and the viral vectors will be eliminated. (C) Direct
administration of vectors into the brain ventricles will induce a systemic anti-adenoviral
immune response, as the ventricular immune system has all necessary cells and vessels to do
so. Therefore, in our novel therapeutic strategy, we recruit dendritic cells to the brain to
implement those essential aspects of immune function which are missing from the brain.
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The brain immune’s privilege reflects the incapacity to prime a systemic adaptive
immune response by intraparenchymal injections of infectious particulate antigens
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FIGURE 2.

This figure exemplifies in practical fashion the neuroimmune structure underlying the
phenomenology known as the brain’s immune privilege. Injection of an adenovirus
expressing influenza hemagglutinin (HA) into the brain parenchyma does not cause a
systemic anti-adenoviral, or anti-HA immune response. However, if the same virus is
injected into the brain ventricles or subcutaneously a systemic immune response against HA
can be detected. As a negative control, injection into the ventricles of a virus not expressing
HA, does not cause systemic anti-HA immunity.

Clin Immunol. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lowenstein and Castro Page 22

Ad-TK +'| followed by systemic valacyclovir
Ad-FIt3L | (Valtrex) / valgancyclovir (Valacyte).

3. FIt3L mediates DC
recruitment into and
expansion within the
TME

1. TK plus GCV causes
tumor cell death of
actively replicating
cells.

2. Tumor cell death
releases HMGB-1, a

4.Afferent DCs en route
to the brain

TLR2 agonist.
5. DC’s pick up tumor antigens released
by dying cells, are activated by HMGB-1,
and traffic to the regional LN.
6. Efferent DCs en
route to the LN
a 2 7. Antigen
(':'.“.“ 0t presentation and
L 8 = Tc expansion
Y @y
= /- M
L @)Y Ve 8. Activated CD8+
o v K @ ) effector Tc migrate to
&SP o the TME and kill
9. MDSC depletion/inhibition tumor celle.
of checkpoint blockade
e  HMGB-1 ./;‘-.,\."1),‘0
ATy A
£% ,"(‘\ A @ = * <23 10. MDSC depletion
¢(_ 1} Dying Tumor cell \apg TN Y : T cell
o pe (& ;,.,:,_‘\,‘% lncﬁasets ce J
2 35 proliferation ani
@ Tumor cell "";-*.E“ cytotoxicity
. )1
@ T1cel —
WP BramalooytioMOAC b 3@ 1. CD8+ cytotoxic T cells
@ Monocytic MDSC .?.“’: @ cause immunogenic cell death
N 9. -
* DC ** .-..‘ and tumor regression
FIGURE 3.

This figure illustrates the mechanism of action of our novel approach to re-design the brain
immune system to allow it to recognize novel tumor antigens. Ad-TK+GCV Kkills tumor cells
and releases HMGB1. Ad-FIt3L recruits dendritic cells to the brain. These take up tumor
antigens, and upon stimulation of TLR2 by HMGBJ1, they induce a systemic anti brain
tumor immune response.
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FIGURE 4.

This figure shows that the addition of RAd-FIt3L increases the efficiency of RAd-TK from
20% of long term animal survival to 75% of animals survival, demonstrating the efficiency
of using both adenoviral vectors in a stringent model of glioblastoma.
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TABLE 1

Characteristics of the two CNS immune compartments: (a) the brain ventricular immune system, and (ii)
parenchymal immune systems

(a) The brain ventricular immune system

Anatomy:
- comprises the choroid plexus, ventricles, CSF and meninges

- characterized by the presence of all vascular and lymphatic channels, and immune cells, found throughout other organs of body, i.e.,
skin, lungs, etc.

Physiology:

- elicits innate and adaptive immune responses to challenge with infectious particulate antigens (i.e., BCG), soluble antigens (i.e.,
ovalbumin), and viral-vector-mediated gene transfer (i.e., Adv, AAV, lentivirus).

(b) The brain parenchymal immune system

Anatomy:
- comprises the CNS parenchyma proper

- lacks classical lymphatics, but outflow from CSF and brain parenchyma to cervical lymphatics has been described
- presence of blood-brain barrier

- lacks professional afferent APCs (i.e. DCs) able to prime naive lymphocytes by migrating from the brain to secondary lymphoid tissue
in the absence of inflammation

- myeloid-derived, but not lymphoid-derived, DCs are present in the brain only during infectious, autoimmune- or DTH-induced brain
inflammation, or following expression of the DC growth factor FIt3L

- presence of monocyte-derived cells (e.g. macrophages and microglial cells)
- presence of all complement-activation pathways

- presence of proteosomes

Physiology:

- elicits only innate immune responses to challenge with infectious particulate infectious antigens and viral-vector-mediated gene
transfer

- CTL responses are not primed following challenge with infectious particulate antigens or viral vectors
- neutralizing antibody responses are not primed following challenge with infectious particulate antigens

- slow recruitment of neutrophils
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