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ABSTRACT

Glioblastoma (GBM) is a highly invasive and deadly late stage tumor that develops from
abnormal astrocytes in the brain. With few improvements in treatment over many decades,
median patient survival is only 15 months and the 5-year survival rate hovers at 6%. Numerous
challenges are encountered in the development of treatments for GBM. The blood-brain barrier
(BBB) serves as a primary obstacle due to its innate ability to prevent unwanted molecules, such
as most chemotherapeutics, from entering the brain tissue and reaching malignant cells. The
GBM cells themselves serve as a second obstacle, having a high level of genetic and phenotypic
heterogeneity. This characteristic improves the probability of a population of cells to have
resistance to treatment, which ensures the survival of the tumor. Here, the development and
testing of two different modes of therapy for treating GBM is described. These therapeutics were
enhanced by pathogenic peptides known to improve entry into brain tissue or to bind GBM cells
to overcome the BBB and/or tumor cell heterogeneity. The first therapeutic utilizes a small
peptide, RVG-29, derived from the rabies virus glycoprotein to improve brain-specific delivery of
nanoparticles encapsulated with a small molecule payload. RVG-29-targeted nanoparticles were
observed to reach the brain of healthy mice in higher concentrations 2 hours following
intravenous injection compared to control particles. However, targeted camptothecin-loaded
nanoparticles were not capable of producing significant treatment benefits compared to non-
targeted particles in an orthotopic mouse model of GBM. Peptide degradation following injection
was shown to be a likely cause for reduced treatment benefit. The second therapeutic utilizes
chlorotoxin, a non-toxic 36-amino acid peptide found in the venom of the deathstalker scorpion,
expressed as a fusion to antibody fragments to enhance T cell recognition and killing of GBM.
This candidate biologic, known as anti-CD3/chlorotoxin (ACDCIX) is expressed as an insoluble
protein in Nicotiana benthamiana and Escherichia coli and must be purified in denaturing and
reducing conditions prior to being refolded. ACDCIx was shown to selectively activate T cells only
in the presence of GBM cells, providing evidence that further preclinical development of ACDCIx

as a GBM immunotherapy is warranted.
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CHAPTER 1
INTRODUCTION
1.1. Glioblastoma

Glioblastoma (GBM) is an aggressive, diffuse, and genetically heterogeneous brain tumor
composed of one or more types of glial cells, known to be the supportive cells of the brain. GBM
represents 15% of primary brain tumors and is considered incurable. Median survival for patients
who receive standard of care treatment has remained steady at 15 months, with a 5-year survival
rate of 5.6% [1]. Although metastases outside the brain are extremely uncommon in GBM,
infiltration of malignant cells into healthy brain tissue remains a significant challenge to effective
treatment. Cells that have invaded into healthy brain are typically resistant to or difficult to access
with systemic chemotherapy, and multiple tumor resection surgeries are not always possible.
Most patients are left with no effective treatment options after a second or third relapse.
Ultimately, the cause of death in GBM patients is attributed to brain herniation resulting in
impaired blood flow or shutdown of processes required for breathing, complications from
seizures, and/or tumor hemorrhage; indirect complications, such as infections from tumor-related
symptoms, are also reported [2].

New, more personalized treatment strategies have begun to arise for GBM patients
following the recent improvement in GBM classification guidelines by the World Health
Organization (WHO) in 2016 [3,4]. These new guidelines integrate molecular characteristics with
the traditional histological characterization previously used for diagnosis. Thus, the term
glioblastoma can now be subdivided by isocitrate dehydrogenase (IDH) mutation status (wildtype,
mutant, or “not otherwise specified” when mutation status is unknown), which can be further
subdivided within the IDH-wildtype group into epithelioid GBM, giant cell GBM, and gliosarcoma if
specific additional molecular markers are present. All subtypes can include additional classifiers,
such as GBM with primitive neuronal component, small cell glioblastoma/astrocytoma, and
granular cell glioblastoma/astrocytoma, depending on characterized patterns observed
histologically. IDH mutation status is a useful prognostic indicator for clinicians, where IDH-

wildtype patients represent 90% of GBM, a higher average age at onset, and a significantly
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decreased median survival time (15 months for IDH-wildtype vs 31 months for IDH-mutant) [4-7].
IDH mutation status and O-6-methylguanine-DNA methyltransferase (MGMT) methylation status,
which may predict treatment sensitivity, is now a reporting requirement for cancer registries [1].
With these new guidelines, clinical testing of mutation status is likely to become more common
and may uncover additional trends in treatment efficacy.

Regardless of mutation status, GBM remains a notoriously difficult tumor to treat.
Standard of care is aggressive and incorporates surgical resection, radiotherapy, and
chemotherapy. In 2005, the chemotherapeutic temozolomide (TMZ) was approved for treating
GBM in combination with radiotherapy after demonstrating an increase in median survival from
12.1 to 14.6 months compared to radiotherapy alone [8]. Concomitant treatment with TMZ in turn
results in a small fraction of patients experiencing grade 3 and 4 adverse events related to
immune suppression and thrombocytopenia, increasing the risk of infection and hemorrhage.
Though modest, this increase in survival benefit was the greatest contribution to GBM patient
survival in decades, highlighting the struggles with treating GBM in the clinic compared to most
other cancers.

Four primary factors are obstacles to effective treatment of GBM: (1) tumor location,
where complete tumor resection would damage brain tissue necessary for function and survival,
(2) the blood-brain barrier (BBB), which serves to prevent >98% of chemotherapeutics from
entering healthy brain tissue where invasive cells might reside [9], (3) genetic heterogeneity,
which provides GBM cells the diversity necessary to develop treatment resistance [10], and (4) an
immunosuppressive environment, which prevents the natural capacity of the patient’s immune
system from destroying the tumor [11]. Successful treatment of GBM thus presents the daunting
task of overcoming all four issues. Current and experimental therapies that are designed to

overcome some or all of these issues are described below.

1.2. Therapeutic strategies for treating GBM

1.2.1. Standard of Care and Second Line Therapies



The treatment plan chosen for a GBM patient depends on multiple factors that consider
tumor location, patient condition, and the patient’s wishes. Current standard of care involves
resection followed by radiation with concomitant TMZ, termed the Stupp Protocol. However, in
many cases, one or more components of the Stupp Protocol are not undertaken. Regardless of
treatment plan, most patients relapse and may undergo additional surgical resection or are
treated with one or more of the FDA-approved second line therapies, including the vascular
endothelial growth factor (VEGF) inhibitor bevacizumab (Avastin®), alkylating agents carmustine
and lomustine, or a tumor-treating field device (TTF) (Optune®). Whether second-line treatment
with bevacizumb provides benefit is under dispute, however, some survival benefit is gained
when a Gliadel® wafer is placed in the tumor resection cavity. Gliadel® wafers are composed of
a slow-release polymer, polyanhydride poly[bis(p-carboxyphenoxy)propane:sebacic acid]
impregnated with carmustine [12]. These wafers provide localized, controlled release of the
chemotherapeutic to any remaining cells on the border of the resection. Use of Gliadel® provides
a survival advantage of approximately 6 weeks, with efficacy limited by poor drug diffusion into
tissue and major concerns regarding side effects such as local edema and infection. More
recently, the TTF device Optune® has made surprising headway towards improving patient
survival. TTF devices are wearable devices that function by generating local low intensity electric
fields in regions of malignant cells, preventing cell division [13]. In clinical trials, Optune® has
been reported to increase median survival from 16 to 20 months, bringing the 5-year survival
rates from 5% to 13% when added to the Stupp regimen. Importantly, use of Optune® provides

improvements in quality of life for patients [14,15].

1.2.2. Immunotherapies

The lack of curative treatments available for GBM in combination with scientific
advancement in the fields of nanotechnology, immunology, and virotherapy have ushered in a
wave of promising experimental treatments. Clinical trials aimed at activating or re-activating the
immune system for malignant cell destruction are underway, with trials reporting positive results

with some important caveats. Notably, peptide vaccines, adoptive cell therapy with chimeric
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antigen receptor (CAR) T cells, and immune checkpoint trials report minor improvements in
survival but with strong evidence of treatment resistance. The ReACT (phase II) and ACT-IV
(phase IlI) trials tested efficacy of an epidermal growth factor receptor variant Il (EGFRvIII)
peptide vaccine for recurrent and newly diagnosed EGFRvIII+ GBM, respectively [16,17]. This
vaccine was designed to elicit an immune response against a mutated EGFR epitope expressed
at high levels (>75% of cells) in 30% of GBM patients [18]. Although the ReACT study showed
improvements in progression-free survival and median survival in 72 patients [16], the ACT-IV
trial ultimately failed. Important differences between these two studies include disease status
(newly diagnosed vs recurrent) within the patient population, and the drug it was paired with for
concomitant treatment (bevacizumab for ReACT and TMZ for ACT-IV). These conflicting results
suggest that anti-angiogenic therapy with bevacizumab may be more beneficial or have a lesser
detrimental effect on the immune system compared to TMZ, which is known to be
immunosuppressive at the doses used in the study. In both studies, post-treatment biopsies
revealed loss of EGFRVIII expression, indicating immune escape as a likely cause for treatment
failure. Similar observations were made after treating patients with an EGFRvlll-specific CAR T
cell therapy [19]. Together, these studies suggest that an immune response is occurring in the
tumor environment following treatment but is met with a stronger opposing force as tumor cells
not expressing the targeted antigen expand rapidly in response to the death of EGFRvIII-positive
cells, indicating an intense need for targeting the entire tumor cell population. However, evidence
of an anti-tumor immune response within these patients is encouraging for development of future
immunotherapies.

Other immunotherapies have been tested without significant clinical success, most
notably immune checkpoint inhibitors for PD-1, [20-22]. The failure of checkpoint inhibitors
despite widespread success in hematological malignancies and melanoma, combined with the
characterization of GBM immunotherapy responders vs non-responders [23], point to a strong
effect of an exhausted and immunosuppressive environment characteristic of GBM, discussed in
more detail later. Further complicating the evaluation of immune checkpoint inhibition and other

immunotherapies is the method used to monitor tumor progression, as treatment-associated
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inflammation has a similar appearance on magnetic resonance imaging (MRI) as a tumor mass
(known as psuedoprogression), which often results in treatment cessation [24]. Thus, new

methods for monitoring immune-based treatment efficacy are also under evaluation.

1.2.3. Virotherapies

Further along the lines of immune-based therapies is virotherapy, a novel approach for
targeted destruction of cancer cells for which the first results from clinical trials in GBM patients
began surfacing in December 2017. Four virotherapies have thus far completed varying phases
of clinical trials for treating recurrent GBM, and early results are encouraging. PVSRIPO, a
polio/rhinovirus chimera, targets CD155 and is primarily composed of attenuated poliovirus with
its internal ribosome site switched with that of human rhinovirus, making it incapable of infecting
neuronal tissue [25]. Phase Il clinical trial results reported in mid-2018 are promising, with >25%
of patients surviving more than 24 months post-recurrence and 2/35 patients still alive nearly 6
years after recurrence [26]. A phase | trial was recently completed with DNX-2401, an engineered
oncolytic adenovirus whose replication is restricted to mutant Retinoblastoma-positive malignant
cells [27]. In this small scale trial, 20% (5/25) of patients who received the treatment survived
three years post-recurrence/treatment (median time since initial diagnosis at time of treatment:
14.9 months). A late 2017 report described results of a Phase I/lla trial for an oncolytic
parvovirus, H-1PV [28]. Patient survival was unclear due to a small sample size and staggered
start times for treatment, but initial results appear promising, with the longest-running group
reporting 2 out of 3 patients surviving more than two years post-recurrence. Lastly, Toca 511, a
replication competent, non-lytic gamma retrovirus-based vector selective for dividing cells and
combined with 5-fluorocytosine pro-drug treatment, was observed to provide a durable response
during a dose-escalation trial in 6/53 patients [29,30]. A subgroup of these patients who met
criteria for entering a phase Il trial had the highest proportion of durable response (5/23 patients).
Strikingly, all responding patients had a complete response, defined as an absence of detectable
disease (range of survival post-treatment until last follow-up prior to publication: 33.9-52.2

months). This vector enables expression of cytosine deaminase that converts 5-fluorocytosine to
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5-fluorouracil (5-FU), an antineoplastic that works to block thymidine synthesis. Future reports

from these and other virotherapy trials are eagerly anticipated.

1.2.4. Upcoming therapies

A myriad of therapeutic strategies designed to enhance drug delivery are also in the
works for GBM, though none have reported results from clinical trials as of yet. Of note is focused
ultrasound, which functions by temporarily opening the blood-brain barrier to allow for greater
chemotherapeutic access [31,32]. Various forms of nanotechnology, including polymer
nanoparticles for controlled release of therapeutics [33—36], iron oxide nanoparticles for thermo
therapy and enhancing radiation therapy [37—39], and carbon nanotubes for drug delivery [40—
42], are also being investigated.

A significant effort is being made to improve delivery of non-BBB penetrable
chemotherapeutics via slow-release formulations using polymeric nanoparticles. Among the most
pursued polymers is poly(lactic, co-glycolic) acid (PLGA), a biodegradable polymer that has been
in use in the clinic for over 30 years [43] for indications such as slow-release drug depots and
dissolvable sutures. PLGA nanopatrticle formulations aimed at increasing delivery of therapeutics,
including small molecule drugs, nucleic acids, and proteins to the brain often focus on the use of
targeting moieties attached to the surface of the particle to improve entry into the brain
parenchyma [44]. Typically, the goal of these formulations is to improve the therapeutic dose that
reaches the brain following intravenous delivery while reducing delivery to peripheral organs.
Improved delivery of targeted formulations to the brain then allows for the slow release of the
encapsulated drug to reduce frequency and/or total dose required for dosing regiments [33,34].
Other methods of delivery have also focused on injection directly into the tumor site during
surgery or intrathecal injection into the cerebrospinal fluid (CSF) [35,36]. Ultimately, a truly
effective therapy for GBM will need to be capable of destroying bulk tumor, invasive cells, and
glioma stem cells. Thus far, no single therapy has been proven to have this trifecta of effects,

though a combination of multiple therapies may be key in future treatment regimens.



1.3. An overview of the immune system and the immune landscape in GBM

Improving treatment of GBM requires an understanding of the tumor microenvironment,
which becomes increasingly complex when the immune component is considered. Just as each
patient’s tumor is genetically distinct from another, so is the immune repertoire within it. In
general, the GBM microenvironment is considered overwhelmingly immune suppressive [45].
Immune suppression is exacerbated by the addition of medications typically provided to patients
following surgery, including anti-inflammatory drugs (e.g. steroids) and chemotherapeutics like
TMZ.

The immune system is composed of two branches that work in concert. Upon initial
exposure to a potential pathogen, the innate system provides a rapid and generalized immune
response which includes activation of the adaptive system. The adaptive response is initially
generated through a slower process to provide a more specific immune response that includes
elicitation of immunological memory, resulting in a more rapid adaptive immune response in
subsequent exposures to the same pathogen. The innate system is composed of cells that
recognize conserved constituents of pathogens such as lipopolysaccharide (LPS, endotoxins
found in the outer membranes of all Gram-negative bacteria), or extracellular RNA and DNA
associated with viruses. Also recognized are abnormal cellular characteristics, such as an
absence of major histocompatibility complex proteins on the cell surface. These cells are typically
responsible for the inflammation observed immediately after an infection or a wound is inflicted.
Bridging the gap between the innate and adaptive systems are professional antigen-presenting
cells (APCs), such as dendritic cells and macrophages. APCs quickly respond to pathogens or
cell debris by internalizing, processing, and displaying digested protein fragments on their surface
for recognition by cells of the adaptive system.

The adaptive system is composed of two main cell types, B and T lymphocytes, which
are responsible for producing antibodies and mediating cellular immunity, respectively. During the
development of these cells, a highly diverse array of cell surface receptors are generated by the
process of random somatic mutation, resulting in a single, distinct receptor for each cell. As part

of the maturation process, B and T cells bearing receptors that have the capacity to recognize
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host proteins are selected against, leaving a multitude of cells capable of recognizing a wide
array of foreign proteins; the random generation of each cell's receptor combined with the sheer
number of possible receptors significantly increases the probability of recognizing newly
encountered proteins. Thus, when an APC displays (“presents”) peptides from foreign proteins
(“antigens”) on its surface in an inflammatory context that are subsequently recognized by their
cognate B or T cell receptors, an overwhelming response is coordinated to produce antigen
specific antibodies and effector T cells. These effector T cells can further direct the immunological
responses (CD4+ “helper” T cells) or quickly destroy affected/infected cells by initiating caspase-
mediated cell death mechanisms (CD8+ “killer” T cells).

The highly orchestrated response of the innate and adaptive system is useful in the
context of infection or cancer. In the case of infection, pathogens are quickly neutralized by the
innate and adaptive system and remembered by the adaptive system for a quicker response
during the next infection. In the case of cancer, malignant cells are quickly recognized to possess
proteins that look abnormal as a result of genetic mutation or under/overexpression.

As in most systems, the ideal situation is not always reality. In both infection and cancer,
it is possible for the pathogen or malignant cells to evolve, enabling immune evasion, expansion,
and persistence. On the opposite side of the possible spectrum of immune responses, an
uncontrolled issue can lead to a chronic inflammatory response in the context of a more difficult
infection or malignant growth. In this instance, suppressive immune cells step in to prevent an
ongoing response, thought to occur as a mechanism of host protection. Both non-ideal situations
are well-characterized in the context of GBM, where inflammation as a result of immune-mediated
or hypoxia-induced cell death results in ongoing immune cell activation, which is quickly
converted to an immunosuppressed environment following the secretion of cytokines, expression
of inhibitory receptors, and proliferation of suppressive immune cells (discussed in greater detail
below) [45-48].

In a healthy brain, resident immune cells known as microglia monitor tissue for signs of
infection and provide support to the brain parenchyma in the form of debris clearance, neuronal

maintenance, and recruitment of peripheral immune cells when necessary (for a recent
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comprehensive overview of neuroimmunology, see references [49] and [50]). Though previously
considered immunologically-privileged, lymphatic vessels within the brain were recently
discovered to exist along blood vessels and within the dural sinuses, providing a specialized
transportation route for debris clearance and cells of the immune system [51]. These vessels
drain into the cervical lymph nodes where antigens can be presented to lymphocytes to activate
an immune response.

How the immune system is first activated in the context of GBM is currently unknown. It is
speculated that growth of malignant cells within the brain results in cell death and tissue damage,
which likely sets off an immune response following initial recognition of released intracellular
components known as damage-associated molecular patterns (DAMPSs) by microglia; others
speculate that inflammation may be the initiator of GBM tumorigenesis following recognition of
mutated protein [52]. These signals can then lead to recruitment of natural killer (NK) cells to the
tumor and send microglia to serve as APCs within the cervical lymph node where recognition of
mutated proteins by lymphocytes occurs. Immune activation results in release of chemokines to
recruit additional immune cells from the periphery. At this point, it is thought that dendritic cells,
monocytes (progenitors of macrophages and dendritic cells), and lymphocytes follow these
chemokine gradients and enter the brain tissue. In tissue samples removed during surgical
resection, studies have found that 30-40% of the tumor itself is composed of tumor-associated
macrophages (TAMSs), including microglia [53]. It is likely that most of these TAMs are in fact not
brain-derived microglia but are instead monocytes that have entered the tumor tissue from the
blood as macrophages [54]. These TAMs are thought to eventually switch from a pro-
inflammatory M1 phenotype to play a more immunosuppressive role as M2 macrophages,

secreting cytokines that prevent antigen presentation and immune clearance of the tumor [48].

1.4. Mechanisms of immune suppression in GBM
The immune microenvironment within GBM is known to be complex and is still not fully
understood (for recent reviews, see references [11,45,55]). The overall lack of significant changes

in tumor recurrence and patient survival following immunotherapy for GBM, despite dramatic
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success for peripheral solid tumors, indicates that multiple points of attack may be necessary to
truly control the tumor, including pan-GBM targeting within the tumor core and in healthy tissue
where invasive cells reside, immune checkpoint blockade, and reinvigoration of the pro-tumor
response. This becomes more obvious when examining the microenvironment and the multiple
immune factors contributing to GBM growth and invasion. The sequence of events leading to
immunosuppression within GBM are still under investigation, but many interconnected factors and
events contribute to the overall suppressive landscape. Within a tumor, GBM cells work well in
conjunction with cytokines and suppressive immune cells to prevent antigen presentation, T cell-
mediated tumor killing, and proliferation of pro-inflammatory immune cell subsets that are
necessary for full tumor control [45].

Orchestrating these events as a whole are cytokines secreted by both GBM cells and
leukocytes that work to influence the entire tumor environment by inducing and maintaining
immunosuppression. In particular, IL-10 and TGF-f in the GBM microenvironment play major
roles in preventing APCs from successfully trafficking to lymph nodes to activate anti-tumor
responses and are also known to inhibit CD8+ T cells by blocking T cell proliferation and reducing
expression of proteins responsible for cell killing, such as perforin and granzyme [56-59].
Consequently, IL-10 and TGF-B secreted by GBM cells can result in induction and improved
survival of regulatory T cells (Tregs) [60]. Both cytokines are further secreted by suppressive
macrophages and Tregs which provides a feed-forward system of immunosuppression [61].
Though tightly associated with one another, IL-10 and TGF-3 can be separately classified as
having a stronger role in CD8+ T cell suppression and induction/maintenance of Tregs,
respectively [62].

Tregs play a critical role in GBM immune suppression and many other tumor types,
though their role in preventing autoimmunity in other contexts is equally critical [63—65]. To
prevent attack of host cells, Tregs secrete suppressive cytokines described above, but also
function to kill, inhibit proliferation of, and induce exhaustion of CD8+ T cells [66]. Treg-mediated
killing is often accomplished via Fas/FasL interactions but may also occur by perforin/granzyme

pathways [67—69]. Tregs can also passively inhibit T cell proliferation via overexpression of the
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high-affinity IL-2 receptor, CD25, which serves as a sponge for IL-2, a well-known cytokine
required for CD8+ T cell survival and proliferation [70].

As another mechanism of GBM immunosuppression, inhibition of APCs can occur in
several ways. Downregulation of major histocompatibility complex (MHC) proteins on both GBM
cells and professional APCs results in the ability to avoid recognition by CD8+ T cells and induce
an effective antitumor response, respectively [71,72]. Downregulation of MHC | on GBM cells is
considered an effective immune evasion strategy and is especially important in the context of
immune checkpoint inhibition therapy, as CD8+ cells have no ability to kill target cells without
recognizing cognate antigen presented on MHC | [71]. Preventing professional APCs from
traveling to the lymph node and presenting tumor antigens becomes especially detrimental to the
possibility of an anti-tumor response, since naive lymphocytes with receptors specific for tumor
antigens may not be activated and expanded. Lastly, recent investigations into the interactions
between Tregs and APCs have revealed the possibility of antigen presentation inhibition via
trogocytosis, where Tregs may act to prevent tumor killing and immune activation by “biting off”
MHC-antigen complexes present on the surface of professional antigen presenting cells [73].

Killer T cells are the major players in tumor cell destruction and overall tumor obliteration
and are thus a major target of immunosuppressive mechanisms. This is evidenced by recent
success in immunotherapy trials for peripheral solid and liquid tumors, where blocking inhibitory T
cell checkpoint proteins (immune checkpoint blockade) results in dramatic reduction in tumor
mass, and in many cases, complete tumor control [74]. Achievement of cell killing within minutes
combined with rapid proliferation of anti-tumor T cell clones makes CD8+ T cells a large anti-
tumor force to be reckoned with. However, in the GBM microenvironment, multiple mechanisms
are at work to disable or kill these cells. Tumor biopsies from GBM patients consistently reveal
low numbers of CD8+ T cells or an exhausted CD8+ T cell population, characterized by
expression of key immune checkpoint proteins CTLA-4 and PD-1, among many others, on the
cell surface [75]. Expression of immune checkpoint proteins signals the broad downregulation of
key cell killing machinery, including perforin and granzyme, and reduced inflammatory cytokine

secretion, effectively blocking target cell killing and autocrine proliferation signals, respectively. As
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previously discussed, immune checkpoint proteins are also expressed on the surface of GBM
cells as a “don’t kill me” signal to CD8+ T cells and are also expressed on Tregs for the purpose
of inducing CD8+ T cell exhaustion.

In total, the environment within the tumor is overwhelmingly suppressive and will require
a highly coordinated attack to enable an anti-tumor response to occur via resident immune cells
and result in tumor control without resulting in fatal toxicity to nearby neurons and peripheral
tissue. Clinical trials are underway to investigate the effects of single and combinatorial use of

immunotherapies in the context of GBM.

1.5. Recombinant bispecific fusion proteins for engaging T cells against cancer (BiTES)

In 1985, Uwe Staerz, a graduate student in the laboratory of famed immunologist Michael
Bevan, proposed the idea and presented the first evidence for enhancing T cell recognition and
killing of target cells without the need for a specific T cell receptor. This was accomplished by
artificially induced recognition through chemical crosslinking of two antibodies: one that bound the
T cell via the T cell receptor (TCR) complex, and one that bound the target cell, to engage the two
cells and induce T cell activation [76]. Improvements to this idea came in the form of using only
the essential components for this process: antibody variable fragments (Fv) that contain the
regions of the antibody’s antigen binding domains of the heavy and light chains. Fvs were able to
significantly decrease the overall size of the fusion constructs from 300 kDa to 50 kDa and
enabled the molecule to avoid spurious activation via antibody constant regions or divalency of
the T cell binding domain. Improvements in recombinant protein expression and a more
advanced understanding of the TCR complex resulted in the expression of a single chain (sc)
bispecific molecule (bispecific scFv) ten years later in Peter Kufer's lab [77]. Their new bispecific
antibody-like molecule was designed to engage T cells via CD3 present in the TCR complex on
one end, and EpCAM, a tumor-associated antigen, on the other end. Selective engagement of T
cells and tumor cells via the bispecific molecule induced fast, potent killing of EpCAM-positive
carcinoma cells, thus setting off a wave of similar bispecific fusion proteins selective for various

tumor antigens [78,79].
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The efficiency behind this new molecule, later renamed a “bispecific T cell engager”
(BITE), lies in the elegance of its design of selective T cell activation. The TCR complex is
composed of the TCR responsible through its extracellular domains for antigen binding and host
recognition, and six proteins for signal transduction: two ¢ chains and four CD3 chains (9, y, and
two € chains) (Figure 1A). Each T cell has a unique TCR, selected during T cell development to
ensure recognition of host MHC but selected against the capacity to recognize host cell proteins
presented on MHC. In the periphery, when a T cell recognizes a foreign protein fragment being
presented on host MHC (Figure 1B) (which may occur following viral infection or genetic
mutation, for example), structural changes occur that allow intracellular tyrosine activation motifs
(ITAMs) present within the signaling domain to be phosphorylated, setting off signal transduction
events that result in T cell activation. Sustained activation can then result in T cell mediated killing
of the engaged target cell, cytokine release, proliferation, and prolonged T cell survival. In the
case of a BiTE (Figure 1C), an activating scFv recognizing CD3¢ is capable of inducing these
structural changes when the target-specific scFv is also bound to the target cell (Figure 1D). T
cell activation in this context does not require MHC-peptide recognition via the TCR, thus BIiTEs
are said to induce polyclonal T cell activation — activation that occurs irrespective of T cell
receptor specificity. Overcoming TCR/MHC requirements thus allows BiTEs to engage non-tumor
specific T cells already present in the periphery and also allows them to target tumor cells that
have downregulated their MHC receptors as a form of immune evasion or interrupted protein
expression. The specificity to the target cells is nonetheless maintained through the other end of
the BITE fusion protein, which is an Fv that recognizes a protein which is ideally exclusively
expressed on the surface of the target tumor cell.

Kufer's anti-EpCAM BITE was the first to enter clinical trials under the name “MT110” for
treatment of solid tumors [80]. Meanwhile, another promising BiTE, Blincyto, was being
developed for the treatment of B cell malignancies, targeting the B cell-specific antigen CD19,
known to be overexpressed on the cell surface in B cell lymphomas. Though not tumor specific,
CD19 is only expressed on B cells, a cell type that can be replenished by the bone marrow and is

thus temporarily disposable under controlled conditions. In 2014 Blincyto became the first FDA-
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approved BIiTE, indicated for relapsed or refractory B cell precursor acute lymphoblastic leukemia
(ALL) [81] and in 2018 was approved for minimal residual disease-positive B cell precursor ALL
[82]. Future indications for Blincyto are likely to be approved as more clinical data proves efficacy
or superiority over current therapies.

Though BITEs often show similar efficacy against malignant cells as CAR T cells [83],
which often are designed to recognize the same antigens, BiTEs provide benefit over CAR T cells
by having the ability to be produced more economically and off the shelf, being a single-chain
recombinant protein [84]. In comparison, CAR T cells require plasmapheresis of the patient,
careful culture of the patient’s T cells, transduction with the CAR of interest, cell survival, and
finally, transfusion into the patient, which is a prohibitively expensive process for most patients.
However, CAR T cells have a major benefit over BIiTEs in that they have the capacity to
proliferate within the patient, resulting in long-lived production of the therapeutic. BITEs must be
transfused continuously to maintain a therapeutic concentration in hematological cancers,
although transfusion guidelines for solid tumors are still in development and may require less
frequent transfusion. Ultimately, BITE therapy may be more economically viable for the majority of
cancer patients.

BiTEs are known to be effective for hematologic cancers that have easily targetable
surface antigens and excellent exposure to circulating BiTEs. However, progress in targeting
solid tumors has been slower due to issues with reaching therapeutic levels. This is a particular
challenge for the treatment of large tumors that are inadequately perfused. In the case of GBM,
significant heterogeneity within the malignant cell population dictates that all cells within a tumor
must be targeted, otherwise clonal expansion of cells not harboring the target antigen can quickly
expand to fill the space previously occupied by cells expressing the target antigen. Several BIiTEs
have been developed for the purpose of treating GBM, namely against EGFRvIII and IL-12Ra2,
tumor-specific and tumor-associated antigens, respectively. These antigens are well-known to not
be homogenously expressed within the tumor [18], however, and evidence for immune evasion in
the face of an EGFRvIII vaccine [85] and an EGFRvIII CAR T cell [19] resulting in therapeutic

resistance has been observed in clinical studies. Thus, for any antigen-specific therapeutic
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developed for GBM, antigen expression must be evident throughout the entire tumor unless the
therapeutic is meant only as an auxiliary therapy accompanying the generalized anti-tumor

standard treatment.

1.6. Peptides for enhancing treatment of brain tumors

A primary challenge for improving access of therapeutics to the entire GBM cell
population is the BBB (for a more comprehensive introduction to the structure and function of the
BBB in relation to drug transport, see reference [86]). The BBB is a highly selective network of
cells and membrane proteins that line the brain vasculature and serve to prevent potentially
harmful molecules in the blood from gaining access to sensitive neuronal tissue. Discrimination is
primarily based on molecular weight, hydrophobicity, and binding to efflux molecules such as P-
glycoprotein. Highly charged molecules and neutral molecules of more than 500 Daltons are
generally excluded and typically require transporters or rely on transcytosis [9,86,87], though
some exceptions exist [88]. Therefore, although the brain is highly vascularized to supply its
immense requirement for oxygen, only 1-2% of small molecules present in the blood are capable
of reaching the brain in relevant concentrations [9]. Methods for improving brain access of
therapeutics are thus in high demand. Common approaches for bypassing the BBB include non-
selective manipulation of targeted regions or the entire BBB by chemical or biophysical
manipulation (small molecules, focused ultrasound) or the use of targeting agents (antibodies,
peptides) to enable transcytosis of a therapeutic. Small molecules such as mannitol and
bradykinin function by non-selectively opening the BBB as a whole and can be considered
dangerous to patients [89], thus molecules that can be attached to the therapeutic itself, for the
purpose of targeting, are generally preferred.

Peptides are especially enticing for use as a method of therapeutic targeting due to their
small size and ease of production. One area of study has focused on utilizing the natural capacity
of certain peptides derived from toxins, viruses, and bacteria to enter the central nervous system
(CNS) for enhancing delivery of therapeutics to brain tumors [44]. Though most of these peptides

are used for more broadly enhancing delivery to the entire CNS rather than the tumor itself, some
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peptides have been demonstrated to selectively bind brain tumor cells relative to healthy brain
and peripheral tissue. Perhaps the most well-known peptide in this category is chlorotoxin, a 36-
amino acid peptide found in the venom of the deathstalker scorpion. Originally isolated in 1993 by
DeBin et al [90], chlorotoxin was first reported as having the capacity to bind astrocytoma cells in
1996 by Nicole Ullrich in Harald Sontheimer’s group [91] and was then thoroughly characterized
by Susan Lyons in the same lab in 2002 for its capacity to selectively bind brain tumor cells while
having no affinity for healthy tissues [92].

Brain tumors composed of cells originating from the neuroectoderm during fetal
development such as astrocytoma, medulloblastoma, meningoma, and others were also bound
by chlorotoxin [92]. Interestingly, it was observed in glioma that the number of malignant cells
chlorotoxin bound to was directly related to the severity of the tumor, with chlorotoxin binding
>95% of cells of grade IV samples (GBM). The selectivity of chlorotoxin for tumors was
highlighted when 17 healthy tissue types were examined, including uninvolved brain tissue, and
were found to have no affinity for chlorotoxin [92]. Other tumor types of neuroectodermal origin
were also tested for recognition by chlorotoxin in the same study, including small cell lung
carcinoma, melanoma, and Ewing’s sarcoma. The characterization of chlorotoxin binding by the
Sontheimer lab greatly broadened our appreciation of the possible uses for chlorotoxin in
enhancing targeting of therapeutics and imaging agents to tumors. Finding that such a highly
selective peptide for GBM and other malignant neoplasms is unable to bind healthy tissue
highlights its potential value for targeted therapy.

Chlorotoxin also maintains other interesting properties that make its use as a
pharmaceutical agent compelling. Some preclinical evidence points to the possibility that
chlorotoxin has the capacity to breach the BBB. Using a transgenic mouse model of
medulloblastoma which arises spontaneously and grows without BBB disruption, Veiseh et al first
demonstrated that the BBB remained intact via contrast-enhanced MRI and via injection of Evan’s
blue, a molecule that is unable to cross the BBB [93]. In these studies, they demonstrated that in

the presence of an intact BBB, chlorotoxin conjugated to Cy5.5 was capable of entering brain

16



parenchyma and binding to the medulloblastoma cells. These data indicated that chlorotoxin
could not only bypass the BBB, but that it could do so with a payload covalently attached.

Chlorotoxin has since risen as a novel ligand for enhancing visualization of malignant
cells that would otherwise be invisible to a neurosurgical team. One such product created for this
purpose is marketed as Tumor Paint, first developed by Dr. James Olson at the Fred Hutch
Research Center in Seattle, WA and commercialized by Blaze Biosciences [94]. Tumor Paint
(sometimes referred to as tozuleristide) incorporates a chlorotoxin-like ligand with optimized
molecular structure [95]. The modified version was designed to have enhanced circulation time
via peptide circularization and to have a single amino group for ensuring monoconjugation of
small molecules via lysine substitution to arginine for two of the three lysine residues found
naturally in the peptide. In the case of Tumor Paint, it is conjugated to the infrared dye Cy5.5 for
selective visualization in the tumor resection field with a specialized fluorescent imaging system.
This novel molecule has been shown to be effective in imaging GBM when injected intravenously
in murine models [94,96]. Phase I-lll trials in humans to evaluate safety, pharmacokinetics, ability
to label tumor cells in ambiguous tissue, and ability to assist in complete tumor resection following
intravenous injection are ongoing or awaiting publication of results [97-101].

Other potentially useful peptides are abundant in nature. Several “chlorotoxin-like”
peptides have since emerged that have been extracted from other scorpion venoms, including
BmK CT from the venom of the Chinese scorpion Buthus martensii (Karsch) [102] and AaCtx
from Androctonus australis [103]. While some evidence of therapeutic use has been found,
thorough characterization of their selectivity for malignant vs healthy cells has yet to surface. In
bacteria, no specific peptides have been identified, though some evidence exists that several full-
sized bacterial proteins achieve CNS entry, with the heavy chains of the tetanus toxin derived
from Clostridium tetani being the most noteworthy [104]. Even more useful ligands have been
derived from proteins of neurotropic viruses. Rabies is of particular interest due to its well-
characterized capacity to infect the CNS [105]. Entry is mediated via transport from peripheral to

central neurons via the rabies virus glycoprotein (RVG). Several key studies, including one
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described in the next chapter, have evaluated the use of RVG-derived peptides to enhance

delivery of various therapeutics to the CNS with mixed success [106].

1.7. Methods of recombinant protein production

To enable the testing of pathogenic ligands in their capacity to enhance treatment of CNS
disease, the economical and efficient production of peptides and related proteins in research
laboratories is of special importance. When producing proteins for therapeutic use, a myriad of
platforms are available for expression, purification, and related processing. Choosing which
platform to use can depend on the yield and purity desired, protein structure, post-translational
modifications, and presence of disulfide bonds in the protein of interest. The platforms used most
commonly for proteins to be used clinically rely on expression in mammalian cell suspension
cultures, such as HEK293 (derived from human kidney epithelium) and CHO (derived from
Chinese hamster ovarian cells) cell lines [107]. Other platforms are becoming more popular,
including expression in the tobacco relative Nicotiana benthamiana. Each platform and their
merits and pitfalls are discussed here in detail.

In the laboratory, expression of recombinant proteins is commonly performed in
Escherichia coli for basic science studies to investigate structure, function, and to investigate
preclinical efficacy. E. coli is especially useful here due to the ease of cloning and transfection,
the wide variety of commercially available vectors, extremely rapid cell growth, fast expression
(within hours), scalability, and typically high yield (mg-g/L). However, E. coli is incapable of
eukaryotic post-translational modification, thus the production of glycosylated proteins, for
example, must be performed in a different system. Because prokaryotes have no endoplasmic
reticulum (ER), proteins with disulfide bonds are also difficult to produce in a functional form.
Targeting to the periplasm’s oxidative environment, co-expressing disulfide bond isomerases, or
using specialized commercial strains that contain mutations in thioredoxin reductase and/or
glutathione reductase may improve correct disulfide production for some recombinant proteins.
Production of E. coli produced proteins can be easier, which is an advantage. However, due to

the natural presence of highly inflammatory molecules such as LPS (endotoxin) within the
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bacterial outer membrane, careful purification is essential. Improperly purified proteins produced
in E. coli can potently activate the immune system which can result in anaphylaxis when present
in high concentrations of substances injected intravenously. LPS is very difficult and costly to
remove to clinically acceptable levels [108], thus pharmaceutical production of protein
therapeutics is typically produced in other systems.

Protein expression in yeast cells shares commonality with E coli in that rapid cell growth
and high protein yields contribute to the popularity of the system [109]. For producing proteins for
preclinical testing for humans, yeast suffer from an increased variety of possible glycosylation
profiles which presents an immunologic risk for use in humans. To counter this issue, genetically
engineered yeast were created to produce a glycosylation profile closer to humans [110].

More recently, the use of plants to express proteins for structural, preclinical, and clinical
studies has gained attention. In 2012, ELELYSO, recombinant human beta-glucocerebrosidase
for the treatment of Gaucher’s disease, became the first plant-derived protein pharmaceutical
(biologic) to be approved for commercial use in humans by the FDA [111]. Even more recently,
large scale clinical trials have been conducted in western Africa with ZMapp, an antibody cocktail
used as a passive immunization for treating Ebola infection for which first in human trials received
emergency FDA approval during the 2014 major outbreak [112—114]. The three antibodies that
construe ZMapp are produced in N. benthamiana, a relative of the common tobacco plant that is
useful for its fast growth and high biomass [115]. Production of correctly-folded and fully
functional eukaryotic (including human) proteins is facilitated by the plant’s ER for disulfide bond
formation and post-translational modification. Importantly, plant-specific post-translational
modification (fucosylation and xylosylation) of N-glycan core structures shared with humans can
be reduced though the use of transgenic N. benthamiana plants [116,117]. These transgenic
plants lack expression of a1,3-fucosyltransferase and (31,2-xylosyltransferase, the enzymes
responsible for fucosylation and xylosylation, respectively. As a result, recombinant protein
containing N-linked glycosylation sites are produced as a homogenous N-glycan species

containing only the core N-glycan (N-acetylglucosamine disaccharide) rather than a mixture of
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glycan modifications [116]. This, in turn, reduces the chance of engaging an unwanted immune
response against proteins used in the clinic [118].

Proteins produced in plants can be purified from plant tissue for injectable use, though
edible protein therapeutics are also being developed, notably for vaccination strategies. Some of
the highest yields of recombinant protein expression are reported in plants following transient
expression using plant virus-derived vectors, including vectors developed by Hugh Mason’s lab
that are based on the genomes of Geminiviruses. Using these vectors, recombinant proteins can
be produced on the order of ~1 gram of protein per kilogram of leaf material due to various
genetic elements borrowed from other organisms and viruses for enhancing translation and
preventing gene silencing, among others [119]. Transient expression in N. benthamiana is
typically achieved via agrobacteria-mediated delivery of the plasmid encoding the gene of interest
(GOI). Agrobacteria tumefaciens is a known plant pathogen that can transfer genetic material
from plasmid DNA through its double membrane envelope, the plant cell wall and plasma
membrane, and into the plant cell nuclear envelope where it is incorporated into the genome
[120]. This naturally-occurring example of cross-domain horizontal gene transfer can be exploited
for introducing GOI DNA into plant cell nuclei resulting in transient gene expression or stable
transformation of the plant genome [121]. For proteins that are of interest for long term study and
are non-toxic to the plant itself, transgenic N. benthamiana can be produced that can be easily
propagated by seed and do not require agrobacterial introduction. At least one facility in the
United States, Kentucky Bioprocessing, is capable of large scale agrobacterial infiltration of N.
benthamiana for protein production, where it produces therapeutic proteins, cosmetics, and
nutritional supplements [122].

For proteins that are difficult to express in E. coli and yeast, researchers often turn to
insect cell-based expression vectors. Production in insect cells is typically mediated by
baculovirus-driven expression and provides the advantage of glycosylation compared to bacterial-
produced protein, however, like plants, the glycosylation profiles differ significantly from human
profiles. More commonly, baculovirus use in insect cells is especially useful for producing virus-

like particles (VLPs) and is notable for being the system used to produce the VLP-based HPV
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vaccine, Cervarix™ [123]. The baculovirus process is innately more time consuming relative to
bacterial expression, requiring transfection of insect cells with a plasmid of interest to produce a
baculovirus stock, followed by subsequent transfection of a new stock of insect cells for protein
production [124]. As a benefit, expression in insect cells is typically more cost-effective than
expression in other eukaryotic systems and requires only standard cell culture equipment, in
comparison to plant-based production which can require specialized plant growth chambers or
greenhouses, or mammalian cell production which requires expensive media, discussed below.

For production of proteins for clinical testing, mammalian cell lines are often preferred by
pharmaceutical companies on a large scale. The Chinese hamster ovary (CHO) and human
embryonic kidney 293 or 293T (HEK293/HEK293T) cell lines are widely used by researchers due
to their capacity for post-translational modification and formation of disulfide bonds, lack of
pathogenic and animal contaminants, purification ease, and scalability as suspension cultures
[107]. Both systems suffer from the low yield relative to production in E. coli and from the
expensive transfection and cell culture reagents required for producing useful quantities of
recombinant protein. Though creating stably transfected lines reduces costs of transfection
reagents, the cost of medium that allows for sufficient growth in the absence of animal products,
such as fetal bovine serum, becomes cost-prohibitive; serum-free medium can be up to 10 times
the price of unsupplemented medium. For pharmaceutical companies, production of therapeutic
proteins must be produced in these conditions in order to minimize production-related
immunological side effects. Other mammalian cell lines used for pharmaceutical grade protein
production include NSO, Sp2/0, BHK, and HT-1080 [107], but are less well known in academic
research labs due to a lack of published protocols and available reagents in comparison to HEK
and CHO expression.

Choosing between the CHO and HEK expression systems depends on the user’'s end
requirements; CHO cells are often used for high expression of proteins via stable transfection,
while HEK cells are more widely used for transient transfection due to its permissivity to common
transfection reagents. HEK cells are thus useful for studying functionality and interactions of

different proteins and their variants. Other factors must be taken into consideration, however,
21



regarding the end use of the protein of interest. Proteins produced in CHO cells suffer from a non-
human glycosylation profile, ruling CHO expression out for glycosylated proteins unless an
immune response against the protein is desired [125].

An upcoming option for producing proteins without the need for significant purification is
cell-free protein expression. This technology works by utilizing only the components required for
protein synthesis (DNA, ribosomes, tRNA, etc.) and completing synthesis in the appropriate
conditions in a test tube. While this technology is especially desirable for proteins that are difficult
to purify, the current protocols, throughput, yield, and expense of these methods are currently
prohibitive towards producing useful quantities of proteins even for sufficient biochemical

characterization, let alone preclinical testing [126].

1.8. Overview and specific aims

Given the significant barriers for effective treatment of GBM, it is clear that highly
targeted, potent therapeutics capable of reaching both core and invasive, highly heterogeneous
cells are desperately needed. This document outlines two distinct methods for accomplishing this,
with the overarching goal of enhancing GBM therapy using naturally-derived peptides known to
improve access to the brain. In chapter 2, we test the hypothesis that a small peptide derived
from the rabies virus glycoprotein (RVG29) can improve delivery of polymeric hanoparticles to the
brain and reduce tumor burden and mortality in an orthotopic mouse model of GBM. In chapter 3,
we introduce the concept and initial production of a new immunotherapy for GBM, anti-
CD3/chlorotoxin (ACDCIx), and test the hypothesis that this molecule can selectively enhance
recognition of GBM cells by polyclonal T cells using the scorpion venom-derived peptide,
chlorotoxin, and anti-CD3 antibody variable fragments for cell recognition. Chapter 3 also tests
the hypothesis that ER-targeted ACDCIx can be produced as a soluble protein in N.
benthamiana. In chapter 4, we investigate the hypothesis that E. coli might be used to produce
ACDCIx in higher yields. This chapter also introduces a new variant, ACDCIxA15, for treatment of

GBM cells, and tests its capacity for GBM cell binding in vitro.
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Figure 1: Schematic of TCR/MHC and BiTE interactions. (A) The T cell receptor complex of a
CD8+ T cell. (B) A schematic of an interaction between a GBM cell expressing the MHC |
receptor, presenting a peptide derived from a mutated GBM protein (mut) to a T cell with a mut-
specific TCR.(C) A schematic of a bispecific T cell engager (BiTE). A traditional BiTE is
composed two sets of variable light and variable heavy fragments (Fv) that recognize a tumor-
specific protein and CD3 on a T cell. (D) Schematic of a GBM-specific BITE engaging a GBM cell
and a T cell without the need for traditional MHC/TCR interactions.
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CHAPTER 2
A CRITICAL EVALUATION OF DRUG DELIVERY FROM LIGAND-MODIFIED
NANOPARTICLES: CONFOUNDING SMALL MOLECULE DISTRIBUTION AND EFFICACY IN

THE CENTRAL NERVOUS SYSTEM

2.1. Abstract

In this work, we sought to test how surface modification of poly(lactic-co-glycolic acid)
(PLGA) nanoparticles with peptide ligand alters the brain specific delivery of encapsulated
molecules. For biodistribution studies, nanoparticles modified with rabies virus glycoprotein
(RVG29) were loaded with small molecule drug surrogates and administered to healthy mice by
lateral tail vein injection. Mice were perfused two hours after injection and major anatomical
regions of the CNS were dissected (striatum, midbrain, cerebellum, hippocampus, cortex,
olfactory bulb, brainstem, and cervical, thoracic, lumbar and sacral spinal cord). For functional
studies, surface modified nanoparticles were loaded with the chemotherapeutic camptothecin
(CPT) and administered to mice bearing intracranial GL261-Luc2 gliomas. Outcome measures
included tumor growth, as measured by bioluminescent imaging, and median survival time. We
observed that small molecule delivery from PLGA nanoparticles varied by as much as 150% for
different tissue regions within the CNS. These differences were directly correlated to regional
differences in cerebral blood volume. Although the presence of RVG29 enhanced apparent brain
delivery for multiple small molecule payloads, we observed minimal evidence for targeting to
muscle or spinal cord, which are the known sites for rabies virus entry into the CNS, and
enhancements in brain delivery were not prolonged due to an apparent aqueous instability of the
RVG29 ligand. Furthermore, we have identified concerning differences in apparent delivery
kinetics as measured by different payloads: nanoparticle encapsulated DiR was observed to
accumulate in the brain, whereas encapsulated Nile red was rapidly cleared. Although

systemically administered CPT loaded nanopatrticles slowed the growth of orthotopic brain tumors
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to prolong survival, the presence of RVG29 did not enhance therapeutic efficacy compared to
control nanoparticles. These data are consistent with a model of delivery of hydrophobic small
molecules to the brain that does not rely on internalization of polymer nanopatrticles in target
tissue. We discuss an important risk for discordance between biodistribution, as typically
measured by drug surrogate, and therapeutic outcome, as determined by clinically relevant
measurement of drug function in a disease model. These results pose critical considerations for

the methods used to design and evaluate targeted drug delivery systems in vivo.

2.2. Introduction

Drug delivery remains a critical barrier to the treatment of central nervous system (CNS)
tumors such as glioblastoma (GBM). The access of systemically administered drugs to cells
residing beyond the primary tumor mass remains poor, and peripheral toxicity often limits total
dose. A multitude of reports suggest that encapsulation of small molecules in nanoparticles can
improve their delivery or function in the CNS [127-132], however, whether these improvements
are due to actual movement of the nanoparticle across an intact blood-brain barrier (BBB) into the
parenchyma remains unclear.

In the context of cancer, non-specific tumor targeting is achieved by the enhanced
permeability and retention (EPR) effect, whereby nanoparticles circulating in peripheral
vasculature are believed to exit leaky, angiogenic tumor vasculature to selectively accumulate in
tumor core [133]. Surface modification of nanoparticles with targeting ligands has been proposed
as a method for enhancing delivery of nanoparticle encapsulated payloads to specific tissue sites,
including tumor or brain. Recently, a peptide derived from rabies virus glycoprotein emerged as a
promising candidate for brain-targeted drug delivery. RVG29 is the 29 amino acid fragment of the
rabies virus coat protein whose presence is both necessary and sufficient for the interaction of
virus with cell surface receptors to promote retrograde transport of virus along motor neurons into
the brain. RVG29 has been reported to govern the interaction of viral particles with at least three
known receptors, including neural cell adhesion molecule (NCAM), the p75 neurotrophin receptor

(P75NTR), and nicotinic acetylcholine receptors (NAChRs) [134,135]. NAChRs were suggested
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to be responsible for the transvascular delivery of nucleic acids tethered to an RVG29-9R
conjugate [136], although a recent report studying the uptake of RVG29-tethered dendrimers
provided evidence for the involvement of gamma-aminobutyric acid B receptors (GABA&sRS)
instead [137]. The RVG29 peptide has been demonstrated to enhance the brain-specific function
of a range of systemically delivered agents, particularly nucleic acids [136,138-141] and has also
been used to facilitate the CNS efficacy of nanoscale drug and gene carriers, including proteins
and biologically derived or synthetic nanoparticles [142-148,137]. Notably, RVG29-mediated
delivery of small molecule therapeutics remains relatively unexplored [148].

In prior work, we demonstrated that systemically administered nanoparticles composed of
PLGA and loaded with the chemotherapeutic camptothecin (CPT) slowed the growth of
orthotopic, murine GBM to prolong survival [33]. Improved therapy of nanoparticle encapsulated
CPT was primarily mediated by EPR and increased dose due to enhanced tolerability of
encapsulated drug. Here, we were interested to test how modification of PLGA nanoparticles with

RVG29 would alter the delivery and efficacy of small molecule payloads in the brain.

2.3. Methods
2.3.1. Materials

RVG29-biotin peptide (sequence: N term-YTIWMPENPRPGTPCDIFTNSRGKRASNG-
C2-Biotin) was synthesized by American Peptide Company (Sunnyvale, CA, USA). 50:50
Poly(DL-lactide-co-glycolide) (PLGA, ester terminated, 0.55 - 0.75 IV) was obtained from Durect
Corporation (Cupertino, CA, USA). Reagents for nanoparticle preparation were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Cell culture reagents (DMEM, FBS, Geneticin) and DIR were

purchased from Life Technologies (Carlsbad, CA, USA).

2.3.2. Nanoparticle Preparation
PLGA nanoparticles were prepared by the single emulsion method as described
previously [33,149]. Avidin-palmitate conjugation was performed as described elsewhere [150].

Briefly, 25 mg of avidin was reacted with 1 mg palmitic acid-NHS overnight while stirring at 37°C
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in 2% w/v sodium deoxycholate in PBS. The conjugate was purified by 48 hours of dialysis
against 0.15% w/v sodium deoxycholate in PBS (MW cutoff of 14 kDa). For dye loaded
nanoparticles (biodistribution studies), 200 mg of PLGA was dissolved in 2 mL dichloromethane
(DCM) with either 50 uL of DiR in ethanol (25 mg/mL) or 100 uL Nile red (NR) in DCM (25
mg/mL). This solution was added drop-wise to a vortexing aqueous phase containing 1 mL 5
mg/mL avidin-palmitate, 1 mL H20, and 2 mL 5% wi/v polyvinyl alcohol (PVA) to form an
emulsion. The emulsion was sonicated in three, ten-second bursts (Fisher Scientific Model 705
Sonic Dismembrator, 40% amplitude) and hardened for three hours by stirring in 84 mL 0.3%
PVA. Particles were washed twice in diH20 by centrifuging for 15 minutes at 17,400 xg
(Beckman L8-80M Ultracentrifuge, 50.2TI rotor). CPT nanoparticles were prepared using the
same technique with the following parameters: 12 mg of CPT was added to 200 mg of PLGA in 2
mL DCM and emulsified with an aqueous phase containing 1 mL 5 mg/mL avidin-palmitate, 3 mL

H20, and 4 mL 5% PVA.

2.3.3. Nanoparticle Peptide Conjugation

For surface modification, nanoparticles were incubated with a 10x molar excess of
RVG29-biotin (RVG-PLGA) or biotin (Biotin-PLGA) for one hour. Nanopatrticles were washed by
centrifugation to remove excess ligand. A small sample was removed for scanning electron
microscopy (SEM) characterization and trehalose (25 mg per 100 mg PLGA) was added to the
remaining nanoparticle solution as a cryoprotectant. The nanoparticle solution was either

aliquotted for immediate use for in vivo studies or frozen, lyophilized, and stored at -80°C.

2.3.4. Nanoparticle Characterization

Nanoparticles were characterized for size and morphology with scanning electron
microscopy (SEM, FEI XL30) and for hydrodynamic diameter with dynamic light scattering (DLS,
NanoBrook 90Plus Zeta particle analyzer, Brookhaven Instruments, Hotsville, NY). Samples were
prepared for SEM by sputter coating for 2 minutes with gold-palladium and imaged at a working

distance of 5-15 mm, 2-10 kV, spot size of 1-5, and 10,000-40,000X magnification. Average
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nanoparticle size for each batch was calculated from SEM images using the measure function in
ImageJd (National Institutes of Health) with a minimum of 150 measurements from two or more
images. Polydispersity (PD) was calculated by taking the standard deviation of these
measurements, or the mean standard deviation if more than one batch was prepared. For DLS
measurements, average and PD were calculated by Particle Solutions Software (Brookhaven
Instruments, Hotsville, NY). Loading of DiR, NR or CPT was determined by comparing
nanoparticle samples dissolved in DMSO at a concentration of 5 mg/ml to a control curve
prepared from blank nanoparticles spiked with known concentrations of dye or drug in DMSO.
Loading was calculated by determining the weight of encapsulated molecule per nanopatrticle
batch, and dividing this value by the weight of PLGA (non-encapsulated molecule, non-trehalose
weight) per batch.

To obtain a profile of CPT release from nanoparticles, RVG-PLGA-CPT nanoparticles
with an equivalent mass of 6.5 ug CPT were added to a total volume of 2 mL release medium
(PBS + 2% Tween-80) for each time point to be measured. This concentration assured sink
conditions (reported solubility of CPT in PBS + 2% Tween-80 is 79 ug/mL) [151,152]. Samples
were incubated while rotating at 37°C. At each time point, corresponding samples were removed
and centrifuged for ten minutes at 20,000 xg. 30 pL of supernatant was removed and mixed with
970 pL release medium. CPT fluorescence was measured at an excitation/emission of 370
nm/428 nm and compared to a standard of free CPT in release medium to determine

concentration.

2.3.5. Cell Culture

GL261-Luc2 cells were a generous gift from Dr. Adrienne C. Scheck at Barrow
Neurological Institute and were maintained in DMEM supplemented with 10% FBS and 100
pg/mL Geneticin in a humidified chamber at 37°C with 5% CO2. For tumor inductions, cells were
washed, detached with trypsin, and centrifuged to obtain a pellet. Cells were resuspended in

plain DMEM at a concentration of 3.75e7 cells/mL for injection.
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2.3.6. Animal Studies

All mice were housed in a 12:12 light dark cycle with food and water provided ad libitum.
Nanoparticles were administered via injection into the lateral tail vein either as freshly prepared
(treatment studies) or immediately following resuspension via sonication in sterile saline
(biodistribution studies). All experimental procedures were performed in compliance with Barrow

Neurological Institute’s Institutional Animal Care and Use Committee (IACUC) regulations.

2.3.7. Biodistribution

Nanopatrticles were administered at a dose of 200-250 mg/kg to 6-8 week old female
BalbC mice (Charles River Laboratories, USA). Subjects were sacrificed 2 hours post injection (n
= 6 per group), and a blood sample was obtained by cardiac puncture. Mice were perfused with
heparinized saline (10 U/mL) until the livers cleared. Peripheral organs were removed, as well as
whole brain, which was immediately dissected into major anatomical regions (olfactory bulb,
cortex, striatum, midbrain, hippocampus, cerebellum, and brain stem) with fine pointed forceps
under a dissecting microscope. Surgical scissors were also used to make a cut at the lower
lumbar portion of the spine and a 1 mL syringe filled with saline attached to a 22G needle was
inserted into the spinal canal opening. Spinal cords were rapidly ejected following applied
pressure to the syringe plunger [153]. Spinal cords were dissected into its major anatomical parts
(cervical, thoracic, lumbar, and sacral) using the spinal cord intumescences as guides. All
samples were frozen at -800C until further processing. Values for cerebral blood volume in the
mouse brain were obtained from published data for the mouse [154]. The cerebral blood volume
value for brainstem was estimated by averaging the pons and medulla.

Peripheral organ tissue was thawed on ice and finely minced into a pulp. 10% w/v diH20
was added to each sample. Tissue was physically disrupted in a bead homogenizer for 10
minutes at the highest speed and lysed by probe sonication (40% amplitude for 10 seconds, 2x)
on ice. CNS tissue was processed by the same method, except samples were not bead
homogenized. CNS homogenates (40 yL) and peripheral organ homogenates (50 uL) were

added to a 96-well plate with 10 uL of DMSO. Fluorescence intensity was read on a plate
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spectrophotometer (Tecan Infinite 2000, 750/780 nm or 552/636 nm excitation/emission for DiR
or NR, respectively). To convert AU values to concentration, control curves were constructed for
each organ by spiking control tissue homogenates with known quantities of DiR-loaded
nanoparticles. All samples were read in triplicate. In multiple experiments, we confirmed that
there were no differences in control curve fluorescence for different CNS regions for tissue spiked

either with free or nanoparticle encapsulated DiR (data not shown).

2.3.8. Treatment Study

The syngeneic GL261-Luc2 tumor model used in this study is an infiltrative model of
GBM [155] that has been stably transfected with luciferase to enable noninvasive monitoring of
tumor growth by bioluminescent imaging. Tumors were induced in the dorsal striatum of C57BI/6
albino mice as previously described [33]. Briefly, mice were anesthetized using a cocktail of
ketamine (100 mg/kg) and xylazine (10 mg/kg) provided by intraperitoneal (IP) injection. An
incision was made down the midline of the scalp to expose the skull and a hole was drilled 2 mm
lateral, 0.1 mm posterior from bregma using a Dremel (Mount Prospect, IL). A Hamilton syringe
filled with 2 uL of the cell suspension (75,000 cells) was lowered to a depth of 3 mm and the
tissue allowed to equilibrate for 1 minute. The syringe was then withdrawn to a depth of 2.6 mm
and the cells injected over 2 minutes. After the injection, the syringe was left for 1 minute before
it was removed to reduce back flow. The incision was closed using staples and triple antibiotic
ointment was applied to the scalp before placing the animal in a clean cage over a heating pad to
recover. All animals received a subcutaneous injection of buprenorphine SR (Reckitt Benckiser,
Hull, England) (0.2 mg/kg) after surgery to control pain.

Weekly treatments were administered by lateral tail vein injection beginning on day 8
after tumor induction. Animals were randomized to four treatment groups: saline (n=6), RVG-
PLGA (n=5), Biotin-PLGA-CPT (n=6), or RVG-PLGA-CPT (n=6). Drug treated mice received an
average of 12 mg/kg CPT (RVG-PLGA-CPT or Biotin-PLGA-CPT) per injection. The RVG-PLGA

group was dosed based on the average equivalent PLGA dose administered to Biotin-PLGA-CPT
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and RVG-PLGA-CPT groups. Mice were observed daily and euthanized following greater than
20% weight loss or development of neurological symptoms.

Tumor growth was monitored throughout the study using an In Vivo Imaging System
(IVIS) bioluminescent imager (Perkin Elmer, Waltham, MA), a method which has been well-
validated for the GL261-Luc2 model and allows for tumor detection by day four following tumor
induction [156]. Mice were anesthetized in an induction chamber under 2% isoflurane in oxygen.
Once anesthetized, mice were injected subcutaneously with 150 mg luciferin/kg body weight and
imaged 25 minutes later. Tumor size was measured by total flux (photons/second) as determined

by the Living Image software for each region of interest (ROI) drawn around the tumor signal.

2.3.9. Statistics

Statistical analyses were conducted in GraphPad Prism 5.0 (GraphPad Software, Inc., La
Jolla CA). Analysis of targeting to whole organs was conducted using a one-tailed Student’s t-
test. Regional analysis of biodistribution was conducted with a two-way, repeated measures
(mixed model) ANOVA followed by a Student’s t-test with a Bonferroni posthoc correction for
multiple comparisons. Tumor growth profiles were fit by an exponential growth equation with
ordinary least squares to estimate doubling time. Kaplan-Meier curves were constructed for
treatment studies, using the Mantel-Cox test to probe for differences in survival. Significance is

reported for an alpha level of 0.05.

2.4. Results
2.4.1. Nanoparticle characterization and biodistribution

SEM imaging confirmed that PLGA nanoparticles were spherical with smooth surface
morphology (Figure 2). DIR, NR and CPT loaded nanoparticles were characterized by a similar
average diameter (129-141 nm, 111-132 nm, and 134-142 nm+10 nm, respectively, Table 1).
Loading, calculated as the average weight percent of encapsulated molecule in the final yield of
PLGA, was 0.26% for DIiR, 0.87% for NR, and 6.87% for CPT, with encapsulation efficiencies of

38.1%, 54.6%, and 80.3%, respectively. Surface charge was close to neutral. The rate of CPT
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release was determined by incubating RVG-PLGA-CPT nanoparticles in PBS and centrifuging at
regular time intervals to sample supernatant. A burst release was observed at early time points,
with almost all remaining camptothecin released by 3 hours (Figure 3), whereas less than 5% of
NR or DiR was released in 24 hours (data not shown).

To measure biodistribution of nanopatrticle payload, we first analyzed the delivery of DIR
from nanoparticles administered by injection into the lateral tail vein of healthy mice. DiR was
detected two hours following intravenous administration in the kidneys, liver, lungs, heart, femur
muscle, and uterine horns (Figure 4). The greatest amount of DiR was detected in the liver (13.9
Hg/g and 13.1 ug/g for biotin-PLGA-DIR and RVG-PLGA-DIR, respectively), followed by the lungs
(4.52 ug/g and 4.35 ug/g, for biotin-PLGA-DIR and RVG-PLGA-DIR respectively). No significant
differences in delivery were observed for RVG29- versus biotin-modified nanoparticles in any
peripheral organs or blood plasma. DIR was detected readily in the brain at a concentration of
79.5 ng/g and 101 ng/g for biotin- versus RVG29-modified formulations, respectively. RVG29-
modification of nanoparticles thus produced a 27% increase in delivery to the brain at two hours,
which was significant (p=0.041, Student’s 1-tailed t-test). In whole spinal cord, DiR was detected
at 51.4 ng/g for both RVG29- and biotin-modified formulations. Thus, delivery to the spinal cord
was lower than delivery to the brain, and no enhancement due to RVG29 was observed. To
determine whether the brain targeting effects reflected some unique feature of the DIiR payload,
we also evaluated the brain-specific delivery of other encapsulated small molecules, including
coumarin 6 and NR. These data demonstrated that the targeting effects were consistent, if not
higher, for different payloads; significantly increased delivery (40-60%) was observed in the brain
two hours after injection for these agents in multiple experimental repeats (Supplementary Figure
1).

We were interested to determine whether there would be differences in the quantity of
payload delivered to major anatomical regions within the brain and spinal cord (Figure 5 and
Table 2). A two-way analysis of variance (ANOVA) identified significant effects of CNS region
(F(10,90=21.19, p<0.001) and significant interaction between CNS region and targeting

(F(10,90)=2.39, p=0.0145) on delivered payload concentration. The highest delivery was detected
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in the cortex for both RVG29- and biotin-modified formulations (123 versus 89.6 ng/g,
respectively), followed by the cerebellum (98.8 versus 79.9 ng/g, respectively). We hypothesized
that variations in payload delivery to different regions within the brain would be due to regional
differences in blood volume; consistent with this hypothesis, the relationship between cerebral
blood volume [154] and DiR delivered from nanoparticles was linear for both targeted and non-
targeted formulations (Figure 6), with calculated Pearson correlation coefficients of 0.979 and
0.854 for biotin- and RVG29-modified nanoparticles (p<0.01 for both). For the spinal cord,
payload delivery tended to increase slightly in the caudal direction (48.7, 49.9, 53.2, and 55.1
ng/g in cervical, thoracic, lumbar, and sacral segments). Some evidence for apparent targeting
(i.e., increased delivery for RVG29- versus biotin-modified formulations) was observed in the
cervical region of the spinal cord (15% increase for RVG29- versus biotin-modified nanoparticles),
although mild decreases in delivery were observed for targeted formulations in thoracic, lumbar,
and sacral regions. In contrast to the spinal cord, enhancements were observed consistently
across all major brain regions for RVG29 modified nanoparticles, with each region displaying a
higher concentration of DIiR delivered from RVG29-modified nanopatrticles than DiR from biotin-
modified nanoparticles. The highest targeted delivery was observed in the cortex (36.8%
increase) and cerebellum (23.6% increase), followed closely by the midbrain (22.4% increase)
and striatum (21.4% increase). There was no relationship between targeting ratio by brain region
and cerebral blood volume, which had a Pearson correlation coefficient of 0.246 (data not
shown). For the RVG29-modified group, delivery was significantly lower to the striatum than many
other brain regions, including cortex, midbrain, cerebellum, and brainstem (Figure 5A, p<0.001,

0.01, 0.001, 0.05, respectively, Bonferroni posttest).

2.4.2. Treatment of Intracranial Tumors with Targeted Nanoparticles

The next series of experiments were designed to test whether enhanced delivery via
RVG29 targeting would enhance the efficacy of the encapsulated chemotherapeutic
camptothecin (CPT). Syngeneic GL261-Luc2 tumors were induced in the striatum of immune

competent mice. Saline, RVG-PLGA (drug empty nanopatrticles), Biotin-PLGA-CPT, or RVG-
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PLGA-CPT were administered on a weekly basis to match a 12 mg/kg CPT dose by injection into
the lateral tail vein beginning 8 days after tumor induction. Consistent with prior work [33],
encapsulated CPT was effective at slowing tumor growth compared to saline injected controls
(Figure 7A and 7C). No differences in tumor growth were detected between RVG29 and biotin
nanoparticle modifications. Median survival for saline, RVG-PLGA, Biotin-PLGA-CPT, and RVG-
PLGA-CPT was 16.5, 19, 27, and 23 days, respectively (Figure 7B). Survival was significantly
prolonged for Biotin-PLGA-CPT and RVG-PLGA-CPT treated subjects relative to either saline or
RVG-PLGA controls (p<0.05 for each comparison), although RVG-PLGA-CPT did not prolong
survival in comparison to Biotin-PLGA-CPT. Taken as a whole, these data demonstrate that
encapsulated CPT slowed tumor growth, resulting in prolonged survival, but targeting did not

enhance treatment efficacy.

2.4.3. Evaluation of apparent brain targeting kinetics

The biodistribution experiments suggested a consistent enhancement in delivery of small
molecules from RVG29-modified nanoparticles 2 hours after injection. However, when we
examined the biodistribution of DIR or NR loaded nanoparticles 6 hours after administration
(Figure 8), the presence of the targeting ligand did not affect or even tended to reduce whole
brain delivery of encapsulated payloads (targeting ratio, RVG29 average divided by biotin
average, of 0.98 and 0.93 for NR and DiR experiments, respectively). The apparent targeting
measurements were therefore reproducible at two hours and generalizable to at least three
encapsulated small molecules, but targeting was not prolonged (i.e., no enhancements in delivery
were observed after six hours). To test the aqueous stability of RVG29, mice were injected with
nanoparticles that had been pre-incubated in saline at 37°C for four hours (Figure 8). No
apparent targeting was observed two hours after injection of these pre-incubated nanoparticles
(targeting ratio, RVG29 average divided by biotin average, of 0.96). To test whether aggregation
accounted for this loss of targeting, a sample of nanoparticles was maintained at 37°C for 6
hours; DLS measurement confirmed that the average hydrodynamic diameter did not increase

over time (Supplementary Figure 2). Additional loss in targeting may occur in vivo via formation of
34



a protein corona on the outer surface of the nanoparticle [157]. This was not investigated since
incubation in saline was sufficient to remove the targeting ability of RVG29-modified
nanoparticles. In the process of debugging the lost targeting, we conducted kinetic experiments
that measured the delivery of different payloads over multiple time points. These experiments
demonstrated that NR and DiR produce opposite interpretations of apparent nanoparticle
delivery. For NR-loaded nanopatrticles, we observed rapid clearance of NR from the brain,
whereas, for DiR-loaded nanoparticles, we observed an apparent accumulation of DiR in the
brain over time (Figure 9a). When free DIiR was administered by tail vein injection, the brain
signal also increased over time (Figure 9b), with free DiR accounting for up to 38% and 40% of
the signal at 30 minutes and 6 hours, respectively. To our knowledge, brain measurements
following an injection of free DIR have not been reported in literature. Brain accumulation of DIR
following administration as a bolus intravenous injection was not expected and is not typical
kinetic behavior for a small molecule. These data demonstrate that an increase in DiR signal over
time does not necessarily reflect accumulation of the nanocarrier itself, and instead could be

accounted for by the behavior of free (non-encapsulated) DiR.

2.5. Discussion

These studies are some of the first to measure quantitative differences in small molecule
delivery to different tissue sites within the CNS for intravenously administered nanopatrticles.
Calvo and colleagues tracked the distribution of 14C-labeled, PEGylated polycyanoacrylated
nanoparticles and identified significant within-CNS regional differences in delivery that would be
expected to influence drug function [158]. In our experiments, nanoparticle-mediated delivery of
encapsulated DiR from nanoparticles was also not uniform. For both targeted and non-targeted
formulations, brain delivery was directly correlated to regional cerebral blood volume. Delivery
magnitude to different regions varied by as much as 60-80% within the brain, and by as much as
150% across the entire CNS (e.g., cortex versus thoracic spinal cord). These differences suggest
that the targeting ability of a nanoparticle would need to be high to overcome differences in small

molecule exposure to specific brain regions as governed by blood flow, especially in GBM, where
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EPR effects in the bulk tumor may easily mask small gains made from improved drug targeting to
invading cells. Delivery to the striatum, where tumors were induced, was significantly lower than
other brain regions, including other common sites for brain tumors, such as cortex, cerebellum,
and brainstem. Further, we observed that apparent targeting to the cortex (which represented
44% of the total brain mass) was twice as high as the brain averages with cortex removed. High
cortex values drive whole brain homogenate values, thus potentially misrepresenting the delivery
of brain available agents that would occur for any disease not occurring in the cortex. Although
the delivery of DiR would not be expected to represent the spatial pattern of delivery for all
encapsulated molecules, these studies highlight the importance of considering CNS region in the
development of new small molecule delivery strategies. It will be an interesting subject of future
work to determine whether engineering strategies that enhance nanoparticle or drug interaction
with defined regions of brain or brain vasculature [44] would improve exposure of circulating
agents to specific CNS regions.

Nanopatrticles have been studied extensively for their ability to deliver encapsulated
agents selectively to the injured or diseased spinal cord, such as in neurodegeneration or
inflammation [159-162]. By comparison, relatively little is known about the features that govern
delivery of encapsulated agents from nanoparticles to intact spinal cord. The blood spinal cord
barrier (BSCB) is often thought of as a physiological extension of the BBB, possessing non-
fenestrated capillary endothelium, tight junctions, and efflux pumps. However, morphological and
functional characteristics of barrier endothelial cells vary by location and are distinct in the spine
relative to the brain [163]. Given that the rabies virus itself possesses tropism for motor neurons,
we expected to observe targeting in the spinal cord. Nanoparticles delivered payload to spinal
cord, however, no apparent enhancement in delivery from RVG29 was observed in the spinal
cord. GABAB receptors, a class of proteins that were recently described as a potential binding
partner for RvG29 [137], are present both on neurons and on the brain capillary endothelial cells
that compose the BBB. Interestingly, relative to other brain regions, GABABR is reported to be
highly enriched in the cortex and present in much lower quantities in hippocampus, bulk striatum,

and spinal cord [164], which mirrors the patterns of apparent delivery enhancements observed for
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RVG29-modified nanoparticles. Our data support a model of “targeting” whereby RVG29
modification of PLGA nanoparticles transiently enhances their affinity for the surface of brain
endothelial cells via interaction with GABABRSs. The fact that the enhancement in delivery
observed for RVG29-modified nanoparticles is not maintained at later time points due to aqueous
instability of the ligand further supports a non-internalization model of this apparent targeting. The

association of RVG29-modified nanoparticles with the cell surface appears to be temporary.

Prior studies demonstrated the ability of RVG29 to improve the CNS efficacy of encapsulated or
tethered nucleic acids and proteins [136—148]. In contrast, evidence for functional enhancement
of small molecules via RVG29 remains minimal. Enhanced in vitro and brain uptake of the small
molecule antifungal agent itraconazole was observed for RVG29-modified albumin nanopatrticles
[148], although this study did not evaluate therapeutic potency of the targeted formulation in vivo.
Thus, the initial motivation for the studies described here was to determine whether RVG29
modification of nanoparticles would improve therapeutic efficacy of the chemotherapeutic agent
CPT. CPT is a topoisomerase | inhibitor that is effective at killing cancer cells but is also
hydrophobic, poorly bioavailable, and highly toxic [165]. The opportunity for improved therapeutic
efficacy of CPT rests either on improving its tolerability, which would enable a higher dose, or
improving its delivery, which would increase potency in target tissue. To deliver drug to tumor
cells that do not reside in the leaky tumor core, nanoparticles would need to engage in prolonged
interaction (either by uptake or surface residence) with cells to be effective. In accordance with
prior work, we achieved a high loading of CPT in PLGA, which was sufficient to slow the growth
of intracranial GL261 tumors when nanoparticles were administered systemically [33]. However,
we did not observe any evidence that RVG29 enhanced CPT efficacy. There were no differences
in either median survival or tumor growth between the targeted and non-targeted group. Although
it is possible that small differences in tumor growth are masked by variability inherent in
bioluminescent measurement, any such differences did not ultimately affect overall survival.
Further analysis leads us to two important points of discussion: first, a critical examination of

common methods used for evaluating new nanoparticle designs, and, second, insight into the
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mechanisms by which brain-specific delivery of encapsulated small molecules appears to be
achieved.

The most direct method for measuring the delivery of drugs from nanocarriers would be
pharmacokinetic analysis of actual drug levels in tissue. Alternatively, fluorescent or radioactive
labeling strategies can permit direct tracking of the nanoparticle itself [35,166]. Evaluation of new
nanoparticle designs would ideally incorporate both measurements, since the techniques provide
complementary information. However, these methods are not widely applied in tandem due to
several important drawbacks. Both strategies require careful optimization of experimental
approaches that are specific to drug or carrier. In the case of the direct labeling strategy, it is
extremely important to validate that the label itself is stably attached to the carrier in a manner
that does not alter the biophysical properties of the carrier. As an alternative to these expensive
and difficult to implement strategies, hanocarrier vehicles are commonly loaded with small,
fluorescent drug surrogates. Measurement of biodistribution is a comparatively simple technique
that proceeds with one of two expectations: either, that the freely loaded small molecule is well-
retained within the carrier, or, if it exits the nanoparticle, that its movement in tissue might be
considered sufficiently typical of the drug of interest, possessing similar molecular weight or
charge. Our data suggest that, in fact, these small molecule surrogates are not retained within
polymer nanopatrticles in vivo, and that their rate of delivery to tissue largely reflects their own
ability move through biological environments. DIR, for example, experiences a highly deceptive
accumulation in the brain, even in its free form. DIR and other carbocyanine dyes are commonly
used to track delivery of nanoparticle formulations. Yet, their retention within or release from a
nanocarrier would be expected to be highly specific to both the carrier and the lipid composition of
its biological environment; the specific experimental approach of using carbocyanine dyes for
biodistribution may need to be revisited. We suggest that certain biodistribution experiments may
be useful to provide an indication of relative differences in nanopatrticle residence time within
single tissues of interest. However, it is clear that the distribution of a drug surrogate should only

ever be interpreted in context with other measures of delivery.
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We propose that different kinetics measured by different payloads can be explained by
differences in the ability of molecules to transfer to and from biological membranes. NR is known
to experience rapid cell to cell membrane transfer [167] whereas, as a carbocyanine family
member, DiR is expected to be well-retained within lipid compartments [168]. Thus, NR delivered
to cells would rapidly track the washout of nanoparticles from blood, whereas DiR would be
relatively immobilized in cellular membranes, egressing slowly into the lipid rich environment of
the brain. It has been proposed that small molecule delivery from nanocarriers is primarily
mediated by direct transfer of payload from nanoparticle to cell in vitro, where the majority of
small molecule delivery does not rely on active uptake of the nanoparticle [167,169]. Our in vivo
data support this model, and suggest that apparent brain delivery may in fact reflect peripheral
circulation of nanoparticles, either via direct transfer of encapsulated agent from nanoparticle to
BBB cells or by enhancing drug source in the periphery.

Release of the active agent is an additional confounder that should be considered when
using biodistribution measurements to interpret drug delivery [170]. For example, some molecules
could release very quickly, before targeting effects become apparent, whereas others may be
better retained, which could over-represent targeting as it would be expected for the actual drug.
Ultimately, the release of an encapsulated molecule from its nanocarrier will depend on properties
that are specific to the molecule, carrier, and its particular in vivo environment. Since in vivo
measurement of drug release is not straightforward and cannot be directly predicted from in vitro
data, this further complicates the use of drug surrogates in making decisions about nanocarrier
design. As our data demonstrates, unexpected peculiarities of certain molecules could easily
mislead (e.g., as evident in the brain accumulation of DiR). It is important to note that
encapsulation of payload within a nhanoparticle still provides drug delivery benefits that should be
considered in the design of the nanoparticle (e.g., reduced toxicity, prolonged circulation time,
etc.). This highlights the need for improved drug/drug surrogate retention in designing targeted
formulations: slower release from long-circulating nanoparticle formulations will reduce drug
clearance to enhance delivery in target tissue, whether this occurs by extracellular transfer or

actual uptake of the carrier.
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Targeted drug delivery to the brain has not yet achieved widespread success. Our results
support a model of nanoparticle-mediated brain delivery whereby molecules are transferred non-
specifically from nanocarriers to the brain in absence of significant internalization of the
nanoparticle [167,169]. For the conditions tested, our data support a model whereby RVG29
enhances delivery of small molecules from PLGA nanoparticles due to transient enhancement in
affinity of the nanopatrticle for the surface of the BBB. It is possible that further engineering of the
nanoparticle (e.qg., different modification density, alterations to the peptide structure) could alter
ligand functionality. By bringing nanoparticles in closer proximity to endothelial cells, payload
gains a better ability to transfer directly into cells. Delivery is thus fundamentally driven by the
particle to cell transfer and clearance processes that are unique to each small molecule payload
of interest. These observations emphasize the challenge and importance of achieving substantial
internalization of PLGA nanopatrticles in target cells in vivo and also highlight major experimental
considerations for evaluation of targeted drug carriers in tissue. We focused here on confounders
in the analysis of PLGA nanopatrticle biodistribution. However, these concerns may also apply to
carriers (liposomes, micelles, etc.) where the drug surrogate being tracked is not covalently linked
to the carrier and retention of the surrogate in the carrier has not been demonstrated in target
tissue. We argue that functional evaluation of drug efficacy in the appropriate disease model

would be best initiated at early stages of nanopatrticle engineering.
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Figure 2: Nanoparticles were sph
CPT and (B) Biotin-PLGA-CPT had an average diameter of 138+10 nm (n=3 batches). (C)
RVG-PLGA nanopatrticles had an average diameter of 15636 nm (n=3 batches). Standard

deviation represents variation between batches. Scale bar = 500 nm

.

erical and exhibited a smoo

th morphology. (A) VG-PLGA—

SEM DLS
Size? PD? Size PD’ Zeta Potential
Name Payload  Loading EE! (nm) (nm) (mV)
RVG-PLGA-DIiR DiR 0.26% 18.1% 129 36 188 44 0.36+1.76
Biotin-PLGA-DiR o e 141 31 238 56 1.6920.95
RVG-PLGA-NR 132 33 -0.88+2.98
.. NR 0.87% 54.6% 162 64
Biotin-PLGA-NR 111 37 182 40 -3.35%1.89
RVG-PLGA-CPT 142+10 47 204 45 _2.50+1.19
.87+0.99% 3470
Biotin-PLGA-CPT CPT 6.87£0.9% 80.3£7% 134+10 43 252 31 -2.18£1.19
RVG-PLGA None N/A N/A 156136 64 253 69 -2.71£1.33

Encapsulation Efficiency

2Error expressed as standard deviation of three batches
*Polydispersity (PD) expressed as standard deviation of the size distribution, averaged across experimental repeats

Table 1: Characteristics of nanoparticles used in biodistribution and treatment studies
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Figure 4: Biodistribution of Biotin-PLGA-DIR and RVG-PLGA-DIR nanoparticles in peripheral
organs two hours post-injection. Error bars represent standard deviation (n=6 mice/group).
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Figure 5: The distribution of targeted and non-targeted DiR nanopatrticles varies by brain
region. (A) Average total payload delivered to each brain and spinal cord region (ng DiR/g
tissue) (n=6 per group). (B) Overall targeting effect of RVG-PLGA-DIR relative to Biotin-PLGA-
DiR. (C) Map of brain and spinal cord regions, sagittal view. SC=Spinal Cord; C=Cervical,
T=Thoracic, L=Lumbar, S=Sacral.
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Region Biotin! (ng/g) RVG! (ng/g) Targeting?

Whole Brain 79.5 =10.8 101 +25.1 27.0%
Striatum 55.9 £ 10.7 67.9 +27.0 21.4%
Midbrain 73.9 £22.3 90.4 £2538 22.4%
Olfactory Bulb 76.4 £ 13.0 83.2 £232 8.94%
Brainstem 76.9 +17.3 85.6 +14.5 11.3%
Cortex 89.6 = 16.7 123 +36.4 36.8%
Hippocampus 629 574 71.1 +£16.2 13.0%
Cerebellum 799 +£15.3 98.8 £ 13.1 23.6%

Whole Spinal Cord” 49.6 = 4.18 51.4 +2.381 0.04%
SC-C 48.7 + 8.69 55.8 +6.34 14.5%
SC-T 49.9 +3.89 48.5 £2.86 -2.74%
SC-L 53.2 +8.24 49.5 £ 5.89 -6.86%
SC-S 55.1 £2.07 52.4 £6.20 -4.93%

'Average + SD, n=6 mice per group
2Targeting is defined as the percent increase or decrease in RVG average relative to biotin
3SC=Spinal Cord; C=Cervical, T=Thoracic, L=Lumbar, S=Sacral.

Table 2: Concentration of DiR as delivered from RVG29- and biotin-modified nanoparticles, measured
within specific regions of the CNS
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Figure 6: Regional blood volume correlates with payload distribution in the brain delivered by
(A) RVG-PLGA-DIR and (B) Biotin-PLGA-DIR. Cerebral blood volume represents percent
volume of blood per volume of brain tissue, obtained from published data for the mouse [154].

STR=Striatum, HIP=Hippocampus, MB=Midbrain, BS=Brainstem, CER=Cerebellum,
OLF=Olfactory Bulb, COR=Cortex.
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(n) (days [95% CI]) (days)
Saline 6 246 [2.41, 2.52] 16.5
RVG-PLGA 5 2.50[2.38, 2.64] 19
Biotin-PLGA-CPT 5 3.14[3.01, 3.29] 27
RVG-PLGA-CPT 6 3.15[2.99, 3.34] 23

Figure 7. PLGA nanoparticles encapsulating camptothecin slow tumor growth and prolong
survival in vivo. (A) Normalized growth of GL261-Luc2 brain tumors monitored by IVIS,
represented in photons/second. (B) Kaplan-Meier survival curve. (n=5-6 per group). (C)

Summary of treatment study results. Tumor doubling time is represented in days with 95%

confidence intervals shown in brackets.
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Figure 8: Loss of apparent targeting is observed after two hours in solution or in circulation.
RVG-PLGA-DIR or Biotin-PLGA-DIR was injected via tail vein immediately after resuspension
and measured in the brain after two or four hours in circulation (solid bars). In a separate group
of mice, RVG-PLGA-DIR or Biotin-PLGA-DIR was resuspended in saline and incubated at
37°C for four hours, then injected into the tail vein and measured two hours later, for a total of
six hours in solution (striped bars). n=5 mice per group. Ratios are normalized to biotin control
for each condition measured.
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Figure 9: Different nanoparticle payloads yield different apparent brain delivery kinetics. (A)NR
or DIR loaded nanoparticles were administered to healthy mice and fluorescent signal was
measured in brain homogenate. (B) When free DiR is administered to healthy mice,
accumulation is observed in the brain, which accounts for ~40% of the signal detected for mice
provided with an equivalent dose of DiR loaded nanoparticles. The same data are represented
in each panel for the Biotin-PLGA-DIR group. Plots shown mean with error represented as
standard error with 6 mice/group for Biotin-PLGA-DIiR and 3 mice/group for all other conditions.
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CHAPTER 3
DESIGN, EXPRESSION, AND TESTING OF AN ANTI-CD3/CHLOROTOXIN T CELL
ENGAGING MOLECULE, ACDCIx, PRODUCED IN PLANTA
3.1. Abstract
Therapeutics capable of selectively enhancing destruction of malignant cells are
desperately needed to improve patient survival and wellbeing within the setting of GBM. Clinical
studies have observed that an anti-tumor immune response can be initiated following treatment
with immunotherapies, however, this response is not prolonged due to rapid evolution of the
tumor away from therapies designed to target antigen expressed on only a small population of
tumor cells. To enhance immune cell recognition and killing of the majority of GBM cells, we have
designed a bispecific T cell engaging fusion protein composed of an anti-CD3 variable fragment
domain for engaging T cells and a chlorotoxin domain for engaging GBM cells, known as anti-
CDa3/chlorotoxin, or ACDCIx. Chlorotoxin has been shown in preclinical studies to selectively bind
GBM cells relative to healthy tissues and is in clinical development for GBM therapy and imaging.
Here, we describe the design and expression of ACDCIx in the plant host, Nicotiana
benthamiana. ACDCIx consistently expresses as an insoluble protein regardless of the addition of
solubility-enhancing modifications, including N-glycosylation and fusion with cholera toxin subunit
B. Purified, refolded ACDCIx was shown to induce selective T cell activation only when co-
incubated with GBM cells in vitro. These results indicate that further development and testing of
ACDCIx as an immunotherapy is warranted.
3.2. Introduction
Glioblastoma is a fatal form of brain tumor for which no curative treatments are available.

Patients diagnosed with GBM have a mere 5% chance of surviving 5 years, and most patients
receiving standard of care treatment (surgery, radiation, chemotherapy) will suffer from recurrent
GBM one or more times before ultimately succumbing to the disease. The poor outcomes are
mainly due to the rapid evolution of chemotherapy-resistant malignant cells within the tumor
population, the well-characterized invasion of cells into healthy peripheral brain tissue, and the

inability for most chemotherapeutics to cross the blood-brain barrier. Extensive research over
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decades has thus far resulted in only a meager increase in life expectancy and quality for
patients.

Recent progress in immuno-oncology has revealed the intricate involvement of the
immune system in cancer. For GBM, the interplay of the immune system with malignant cell
growth is consistently characterized as being overwhelmingly immune suppressive, resulting in a
pro-tumor state where the tumor microenvironment favors neoplastic growth [45,55]. Although the
immunosuppressive state observed in many GBM patients is thought of as an inability of the
immune system to control tumor growth, this state can also be rationalized from an immune
perspective of host defense. While GBM ultimately Kills the host, the immune system is also
ensuring that surrounding delicate brain tissue is not obliterated by an overeffective anti-tumor
immune defense. The immune system accomplishes this by swaying the immune response from
tumor cell killing to host-protective by reducing inflammation and recognition of target cells and
promoting the survival of Tregs, which can ultimately kill or disable tumor-specific cytotoxic T cells
[68—70]. Immune regulation in this context serves to preserve healthy tissue; unfortunately, GBM
is well-known to co-opt the mechanisms used by regulatory cells and may even be responsible
for initiating the process [11]. Overcoming immunosuppression while sparing healthy tissue and
destroying malignant cells is thus the ultimate goal of GBM immunotherapy.

Several immunotherapies for GBM are being evaluated in clinical trials. Immune
checkpoint blockade has been successful for many hematological and solid tumors, but results
from clinical trials testing generalized blockade of the immune checkpoint protein PD-1,
expressed on T cells, have yet to show benefit to GBM patients towards progression-free survival
[21,22]. Targeted immunotherapies have also been tested, specifically against the tum or-specific
antigen, EGFRUVIII, a constitutively active mutant of EGFR expressed on the surface of a
subpopulation of GBM cells in 30-40% of patients. Clinical trials evaluating the efficacy of an
EGFRuvIII vaccine [16,17,85] and a CAR T cell specific for EGFRVIII [19] have made strides in
demonstrating that an anti-GBM immune response can be produced. However, both candidates
have effectively failed following selective pressure on the EGFRVIII antigen within the tumor,

resulting in targeted antigen loss and tumor recurrence. An additional immunotherapy platform for
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targeting tumor antigens has also been developed for EGFRvIII and is based on the concept of a
bispecific T cell engager (BITE®, Amgen) [171]. BIiTEs are composed of two opposing antibody-
derived single chain variable fragments (scFv) expressed as a single polypeptide that serve to
enhance T cell recognition of target cells via direct linkage irrespective of TCR specificity. This is
accomplished by engaging T cells via CD3 within the TCR complex directly to the tumor cell
target via a surface-expressed tumor antigen, inducing rapid and highly selective T cell-mediated
killing of the target population. The EGFRUVIII-specific BITE® was first described by Choi et al. and
was shown to be moderately effective in an immunocompromised mouse model of GBM [172].
Interestingly, they also investigated the effect of the BITE® on Tregs and observed that these
otherwise immunosuppressive cells could be redirected to kill GBM cells via the BITE® due to
CD3 engagement [173]. The results of these initial clinical and pre-clinical studies provide strong
evidence that an immunotherapy-based approach is promising but that there is a significant need
for targeting a more broadly-expressed antigen.

Chlorotoxin is a 36-amino acid peptide originally isolated from the venom of the
deathstalker scorpion, Leiurus quinquestriatus and is non-toxic to humans. Chlorotoxin has been
characterized as being highly selective for gliomas, especially GBM, while having no affinity for
healthy tissues [92]. Although the receptor for chlorotoxin on GBM cells is unknown, it has been
suggested that chlorotoxin binds GBM-specific chloride channels [174], MMP-2 [175], annexin A2
[176], or Nrp1 [177]. Regardless of receptor, the selective affinity for GBM and its capacity to bind
over 95% of cells within GBM tissue samples [92] provide strong support for the use of
chlorotoxin to enhance GBM therapeutics. Further support for its use as a therapeutic component
comes from the stability of chlorotoxin, with the 36 amino acids forming a tight knotted structure
stabilized by four disulfide bonds (PDB ID: P45639, see reference [178]), enabling chlorotoxin to
be resistant to degradation in physiological conditions. These characteristics make chlorotoxin
especially intriguing for development in pre-clinical and clinical research. As such, chlorotoxin is
currently being developed for GBM-targeted radiotherapy and delivery of small molecules for

treatment and tumor visualization.
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The promise of immunotherapy for GBM combined with the exquisite selectivity of
chlorotoxin inspired me to design a novel T cell engaging molecule, anti-CD3/chlorotoxin
(ACDCIx), that could enhance T cell recognition and killing of all or most cells within a GBM.
Smaller than a traditional 50 kDa BITE® due to the compact nature of chlorotoxin, this 32 kDa
fusion protein may enable better penetration into solid tumor masses and consists of a scFv
specific for the TCR complex protein, CD3g, attached through its C-terminus via a flexible GlysSer
linker to chlorotoxin. To facilitate in the formation of the six disulfide bonds within ACDCIx, we
opted to transiently express ACDCIx as an ER-targeted protein in Nicotiana benthamiana. This
tobacco relative was previously demonstrated to support the expression, correct folding, and
accumulation of recombinant disulfide-bonded proteins (e.g. antibodies [114,179] and human
enzymes [180,181]). Plant expression systems have gained interest as promising platforms for
production of various biologics offering several advantages including lower production costs
compare to other eukaryotic systems, safety, flexibility and scale-up [111]. Here, we describe the
expression, purification, and initial functional testing of ACDCIx transiently expressed in the

leaves of N. benthamiana.

3.3. Methods
3.3.1. Codon optimization and cloning of ACDCIx into Geminiviral vectors for expression in

plants

Optimization of the codons utilized within all ACDCIx constructs was performed according
to Geyer et al. [181] to ensure efficient expression in plants by using the codon table for N.
benthamiana. Briefly, codon usage within the genes encoding for ACDCIx constructs were
modified as necessary to remove rare codons and maintain an average codon adaptation index
(CAl) of 0.8 to improve the translation efficiency of mMRNA transcripts. The resulting gene
sequence was then manually checked for the presence of unwanted elements, such as poly-A
signals, intron splice sites, and common restriction sites.

The gene encoding the original construct, ACDCIx-His, was synthesized by GenScript

with flanking Ncol and Sacl restriction sites and provided in a pUC57 plasmid (pTM 1005). The
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Ncol-Sacl fragment containing ACDCIx-His was isolated by restriction digest and gel purification
and subcloned into a modified Geminiviral vector backbone [119] (Xbal-pBYR2eK2Mc-Sacl) via
triple ligation with nucleotides encoding for endoplasmic reticulum translocation (Xbal-BAA-Ncol),
resulting in pBYR2eK2Mc-BAA-ACDCIx-His. The construct was sequence-verified at the Arizona
State University sequencing facility.

The genes encoding later ACDCIx variants with the BAA signal peptide were synthesized
as gBlocks® (Integrated DNA Technologies) with Xbal and Sacl restrictions sites on the 5’ and 3’
ends, respectively. The GeneBlocks were subsequently digested with Xbal and Sacl and ligated
into pBYR2ek2Mc [119]. The resulting plasmids were transformed into E. coli DH5a and
screened by PCR [30 cycles of: 15 sec at 95°C, 30 sec at 52°C and 1-2 min at 72°C (1 min per
kilobase)], using primers oTM 878 and oTM 971, Table 3) and diagnostic digest to confirm correct
cloning. The gene for anti-CD3 scFv was amplified by PCR using Ngly-His-ACDCIx (pTM 1020)
(primers oTM 971 and aCD3L-R) followed by restriction digest with Xbal and and Sacl and
ligation into the pBYR2eK2Mc backbone, to produce Ngly-His-aCD3_scFv. The primers used for

colony screening and cloning are shown in Table 3.

3.3.2. Transient expression in N. benthamiana

Constructs encoding for ACDCIx variants were transformed into the EHA105 strain of
Agrobacterium tumefaciens and grown for two days on YENB-agar plates containing kanamycin
(Kan, 50 pg/mL) for plasmid selection and rifampicin (Rif, 1.25 pg/mL) to inhibit E. coli growth.
Colonies were screened by PCR to identify transformed clones. Liquid cultures were inoculated
from a well separated clone into 10 mL of YENB/Kan/Rif and grown overnight with vigorous
shaking (170 rpm) at 30°C. The next day, cultures in mid-log phase (ODsoo = 0.6-0.9) were
centrifuged (4,500 xg, 23°C, 20 min) and cells were resuspended in infiltration buffer (10 mM
MES, 10 mM magnesium sulfate heptahydrate, pH 5.5 using KOH) to obtain a final ODeoo of 0.2.
Leaves from 6-week old N. benthamiana plants (grown at 24°C, 16/8 hr light/dark cycle) were

infiltrated with the plasmid-containing agrobacteria suspension using a needleless syringe and
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returned to a 30°C growth chamber. Leaf samples were collected once a day until necrotic (5

days) and analyzed for protein expression by immunoblot analysis (see below).

3.3.3. Extraction, purification, and refolding of ACDCIx from plant tissue

To determine solubility, plant tissue was extracted in three consecutive steps. First, tissue
was homogenized in a Waring blender in the presence of plant extraction buffer (PBS containing
10 mg/mL sodium ascorbate and 1 mM phenylmethylsulfonyl fluoride, PMSF) at 1 g of fresh plant
material per 4 mL. The homogenate was then centrifuged at 17,000 xg at 4°C for 20 min to
separate cell wall debris, membranes and other insoluble material in the pellet from water-soluble
proteins in the supernatant fluid. The resulting pellet was subsequently resuspended in PBS
containing 1% (v/v) Triton X-100 and recentrifuged to obtain membrane-associated proteins in the
supernatant. Finally, this pellet was resuspended in 1x reducing sample buffer (SB, see next
section) to solubilize the remaining insoluble protein fraction.

Upon realization that the recombinant ACDCIx protein is insoluble in the presence of
Triton X-100, we have attempted several different methods were used to solubilize the target
protein. In Method I, leaf tissue was homogenized in plant extraction buffer supplemented with
1% (w/v) Triton X-100. Centrifugation separated water-soluble and detergent-soluble proteins (in
the supernatant) from detergent-insoluble material in the pellet that contained almost all of the
recombinant ACDCIx protein. The pellet was then resuspended in denaturing/reducing buffer
(500 mM NacCl, 8 M urea, 10 mM DTT, and 50 mM Tris, pH 8).

In Method I, the triton-X-100 insoluble pellet was resuspended in denaturing/reducing/S-
sulfonating buffer (500 mM NacCl, 6 M guanidine-HCI, 150 mM sodium tetrathionate, 200 mM
sodium sulfite, and 50 mM Tris, pH 8). Urea was replaced by guanidine in later studies due to the
potential for urea-mediated protein modification (carbamylation) during long extractions [182].

For purification and on-column refolding of ACDCIx-His, we followed Method lIl. Leaf
tissue was homogenized in plant extraction buffer then centrifuged (20 min at 14,000 xg, 4°C).
The pellet was resuspended in PBS containing 1% Triton X-100 and the sample was centrifuged

again. The pellet was then resuspended in denaturing/reducing buffer. The supernatant was
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incubated at 4°C on a rotator for 3 hours with a 2 mL column volume of Roche cOmplete™ nickel
resin pre-equilibrated with 8 M urea, 50 mM Tris pH 8, 0.5 M NaCl and then purified/refolded
based on a protocol adapted from Zhai et al [183]. Briefly, the column was washed with 10 mL 8
M urea in equilibration buffer, followed by 10 mL 8 M urea, 5 mM imidazole in equilibration buffer
to assist in removal of contaminating proteins. ACDCIx was then allowed to refold on-column by
gradually lowering the urea concentration by washing with 40 mL each of refolding buffer (50 mM
Tris pH 8, 0.5 M NaCl, 5 mM reduced glutathione, 0.5 mM oxidized glutathione) containing 3 M
urea followed by a wash with refolding buffer containing 1.5 M urea. The His-tagged protein was
then eluted with sequential addition of concentrated imidazole in 50 mM Tris pH 8, 0.5 M NaCl:
first 2 mL at 500 mM imidazole, then 3 x 2 mL at 850 mM imidazole. Eluted fractions (2 mL each)
were collected and the second fraction was dialyzed for 48 hours in PBS at 4°C using a Slide-A-
Lyzer 3.5 kDa G2 cassette for functional testing.

Ngly-His-ACDCIx was purified and refolded following Method IV which was similar to
Method 11l used for ACDCIx-His with the following exceptions: Leaf tissue was homogenized and
then extracted overnight at 4°C directly in denaturing/reducing/S-sulfonating buffer that was
supplemented with 10 mM sodium ascorbate, 1 mM PMSF. Supernatant was collected following
centrifugation at 17,000 xg to remove insoluble components and was incubated at 4°C on a
rotator with nickel resin overnight. Refolding proceeded as described above for Method Il except
that an additional refolding wash containing no urea was added following the 1.5 M urea wash,
and protein was eluted with 4 x 1 mL volumes each of 50 mM, 200 mM, 500 mM, and 850 mM

imidazole in 50 mM Tris pH 8, 0.5 M NacCl.

3.3.4. Protein analysis

Proteins samples in reducing SB (100 mM DTT, 5% glycerol, 1.67% SDS, 2%
bromophenol blue, 60 mM Tris pH 8) were incubated for 5 min at 95°C and then briefly
centrifuged to remove large aggregated material. For analysis under partial non-denaturing
conditions samples were mixed with non-reducing SB that contained no DTT and the heating step

was omitted.
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Samples were then resolved by sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis (PAGE) using hand-cast 12% polyacrylamide gels or Bio-Rad 4-15% stain-free
TGX gels. Protein in gels were then visualized either by silver stain (Pierce silver stain kit,
Thermo Fisher Scientific) or Coomassie stain (Coomassie Brilliant Blue G-250, Bio-Rad).

Immunoblot analyses were conducted on non-stained gels. SDS-PAGE-resolved proteins
were wet transferred to polyvinylidene difluoride (PVDF) membranes for 1 hour at 100 V in a 4°C
cold room or semi-dry transferred to nitrocellulose membranes for 15 minutes at 15 V at room
temperature. Membranes were blocked for 15 minutes-overnight in 5% dry milk in PBST buffer
(0.5% Tween-20 in PBS) and probed using mouse anti-6x-His (Sigma, H1029) and AffiniPure
donkey anti-mouse conjugated to horseradish peroxidase (HRP, 715-035-150, Jackson
ImmunoResearch) with three washes between each incubation. Blots were incubated with luminol
reagent, exposed to film, and processed in an automated film developer. Expression of protein
during time course studies was compared by loading leaf extracts at equivalent volumes from
extractions performed at 4 mL buffer per gram of leaf material.

The concentration of purified ACDCIx-His samples was determined by measuring Azso
using the extinction coefficient (52090 M- cm-! for bonded cysteines) that was calculated using

the online ExPASy ProtParam tool (https://web.expasy.org/protparam/).

3.3.5. Cell culture

GL261-LucNeo cells (C57BI/6 background) were cultured in DMEM + 10% fetal bovine
serum (FBS) in a humidified incubator at 37°C with 5% CO.. For calcium flux experiments, cells
were trypsinized and prepared at a concentration of 0.5 x106 cells/mL in PBS. For CD69

experiments, cells were plated in 24-well plates and allowed to attach overnight before use.

3.3.6. Invitro experiments
Fresh splenocytes were obtained from C57BI/6 mice immediately prior to calcium flux
and CD69 experiments. Briefly, mice were euthanized via CO2 asphyxiation followed by cervical

dislocation. The spleen was then immediately dissected and placed in RPMI+ medium (RPMI,
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Thermo Fisher Scientific, supplemented with 10% FBS) on ice, then mashed with a syringe
plunger over a 70 um strainer and washed with RPMI+. Red blood cells were lysed with Ack
lysing buffer (Thermo Fisher Scientific) and splenocytes were washed twice with RPMI+, then
counted and resuspended to a final concentration of 108 cells/mL in RPMI+. Splenocytes were
loaded with calcium responsive dye via incubation of the cells with 5 uM Fluo-4 AM (Invitrogen)
for 30 min at room temperature in the dark. Splenocytes were washed three times with RPMI+ to
remove non-cytosolic Fluo-4 AM. During de-esterification of Fluo-4 AM to Fluo-4 (a process
mediated by intracellular esterases, which slows the escape of the now charged molecule from
the cells), the splenocytes were labeled with anti-CD4-FITC (eBiosciences) and anti-CD8-PerCP-
Cy5.5 (eBiosciences) in FACS buffer (PBS + 1% FBS) at a 1:200 dilution for 15 minutes at room
temperature, then washed twice with FACS buffer to remove unbound antibody. Finally, Fluo-4
loaded, labeled splenocytes were resuspended in FACS buffer at a concentration of 5x10°
cells/mL.

Intracellular calcium flux and CD69 expression were measured using flow cytometry on a
BD LSR Fortessa. Before treatment, baseline calcium measurements of loaded cells (200 pL of
5x108 cells/mL) were collected for 90 sec with the flow cytometer on “high” in the presence of 200
pL (0.5 x1068 cells/mL) GBM cells or equivalent volumes of FACS buffer (final splenocyte:GBM
ratio = 10:1). The flow cytometer was then placed on standby while the treatment was added and
restarted for 105 sec of data collection. Calcium flux was measured for ~8 min. Calcium flux in
CD4+ and CD8+ T cells was analyzed by gating the cell population on lymphocytes using side
scatter/forward scatter (SSC)/(FSC) (small, low complexity). Lymphocytes were further gated
based on CD4 or CD8 single marker positivity. CD69 MFI measurements were obtained using the
same gating strategy in splenocytes co-incubated for 11 hours with GBM cells and 1 pg/mL

ACDCIx, PBS, or 1 pg/mL anti-CD3.

3.4. Results

3.4.1. Design and cloning of ACDCIx
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A T cell engager capable of selectively binding T cells and GBM cells was designed to be
composed of anti-mouse CD3 variable fragments derived from hybridoma clone 145-2C11
(GenBank ID# AF000357.1 and AF000356.1) and expressed as a single polypeptide chain with
the 36-amino acid peptide, chlorotoxin (Figure 10A). This fusion was designed with a flexible
(GlyaSer)s linker between the anti-CD3 heavy (Vn) and light (VL) variable fragments to allow for
anti-CD3 binding without causing conformational stress. A single GlysSer linker was also added
to bridge the scFv and chlorotoxin such that T cell-GBM cells are maintained in close contact
when bound. The original construct (ACDCIx-His) was designed with a PreScission protease
recognition sequence on the C-terminal end of chlorotoxin to assist with the removal of the 6x-
histidine tag from the C-terminus, used for purification and detection (Figure 10A). In later
iterations of ACDCIx, the C-terminal His-tag was moved to the N-terminus (as an 8x-His tag) and
a TEV protease recognition sequence was used in place of the PreScission protease sequence to
enable use of a naturally occurring amino acid as the first codon following protease cleavage and
to free the terminal arginine of chlorotoxin for potentially enhanced target binding [177]. For all
constructs, a BAA signal peptide (SP) is encoded on the N-terminus for translocation to the ER to
enable formation of disulfide bonds. ACDCIx has a total of 6 predicted disulfide bonds, with one
per antibody variable fragment and four within the 36-amino acid chlorotoxin peptide.

The DNA sequence of ACDCIx was optimized for expression in plants by replacing rare
codons and ensuring individual codons were not overused in succession, such as those for
glycine in the case of four 4x-glycine repeats used within the two linker sequences. The codon
adaptation index (CAl) for plant-optimized ACDCIx-His was 0.82, which is expected increase
expression relative to the non-plant optimized sequences reported in GenBank (CAl = 0.64 for
plant codon usage) (Figure 10B) [181,184,185].

A geminiviral vector for transient expression of ACDCIx-His was created by cloning the
gene encoding ACDCIx into the geminiviral backbone pBYR2ek2Mc (Figure 10C). The
pBYR2eK2Mc backbone was modified by Diamos and colleagues, and contains multiple non-
coding regulatory elements derived from other plant species and viruses found to enhance

expression of the inserted gene of interest, as described in detail in [119]. This construct was
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used for production and in vitro studies (Figures 11, 12-A-D, 15) described hereafter, but was
later found to contain an arginine->lysine mutation (ACDCIx_K270R-His) in the original gene

design. The mutation was later corrected and is used in Figures 12E and 14A.

3.4.2. Expression of ACDCIx in N. benthamiana

Geminiviral expression vectors drive accumulation of recombinant proteins to a maximum
relatively faster than other plant-virus assisted expression systems, however the peak day itself
has to be determined empirically for every target. To determine the peak leaf accumulation of
ACDCIx we collected infiltrated leaf samples daily for 5 days. The relative levels of the
recombinant protein were determined in total protein extracts by resolving the proteins by SDS-
PAGE and immunoblotting using the His-tag as a detection marker. Interestingly, peak
expression of ACDCIx from the ACDCIx-His vector was determined to be 4-5 days post infiltration
(DPI) (data not shown). Because necrosis was already quite substantial at 5 DPI (Figure 11), 4
DPI was chosen as the day for extraction for future experiments as a compromise between

expression and necrosis, which can result in incomplete extraction, aggregation, and proteolysis.

3.4.3. Solubilization, purification, and refolding of ACDCIx

Initial separation of the ACDCIx homogenate into aqueous-soluble and insoluble fractions
revealed that insolubility of ACDCIx would be a major challenge. Differential fractionation using
PBS, Triton X-100, and urea revealed that ACDCIx was completely insoluble in neither agueous
solutions (PBS) nor could it be solubilized by detergent (Triton X-100) , while it came only
modestly soluble in urea, with or without 1 hour incubation plus sonication (Figure 12A). Due to
the presence of 6 disulfide bonds within ACDCIx, the reducing agent dithiothreitol (DTT) was
tested for its ability to solubilize ACDCIx alone, with little success (Figure 12B). However, when
denaturant combined with reducing agent was used to solubilize ACDCIx for an hour with
sonication, >90% of protein was solubilized (Figure 12C). These results indicated ACDCIx was

likely forming insoluble aggregates during expression due to the formation of intermolecular
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disulfide bonds, even though ACDCIx was designed with an ER signaling peptide to enable
correct intramolecular disulfide bond formation in planta.

Refolding of ACDCIx was then necessary to reform the secondary structure and form
disulfide bonds within the protein fusion. ACDCIx was initially purified via cobalt-based metal
affinity chromatography (TALON® resin) but required refolding by dilution prior to purification due
to the incompatibility of the resin with the reducing agents used for solubilization. Subsequent
purification and refolding of ACDCIx was thus performed using Roche cOmplete™ nickel resin,
which is compatible with high concentrations of reducing and denaturing agents. This allowed for
binding of ACDCIx to the resin in denaturing/reducing conditions and refolding on-column, an
approach which resulted in a 1+ day reduction in the time necessary to produce purified, refolded
protein. Refolding on-column was accomplished by gradual reduction of denaturant in a
GSH/GSSH redox system. Elution of refolded protein resulted in three separate isoforms when
analyzed in non-reducing conditions compared to one isoform in reducing conditions, providing
strong evidence that different disulfide bond combinations were forming during the refolding
process (Figure 12D). Overall yield of pure ACDCIx produced using the ACDCIx-His vector was
spectroscopically (Az2s0) determined to be 17.8 mg/kg fresh tissue and the final preparation was

estimated to be >99% pure based on silver stained gels (Figure 12D).

3.4.4. S-sulfonation improves extraction efficiency of ACDCIx

Overnight extraction of ACDCIx from the insoluble protein pellet consistently resulted in
highly aggregated protein multimers, which often reduced the overall soluble fraction available for
purification and refolding. We hypothesized that this was due to breakage and reformation of
mixed disulfides between molecules of ACDCIx and tested the capacity for S-sulfonation of
cysteine residues to reversibly block disulfide bond formation during extraction. The addition of a
sulfite group to each cysteine following S-sulfonation was successful as evidenced by the near-
complete solubilization of ACDCIx compared to reduction with DTT (Figure 12E). As observed by

others [186], the extraction of ACDCIx with S-sulfonation resulted in a slower migration pattern on
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SDS-PAGE in non-reducing conditions in comparison to its reduced counterpart (data not

shown), further confirming successful S-sulfonation.

3.4.5. Design of new constructs for improving yield and solubility of ACDCIx

Improvements in solubilizing ACDCIx expressed from the ACDCIx-His construct improved
relative yield, but the total yield was still too low for efficient production for functional studies. To
address this problem, we designed three new constructs and analyzed their solubility in aqueous
buffer and compared their relative yields. An additional construct was also created to determine
the solubility of the anti-CD3 Fv domain alone. All four constructs (Figure 13) contain the BAA ER
signaling peptide, and the three ACDCIx constructs have a free C-terminus, as others have
reported that chlorotoxin may need a free C-terminal arginine residue for efficient target binding
[177]. Furthermore, the PreScission protease recognition site was replaced with a tobacco etch
virus (TEV) protease recognition site in order to leave native amino acid residues at the N-
terminus following protease cleavage. The first construct, His-ACDCIx, was designed to have an
8x-His tag and TEV site, distinguishing itself from ACDCIx-His by moving the His tag from the C-
to the N-terminus. The second construct, Ngly-His-ACDCIx, contains a single N-glycosylation site
immediately before the 8x-His tag, which has been reported to improve yield and solubility and
reduce toxicity to plant tissue [187]. The third construct, CTB-ACDCIx, contains the gene for
cholera toxin subunit B (CTB) on the N-terminus followed by the TEV protease recognition
sequence. This construct contains no distinct histidine repeat sequence within the primary
structure, as expressed CTB is known to exist as a pentamer which naturally forms a metal-
affinity binding site akin to a His-tag that can be used for purification [188]. CTB is also expressed
as a CHAPS-soluble protein in N. benthamiana, thus we also expected that it may improve
solubility as a fusion with ACDCIX.

Following expression, extraction of these three new ACDCIx constructs in aqueous
solution revealed that ACDCIx remained insoluble, regardless of modification (Figure 14A). His-
ACDCIx was found to express at higher levels than ACDCIx-His, indicating that placement of the

His-tag impacted expression. Ngly-His-ACDCIx, however, expressed at significantly higher levels
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in comparison to both ACDCIx-His and His-ACDCIx and resulted in virtually no plant toxicity,
confirming the utility of N-glycosylation for improving expression of recombinant proteins in plants.
Thus, Ngly-His-ACDCIx was chosen as the optimal construct for further studies. Purification of
Ngly-His-ACDCIx via metal affinity chromatography was successful for enriching ACDCIX in
purified fractions, however, Coomassie stain of total protein content in the purified fractions
revealed that the primary protein in these fractions was a contaminant ~55 kDa, most likely the
large subunit of RuBisCo, which has a molecular weight of 56 kDa and is thought to be the most
abundant protein on Earth, comprising 20-25% of total plant protein (Figure 14C and D).
Furthermore, on-column refolding of Ngly-ACDCIx resulted in a highly multimeric and aggregated
form; monomeric refolded ACDCIx was not detected by an anti-His antibody in non-reducing
conditions, indicating that the N-terminal His-tag was not accessible following refolding (Figure
14C). Interestingly, expression of the anti-CD3 scFv alone without co-expression with chlorotoxin
resulted in protein product that was primarily insoluble in aqueous solution and only modestly
soluble in Triton X-100 (Figure 14E). Even though only two disulfides are predicted to be present,
the anti-CD3 scFv is still mostly insoluble, indicating that at least a portion the insolubility

observed for ACDCIx may be unexpectedly due to the antibody variable fragments.

3.4.6. Testing ACDCIx functionality in vitro

ACDCIx-His was tested for the capacity to selectively activate T cells in the presence of
GBM cells. To test T cell activation, two stages of T cell activation were assayed to confirm that
activation was initialized, and that activation was sustained via signaling transduction pathways in
the appropriate context. To measure activation instantaneously, intracellular calcium flux was
measured, which is known to increase within seconds following target engagement by the TCR.
Early T cell activation antigen (CD69) expression was chosen as the later marker of T cell
activation (relative to calcium flux), which is known to be expressed on the cell surface 2-72 hours
after target engagement.

Consistent with my hypothesis that ACDCIx would activate T cells only in the presence of

GBM cells, intracellular levels of calcium as measured by Fluo-4 fluorescence significantly
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increased in CD8+ and CD4+ lymphocytes above baseline following addition of ACDCIx to a
mixture of splenocytes and GBM cells (Figure 15A and B). In contrast, addition of ACDCIXx to
splenocytes alone, or addition of mock-purified protein to splenocytes and GBM cells resulted in
no increase in intracellular T cell calcium levels. Calcium levels were sustained in the
ACDCIx/splenocyte/GBM group for the duration of measurement following addition of ACDCIx
(approximately 6.5 minutes), whereas levels drastically increased and then returned to baseline
within 2 minutes for the positive control treatment, ionomycin, both consistent with the mode of
calcium flux in their respective settings.

Similar effects were observed with CD69 upregulation 11 hours post-treatment (Figure
15C and D). MFI for CD8+ and CD4+ T cells within splenocytes co-incubated with GBM cells and
treated with ACDCIx was 2081.1 and 3387.1, respectively, while co-incubated cells treated with
medium were 326.4 and 207.8 for CD8+ and CD4+ T cells, respectively. In contrast, cells co-
incubated with GBM cells and treated with the positive control (full-length anti-CD3 antibody,
clone 145-2C11) displayed a MFI of 16886 and 18591 for CD8+ and CD4+ T cells, respectively.
For CD8+ T cells, 3%, 71%, and 93% were CD69-positive when treated with media, 1 pg/mL
ACDCIx, or anti-CD3, respectively. For CD4+ T cells, 4%, 85%, and 93% were CD69-positive

when treated with media, 1 pg/mL ACDCIX, or anti-CD3, respectively.

3.5. Discussion

Here, we describe the first production and testing of a novel immunotherapy utilizing anti-
CD3 antibody fragments and chlorotoxin for enhancing T cell recognition and killing of GBM cells
without requiring TCR specificity for GBM. Other groups have previously described the use of
variously designed BIiTEs for treating GBM that were shown to be highly effective against cells
expressing the single antigen that is targeted [172,189]. However, these antigens are typically
expressed on only a subset of cells within a tumor [18]. Studies have shown that targeting a
single antigen within a population of GBM cells eventually results in antigen loss and tumor
recurrence [19,85]. We therefore decided to focus on a binding partner that could bind the vast

majority of malignant cells. Chlorotoxin has been shown to selectively bind >95% of GBM cells
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within a tumor without affinity for healthy tissue [92]. We thus designed a novel fusion protein
utilizing chlorotoxin as the GBM-targeting domain of a T cell engaging molecule, expecting that
such a molecule could be highly effective at enhancing T cell recognition of all or most GBM cells
within a tumor. To our knowledge, this is also the first BiTE-like molecule to use a peptide as the
tumor-binding domain in place of a scFv.

Functional recombinant proteins containing disulfide bonds have been successfully
produced to high yields in the tobacco relative N. benthamiana when targeted to the ER,
providing the rationale for expressing ACDCIx in plants. While we successfully expressed
ACDCIx in plants, the accumulated protein was found to be aggregated upon its extraction from
leaves. This finding was consistent across different gene constructs utilizing alternately placed
terminal histidine tags, an N-glycosylation site, as well as a fusion protein for use as a chaperone
for protein folding. Intermolecular disulfide bonds formed during expression between the 12
cysteine residues within ACDCIx initially appeared to be the cause of aggregation which required
simultaneous denaturation and reduction for sufficient solubilization. However, later data
suggested that even the anti-CD3 domain expressed alone was also generally insoluble,
indicating that ACDCIx contains more than one insoluble component and that the disulfide bonds
are likely not the sole cause for insolubility.

The disulfide-mediated insolubility of chlorotoxin has been reported for expression in E.
coli in the context of 6xHis-chlorotoxin, GST-6xHis-chlorotoxin, and a chlorotoxin-Fc fusion
protein, all of which required high concentrations of the denaturant guanidine hydrochloride in
combination with S-sulfonation or reduction with beta-mercaptoethanol [190,191]. Denaturation
and DTT-mediated reduction of ACDCIx resulted in a mixture of soluble and insoluble protein,
with the soluble fraction present in higher-order multimers, likely due to the rapid reformation of
disulfide bonds in the context of an oxidative environment and the natural instability of DTT. In
comparison, reversible modification of the cysteine residues via S-sulfonation resulted in a
monomeric soluble fraction of over 90%, indicating that the addition of a sulfite group to each of

the cysteine residues prevented reformation of disulfide bond-mediated aggregation. Sulfite
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groups can then be removed in reducing conditions to allow for proper disulfide formation in an
appropriate refolding environment.

Ultimately, oxidative refolding of purified ACDCIx-His resulted in three isoforms. Previous
studies have reported that removal of the 6xHis-tag of S-sulfonated chlorotoxin was sufficient for
refolding into a single isoform. Due to the overall low yields of ACDCIx-His prior to protease-
mediated removal of the histidine tag, attainment of a detectable and sufficient yield of cleaved
ACDCIx was not achieved (data not shown). To enable higher yield and/or solubility, we re-
designed the genetic constructs for ACDCIx, which resulted in three new expression vectors: His-
ACDCIx, Ngly-His-ACDCIx, and CTB-ACDCIx. Protein expressed from these vectors was still
completely insoluble, however, protein yields were higher than that expressed from the original
ACDCIx-His vector. Of note, the CTB-ACDCIx fusion resulted in protein which was present in a
primarily monomeric form, however, CTB was tested for its ability to improve solubility, of which it
failed. In comparison, however, the N-glycosylated form of ACDCIx resulted in a significantly
higher yield than ACDCIx-His and His-ACDCIx. We thus chose Ngly-His-ACDCIx for further
investigation due to the need for a sufficient amount of protein for functional studies. N-
glycosylation has been demonstrated to improve yield and solubility while also reducing toxicity in
plants, which may then result in reduced protein degradation [187]. This effect is hypothesized by
Harmorsky et al. to be a result of reduced ER stress via assistance from lectin chaperones, which
might serve to reduce a toxic unfolded protein response in the plant cell lumen. As expected, N-
glycosylation of ACDCIx resulted in a significantly higher yield and a striking reduction in leaf
necrosis, however, purified N-glycosylated ACDCIx contained a dominant contaminant around
55kDa, with the most likely candidate being the abundant plant protein, RuBisCo. Contamination
in these samples was likely higher as a result of direct extraction of leaf tissue into denaturing/S-
sulfonating buffer and thus may be improved by sequential extraction as previously described.

BiTEs are designed to induce selective T cell activation against their target cells and
avoid spurious activation of T cells when not in the presence of their target cells. This indication is
important in the context of tumor therapy, where activation of T cells when not selectively bound

to their tumor target can result in overproduction of inflammatory cytokines that are harmful in
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high quantities, a condition known as cytokine release syndrome. Improper activation of T cells
can also ultimately result in T cell anergy, a state of T cell dysfunction. We thus tested ACDCIx for
the capacity to selectively activate T cells in the presence of GBM cells and found that activation
was only observed when all three components necessary for activation were present (T cells,
GBM cells, and ACDCIx). Removal of GBM cells or ACDCIx resulted in no T cell activation. These
results are encouraging and indicate that ACDCIx merits further evaluation as a possible GBM
immunotherapy.

The ultimate goal of any cancer therapy is to destroy malignant cells while reducing
damage to healthy tissue. For GBM, this goal is rife with obstacles, but will be assisted by the use
of a pan-GBM selective moiety such as chlorotoxin. We have demonstrated that an anti-
CD3/chlorotoxin T cell engaging fusion protein is capable of being expressed and refolded as a
functional protein in low levels in N. benthamiana, that yield can be improved by the simple
addition of an N-glycosylation site, and that ACDCIx is functionally capable of enhancing T cell
recognition of GBM cells that results in T cell activation. Further improvements in the yield of
functional ACDCIx will be required for the thorough investigation into the ability of ACDCIx to
selectively induce GBM cytotoxicity and produce inflammatory cytokines for enhancing an anti-
tumor response in vitro and in vivo. This may be achieved by production in alternative expression
systems that maximize total yield for purification and refolding, such as E. coli, or systems that
are predicted to be naturally capable of producing a properly folded protein product, such as

insect or mammalian cell lines.
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Table 3: Oligonucleotides used for colony screening and cloning of plant constructs

Primer Description Sequence (5'-3')

0TM 878 | pBYR backbone R | GCATAAAGGCAGTTATGCAATTTGC

0TM 971 | Xbal-BAAF GCATATCTAGAACAATGGCTAACAA

aCD3L-R | Sacl-Anti-CD3 VL R | aggGAGCTCTTATGATCCTCCTCCTCCCCTCTTGATCTC

A

Pres5cission site

(Gly,Ser), Linker  Gly,Ser Linker |E|}~:-Hi5tag
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Figure 10: Design and optimization of the ACDCIx expression cassette. (A) A schematic
of the linearized ACDCIx polypeptide expressed with the BAA signal peptide (SP). (B) The
sliding window plot depicting average codon usage based on highly expressed proteins in N.
benthamiana before and after codon optimization. (C) The transfer DNA (T-DNA) region of the
modified geminiviral vector, pBYR2eK2Mc, used to express ACDCIx in planta. pinll: potato
proteinase inhibitor II; UTR: untranslated region; TMV: tobacco mosaic virus; P: promoter; LIR:
long intergenic region; PsaK2T: N. benthamiana homolog of photosystem | reaction center
subunit K from Arabidopsis thaliana; Ext: extensin from N. benthamiana; T: terminator; MAR:
matrix attachment region; SIR: short intergenic region; C1/C2: Rep/RepA viral replication
proteins from bean yellow dwarf virus.
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Figure 11: Kinetics of ACDCIx-His expression in N. benthamiana. 6-week old N.
benthamiana plants were infiltrated with OD 0.2 of pBYR2ek2Mc-ACDCIx-His and leave

samples were taken every 24 hours thereafter to monitor for expression and necrosis. Leaf
samples show necrosis on day 5, as evident by brown patches and loss of turgor near the leaf

edges.
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Figure 12: ACDCIx is solubilized in reducing and denaturing conditions and purified via
metal affinity chromatography. (A) Leaf tissue was homogenized (H) and sequentially
solubilized into PBS (S = soluble), 0.1% Triton X-100 (TS = Triton soluble). The final insoluble
fraction was divided in half and incubated with buffered 8 M urea for 10 minutes or 1 hour. This
sample was centrifuged to obtain the urea soluble fraction from the supernatant (SN) and the
remaining pellet was solubilized with 1X SDS sample buffer. (B) Buffered 8 M urea, 10 mM
DTT + 8 M urea, or 10 mM DTT was incubated with PBS/Triton X-100-insoluble protein for 10
minutes to determine solubility in each buffer. (C) Extracting the PBS/Triton X-100-insoluble
fraction for 1 hour with sonication every 10 minutes resulted in near complete solubilization of
ACDCIx-His. (D) ACDCIx-His extracted in denaturing/reducing (DR) buffer was purified using
Roche cOmplete His-tag purification resin. The unbound fraction was collected in the flow-
through (FT) and washed with 2x10 mL each of buffered 8 M urea (W1 and W2). Remaining
bound protein was refolded on column using sequential washes with decreasing
concentrations of urea with 5 mM reduced glutathione and 0.5 mM oxidized glutathione.
Protein was then eluted with 850 mM imidazole (E1) and analyzed via silver stain in reducing
(R) and non-reducing (NR) conditions. (E) PBS/Triton X-100-insoluble protein was divided in
half and solubilized with either 8 M urea + 10 mM DTT denaturing/reducing buffer or 8 M urea
+ 200 mM sodium sulfite + 150 mM sodium tetrathionate denaturing/S-sulfonating (S-Sf)
buffer. Solubilized (SN) protein was separated from insoluble (P) protein and analyzed via
SDS-PAGE and western blot, maintaining the stacker region of the acrylamide gel to show the
proportion of highly aggregated protein unable to enter the resolving gel.
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Figure 13: Schematics of new constructs designed to improve yield and solubility. The
original ACDCIx-His construct is shown at the top for comparison to the new constructs. His-
ACDCIx contains an N-terminal 8x-His tag following the BAA signal peptide (SP). A TEV
protease recognition sequence is placed on the N-terminal side of ACDCIx for later removal of
the His-tag and N-glycosylation site or CTB fusion. CTB = cholera toxin subunit B.
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Figure 14: Expression of ACDCIx using new constructs still results in insoluble protein, but
with greater overall yield. (A) Expression comparison of constructs in the insoluble fraction at
day 3 post-infiltration. Lane (1) Mock-infiltrated tissue (2) ACDCIx-His (3) His-ACDCIx (4) Ngly-His-
ACDCIx (5) CTB-ACDCIx. Lanes 1-4 were probed with mouse anti-6xHis primary antibody goat
anti-mouse secondary antibody. Lane 5 was probed with goat anti-CTB primary antibody and
rabbit anti-goat secondary antibody, thus lane 5 cannot be directly compared to lanes 1-4. (B)
Anti-6x-His western blot of expression kinetics of insoluble Ngly-His-ACDCIx. (C) Anti-6x-His
western blot of on-column purification and refolding of Ngly-His-ACDCIx. (D) Coomassie stain of
total protein following purification of Ngly-ACDCIx; E1-E3 are the same samples as E1-E3 from
(C). (E) Anti-6x-His western blot showing solubility of anti-CD3 scFv expressed without
chlorotoxin. Lane markers are in kilodaltons. DPI = days post-infiltration. R = reducing conditions.
NR = non-reducing conditions. E = elution. S = PBS-soluble. T = Triton X-100-soluble. P =
Insoluble pellet.
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Figure 15: ACDCIx-His can selectively activate T cells in vitro. Calcium flux as measured
by Fluo-4 in (A) CD4+ and (B) CD8+ T cells following treatment with ACDCIx or controls with or
without co-incubation with GBM cells. Time scale = seconds. CD69 expression of (C) CD4+
and (D) CD8+ T cells following treatment with ACDCIx, PBS, or full length anti-CD3 control for
11 hours with or without co-incubation with GBM cells.
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CHAPTER 4
DESIGN, EXPRESSION, PURIFICATION, AND TESTING OF ACDCIx PRODUCED IN
ESCHERICHIA COLI
4.1. Abstract
There are many challenges in the process of developing an effective therapeutic for

treating glioblastoma (GBM), which has resulted in a stagnating median and 5-year survival of 15
months and 5 years, respectively. Effective therapies must be able to bypass the blood-brain
barrier (BBB) to reach malignant cells that have invaded into healthy brain tissue and must also
be able to destroy a significant proportion of the ever-evolving tumor cell population to prevent
tumor recurrence. We have previously described the design and initial testing of a GBM-selective
immunotherapy for engaging and mediating T cell killing of GBM cells, regardless of T cell
receptor specificity. This immunotherapy is a fusion of an anti-CD3 single chain antibody variable
fragment and chlorotoxin, a small peptide known to bind >95% of GBM cells, known as anti-
CD3/chlorotoxin, or ACDCIx. Previous studies have shown that ACDCIx is expressed in low
yields as an insoluble aggregate in the plant host Nicotiana benthamiana regardless of solubility
enhancing modifications, thus we sought to express ACDCIx in higher quantities as an insoluble
protein in the inclusion bodies of E. coli and designed two new variants to attempt to produce
ACDCIx in a more soluble form. Expression in E. coli was capable of producing much higher
yields in comparison to production in plants, which required refolding by dilution instead of
conveniently refolding on column. A periplasm-targeted fusion of disulfide bond isomerase C to
ACDCIx was unable to produce soluble ACDCIX, nor was a truncated variant (ACDCIxA15) which
was predicted to contain three fewer disulfide bonds than full-length ACDCIx. However, due to the
extreme insolubility of ACDCIx and its variants, a new method of purification was designed to
enable purification without requiring metal affinity chromatography. This new method is based on
utilizing denaturant to remove protein contaminants while ACDCIx, requiring denaturing reducing
buffer, can be enriched by centrifugation. Furthermore, though initially insoluble, we demonstrate

for the first time that ACDCIxA15 binds GBM cells in vitro. Future work will include further
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functional testing of both ACDCIx and ACDCIxA15 and continued development in the production

of soluble protein.

4.2. Introduction

The prognosis for glioblastoma (GBM) patients who receive standard of care treatment is
considered one of the worst among all tumor types, with only 5% of patients surviving 5 years
following diagnosis, and only 50% of patients surviving longer than 15 months. Standard of care
after initial diagnosis includes surgical resection of bulk tumor, radiation, and chemotherapy with
temozolomide. Aside from its sensitive location which limits aggressive surgical and therapeutic
strategies, successful treatment of this invasive form of primary brain tumor is also significantly
hindered by the BBB, heterogeneous expression of targetable cell surface markers, and genetic
mutation enabling treatment resistance. The development of drugs or alternative treatments
capable of bypassing the BBB and targeting the entirety of the malignant cell population without
harming healthy tissue are thus in high demand.

Capitalizing on recent advances in immuno-oncology, we have designed an
immunotherapeutic fusion protein for the purpose of enhancing T cell recognition and killing of
GBM cells. This fusion protein, anti-CD3/Chlorotoxin, or ACDCIX, is designed to target the
majority of GBM cells within a tumor via chlorotoxin, a non-toxic, 36-amino acid peptide found in
the venom of the deathstalker scorpion, L. quinquestriatus. Chlorotoxin is characterized for
having unique selectivity for GBM cells relative to healthy tissue [92] and is currently in clinical
trials for improving detection of malignant cells during surgical resection [97]. ACDCIXx is thus
expected to tag GBM cells via its chlorotoxin domain while engaging CD3, a protein expressed on
the surface of all T cells, via its anti-CD3 single chain variable fragment (scFv) domain. Direct
cell-cell engagement is then expected to induce selective T cell killing of the bound GBM cell,
which is the primary mechanism for bispecific T cell engagers (BiTES) used for treatment of B cell
malignancies [192].

We have previously demonstrated that ACDCIx is capable of selectively activating T cells

when simultaneously bound to both cell types. The initial activation of T cells observed in these
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studies is the first step in an orchestrated signaling cascade that spurs the release of cytotoxic
granules into the bound target cell, resulting in caspase-3 mediated cell death. The production of
ACDCIx, however, has proven to be challenge for furthering functional characterization of this
unique fusion protein.

scFVs are known to aggregate during production or storage, and much effort has been
put into developing expression strategies that minimize aggregation. In the initial characterization
of ACDCIx solubility following expression in the plant host N. benthamiana, we observed that the
fusion was completely insoluble even when produced with modifications known to enhance
solubility for other proteins. We speculated that the insolubility was likely due to the 12 cysteine
residues for the formation of 6 disulfide bonds within ACDCIx, however, following expression of
the anti-CD3 scFv alone in the absence of chlorotoxin, the scFv was still mostly insoluble. This,
combined with the need for a reducing agent in the solubilization of ACDCIx, indicated that
challenges in the solubility were likely due to both scFv-mediated aggregation and the formation
of intermolecular disulfide bonds.

Given the inability to produce ACDCIx as a soluble protein in N. benthamiana and the
relatively low yield of insoluble ACDCIx expressed compared to other recombinant proteins
expressed in the same host and with a similar vector [119], we hypothesized that production of
ACDCIx in the insoluble form may be more efficient in the common laboratory protein production
workhorse, Escherichia coli. E. coli is well known for its ease of transformation and its fast, low-
cost production of recombinant proteins, but is often bypassed as a production host for clinical
applications due to the inability to impart post-translational modifications, such as cysteine-
cysteine bonds (also known as cystine or disulfide bonds) and glycosylation, that may be
necessary for the stability and functionality of the protein of interest in its native form. ACDCIx, in
contrast to many scFv-containing therapeutics, is not predicted to be glycosylated, and is thus an
excellent candidate for production in E. coli. Further, cystine formation for disulfide-rich peptides
expressed in E. coli has been shown to be possible via co-expression with periplasmic-targeted
disulfide bond isomerase C (DsbC). We thus also hypothesized that a fusion of DsbC to ACDCIx

might enable soluble expression and correct disulfide formation of ACDCIx. Here, we describe the
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design, expression, and biochemical analysis of genetic constructs for producing ACDCIx as well

as a new, more compact variant, ACDCIxA15.

4.3. Methods
4.3.3. Codon optimization and cloning of ACDCIx into pET-11a vectors for expression in E. coli
Amino acid sequences for producing His-tagged ACDCIx (His-ACDCIx) and a periplasm-
targeted fusion of disulfide isomerase C (DsbC) to His-tagged ACDCIx (DsbC-His-ACDCIx) were
designed based on prior constructs for producing ACDCIx in the leaves of N. benthamiana. These
constructs include a TEV protease recognition sequence between the His-tag and ACDCIx, and
were modified as necessary for the DsbC fusion to include a signal peptide for co-translation into
the periplasm of E. coli, which was predicted to facilitate formation of disulfide bonds given the
oxidative nature of the periplasm environment. Gene sequences for each construct were then
optimized to ensure efficient codon usage in E. coli for the purpose of overexpression, and to
prevent overuse of abundantly used codons within the ACDCIx sequence. Special care was taken
to distribute codon usage for glycine (Gly), serine (Ser), and cysteine (Cys), with Gly and Ser
present in abundance within the linker sequences and with Cys being especially rare in E. coli.
The sequences were designed for cloning into a pET-11a vector and thus included a 5° Ndel
restriction site and a 3’ BamHl restriction site for replacing the start codon and T7 tag present
within the vector with the start codon and sequence for His-ACDCIx or DsbC-His-ACDCIx. Gene
synthesis and cloning into the pET-11a vector was completed by GenScript (Piscataway, NJ) and
sequenced to verify the accuracy of synthesis and cloning.

To produce non-His-tagged ACDCIx, primers were designed to capture the regions
containing only the ACDCIx gene sequence without the His-tag or TEV protease recognition
sequence. The forward primer (0TM 977) contained an Ndel restriction site prior to the sequence
for anti-CD3 Vu and the reverse primer (0TM 976) contained an BamHI restriction site at the
terminal end of the chlorotoxin sequence. Following PCR amplification of the ACDCIx sequence,
the purified PCR product was subcloned into the pET-11a backbone derived from DsbC-ACDCIx

digested with Ndel and BamHI via overnight ligation at 16°C mediated by T4 DNA ligase
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(Promega). 2 pL of precipitated ligation reaction was used to transform DH5a E. coli via
electroporation and grown overnight on LB/Carbinicillin plates at 37°C. The resulting colonies
were screened using T7 forward and reverse primers and cultured overnight for plasmid
preparation the next day, and the gene sequence was confirmed via Sanger sequencing. His-
ACDCIxA15 and non-His-tagged ACDCIxA15 (ACDCIxA15) was produced using the methods
described for non-His-tagged ACDCIx, but used primers oTM 115 and oTM 978 for His-
ACDCIxA15 and oTM 977 and oTM 978 for ACDCIxA15, for PCR amplification of the gene

products for cloning. Table 4 shows a list of all primers used.

4.3.4. Expression in E. coli

BL21(DE3) electrocompetent cells were transformed with plasmid DNA corresponding to
His-ACDCIx, DshC-ACDCIx, ACDCIx, His-ACDCIxA15, or ACDCIxA15 and grown overnight at
37°C on LB/Carbinicillin plates. Colonies were screened using T7 forward and reverse primers
present within the pET-11a backbone and flanking the gene of interest (GOI). A single positive
colony was chosen and used to grow a 10 mL culture overnight at 30°C (a 37°C shaking
incubator was not readily available for these studies). The next morning, the 10 mL culture was
used to inoculate a 100 mL culture to an ODsoo of 0.1. The 100 mL culture was grown to an OD of
0.6 and protein expression was induced by addition of IPTG. To determine optimal growth
conditions, protein expression was induced with 0.3 mM or 1 mM IPTG and samples were
collected at 1, 2, 3, 4, and 5 hours post-induction. Sample ODesoo measurements were also taken
at each time point. The collected sample was immediately centrifuged and supernatant discarded
to obtain a cell pellet, which was frozen at -80°C until further analysis. For analysis, cell samples
were normalized by concentration using ODsoo measurements and via resuspension in 50 mM
Tris pH 7, 150 mM NacCl, 5 mM EDTA, and 1 mg/mL lysozyme (25 pL per ODeoo 0.6) These
samples underwent four freeze-thaw cycles using dry ice and a 42°C heat block with vortexing
between steps. Samples were then treated with DNAse | and centrifuged for 5 minutes at 12,000

Xg at 4°C to obtain the soluble and insoluble protein fractions. Fractions were analyzed via SDS-

74



PAGE and Coomassie or stain-free imaging as described below. For purification purposes,
expression was induced in a 1 L culture with 0.3 mM IPTG for 4 hours at 30°C. The culture was
aliquotted into conical tubes containing 50 mL each, cells were pelleted by centrifugation (6,000

xg for 20 min at 4°C), and pellets were frozen at -80°C until further use.

4.3.5. Extraction and purification of ACDCIx from inclusion bodies

The protocol for isolating inclusion bodies containing ACDCIx was adapted from
Rodriguez-Carmona et al. Briefly, the cell pellet was thawed and resuspended in 1/5% the original
aliquot volume in 50 mM Tris pH 7, 150 mM NaCl, 2 mM EDTA, frozen at -80°C, and re-thawed.
PMSF was added to 0.5 mM and lysozyme to 1 mg/mL, then agitated for 45 minutes at 30-37°C.
Triton X-100 was then added to 0.5% and incubated at room temperature for 45 minutes on an
orbital shaker. Lastly, DNAse | was added to 3.75 units/mL and MgSOa to 750 uM and incubated
at 30-37°C for 45 minutes. The resultant solution was centrifuged for 15,000 xg for 20 minutes at
4°C and the supernatant containing solubilized E. coli proteins, membrane, and DNA was
discarded. The pellet containing E. coli inclusion bodies was washed with 50 mM Tris pH 7, 150
mM NaCl, 2 mM EDTA to remove any remaining soluble components. Inclusion bodies were then
solubilized and cysteine residues were modified via S-sulfonation to reversibly prevent disulfide
formation by overnight incubation in 6 M guanidine-HCI, 150 mM sodium tetrathionate, 200 mM
sodium sulfite, 50 mM Tris pH 7, 150 mM NacCl, and 2 mM EDTA at 4°C while gently shaking.

For purification of His-ACDCIx, DsbC-ACDCIX, or His-ACDCIxA15 from 50 mL culture
aliquots solubilized inclusion bodies were centrifuged to remove insoluble aggregates (15,000 xg,
20 minutes, 4°C) and the supernatant was loaded onto 1 mL of Roche cOmplete nickel resin
equilibrated with denaturing buffer (6 M guanidine-HCI, 50 mM Tris pH 7, 150 mM NacCl) and
incubated overnight on rotation at 4°C. The next day, the flow-through (FT) was collected and
the resin washed with 20 mL denaturing buffer to remove unbound protein. His-tagged protein
was eluted from the column in 1 mL fractions using 850 mM imidazole in denaturing buffer.

UV280 was measured for each fraction using denaturing buffer as a blank and was then
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converted to concentration using the calculated extinction coefficient for the protein of interest
(His-ACDCIx: 52830 M-icm-?; DsbC-ACDCIx: 70250 M-cm-t; His-ACDCIxA15: 51340 M-tcm).
To purify untagged ACDCIx or ACDCIxA15, inclusion bodies were obtained as described
above and the inclusion body pellet was washed twice with 3 M guanidine-HCI in 50 mM Tris pH
7,150 mM NacCl, 2 mM EDTA to remove most contaminating proteins, leaving ACDCIx insoluble
or partially insoluble. ACDCIx was then solubilized using denaturing S-sulfonation as described

above.

4.3.6. Refolding, concentration, and buffer exchange

Denatured, S-sulfonated ACDCIx was refolded by rapid dilution into renaturing, oxidizing
buffer. Various buffers were tested to determine which conditions produced the highest proportion
of refolded protein and are listed in Table 5. The optimized refolding protocol is as follows:
Cysteines are reduced with 1 mM DTT at room temperature for 15 minutes to remove sulfite
groups, followed by diluting the protein drop-wise 1:100 into a rapidly stirring solution of 0.5 M L-
arginine, 2 mM oxidized glutathione, 100 mM Tris base, 2 mM EDTA, pH 10.3 at 4°C. The
solution is stirred overnight-48 hrs, after which the protein is concentrated using an Amicon Ultra-
15 centrifugal filter unit with a 3,500 Da cutoff to its original volume and exchanged into PBS
using a PD-10 desalting column (GE Healthcare, Pittsburgh, PA). Refolded ACDCIx in PBS is

stored at 4°C for up to one week or -80°C until needed.

4.3.7. Protease cleavage of His-tag

Various conditions were tested for optimal AcTEV-mediated cleavage of the TEV
protease recognition sequence located between DsbC-His and ACDCIx and subsequent
separation via metal affinity chromatography. For optimization, the starting protocol (10 units
AcTEV, 20 pug fusion protein, 1 mM DTT, 0.5 mM EDTA, 50 mM Tris-HCI, pH 8) was tested along
with various alterations. For most buffers, pH 7 buffer was used to avoid precipitation of DsbC-
ACDCIx (pl = 7.86) but still operate within the optimal pH of AcTEV, reported to be pH 6-9.

Additional buffer alterations for optimization included (one variable at a time) the addition of 150
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NacCl, using 5 mM DTT, using 50 units AcTEV, adding 5% or 10% glycerol, adding 0.1% Triton X-
100, decreasing the mass of fusion protein used in the reaction, and adjusting reaction time (1-24
hours) and temperature (4°C, room temperature, 30°C). Separation of His-tagged ACTEV and
DsbC-His from cleaved ACDCIx was attempted using Roche cOmplete His-tag purification resin

and TALON resin using gravity and centrifugal methods for obtaining flow-through.

4.3.8. Protein Analysis

Analysis of protein samples was performed using SDS-PAGE with Bio-Rad 4-20% stain-
free TGX gels. Reducing samples were prepared using standard SDS sample buffer containing
10 mM DTT and boiled for 5 minutes at 95°C. Non-reducing samples were prepared using SDS
sample buffer containing no DTT or other reducing agents without boiling. Total protein content
was visualized using Coomassie Brilliant blue for early experiments, or by UV exposure of Bio-
Rad stain-free gels for 3 minutes, followed by image capture using the SYBR-Green setting on a
UVP Biospectrum 310. All proteins evaluated in this study contain Trp residues that are required
for stain-free imaging, which utilizes 2,2,2-trichloroethanol to interact with Trp following exposure
to UV light to produce fluorescence. Analysis of His-tagged protein was performed via western
blot using the same electrophoresis protocol described above. When possible, the same gel was
used for stain-free total protein imaging and western blotting. Following imaging, the protein was
transferred from the gel to nitrocellulose in semi-dry conditions and blocked for 15 minutes-
overnight in 5% dry milk in PBST (0.5% Tween-20 in PBS). The blot was probed using a
monoclonal mouse anti-6xHis antibody (Sigma-Aldrich #H1029) for 15 minutes at room
temperature, washed three times with PBST, and probed using a polyclonal donkey anti-mouse
secondary antibody (peroxidase AffiniPure Donkey anti-mouse 1gG (H+L), Jackson
ImmunoResearch #715-035-150) for 15 minutes at room temperature followed by three additional
washes with PBST. Blots were treated with luminol reagent, exposed to Amersham Hyperfilm

ECL film (GE Healthcare), and processed using an automated film developer.

4.3.9. Invitro experiments
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GL261-LucNeo cells were cultured in DMEM + 10% FBS + 1% P/S/G in a humidified
incubator at 37°C with 5% CO2. For CD69 experiments, cells were plated at 10,000 cells/well in a
96 well cell culture treated plate and allowed to grow overnight. The next day, fresh splenocytes
were obtained from a C57BI/6 mouse and red blood cells were lysed with ACK lysis buffer. At the
time of treatment, media was removed from each well and replaced with a 10 pL volume
containing the treatment (His-ACDCIx, anti-CD3, or PBS) and 90 pL containing 500,000
splenocytes in RPMI + 0.5% FBS. Approximately 20% of splenocytes are T cells, thus the
estimated effector: target cell ratio was 10:1 (20% of 500,000 splenocytes = 100,000 T cells,
incubated with 10,000 GBM cells = 10:1). After 24 hours, the splenocytes were transferred to a
round bottom 96-well plate, washed with FACS buffer (1% BSA in PBS with 0.1% sodium azide),
stained with 1:200 dilutions of anti-CD4-APC, anti-CD8-FITC, and anti-CD69-PerCP-Cy5.5 for 30
minutes, 4°C, and analyzed for CD69 expression.

For His-ACDCIxA15 binding studies, cells were plated at 400,000 cells/well in a 96-well
plate and incubated with His-ACDCIxA15 or mock-purified protein (treated with (RE) or without
(NT) Triton X-114 to reduce endotoxin contamination), or FACS buffer (1% BSA in PBS with 0.1%
sodium azide) for 30 minutes at 4°C, washed twice with cold FACS buffer, then incubated with
mouse anti-6xHis-PE antibody (1:100 in FACS buffer) for 30 minutes at 4°C and washed twice
more. The live cell population was gated and the resulting population was analyzed for anti-

6xHis-PE positive cells.

4.4. Results
4.4.1. Design and cloning of ACDCIx variants

A schematic of all variants used in this study are illustrated in Figure 16. In comparison to
the original plant construct, ACDCIx-His, His-ACDCIx was designed to have an 8x-His-tag on the
N-terminus for purification and detection, separated from ACDCIx via a TEV recognition site. The
use of a TEV site instead of the previously used PreScission protease site allowed for the use of
the native start codon of the anti-CD3 Vu domain of ACDCIx. For DsbC-His-ACDCIx, a periplasm

signal peptide native to E. coli DsbC was added to the N-terminus to target the DsbC-ACDCIx
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fusion to the oxidative environment of the periplasm to allow for disulfide formation. The addition
of DsbC was based on previous reports of DsbC fusions being effective for proper folding and
disulfide formation of small cysteine-rich venom peptides [194]. An 8x-His-tag was included on
the C-terminal end of DsbC, followed by a TEV recognition site for later removal of DsbC-His-TEV
from ACDCIXx.

Prior to gene synthesis, the sequence for ACDCIx was optimized for expression in E. coli
by replacing uncommonly used codons and ensuring that codons for frequently used amino acids
within the sequence were not overused. The sequence for DsbC was kept in its native form given
that DsbC is a native E. coli protein. The codon adaptation index for E. coli-optimized ACDCIx
was improved from 0.222 (plant-optimized) to 0.746 as shown in Figure 17. Both His-ACDCIx and
DsbC-His-ACDCIx were cloned and sequenced by Genscript.

The His-ACDCIx plasmid was then used as a template to create untagged ACDCIx and
tagged/untagged truncated forms of ACDCIx (His-ACDCIxA15 and ACDCIxA15). ACDCIxA15
was designed to contain only the first 14 amino acids of chlorotoxin linked to the anti-CD3
variable fragments, denoted as a deletion of chlorotoxin amino acids 15-36 (A15). This variation
was created based on observations that truncated chlorotoxin may bind GBM cells with a higher
affinity than full-length chlorotoxin [177]. Following cloning, all sequences were confirmed to be

correct by Sanger sequencing at the Arizona State University sequencing facility.

4.4.2. Expression of ACDCIx in E. coli

Constructs were found to be optimally expressed via induction with IPTG for 4-5 hours at
30°C (a 37°C shaking incubator was not readily available for E. coli growth) (Figure 18). The
products of all constructs were found in the insoluble fraction during optimization. Expression at
lower temperature (15°C) or in an E. coli strain known to improve disulfide formation (Origami) to
improve production of soluble ACDCIx was not successful (data not shown and Figure 18F). We
also sought to determine if DsbC-His-ACDCIx was present in the periplasm via the periplasm

targeting sequence. Periplasm proteins were obtained via osmotic shock and analyzed via
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western blot. DsbC-ACDCIx was only detected in the non-periplasmic insoluble fraction (Figure

18C).

4.4.3. Purification of ACDCIx

Purification of His-ACDCIx, DsbC-His-ACDCIx, and His-ACDCIxA15 was accomplished
using Roche cOmplete His-Tag purification resin (Figure 19, left box). His-ACDCIx purification in
non-denaturing conditions resulted in pure protein but over a long elution time, resulting in
fractions of low concentration. With the addition of guanidine to the wash and elution buffers, the
elution time was reduced and resultant fraction concentrations were significantly higher (Figure
20A and B). This indicated that the protein fusions were prone to aggregation when bound to the
metal affinity resin, a common issue with scFvs [cite], which was mitigated by the addition of a
denaturant. The yield of purified HisE was estimated to be 72.3 + 17.1 mg per 1 liter of culture.

Due to the inherent insolubility of ACDCIx, which requires both denaturant and reductant
for complete solubilization, we expressed non-His-tagged ACDCIx and ACDCIxA15 with the goal
of purifying by removing contaminating proteins via addition of denaturant in the absence of
reducing agent (Figure 19, right box). Washing the inclusion body pellet with denaturant was
found to be capable of removing the majority of native E. coli proteins from the inclusion bodies,
resulting in a 99% pure solution of ACDCIx (Figure 20C). The purity achieved using denaturing
purification of inclusion bodies was found to be nearly equivalent to the purity achieved following
metal affinity purification of His-tagged ACDCIx (Figure 20C). Denaturing purification
inconsistently removed up to 50% of ACDCIxA15 during the 6 M guanidine wash, thus metal
affinity purification of His-ACDCIxA15 was chosen for future experiments to obtain maximum

yield.

4.4.4. His-tag removal via ACTEV protease

His-ACDCIx, DsbC-His-ACDCIx, and His-ACDCIxA15 were all designed to include a TEV

protease recognition sequence for removal of the 8x-His tag (and DsbC) following purification.
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Optimization of AcTEV-mediated cleavage of the DsbC-8xHis-TEV sequence from ACDCIx was
attempted first due to the expected ease of detecting successful cleavage products via SDS-
PAGE (55.3 kDa cleaved to 25.4 and 29.9 kDa versus 32.0 kDa cleaved to 29.9 and 2.1 kDa for
DsbC-His-ACDCIx and His-ACDCIx, respectively). ACTEV (Invitrogen) was chosen over native
TEV due to its S219V mutation for prevention of autocatalysis as well as the built-in His-tag for
detection and removal via metal affinity chromatography. AcTEV-mediated protein cleavage was
attempted using various buffers, temperatures, and protease:target protein ratios. The greatest
cleavage efficiency reached approximately 50% (Figure 21A), although visual identification of the
protease and the cleavage products following gel electrophoresis was difficult due to the similarity
of the expected molecular weights of each (25.4 kDa for DsbC-His-TEV, 29.9 kDa for ACDCIX,
and 27 kDa for ACTEV) (Figure 21C). Maximum scission was observed using 20 pg fusion
protein, 50 units ACTEV, 50 mM Tris pH 7, 0.5 mM EDTA, and 1 mM DTT incubated at 30°C
overnight. Separation of the His-tagged AcTEV and His-tagged DsbC components from ACDCIx
by metal affinity chromatography, however, was unsuccessful. 100% capture of the ACTEV and
DsbC fragments on the metal affinity resin was not achieved, and attempted isolation of ACDCIx
in the purification flow-through was present at very low concentration and equally contaminated
with ACTEV and DsbC (Figure 21A and B). The inability to remove AcTEV from the cleaved
fraction prompted me to move forward with utilizing His-ACDCIx, ACDCIx, and His-ACDCIxA15

for future experiments.

4.4.5. Refolding, concentration, and buffer exchange of ACDCIx

Refolding of His-ACDCIx was originally attempted on-column, which resulted in
significant aggregation and multimerization following elution with imidazole (Figure 22A). This
prompted me to investigate methods for refolding His-ACDCIx by rapid dilution into renaturing,
oxidizing buffer. Rapid dilution is often utilized for refolding proteins that have a tendency to
aggregate, especially in the context of multiple cysteine residues that can form intermolecular
disulfide bonds. The nature of dilution is expected to create the necessary space between protein

molecules to enable self-refolding and intramolecular disulfide formation with a lower chance of
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forming mixed disulfides. Four buffer compositions were initially chosen to test the capacity to
refold ACDCIx (Table 5). These buffers were based on those reported in literature for refolding
molecules with similar properties, such as refolding of chlorotoxin, refolding of an Fc-chlorotoxin
fusion, a GBM-specific BiTE, and a snake toxin containing multiple disulfides [172,190,191,195].
Following overnight incubation, buffers 1-3 were observed to have caused significant protein
precipitation while the sample in buffer 4 (100 mM Tris, 0.5 M L-arginine, 0.9 mM oxidized L-
glutathione, 2 mM EDTA, 1 mg/mL CHAPS, pH 10.3, 1:100 dilution) showed no signs of
precipitation and resulted in two isoforms in non-reducing conditions (Figure 22B). Isoform 1
migrated at the same rate as reduced ACDCIx, while isoform 2 migrated faster, indicating that this
isoform may be the refolded form.

The conditions of buffer 4 were then tested to determine which components were
necessary. It was determined that while CHAPS was not necessary, 0.5 M L-arginine was critical
to refolding, as the absence of or a lower concentration (0.1 M) of L-arginine resulted in complete
aggregation and the inability to migrate into the acrylamide gel during SDS-PAGE in non-reducing
conditions, suggesting significant formation of intramolecular disulfides (Figure 22C).
Interestingly, the addition of more reducing agent resulted in a lower fraction of isoform 2. This is
contrary to refolding dogma, which often suggests that including a redox pair such as GSH/GSSH
favors the formation of energetically stable disulfide bonds rather than incorrect, unstable
disulfides. The addition of reduced L-glutathione in the refolding buffer or the use of additional
DTT in the pre-reduction step all resulted in an increase in isoform 1, while reducing the
concentration of DTT used for pre-reduction or increasing the concentration of oxidized L-
glutathione resulted in a slight or negligible increase in isoform 2 (Figure 22D). Taking these
results together, the optimized final refolding protocol resulted in pre-reduction of ACDCIx with 1
mM DTT followed by 1:100 dilution into 100 mM Tris, 0.5 M L-arginine, 2 mM oxidized L-
glutathione, pH 10.3 at 4°C overnight.

Following refolding by dilution, re-concentration was required to obtain usable
concentration for downstream analysis. It was observed that most standard methods of protein

concentration failed if His-ACDCIx was first exchanged into PBS (Figure 22E, upper left panel).
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However, if His-ACDCIx was first concentrated in the refolding buffer via dialysis against high
molecular weight PEG or Amicon concentrator tubes, concentration was successful, and the
resultant concentrated protein could be successful exchanged into PBS after using a PD-10

desalting column (Figure 22E, upper right and lower panel).

4.4.6. Testing ACDCIx functionality in vitro

To test the capacity of His-ACDCIx to selectively activate T cells in vitro, mixtures of GBM
cells and splenocytes or splenocytes alone were treated with varying concentrations of His-
ACDCIx, full-length anti-CD3 (positive control), or media (negative control). An increase in CD69+
CD4+ and CD8+ splenocytes were observed in His-ACDCIx-treated samples co-incubated with
GBM cells compared with treated splenocytes alone, though the percentage of CD69+ cells
overall was relatively low, reaching 12% positivity at its peak (Figure 23A and B).

Initial studies were then performed to determine the capacity of ACDCIxA15 to bind GBM
cells. In this study, His-ACDCIxA15 was purified with or without the addition of Triton X-114, a
nonionic detergent used to solubilize and remove endotoxin from DNA and protein preparations
[196]. Triton X-114 treated (TT) and untreated (NT) His-ACDCIxA15 was found to bind GBM cells
compared to mock-purified controls as measured by an anti-6xHis antibody (Figure 24). 19.6% of
TT-His-ACDCIxA15 and 34.7% of NT-His-ACDCIxA15-treated cells were found to be positive for
anti-6x-His-PE, compared with 0.9% of TT-mock and 0.5% of NT-mock, suggesting that His-
ACDCIxA15 was specifically bound to the cells. It was later determined that TT-His-ACDCIxA15
and NT-His-ACDCIxA15 were used at different concentrations (3.5 uM and 5.2 uM, respectively),

which may partly explain the quantitative differences observed in positive cells.

4.5. Discussion
Here, several variations of ACDCIx and methods by which to express, purify, refold, and
concentrate these variations from E. coli inclusion bodies are described. Compared to expression

in N. benthamiana, expression of His-tagged ACDCIx in E. coli produced more protein at a faster
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rate (72.3 £ 17.1 mg per 1 liter of culture 4 hours post-induction in E. coli versus 17.8 mg per 1 kg
fresh leaf weight four days post-infiltration in N. benthamiana). Such low yields of antibody-like
therapeutics observed from plant extraction are uncommon [119,197], but for ACDCIx, lower
yields were likely due to the tendency of the protein to aggregate following expression. ACDCIx
preparations were also generally more pure when extracted from E. coli. These observations can
be attributed to the enrichment of recombinant protein in E. coli inclusion bodies and the absence
of the world’s most abundant plant-derived protein, RuBisCo, a common contaminant found in
plant preparations of ACDCIx. The higher yield of E. coli-produced ACDCIx, however,
complicated the process of refolding due to significant aggregation observed during the on-
column purification and refolding protocol. Although the goal of producing higher yields of ACDCIx
was achieved during this study, post-expression processing was not simplified nor accelerated
compared to the plant-based approaches.

Proteins recombinantly expressed in E. coli are typically expected to be packaged into
specialized, high molecular weight compartments within the cytoplasm known as inclusion bodies
if the goal is to achieve significant yield and overexpression. This process was anticipated to
improve the purification of His-tagged and non-His-tagged ACDCIx and ACDCIxA15 via
enrichment in inclusion bodies which can be easily separated from native soluble cytoplasmic and
membrane-associated proteins. Purification of ACDCIx variants from inclusion bodies was
successfully achieved using metal affinity chromatography with acceptable yield. Interestingly,
purification using metal affinity resin required denaturing conditions for efficient elution. This
suggested that ACDCIx was aggregating on the resin due to non-specific protein-protein
interactions and not due to the high number of cysteine residues capable of forming mixed
disulfides, as reducing agent was not required and the cysteine residues were modified to prevent
disulfide formation via S-sulfonation. Following success with metal affinity chromatography, a
more economic and expedited process was developed to purify ACDCIx variants by taking
advantage of its unique insolubility. We have previously demonstrated that ACDCIx is largely
insoluble unless extracted in a harsh buffer containing denaturant and reducing or S-sulfonating

agents. We thus rationalized that because most proteins are soluble via denaturation alone,
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impure ACDCIx preparations could be purified by the simple addition of denaturant to solubilize
contaminating proteins, leaving ACDCIx in its aggregated, insoluble state. After removing
solubilized contaminants, ACDCIx can be isolated by centrifugation and solubilized in denaturing,
reducing buffer. This purification process was successful, resulting in greater than 95% purity
(Figure 20C). However, because some ACDCIx is solubilized with denaturant alone, the overall
yield decreased, thus this process may be better suited to highly insoluble proteins that might
suffer from addition of a purification tag.

Several alterations to the original ACDCIx construct were tested to improve the solubility
of ACDCIx in E. coli. Fusion of DsbC to venom peptides containing multiple disulfide bonds has
been previously described to enable the correct folding and formation of disulfides when targeted
to the oxidative environment of the periplasm [194]. Given the cysteine-rich sequence of ACDCIX,
especially within the chlorotoxin domain, we hypothesized that DsbC might improve production of
soluble, correctly folded ACDCIx. Contrary to expectation, DsbC-His-ACDCIx was observed to be
in the insoluble fraction following initial analysis of soluble and insoluble components, and
extraction via osmotic shock revealed that DsbC-His-ACDCIx was absent from the periplasmic
fraction Figures 18B and C.) This indicated that the periplasm targeting peptide was not
successful for translation into the periplasm and that further development of this construct is
necessary for success. We then attempted to test the potential for TEV protease-mediated
scission to remove the 8x-histidine tag and DsbC from the C-terminus Although some success
was observed with a 5-fold higher concentration of ACTEV than recommended, no efficient
separation of the His-tagged AcTEV and DshC-His-TEV components from cleaved ACDCIx was
achieved (Figure 21). Due to the difficulties in producing high yields of pure, soluble, untagged
ACDCIx, further experiments focused on producing and testing correctly folded His-ACDCIx and
His-ACDCIxA15.

Properly refolding a linearized polypeptide into a functional protein with native disulfide
bonds and correct secondary structure has long been considered a laborious process requiring
significant optimization. In general, insoluble proteins are denatured to improve solubility, a

process which disrupts hydrogen-hydrogen bonds responsible for the secondary structure that
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has a significant role in imparting protein functionality. To reform these bonds, denatured protein
is commonly refolded by rapid dilution or sequential dialysis into a hon-denaturing buffer. For
proteins containing disulfide bonds, the refolding procedure becomes more complex with an
increasing number of disulfides or with uniquely-placed bonds, and requires an oxidative
environment for disulfide bond formation. The formation of disulfide bonds between the
appropriate cysteine residues in their native configuration is thought to be enhanced by the
presence of a redox pair (versus oxidizing only), where cysteine-cysteine bonds are constantly
formed and rebroken until the correct, and thus most stable, configuration is formed. Though a
redox environment was successful for refolding ACDCIx on column following extraction from plant
tissue, the addition of reduced glutathione to the refolding buffer following extraction from E. coli
inclusion bodies resulted in the dominating presence of an isoform which migrated at the same
rate as non-refolded, reduced ACDCIx following SDS-PAGE (Figure 22D). While the goal of these
studies was not to determine which isoform is correctly folded ACDCIY, it is hypothesized that
correctly folded protein is likely to be more compact than a misfolded isoform and would thus
migrate faster in non-reducing conditions. It is then assumed in these studies that the appearance
of an isoform that migrates faster in non-reducing conditions vs reducing conditions is more likely
to be correctly folded. However, it should be noted that chlorotoxin alone migrates slower in non-
reducing conditions (CITE), likely due to its abundance of positively charged residues resulting in
an isoelectric point (pl) of 8.5. The pl of ACDCIx is even greater than chlorotoxin alone (ACDCIx
pl = 8.78), though distinct bands migrating slower in non-reducing vs reducing conditions were
never observed. In the case of ACDCIx, migration of a correctly folded isoform may manifest as
migration at the same rate as fully reduced ACDCIx, where a balance is reached between a more
compact structure that might result in faster migration and the abundance of positively charged
residues that might result in slower migration. Further studies are required for confirmation of
isoform identity; for preliminary in vitro experiments, the mixture of isoforms was used.

In the context of protein refolding, arginine has long been considered an essential
additive to reduce the potential for protein aggregation during renaturation. The addition of 0.5M

L-arginine to the renaturing buffer was determined to be a requirement for refolding ACDCIx
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without significant aggregation and was also found to assist with concentrating protein following
the refolding dilution process (Figure 22C and E). Because some aggregation of ACDCIx was still
observed following refolding (visualized as a smear above the two distinct bands), the refolding
buffer may benefit from increasing the concentration of arginine, which has been observed to
increase the refolded fraction of other proteins [198]. In these experiments, especially in the case
of filter-based concentration, arginine appeared to act as a blocking agent, preventing ACDCIx
from non-specifically binding the filter membrane during centrifugation which had previously
resulted in protein loss and an inability to concentrate ACDCIx. Given the success of using
arginine as a refolding additive, it may be possible to use it as an additive during on-column
refolding and purification to reduce aggregation and accelerate production of functional ACDCIXx.

The number of disulfides present with the chlorotoxin domain of ACDCIx is seen as one
of the major challenges in producing properly folded ACDCIx. To address this issue, we designed
a similar fusion protein, ACDCIxA15, differing from full-length ACDCIx by the deletion of the last
22 amino acids of the chlorotoxin domain (amino acids 15-36 of chlorotoxin). This truncation was
modeled based on the observations of others that this truncated chlorotoxin may impart higher
affinity binding to GBM cells [177]. As an additional benefit, three disulfide bonds are removed,
leaving a total of three expected disulfides in ACDCIxA15 compared to six in full-length ACDCIx.
ACDCIxA15 was unexpectedly equally difficult to solubilize and refold (data not shown) but was
found to successfully bind to mouse GBM cells in preliminary studies (Figure 24). Previous
studies have observed that full-length chlorotoxin is capable of selectively binding GBM cells with
no observed affinity to healthy tissue [92]. The significant differences in peptide composition
between chlorotoxin and chlorotoxinA1l5 may change this selectivity, however, and studies must
now be completed to determine if the GBM selectivity of chlorotoxinA15 over healthy tissue is
retained.

These studies show that the current method of producing ACDCIx and its variants in E.
coli is complicated by their unique insolubility which requires sequential harsh solubilization

techniques, purification, refolding, and concentration — a process that likely results in a small
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fraction of functional protein (Figure 23). For any given recombinant protein therapeutic, the ideal
method of production would be a simplified purification of excreted, correctly folded, functional
protein. We have so far demonstrated that the unique structural features of ACDCIx result in
insoluble protein expression in both plants and E. coli. The production and purification of ACDCIx
would thus likely benefit from expression in a system capable of forming complicated disulfide
bond configurations and secreting the resultant protein into a medium where it can be easily

isolated and relatively free from the potential of proximity-induced aggregation.

88



Table 4: Oligonucleotides used for colony screening and cloning of E. coli constructs

Primer Description Sequence (5’-3')
oTM 976 BamHI-Cltx CATGGATCCTCAACGACACAGG
oTM 977 Ndel-aCD3_VH GCATCATATGGAAGTTCAGCTGG
oTM 978 BamHI-CltxA15 GTATGGATCCTCAACGTGCCATCT
0TM 115 T7 forward TAATACGACTCACTATAGGG
o0TM 228 T7 reverse GCTAGTTATTGCTCAGCGG
TEV site
8x-His tag | (Gly,Ser),Linker  Gly,Ser Linker
. DsbC anti-CD3 V,, anti-CD3 V, - DsbC-ACDCIx

E anti-CD3 V, l anti-CD3 V, - His-ACDClx
anti-CD3 V,, l anti-CD3 V, - ACDClx

ﬁ anti-CD3 V,, l anti-CD3 V, . His-ACDCIxA15

[ emicosv, [ emcosv, [l AcDCixals

Figure 16: Schematic of the five constructs used to express ACDCIx and variants of
ACDCIx in E. coli from a pET-11a vector. SP = E. coli native DsbC periplasm signal peptide.
TEV = TEV protease recognition site. Vu = variable heavy fragment from anti-CD3, clone 145-
2C11. V. = variable light fragment from anti-CD3, clone 145-2C11. Cltx = chlorotoxin. A =
chlorotoxin with residues 15-36 deleted.
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Figure 17: Codon optimization of the His-ACDCIx sequence. The His-ACDCIx was
originally codon-optimized for expression in plants. The sliding window values of codon usage
was calculated for E. coli based on the plant-optimized sequence (orange, “Non-optimized”)
and following optimization for expression in E. coli (blue, “E. coli Optimized”). The average
codon adaptation index (CAl) for the non-optimized sequence was 0.222, which was increased
to 0.746 for the optimized sequence.
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Figure 18: ACDCIx expression kinetics in E. coli following IPTG induction. (A) Coomassie
and (B) western blots of soluble and insoluble protein expression in E. coli transformed with a
pET-11a plasmid encoding DsbC-His-ACDCIx and induced with 1mM IPTG. (C) Periplasm
extraction following expression of periplasm-targeted DsbC-His-ACDCIx. C= culture
supernatant; SC = sucrose supernatant following osmotic shock; P = periplasmic fraction; IN =
insoluble fraction. Expression kinetics of untagged ACDCIx (D) and untagged ACDCIxA15 (E)
following induction with 0.3 mM IPTG. (F) Expression of His-ACDCIx in BL21 (DE3) Origami E.
coli. All times indicated are in hours. Molecular weight markers are in kilodaltons.
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Isolate inclusion bodies

Metal affinity purification

Denaturing purification

Discard Solubilize inclusion Solubilize non- Discard
insoluble bodies (IB) in Pellet ACDClIx proteins non-
components denaturing/S-Sf with denaturing ACDCIx

in pellet buffer SN buffer proteins

Purify ACDCIx
from other IB

Resuspend purified
pellet containing
ACDClx in
denaturing/S-Sf buffer

proteins with
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Refold by
dilution
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Buffer exchange

Figure 19: Schematic of the purification and refolding process. The unique insolubility of
ACDCIx allows for purification to be achieved with (left box) or without (right box) metal affinity
chromatography (MAC). Purification via MAC is accomplished by allowing His-tagged ACDCIx
to bind to nickel resin and washing away non-His-tagged E. coli proteins, then eluting His-
tagged ACDCIx from the resin by competition with imidazole. Elution is most efficient using a
denaturing buffer to prevent protein aggregation on the column. Purification without MAC is
accomplished by solubilizing E. coli proteins via addition of denaturant and removing them
from the supernatant (SN) following centrifugation. ACDCIx is primarily soluble only in
denaturant with reducing/S-sulfonating (S-Sf) buffer, thus it will be located in the pellet (P)
following centrifugation in a purified form, where it can then be solubilized. For both purification
processes, the resultant soluble ACDCIx is then refolded by dilution overnight, concentrated by
centrifugal molecular weight filters, and rapidly exchanged into a buffer of choice (i.e., PBS)
using a desalting column.
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Figure 20: Purification of ACDCIx is achieved using denaturing conditions, with or
without metal affinity chromatography. His-ACDCIx was purified in either non-denaturing
conditions (50 mM Tris pH 7, 150 mM NacCl) or denaturing conditions (50 mM Tris pH 7, 150
mM NaCl, 6 M guanidine-HCI) and fractions were collected one column volume at a time with
elution buffer (850 mM imidazole in the respective buffer). (A) UV280 spectrophotometer
measurements were taken for each elution fraction after blanking with the respective buffer.
The elution buffer measurement (0.131 for non-denaturing, 0.128 for denaturing) is marked as
a line at 0.13 on the graph to indicate the maximum contribution of elution buffer components
to the UV280 measurements. (B) Fractions representing the highest UV280 measurements
were resolved via SDS-PAGE in reducing conditions on a stain-free gel and imaged following
UV exposure. Gel fluorescence of the non-denaturing fractions were imaged following a 5
second exposure in order to visualize bands, whereas a 0.5 second exposure resulted in
overexposure for the denaturing fractions due to the high protein concentration relative to the
non-denaturing fractions. (C) ACDCIx, ACDCIxA15 were purified via denaturant-mediated
removal of contaminating proteins and compared to His-ACDCIx, which was purified via metal
affinity chromatography. Lanes 1/6: soluble (non-inclusion body) E. coli fraction; lanes 2/7:
inclusion bodies; lanes 3/8: protein solubilized during denaturant wash #1; lanes 4/9: protein
solubilized during denaturant wash #2; lanes 5/10: fraction representing denaturant-mediated
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purified protein, solubilized via denaturant + reduction/S-sulfonation; lane 11: denatured +
reduced/S-sulfonated inclusion bodies prior to loading onto metal affinity resin; lane 12:
unbound protein (flow-through); lane 13: wash #1 with denaturant; lane 14: eluted purified
fraction. The dashed line box to the right represents the three purified fractions from lanes 5,
10, and 14 grouped together for comparison. Molecular weights of ACDCIx, ACDCIxA15, and
His-ACDCIx are calculated to be 30.0 kDa, 27.7 kDa, and 32.0 kDa, respectively.
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Figure 21: Removal of the DsbC-His fragment from ACDCIx following TEV-mediated
scission is inefficient. (A) Total protein gel of reactions containing TEV only, DsbC-ACDCIx
only, and TEV + DsbhC-ACDCIx. The last lane shows the flow-through (FT) of the TEV + DsbC-
ACDCIx reaction following incubation with metal affinity resin. (B) Western blot of the gel
shown in (A), probed with anti-6xHis. A longer exposure of the TEV + DsbC reactions are
shown to indicate the presence of His-tagged protein in the FT. (C) Schematic and calculated
molecular weights of the various products that may be present on the gels in (A) and (B).



75= 75— 75—
—— ;
50— 50— 29
. = T
- .- — -
25— 25 =— 25 =} ——
20— 20— ‘
R NR R R
NR NR
D #9 #10 #11 #12 #13 #14 #15 #16 #17 E 1x 8x 1x 6X
37— v
37—
75— o -
25— 25—
50— PBS Refolding Buffer
37— PEG Amicon
——
_— . 1x 4x JOX
25— 37— i — E
. i Buffer -
25— - Exchange
§ into PBS i
R NR Refolding Buffer

Figure 22: Refolding optimization for ACDCIx. (A) Eluted His-ACDCIx following refolding on
column in reducing (R) and non-reducing (NR) conditions. (B) Refolding by dilution using buffers
#1-4 (Table 5) previously successful for similar proteins. (C) Arginine is required for refolding
while CHAPS is not essential. Buffer #5: #4 with no CHAPS; #6: #4 with no arginine; #7: #4 with
no CHAPS and no arginine; #8: #4 with 0.1 M arginine instead of 0.5 M. (D) Optimization of redox
conditions. Buffer #9: #5 pre-reduced with 50 mM DTT; #10: #5 (pre-reduced with 10 mM DTT);
#11: #5 pre-reduced with 5 mM DTT; #12: #5 pre-reduced with 2.5 mM DTT; #13: #5 pre-reduced
with 1 mM DTT; #14: #5 with 0.1 mM reduced glutathione added; #15: #5 with 0.9 mM reduced
glutathione added; #16: #5 with 1.8 mM reduced glutathione added; #17: #5 with 9 mM reduced
glutathione added. (E) Arginine is essential for protein concentration following refolding and
monomers are retained following arginine removal using a desalting column. The top left image
represents His-ACDCIx exchanged into PBS (1x) and then concentrated 8-fold in an Amicon
3.5kDa centrifugal device (8x). The top right image represents His-ACDCIx (1x) concentrated 6-
fold in an Amicon device without exchange into PBS (6x). The bottom image represents His-
ACDCIx in refolding buffer (1x) concentrated 4-fold by dialysis against 35k MW dry PEG (PEG
4x) or concentrated 10-fold in an Amicon device (Amicon 10x). The Amicon 10-fold concentrated
His-ACDCIx was then successfully exchanged into PBS using a PD-10 desalting column. All
images represent total protein resolved on stain-free gels. Protein refolded in buffers #1-8, 10, &
14-17 were pre-reduced with 10 mM DTT for 15 minutes at room temperature prior to dilution.
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Table 5: Buffers used for initial refolding optimization

Buffer

Refolding conditions

Modified from

#1

1:10 dilution into 0.5 M L-arginine, 1 mM EDTA, 2 mM oxidized
glutathione, pH 8.5, 0.1% CHAPS

Wang et al. [190]

oxidized glutathione, 2 MM EDTA, 0.1% CHAPS, pH 10.3

#2 1:20 dilution into 10 mM Tris pH 8.5, 0.1 M NaCl, 0.5 mM Kasai et al. [191]
oxidized glutathione, 0.1% CHAPS

#3 1:10 dilution into 0.4 M Tris pH 8, 1 mM EDTA, 2.5 mM reduced | Bae et al. [195]
glutathione, 0.25 mM oxidized glutathione, 0.1% CHAPS

#4 1:100 dilution into 100 mM Tris, 0.5 M L-arginine, 0.9 mM Choi et al. [172]

95




CD4+
90
70 mm Splenocytes Only
50 ]
Splenocytes + GBM
15%
+
o
8 10-
3
=
54
0 L] -I -I .I II II L] L]
AP S v L L TRt
LR R R R R A e
\/v \,? ™ \.«? V? vv t\'o W
& & & & &
& ¢ ¢ o &
N
O . S )
Treatment
B cD8+
an
gg I mm Splenocytes Only
15 Splenocytes + GBM
+
o
8 104
Q
&
54
NN TN N | I I | .
SR
& PP F e
\F \,?' vv \.«v‘ \,?' v? @’0 '3‘&
& ‘.§‘$‘ & &6‘ && &
o R4 6@’9 Q@’q’ & & &
N g e '&g
Treatment

Figure 23: His-ACDCIx produced in E. coli results in low-level T cell activation. Fresh
splenocytes were incubated with varying concentrations of His-ACDCIx, 1 pug/mL anti-CD3, or
media for 24 hours, with or without GBM cells. Splenocytes were stained with anti-CD4-APC,
anti-CD8-FITC, and anti-CD69-PerCP-Cy5.5 and analyzed via flow cytometry.
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Figure 24: ACDCIxA15 binds GBM cells in vitro. (A) Top left: Unstained GBM cells. Bottom
left: Untreated GBM cells stained with anti-6xHis-PE. Top middle: Mock-TT-treated GBM cells.
Bottom middle: ACDCIxA15-TT-treated GBM cells. Top right: Mock-NT-treated GBM cells.
Bottom right: ACDCIxA15-NT-treated GBM cells. The line in each plot shows the cutoff for anti-
6xHis-negative (left) and -positive cells (right) used for analysis in (C). (B) A histogram depicting
the anti-6xHis-PE signal from dot plots shown in (A). (C) Percent anti-6xHis-positive cells for
each treatment group. The vertical lines in the dot plots shown in (A) represent the cutoff for anti-
6xHis negative/positive cells. TT = Triton X-114 treated during protein purification to reduce
endotoxin levels. NT = No Triton X-114 treatment during purification.
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CHAPTER 5

SUMMARY AND OUTLOOK

Treatment of GBM relative to other peripheral tumors is significantly hindered due to the
gatekeeping of the BBB. Exploiting pathogenic strategies of gaining entry to the brain
parenchyma to enhance drug concentration where invasive malignant cells lie is an intriguing
alternative. The studies described in chapters 2-4 underscore specific difficulties in developing
pathogen-inspired strategies for targeting GBM. We sought to explore the potential of two
naturally-derived peptides to enhance treatment of GBM. The first peptide is derived from one of
the most widely recognized neurotropic pathogens, the rabies virus. Entry into the CNS is
mediated by a 29-amino acid peptide within the rabies virus glycoprotein, which was used in
chapter 2 for the purpose of enhancing the concentration of chemotherapeutic-loaded
nanoparticles in the brain. The second peptide, chlorotoxin, is a component of deathstalker
scorpion venom that is often exploited by researchers for its capacity to selectively bind tumor
cells. We investigated the potential of producing a chlorotoxin fusion protein for enhancing T cell

recognition of brain tumors in chapters 3-4.

5.1. Summary of Chapter 2

Using a polymeric nanoparticle PLGA-based platform, we investigated the potential of
RVG-29 to enhance delivery of dye or drug-loaded nanopatrticles to the brain parenchyma in mice
and to improve GBM-related outcomes. We were first interested to measure the distribution of
payload delivered by RVG-29-modified particles in comparison to control biotin-modified particles
to peripheral organs. However, we were especially interested in measuring delivery to major brain
regions, given that brain entry via RVG-29 is thought to occur via motor neurons. We found that
the lipophilic dye DiR was distributed to peripheral organs in similar quantities for both targeted
and non-targeted formulations. Within the brain, we observed that the concentration of DiR or
other small, hydrophobic payloads was increased in the brain when delivered by RVG-29-

modified particles compared to control particles. Targeted delivery of DiR after 2 hours was
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especially apparent in the cortex, and to a lesser extent, the cerebellum, midbrain, and striatum
(36.8%, 23.6%, 22.4%, and 21.4% greater delivery via RVG-29 particles to these regions,
respectively). We speculate that delivery to these regions is mediated by the higher proportion of
GABAgR in these regions compared to others, which has been implicated as a receptor for RVG-
29 by other researchers.

In contrast to targeting observed 2 hours after injection, targeting was not observed 6
hours post-injection. We hypothesized that peptide instability may be responsible for this affect.
Data revealed that exposure of RVG-29 modified particles to an aqueous environment at 37°C for
4 hours pre-injection to emulate the environment encountered post-injection resulted in loss of
targeting affect. This indicated that natural peptide instability, likely hydrolysis, was the primary
cause of equivalent encapsulant found in the brain 2 hours post-injection in this experiment.
Interestingly, we also uncovered the innate ability of DiR to accumulate in brain tissue over time
compared to the hydrophobic dye Nile red. We argue that this observation is significant in the
field of drug delivery, where experiments intended to measure the anticipated delivery of
nanoparticles loaded with chemotherapeutics by substituting in a spectroscopically-measurable
dye surrogate may be misleading due to confounding factors inherent in the chemical properties
of the two payloads. In many studies for example, dye payloads are substituted for drug payloads
strictly based on hydrophobicity or charge similarity between the two. However, our studies
indicate that two dyes used as a hydrophobic surrogate display opposite kinetics within the brain,
with a more lipophilic dye (DiR) being accumulated while the non-lipophilic dye (Nile red) was not.

These studies also provide evidence that supports the need for covalent attachment of
payload to the slow release polymer to accurately measure nanoparticle uptake into tissue. In our
experiments investigating brain uptake of nanoparticles encapsulated with dye (without covalent
attachment), the differences in uptake observed between the two payloads indicated that payload
was being transferred from nanoparticle to tissue versus actual nanoparticle uptake into tissue.
l.e., if nanoparticles were entering tissue via RVG29-mediated uptake, similar accumulation
should have been observed regardless of payload. To further support this, we observed that

kinetics of brain uptake following injection of free dye (DiR) was similar to the kinetics of brain
99



uptake observed following injection of DiR-encapsulated control particles. This indicated that
kinetics in ours and other studies may be more so mediated by the chemical nature of the dye
itself rather than actual uptake by particles into tissue. Nanoparticle-mediated drug delivery
studies often use spectroscopic measurements of dye in tissue to claim that dye-encapsulated
nanoparticles have entered tissue, however, we argue that payload transfer from particles to
tissue may be a confounding factor for data reported using these methods.

Comparing treatment of orthotopic GBM with camptothecin-loaded nanoparticles, we
found no significant differences in survival or tumor growth in mice treated with targeted vs
untargeted formulations. This was likely due to the loss of targeting affect observed 2-hours post-
injection in biodistribution studies combined with the need for constant exposure of
chemotherapeutics to malignant cells for a significant affect to be seen. Altogether, these data
indicate that the stability of the targeting moiety used and the surrogate payload chosen for
measuring nanoparticle distribution are essential factors to consider when designing a new

treatment platform in the field of particle-based drug delivery.

5.2. Summary of Chapter 3

Given the recent success of immunotherapies for improving outcomes for many cancer
patients but the relative lack of success for GBM patients, we sought to design an immunotherapy
capable of having a widespread effect on the tumor as a whole, rather than on a subset of
targetable cells. To this end, we designed the fusion protein ACDCIx, short for anti-
CD3/chlorotoxin. This molecule was modeled based on a bispecific protein fusion of opposing
antibody variable fragments designed to simultaneously engage a T cell via a constant protein in
the TCR complex, CD3, and a tumor cell via a surface-expressed tumor-specific or tumor-
associated antigen. In the case of ACDCIx, the tumor-specific antibody variable fragments are
replaced with a 36-amino acid peptide, chlorotoxin. Chlorotoxin is naturally found in the venom of
the dealthstalker scorpion; though it is a potent component of venom, its natural purpose is to
paralyze insect prey and has since been shown to have no harmful effects to humans or other

vertebrate animals. In the lab, chlorotoxin has been shown to selectively bind GBM and other
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malignant cells of neuroectodermal origin relative to healthy tissue, thus it serves as an ideal
targeting moiety for drug delivery or GBM targeting of imaging molecules. In a select number of
studies, chlorotoxin has also been observed to penetrate the BBB when conjugated to therapeutic
and imaging agents of various molecular weights. This has been observed in one in vivo model
and several in vitro models, thus it may be possible for chlorotoxin to enhance entry of ACDCIx
into healthy brain tissue to target invasive cells in addition to the bulk tumor where a large
proportion would be accessible via the EPR effect.

Chapter 3 focuses heavily on the attempt to produce ACDCIx as a soluble protein in N.
benthamiana. Protein production in plants is gaining popularity in response to the development of
optimized viral vectors for enhancing yield, and was chosen for initial production of ACDCIx due
to the capacity for forming disulfide bonds, 6 of which are present in ACDCIx, and for the
economic viability of large scale protein production in comparison to other platforms capable of
disulfide formation (reviewed in Chapter 1) which often require expensive media additives.
Contrary to expectation, ACDCIx containing a C-terminal histidine tag (ACDCIx-His) produced in
N. benthamiana was completely insoluble and required harsh conditions — denaturant and
reducing agent - for solubilization. Even though this construct was completely insoluble, we
demonstrated that following solubilization, purification, and oxidative refolding, ACDCIx was
capable of selectively activating T cells when GBM cells were also present.

To address the insolubility and relatively low yield of ACDCIx, we then designed three
new constructs, His-ACDCIx, N-glycosylated His- ACDCIx (Ngly-His-ACDCIx), and CTB-ACDCIx,
and expressed them in N. benthamiana. We found that all three constructs expressed at higher
levels compared to the original ACDCIx-His construct, and that the Ngly-His-ACDCIx expressed
at significantly higher levels than all constructs, though purification was hindered by the plant
protein, RuBisCo. Unfortunately, none of the constructs were able to produce soluble protein.
Though we initially attributed the insolubility of ACDCIx to the compactly-folded chlorotoxin
domain, which contains 4/6 disulfide bonds, we observed that expression of the anti-CD3 domain

alone was also largely insoluble. Due to the inherent insolubility of ACDCIx in a system expected
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to produce soluble protein, we opted to shift expression to a host expected to produce larger

guantities of ACDCIx in an insoluble form, discussed below.

5.3. Summary of Chapter 4

E. coli has long been co-opted as a host for expression of heterologous proteins and is
often the expression host of choice due to its economic viability, ease of manipulation, and rapid
growth characteristics. We thus chose E. coli BL21(DE3) to express His-ACDCIx with the
hypothesis that although insolubility was expected, an increase in yield at a faster rate compared
to expression in plants was also anticipated. Consistent with this hypothesis, more ACDCIx was
expressed as an insoluble protein in 4 hours compared to the yield obtained from N. benthamiana
in 4 days. However, because of the difference in protein yield, it also become more difficult to
purify and refold ACDCIx produced from E. coli, a process that was optimized to span 4-5 days
before a final product was obtained. Studies during this optimization process concluded that
denaturing purification via metal affinity chromatography was required to obtain high
concentration elutions of ACDCIx, and that the addition of 0.5 M L-arginine to the refolding buffer
was essential to the successful production of refolded protein. Though testing for functionality
revealed that T cell activation was measurable following treatment with His-ACDCIx in the
presence of GBM cells, the extent of activation was much lower, likely due the excessive
processing the protein has to undergo before testing.

Based on previous studies of soluble production of short peptides containing numerous
disulfide bonds in E. coli, we also attempted to produce ACDCIx as a periplasm-targeted C-
terminal fusion to the E. coli protein, DsbC, which enabled production of properly folded peptides
by others when targeted to the oxidative environment of the periplasm [194]. Contrary to
expectation, DsbC-His-ACDCIx was neither insoluble nor found to be located within the periplasm
following expression in E. coli. Attempts to remove DsbC-His from ACDCIx via TEV protease-
mediated scission, while partially successful in the scission process, was not successful in

separating the three components (TEV, DsbC-His, and ACDCIXx) following scission. Thus,
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During these studies we also designed ACDCIxA15, a truncated form of ACDCIx that
resulted in the deletion of the last 22 amino acids of chlorotoxin and exposed an internal C-
terminal arginine, which has been hypothesized by others to improve the affinity for GBM cells
compared to full-length chlorotoxin. We hypothesized that this 22 amino acid deletion would also
facilitate the production of the fusion protein as a result of 3 disulfide bonds being removed.
Although production of ACDCIxA15 was equally difficult as full-length ACDCIX, binding of
ACDCIxA15 to GBM cells was measured via flow cytometry, indicating that ACDCIxA15 may be a
viable option for use as an immunotherapy moving forward, However, more testing is necessary
to determine if truncated chlorotoxin retains the same excellent selectivity for GBM cells as full-
length chlorotoxin.

Lastly, we were able to show that due to the inherent insolubility of ACDCIx and
ACDCIxA15, it is possible to purify these protein fusions without the need for a histidine tag. This
was accomplished by removing contaminating host proteins from the insoluble fraction by the
addition of denaturant, which leaves most ACDCIx and ACDCIxA15 insoluble, but solubilizes the
majority of contaminating proteins, which can be subsequently removed following centrifugation.
The remaining insoluble fraction, composed primarily of ACDCIXx, can then be solubilized with
denaturant plus reducing agent and processed as necessary. Though successful, a fraction of
ACDCIx can be inconsistently soluble in denaturant alone, which results in a lower overall yield.
We conclude that this method of purification would be a viable method if the production of

untagged protein is necessary for downstream use.

5.4. Outlook and future directions

Though small and often easy to produce, the use of peptides in the context of therapeutic
development present unique challenges. For RVG-29, stability in an aqueous environment was
an issue that is likely not observed for the full length RVG protein given its natural capacity to
maintain neurotropism following display on a viral particle, excretion in saliva, and transfer to the

brain of an unwilling host via skin puncture. For chlorotoxin, the unique arrangement of four
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disulfide bonds within a 36-amino acid sequence presents a significant obstacle to the
recombinant expression and proper assembly of the knotted structure in the context of a fusion
protein such as ACDCIx. Advances in peptide stabilization and disulfide formation are thus
necessary for the success of the two therapeutics described in this dissertation. For RVG-29,
substitution of amino acids especially sensitive to hydrolysis or deamidation, such as serine or
Asn-Gly pairs, with more stable amino acids may be useful in promoting peptide stability. For
chlorotoxin, native disulfide formation has been successful in mammalian expression systems as
a secreted fusion with siderocalin [199], which may also be effective for production and
purification of ACDCIx. Synthetic production of chlorotoxin with correctly-arranged disulfides is
also possible and opens opportunities for covalently linking anti-CD3 Fv to chlorotoxin following
separate expression or synthesis.

In the absence of a new expression system for producing soluble, properly folded
ACDCIx, continued optimization of refolding and downstream characterization of the resultant
isoforms for ACDCIx is necessary. The production of multiple isoforms without individual
biochemical characterization of structure or function presents potential issues in calculating
effective dose. One might imagine a scenario of two isoforms present in equal quantities: one of
which is fully functional and thus capable of binding both intended cell targets, and one which
only binds a single cell target. In this case, the effective concentration of protein is reduced by
half, given that the intended effect of ACDCIx is to engage two cell types simultaneously. The
second isoform, binding only one cell type, may also serve to further inhibit the effectiveness of
the fully functional isoform by serving as a blocking agent for available binding sites of functional
protein. Determination of which isoform is most likely to be correctly folded might first be
investigated by reverse-phase HPLC, which has been used for chlorotoxin [190] and other
proteins under the assumption that correctly folded water soluble proteins have fewer exposed
hydrophobic residues and would thus have lower retention times Following analysis, refolding
optimization towards a single isoform can be more confidently performed.

Functional ACDCIx produced in high yield should then be analyzed for functionality in

various in vitro and in vivo assays for to obtain pre-clinical data. More specific assays of T cell
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activation are warranted, such as measuring inflammatory cytokine production and proliferation in
T cells and measuring GBM cell death following incubation of T cells, ACDCIx, and GBM cells.
Inflammatory cytokine production in treated T cells would indicate that these cells are not only
activated, but capable of potentiating an anti-tumor response by secreting cytokines to alert
nearby cells of a problem. Similarly, T cell proliferation in this context would indicate that the T
cells are reacting in such a way that an overwhelming response can be produced. Most
importantly, T cell-mediated killing of GBM cells when co-incubated with ACDCIx would be an
excellent indicator of the fusion protein’s promise for treatment of GBM in vivo.

ACDCIx as described in chapters 3 and 4 is designed to bind CD3 present on mouse T
cells. Thus, the first iteration of ACDCIx was originally intended to be tested in an
immunocompetent mouse model of GBM in order to appropriately study the immune cell
dynamics that might occur in a host harboring an orthotopic GBM tumor. Measuring the
characteristics of overall short and long term immune response following treatment various doses
and dosing regiments of ACDCIx will be important for determining whether ACDCIx has the
capacity to induce a pro-tumor response with a low number of doses, indicating that ACDCIx
capable of reversing immunosuppression with the tumor microenvironment, or requires constant,
long term exposure to maintain tumor reduction over time. It will also be important to test various
methods of delivering ACDCIXx, such as intravenous, intratumoral, and intrathecal injection, to
determine which method produces the greatest benefit for tumor reduction and overall survival.
Lastly, given the strong role of immune checkpoint proteins to prevent immune-mediated tumor
destruction, it will be critical to test ACDCIx as a co-therapy with immune checkpoint blockade if
strong survival trends are not observed with ACDCIx alone.

In the new era of emerging nanotechnologies and immunotherapies, the reduction of
mortality in cancer patients has finally begun to progress faster than ever before and is expected
to continue as new therapies are developed and become more affordable and more widely
available. At the same time, technologies for early detection of various malignancies are being
developed that will no doubt enable better prognosis if treatment is also started early. For GBM,

even more obstacles need to be overcome before mortality rates decrease to the level of most
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peripheral tumors. Methods for studying glioma stem cells that promote tumor cell repopulation
are in development and are desperately needed to evaluate methods for their destruction
[200,201]. Methods for tracking therapeutics to enable better methods for improving delivery to
tumor cells are also needed and underway [202]. Overall, the successful treatment of GBM will
likely be a unique combination of therapies capable of enabling tumor cell destruction and
maintaining immune memory for destruction of new malignant cells. To combat GBM, an ongoing
anti-tumor front will be absolutely necessary for preventing the tumor recurrence and is likely to
partially take the form of a living, replicating system, such as the immune system or tightly

regulated virotherapies.
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Supplementary Figure 1: Improved targeting of payload to the brain after two hours using
RVG29-modified PLGA nanoparticles is consistent across different fluorescent encapsulated
molecules. RV-MAT is a control peptide derived from the matrix protein of rabies virus, which

has no known role in rabies virus neurotropism (sequence: N term-
MNLLRKIVKNRRDEDTQKSSPASAPLDDG-C2-Biotin). These data demonstrate consistency
of apparent targeting in experimental repeats, and also across both a biotin and an RV-MAT
control. Each set of data represents an independent experiment, with n=3-5 mice per treatment
group and delivered dose of 4-6mg PLGA per mouse. Ratios are normalized to RV-MAT or
biotin control, as labeled for each data set. NR = Nile red. C6 = Coumarin 6
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Supplementary Figure 2: The hydrodynamic radius of RVG-PLGA-DIR does not change over
a period of six hours for nanoparticles maintained in aqueous conditions at 37°C.
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1. ACDCIx-His

(Barly alpha amylase signal peptide-anti-CD3 Vy-Linkers-anti-CD3 V. -Linker-Chlorotoxin-

PreScission Protease Recognition Site-His taq)

MANKHLSLSLFLVLLGLSASLASGMEVOLVESGGGLVOPGKSLKLSCEASGFTESGYGMHWYVR

QAPGRGLESVAYITSSSINIKYADAVKGRFTVSRDNAKNLLFLOMNILKSEDTAMYYCARFDWDK

NYWGOGTMVTVSSGGGGSGGGGSGGGGSOMTOSPSSLPASLGDRVTINCOASODISNYLNW

YOQOKPGKAPKLLIYYTNKLADGVPSRFSGSGSGRDSSFTISSLESEDIGSYYCOQYYNYPWTFEG

PGTKLEIKRGGGGSMCMPCFTTDHOMARKCDDCCGGKGRGKCYGPQCLCRLEVLFQGPHHH

HHH

2. ACDCIx_K270R-His

(Barly alpha amylase signal peptide-anti-CD3 Vu-Linkers-anti-CD3 V. -Linker-Chlorotoxin-

PreScission Protease Recognition Site-His taq)

MANKHLSLSLFLVLLGLSASLASGMEVOLVESGGGLVOPGKSLKLSCEASGFTESGYGMHWYVR

QAPGRGLESVAYITSSSINIKYADAVKGRFTVSRDNAKNLLFLOMNILKSEDTAMYYCARFDWDK

NYWGOQGTMVTVSSGGGGSGGGGSGGGGSQOMTOSPSSLPASLGDRVTINCOASQDISNYLNW

YOOKPGKAPKLLIYYTNKLADGVPSRESGSGSGRDSSFTISSLESEDIGSYYCOQYYNYPWTEG

PGTKLEIKRGGGGSMCMPCFTTDHOMARKCDDCCGGKGRGRCYGPQCLCRLEVLFQGPHHH

HHH
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3. His-ACDCIx
(Barly alpha amylase signal peptide-His tag-TEV protease recognition site-anti-CD3 Vu-Linkers-
anti-CD3 V.-Linker-Chlorotoxin)

MANKHLSLSLFLVLLGLSASLASGHHHHHHHHENLYFQGEVOLVESGGGLVOPGKSLKLSCEAS

GFTESGYGMHWVROAPGRGLESVAYITSSSINIKYADAVKGRETVSRDNAKNLLFLOMNILKSED

TAMYYCARFDWDKNYWGQGTMVTVSSGGGGSGGGGSGGGGSOMTOQSPSSLPASLGDRVTI

NCOASOQDISNYLNWYQOKPGKAPKLLIYYTNKLADGVPSRFEFSGSGSGRDSSFTISSLESEDIGSY

YCOOYYNYPWTFGPGTKLEIKRGGGGSMCMPCFTTDHOMARKCDDCCGGKGRGKCYGPQCL

CR

4. Ngly-His-ACDCIx

(Barly alpha amylase signal peptide-Nglycosylation site-His tag-TEV protease recognition site-

anti-CD3 Vh-Linkers-anti-CD3 V| -Linker-Chlorotoxin)

MANKHLSLSLFLVLLGLSASLASGNITHHHHHHHHENLYFQGEVOLVESGGGLVOPGKSLKLSC

EASGFTESGYGMHWVROAPGRGLESVAYITSSSINIKYADAVKGRFTVSRDNAKNLLFLOMNILK

SEDTAMYYCARFDWDKNYWGQGTMVTVSSGGGGSGGGGSGGGGSOMTOQSPSSLPASLGDR

VTINCOASODISNYLNWYQOKPGKAPKLLIYYTNKLADGVPSRFESGSGSGRDSSFTISSLESEDI

GSYYCOQYYNYPWTFGPGTKLEIKRGGGGSMCMPCFTTDHOMARKCDDCCGGKGRGKCYGP

QCLCR
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5. CTB-ACDCIx

(Barly alpha amylase signal peptide-Cholera toxin subunit B-Linker- TEV protease recognition

site-anti-CD3 Vu-Linkers-anti-CD3 V. -Linker-Chlorotoxin)

MANKHLSLSLFLVLLGLSASLASGTPQNITDLCAEYHNTQIHTLNDKIFSYTESLAGKREMAIITFK

NGATFQVEVPGSQHIDSQKKAIERMKDTLRIAYLTEAKVEKLCVWNNKTPHAIAAISMANGGGGS

ENLYFQGEVOLVESGGGLVOPGKSLKLSCEASGFTFSGYGMHWYVROAPGRGLESVAYITSSSI

NIKYADAVKGRFTVSRDNAKNLLFLOMNILKSEDTAMYYCARFDWDKNYWGQGTMVTVSSGGG

GSGGGGSGGGGSOMTOSPSSLPASLGDRVTINCOASODISNYLNWYQOKPGKAPKLLIYYTNK

LADGVPSRFSGSGSGRDSSFTISSLESEDIGSYYCQQOYYNYPWTFGPGTKLEIKRGGGGSMCM

PCETTDHOMARKCDDCCGGKGRGKCYGPOCLCR

6. Anti-CD3 scFv

(Barly alpha amylase signal peptide-Nglycosylation site-His tag-TEV protease recognition site-

anti-CD3 Vu-Linkers-anti-CD3 V. -Linker)

MANKHLSLSLFLVLLGLSASLASGNITHHHHHHHHENLYFQGEVOLVESGGGLVOPGKSLKLSC

EASGFTESGYGMHWVROAPGRGLESVAYITSSSINIKYADAVKGRFTVSRDNAKNLLFLOMNILK

SEDTAMYYCARFDWDKNYWGOQGTMVTVSSGGGGSGGGGSGGGGSOMTQSPSSLPASLGDR

VTINCOASOQDISNYLNWYQOKPGKAPKLLIYYTNKLADGVPSRFESGSGSGRDSSFTISSLESEDI

GSYYCOQYYNYPWTFGPGTKLEIKRGGGGS
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1. DsbC-ACDCIx

(DsbC signal peptide-DsbC (Disulfide bond isomerase C)-His tag- TEV protease recognition site-

anti-CD3 Vu-Linkers-anti-CD3 V. -Linker-Chlorotoxin)

MKKGEMLFTLLAAFESGFAQADDAAIQQTLAKMGIKSSDIQPAPVAGMKTVLTNSGVLYITDDGKHI

IQGPMYDVSGTAPVNVTNKMLLKQLNALEKEMIVYKAPQEKHVITVFTDITCGYCHKLHEQMADY
NALGITVRYLAFPRQGLDSDAEKEMKAIWCAKDKNKAFDDVMAGKSVAPASCDVDIADHYALGV
QLGVSGTPAVVLSNGTLVPGYQPPKEMKEFLDEHQKMTSGKHHHHHHHHENLYFQGEVOLVE

SGGGLVOPGKSLKLSCEASGFTFSGYGMHWVROQAPGRGLESVAYITSSSINIKYADAVKGRFTV

SRDNAKNLLFLOMNILKSEDTAMYYCARFDWDKNYWGQGTMVTVSSGGGGSGGGGSGGGGS

OMTOQSPSSLPASLGDRVTINCQASQDISNYLNWYQOKPGKAPKLLIYYTNKLADGVPSRFSGSG

SGRDSSFTISSLESEDIGSYYCOQQYYNYPWTFGPGTKLEIKRGGGGSMCMPCETTDHOMARKC

DDCCGGKGRGKCYGPQCLCR

2. His-ACDCIx
(His tag-TEV protease recognition site-anti-CD3 Vu-Linkers-anti-CD3 V, -Linker-Chlorotoxin)

MHHHHHHHHENLYFQGEVOLVESGGGLVOPGKSLKLSCEASGFTFSGYGMHWVRQAPGRGL

ESVAYITSSSINIKYADAVKGRFTVSRDNAKNLLFLOMNILKSEDTAMYYCARFDWDKNYWGQGT

MVTVSSGGGGSGGGGSGGGGSQOMTOSPSSLPASLGDRVTINCOASODISNYLNWYQOKPGK

APKLLIYYTNKLADGVPSRESGSGSGRDSSFTISSLESEDIGSYYCOQQYYNYPWTFGPGTKLEIK

RGGGGSMCMPCFTTDHOMARKCDDCCGGKGRGKCYGPQCLCR

3. ACDCIx
(anti-CD3 Vy-Linkers-anti-CD3 V., -Linker-Chlorotoxin)

MEVOLVESGGGLVOPGKSLKLSCEASGFTESGYGMHWVROQAPGRGLESVAYITSSSINIKYADA

VKGRFTVSRDNAKNLLFLOMNILKSEDTAMYYCARFDWDKNYWGQGTMVTVSSGGGGSGGG

GSGGGGSQOMTOSPSSLPASLGDRVTINCOASODISNYLNWYQOKPGKAPKLLIYYTNKLADGVP

SRESGSGSGRDSSFTISSLESEDIGSYYCOQQYYNYPWTFGPGTKLEIKRGGGGSMCMPCFETTD

HOMARKCDDCCGGKGRGKCYGPQCLCR
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4. His-ACDCIxA15
(His tag-TEV protease recognition site-anti-CD3 Vu-Linkers-anti-CD3 V. -Linker-ChlorotoxinA15)

MHHHHHHHHENLYFQGEVOLVESGGGLVOPGKSLKLSCEASGFTESGYGMHWVROAPGRGL

ESVAYITSSSINIKYADAVKGRFTVSRDNAKNLLFLOMNILKSEDTAMYYCARFDWDKNYWGQGT

MVTVSSGGGGSGGGGSGGGGSQMTQOSPSSLPASLGDRVTINCOASODISNYLNWYQOQKPGK

APKLLIYYTNKLADGVPSRFSGSGSGRDSSFTISSLESEDIGSYYCOQYYNYPWTFGPGTKLEIK

RGGGGSMCMPCFTTDHOMAR

5. ACDCIxA15
(anti-CD3 Vk-Linkers-anti-CD3 V. -Linker-ChlorotoxinA15)

MEVOLVESGGGLVOPGKSLKLSCEASGFTESGYGMHWVROAPGRGLESVAYITSSSINIKYADA

VKGRFTVSRDNAKNLLFLOMNILKSEDTAMYYCARFDWDKNYWGQGTMVTVSSGGGGSGGG

GSGGGGSOMTOSPSSLPASLGDRVTINCOASODISNYLNWYQOKPGKAPKLLIYYTNKLADGVP

SRESGSGSGRDSSFTISSLESEDIGSYYCQOQYYNYPWTFGPGTKLEIKRGGGGSMCMPCFETTD

HOMAR
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APPENDIX D

CO-AUTHOR APPROVAL OF PUBLICATION USAGE
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All co-authors of previously published works have given their permission for the

reproduction of this material in this document.
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