UCLA

UCLA Electronic Theses and Dissertations

Title
STAT3 as a Therapeutic Target for the Treatment of Glioblastoma Multiforme

Permalink
https://escholarship.org/uc/item/4pc90676

Author
Assi, Hikmat Haizar

Publication Date
2014

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4pc90676
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

STAT3 as a Therapeutic Target for the

Treatment of Glioblastoma Multiforme

A dissertation submitted in partial satisfaction of the

requirements for the degree Doctor of Philosophy

in Molecular and Medical Pharmacology

by

Hikmat Haizar Assi

2014



© Copyright by
Hikmat Haizar Assi

2014



ABSTRACT OF THE DISSERTATION

STAT3 as a Therapeutic Target

for the Treatment of Glioblastoma Multiforme

by

Hikmat Haizar Assi
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2014

Professor Maria G. Castro, Chair

The STAT3 transcription factor is a central mediator of tumor growth and immune
suppression. As a transcription factor, STAT3 promotes the expression of genes that allow tumor
cells to proliferate, migrate and evade apoptosis. Activation of STAT3 in tumor infiltrating
immune cells has also been demonstrated to be responsible for their immune-suppressive
phenotype. As such, STAT3 is an attractive target for cancer therapy. In these set of studies, we
evaluated the inhibition of STAT3 as a means of inducing tumor regression in mouse models of
brain cancer. Inhibition of STAT3 was achieved using shRNA-mediated knockdown or small
molecules (CPA-7, WP1066, or ML116) and was associated with an induction of growth arrest in

glioma cells with a concomitant induction of apoptosis. Moreover, the targeting specificity of the



small molecules appeared to be highly dependent on the cell line and drug concentration utilized
in the assay. In addition to the in vitro studies, we evaluated the therapeutic efficacy of these
compounds using peripheral and intracranial mouse glioma and melanoma models. Of these
compounds CPA-7 appeared to be the most effective at inducing the regression of peripheral
tumors. Furthermore, therapeutic efficacy of CPA-7 was not evident in intracranial tumors, as our

data indicated limited diffusion into the CNS as a consequence of the blood-brain barrier.

In addition, we evaluated whether DC-based immunotherapies would benefit from STAT3
suppression. Using a conditional hematopoietic knockout mouse model, we assessed the impact of
STAT3 deletion on the differentiation and function of dendritic cells from bone marrow
precursors. Our results indicated the following pleiotropic functions of STAT3: hematopoietic
cells that lacked STAT3 were unresponsive to FIt3L and failed to differentiate as DCs. In contrast,
STAT3 was not required for GM-CSF induced DC differentiation. However, STAT3 null GM-
CSF derived DCs did express higher levels of MHC-II, IL-12p70, IL-10, and TNFa upon TLR
stimulation. STAT3 deficient DCs were also better at presenting antigen to naive T cells. While
STAT3 deficient DCs displayed an enhanced activation phenotype in culture, they elicited an
equivalent therapeutic response in vivo compared to their wild type counterparts when utilized as

vaccines for mice bearing intracranial gliomas.
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Introduction

1. Introduction

1.1. Epidemiology of glioblastoma.

Glioblastoma multiforme (GBM) is the most commonly diagnosed and most aggressive
primary brain tumor in adults. The Central Brain Tumor Registry of the United States (CBTRUS)
publishes a comprehensive statistical report on the epidemiology of primary brain and central
nervous system (CNS) tumors for physicians and scientist alike to review. This report provides a
detailed overview of the incidence rates and annual trends of brain neoplasms. Every year in the
United States roughly 100,000 patients are diagnosed with a malignant primary brain tumor or
CNS glioma [1]. The most commonly diagnosed tumor is the Grade IV glioblastoma multiforme
(GBM), which represents 54% of all primary CNS malignancies. In addition to being the most
common, Grade IV GBMs are considered to be the most aggressive and lethal form of brain tumor.
The World Health Organization (WHO) uses criteria similar to the St. Anne-Mayo grading system
to stratify tumors based on increasing malignancy based on histological features (Grade I to IV).
To be considered a bona fide grade IV GBM, biopsies must meet three of the four histopathological
criteria set by the WHO. These include distinct areas of nuclear atypia, mitosis, vascular

proliferation, and pseudopalisading necrosis [2].

The treatment of malignant gliomas is often difficult due to several complicating factors. For
example, tumors can grow in sensitive areas such as the cerebellum or brain stem, which make
surgical resection difficult if not virtually impossible. Glioma cells themselves are also very
resistant to conventional therapies and the brain has a limited capacity of self-repair [3, 4]. In
addition, the blood-brain barrier restricts the diffusion of potentially therapeutic drugs into the

CNS [5, 6]. Therefore, the long-term survival of patients diagnosed with brain tumors has

1
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improved little in the last 30 years. The treatment and management of patients diagnosed with
brain neoplasms consists of bulk resection when permissible, in combination with focal
radiotherapy and adjuvant chemotherapy. Given the invasive nature of glioma cells and the
delicate anatomical structure of the brain, complete resection is rarely achieved often resulting in
recurrence [7]. Despite the introduction of the alkylating agent temozolomide and advances in
image-guided robotic surgery, the median survival of patients with grade IV GBM remains a
dismal 15 months [1]. For patients diagnosed with a recurrent GBM, median survival is less than

6 months.

Novel approaches are greatly needed for this devastating form of brain cancer. In light of this,
our laboratory’s research focus is to develop novel therapeutic strategies to better treat malignant
brain tumors and improve patients’ survival. We also strive to implement these novel strategies in
Phase I clinical trials for GBM patients. To this end, our clinical trial using adenovirus expressing
the conditionally cytotoxic thymidine kinase gene alongside the dendritic cell growth factor FIt3L
(Fms-like tyrosine kinase 3 Ligand) has been approved by the Food and Drug administration
(FDA) for phase I clinical trials (IND Number BB 14574; approved by the FDA on 4-7-2011) [8-

11].

1.2. Activation and regulation of STAT3 signaling.

Molecular and genetic studies have identified Signal transducer and activator of transcription
3 (STAT?3) as a central mediator of malignant transformation and tumor progression [12-14]. This
molecule belongs to the STAT family of proteins whose chief function is to relay signals from a

specific set of receptor tyrosine kinases and cytoplasmic non-receptor tyrosine kinases to the
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nucleus where gene transcription can take place [15, 16]. The set of genes transcriptionally
regulated by STAT3 are necessary for controlling multiple cellular functions such as growth,
apoptosis, inflammation, and differentiation [13, 17-19]. Constitutive activation of STAT3 was
first detected in studies examining the oncogenic nature of v-Src, indicating a potential role of
STATS3 in transformation [20]. Studies with oncogenic factors such as Epstein Barr Virus (EBV)
or v-Abl have conclusively demonstrated the requirement of STAT3 in malignant transformation

[21, 22].

Activation of STAT3 occurs by phosphorylation of tyrosine residues and is primarily mediated
by receptor tyrosine kinases such as Janus Kinase (JAK) or by cytoplasmic non-receptor
tyrosine kinases such as Src or Abl kinase (Illustrated in Figure 1) [21, 23, 24]. Secreted growth
factors and cytokines often overexpressed in cancer such as EGF, FGF and IL-6 are primary
STATS3 activators [25, 26]. The binding of ligands with their cognate receptors induces the
recruitment and phosphorylation of accessory kinases. STAT3 monomers are then recruited to
these complexes and phosphorylated at the tyrosine 705 residue (pSTAT3 or pryr7osSTAT3).
Phosphorylation of STAT3 leads to dimerization via reciprocal phosphotyrosine and Src-
homology 2 (SH2) domain interactions [27]. The dimers then are able to translocate to the nucleus
where they can recognize Sis-Inducible Elements (SIE) in DNA, inducing the transcription of
genes that regulate diverse cellular processes such as proliferation, angiogenesis, apoptosis,

invasion, and metastases [28-30].

While the phosphorylated tyrosine 705 site has been regarded as the prototypical activating

signal of STAT3, a second phosphorylatable site exists at the serine 727 residue. Phosphorylation
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of serine 727 is thought to exist as a secondary event to tyrosine 705, although this notion is now
debunked as data from melanocytes and melanoma cells have indicated that the sites can be
modified independently of one another [31]. Although the series of events that lead to serine 727-
phosphorylation remain to be elucidated, the B-raf-MEK-ERK1/2 pathway is alleged to be suspect
as the C-terminus of STAT3 contains Pro-Met-Ser727-Pro sequence, a target site of ERKs [15, 31,
32]. Studies have also indicated that maximal induction of STAT3 transcriptional activity is
predicated on phosphorylation of tyrosine 705 and serine 727 residues [33, 34]. Moreover, STAT3
phosphorylation of serine 727 in breast cancer cells has been implicated in regulating
mitochondrial function and production reactive oxygen species (ROS) with profound effects on
tumor growth [35]. The true nature of how these two sites dictate STAT3 function is yet to be

exposed.

Factors that regulate the extent and duration of STAT3 signaling are necessary to restrict
excess stimulation of the JAK/STAT pathway. To that end a variety of proteins have been
identified which are known to modulate the activation of STAT3. The most well understood are
the suppressors of cytokine signaling (SOCS-1 and SOCS-3) and protein inhibitors of activated
STAT3 (PIAS3) [36-38]. SOCS proteins were initially isolated from a screen of complementary
DNA sequences, in which one particular clone was found to inhibit IL-6-mediated macrophage
differentiation and STAT3 phosphorylation [37]. Since then SOCS proteins have been shown to
inhibit STAT3 activation by binding the catalytic domains of upstream JAK2 [39]. In addition
STATs themselves can directly induce the transcription of these negative modulators, which is a
classic example of a feedback inhibition [40]. A second known mode of regulation takes place in

the nucleus with the help of PIAS proteins. PIAS3 specifically has been shown to directly bind
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and inactivate STAT3, preventing gene transcription [36]. The STAT3 pathway can also be
modulated by protein phosphatases such as PTP, SHP1, and SHP2 in addition to ubiquitination-
dependent mechanisms [41, 42]. Multiple mutations and hypermethylations in genes that induce
or inhibit STAT3 signaling have been implicated in the constitutive activation of STAT3 in

glioblastoma [43, 44].
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Figure 1. Diagram illustrating the activation and regulation of STAT3 in response to variable
stimuli. STAT3 can be activated in response to extracellular growth factors and cytokines. Binding of
ligands to their cognate receptors induces recruitment and dimerization of receptor associated tyrosine
kinases such as GP130 and JAK2, which promote the recruitment and phosphorylation of STAT3. In
addition, STAT3 phosphorylation can occur in response to intracellular non-receptor tyrosine kinases.
Upon phosphorylation, STAT3 forms dimers and translocates to the nucleus to induce transcription. The
extent and duration of STAT3 activation is regulated in the cytoplasm by Suppressor of Cytokine
Signaling (SOCS) and Protein Inhibitors of Activated STAT3 proteins in the nucleus.
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1.3. STAT3 inhibition and CNS malignancies

To determine the incidence of aberrant STAT3 expression in human GBM,
immunohistochemistry was performed on brain tumors of various grades and pathological types
[45]. In a cohort of 129 patients, pSTAT3 was differentially expressed according to tumor type.
Although pSTAT3 expression was virtually absent in normal brain tissue or low-grade
astrocytomas, its incidence quickly rose in higher-grade tumors. Despite pSTAT3 expression being
detected in more malignant or higher-grade tumors, its incidence did correlate solely with
increasing grade as 100% of grade II malignant oligodendrogliomas (n=6) were found to be
positive for pSTAT3. Furthermore, pSTAT3 staining was detected in the majority of grade IV
glioblastoma multiforme (GBM 51%, n=53) and grade III anaplastic astrocytoma (AA 53%, n=12)
biopsies. In addition the number of cells per unit area that were positive for pPSTAT3 was highest
in grade IV GBMs. Moreover, STAT3 levels were negatively associated with the infiltration of T
cells and more importantly, the median survival time of patients [45]. Expression of the DNA
repair enzyme MGMT has been shown to directly influenced by the presence of phosphorylated
STAT3, indicating a potential mechanism of resistance to conventional chemotherapies.
Inactivation of STAT3 by small hairpin RNA lead to a marked sensitivity to the alkylating agent
temozolomide lending support to this hypothesis [46]. Preclinical studies using dominant-negative
mutants, small molecule inhibitors, peptidomimetics, and decoy antisense oligonucleotides have
convincingly demonstrated that aberrant STAT3 signaling is crucial for the survival and growth

of various brain tumor types [47, 48].

Owing to the multiple roles of STAT3 in the survival and expansion of tumors, an intensive

effort has been initiated to targeted STAT3 in the hopes of inducing tumor regression. Various
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strategies for inhibiting STAT3 have been developed with variable success. These approaches
include peptides, peptidomimetics, natural and synthetic compounds, and oligonucleotides. The
first description of a STAT3 inhibitor was that of the phosphopeptide PY*LKTK [49]. This short
peptide sequence was generated based on a string of residues in the SH2 domain of STAT3, which
allows for docking to other proteins. After multiple iterations, the inhibitory activity of this peptide
was improved using structure-activity relationship (SAR) data and made to be more cell-permeable
with the addition of a membrane translocation sequence. Addition of the modified peptide to
cultures of Src-transformed fibroblasts led to a suppression of growth confirming its activity.
These studies provided important information about the residues necessary for STAT3 binding
which allowed peptidomimetics to rationally design molecules that resemble the PY*LKTK
peptide. The poor cellular permeability, stability and pharmacodynamics of these peptide-based

strategies have limited their clinical development.

Synthetic small molecule inhibitors of STAT3 have also been intensely pursued as this class
of therapeutics has the most likelihood of reaching the clinic. Sorafenib, a multi-kinase inhibitor
approved for use in patients diagnosed with advanced renal cell carcinoma and hepatocellular
carcinoma has been shown to reduce STAT3 phosphorylation [50]. The preclinical compounds
LLL12 and FLLL32, analogues of curcumin, are also effective inhibitors of STAT3. These
analogues were shown to down-regulate STAT3 activity in human rhabdomyosarcoma cells, and
were effective in vivo, reducing the growth of MDA-MB-231 breast cancer xenografts in mice [51,
52]. However, it is important to note that these are indirect inhibitors of STAT3 and reduce its
activation by inhibition of the upstream JAK2. Recent clinical trials investigating the use of the

JAK1/2 inhibitor AZD1480 were terminated in phase I when it was reported that the majority of
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patients experienced adverse events or dose-limiting toxicities [53]. Various other compounds
have been identified which inhibit STAT3 indirectly and have been reviewed in detail elsewhere

[16].

1.4. Tumor-induced Immunosuppression and STAT3.

Originating in the late 1950s, cancer immunosurveillance is a theory which postulated that
lymphocytes are capable of recognize and destroying transformed cells before they become full-
blown tumors [54]. Experiments with immune deficient mice have demonstrated a clear role for
adaptive immunity in preventing the growth of neoplastic cells. Transgenic mice deficient for the
cytolytic proteins perforin, and interferon gamma (IFN-y) are more susceptible to tumor formation
compared to immune-competent mice [55]. Furthermore, administration of the chemical
carcinogen methylcholanthrene (MCA) to mice devoid of small lymphocytes as a consequence of
RAG-2 gene deficiency developed tumors earlier and with a greater frequency than wild type mice
[56]. Cancer incidence rates are also notably higher in humans that are immune-suppressed.
Patients diagnosed with EBV or HIV have an increased risk of developing squamous cell

carcinoma, lymphomas and many other cancer types compared to healthy individuals [57, 58].

Disruption of immune surveillance as a consequence of tumor burden has been repeatedly
documented in cancer patients such that immunosuppression is now considered a fundamental
element of the neoplastic process. Physicians often discover significant abnormalities in the
immune cells of glioma patients [59, 60]. These defects can include systemic lymphopenia [61],
defective receptor and cytokine expression from monocytes and dendritic cells (DCs) [62], and

increased regulatory T cell pools [63]. Peripheral blood mononuclear cells of GBM patients also
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contain elevated numbers of myeloid derived suppressor cells (MDSCs). This newly identified
population of early myeloid progenitors expresses elevated levels of arginase-1 which catabolize
L-arginine resulting in loss of CD3e expression, destabilization of TCR complex, and impairment
of T cell function [64, 65]. By eliminating the MDSCs from Peripheral Blood Mononuclear Cells
(PBMC:s), IFN-y production and T cell function were significantly improved. Although the exact
composition and origin of these cells is not entirely known, they appear to be a result of disrupted

differentiation of immune cell progenitors as a result of tumor burden.

In addition to regulating the proliferation and apoptosis of individual cells, transcriptional
products of STAT3 have been shown to facilitate in establishing an immune-suppressed tumor
microenvironment. Cancer cells frequently secrete factors that inhibit the maturation and
activation state of multiple immune lineages in a STAT3 dependent mechanism (Fig. 2). In this
regard, STAT3 promotes the transcription of secreted factors such as vascular endothelial growth
factor (VEGF), interleukin-10 (IL-10), and tumor growth factor-p (TGF-B) which not only
stimulate the phosphorylation of STAT3 in neighboring cells, but are also thought to induce
immune tolerance [29, 66, 67]. In addition, the production of pro-inflammatory cytokines such as
TNF-a, IL-6, RANTES, IFN-B, and IP-10 from multiple tumor lines has been shown to be
dependent on STAT3 [68, 69]. Expansion of MDSCs in a spontaneous medulloablastoma model
was abrogated when mice were deficient for STAT3 in their myeloid compartment [70]. These
findings, among others, support the notion that STAT3 signaling is responsible for the anti-
inflammatory process and associated immune-suppression. As such we believe that coordinate
disruption of STAT3 and tumor induced immune suppression is vital for the generation of

therapeutically effective anti-tumor immune responses.
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STAT3 in the tumor microenvironment
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Figure 2.Tumor derived ligands such as EGF, FGF and IL-6 induce the phosphorylation of
STAT3 in individual tumor cells. p-STAT3 in tumor cells further regulates the transcription of
many genes that act in concert to generate an immune-suppressed milieu. STAT3 also
mediates the expression of genes involved in remodeling of the ECM and vascularization by
endothelial progenitors. STAT3 activation in tumor infiltrating DCs also induces a tolerogenic
profile. They produce lower amounts of IL-12 and express low levels of the antigen
presentation machinery. STAT3 also promotes the expression of IL-23 in tumor-associated
macrophages with lead to the expansion of the Treg pool. These deficiencies result in an
inhibition of Th1 responses and promote escape from immune surveillance.
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1.5. The role STAT3 signaling in DC differentiation and function.

Dendritic Cells (DCs) function as professional antigen-presenting cells and are critical
initiating adaptive immune responses [71, 72]. These cells are highly phagocytic and mobile,
constantly sampling the cellular environment for microbes [73]. Phagocytized material is broken
down into small antigen peptides and presented onto MHC-II for recognition by antigen-specific
CDS8 T cells [74]. DCs also express many different types of pattern recognition receptors that allow
them to recognize structurally conserved motifs in molecules derives from microbes. For example,
Toll-like receptors (TLR) recognize components of bacterial cell wall such as lipopolysaccharide
(LPS) or viral RNA sequences such as CpG motifs [75]. Upon recognition of foreign antigen, DCs
become more mature, increasing the expression of MHC-II and co stimulatory molecules CD80,

CD86 and CD40 [76].

The use of autologous DCs as cancer immunotherapies has been evaluated in a number of
clinical trials and has received approval by the FDA as a treatment modality for prostate cancer
[77-79]. Administration of autologous ex vivo pulsed DCs in patients diagnosed with GBM has
also been deemed feasible and well tolerated with encouraging clinical responses [80, 81].
Vaccinating GBM patients with primed DCs was associated with the induction of measurable
systemic Cytotoxic T Lymphocyte (CTL) responses and modest increases in survival. The limited
therapeutic success of DC immunotherapy has been attributed to systemic suppression of the
immune system as consequence of tumor burden [82, 83]. Cellular microenvironments,
particularly those found in tumors, elicit a tolerogenic DC phenotype that can attenuate adaptive

immune responses [84, 85].
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As previously discussed, one of the primary pathways implicated in tumor-induced
immunosuppression is that the STAT3 signaling cascade. Specifically, this pathway has been
demonstrated to be a central regulator of DC activation [86-88]. Bone marrow derived dendritic
cells have been shown to adopt a tolerogenic profile (low MHC-II, CD80, CD86 expression, and
low IL-12 release) when cultured in the presence of conditioned media obtained from v-src
transformed 3T3 cells, although this effect was shown to reversible with STAT3 targeting in 3T3
cells [68]. Studies with STAT3 deficient mice have also corroborated these findings. Embryonic
lethality associated with targeted deletion of the STAT3 gene in mice has necessitated the
development of conditional STAT3 knockouts [89-91]. These conditional knockout models have
been utilized to better understand the regulatory function of STAT3 in DCs. Using the Mx1-Cre
system to ablate STAT3, Kortylewski et al. demonstrated an anti-inflammatory activity of STAT3
signaling in dendritic cells [89]. While the number of splenic DCs in STAT3 null mice was
unaffected, production of LPS-induced IL-12 was increased compared to wild type DCs.
Furthermore, OT-II CD4" T cells proliferated more in response to antigen presented by STAT3
deficient DCs. NK cells isolated from STAT3 null mice bearing B16 tumors exhibited enhanced
cytotoxicity compared to WT counterparts. Not surprisingly, the growth of B16 and MB49 flank
tumors was restricted in STAT3”" mice. Transgenic mice deficient for STAT3 in their
hematopoietic system can also potentially develop a lethal form of colitis as result of chronic gut
inflammation, demonstrating the importance of STAT3 in sequestering immune cell activation
[91]. These observations support the notion that STAT3 signaling contributes to the impaired
activation of DCs and other immune cell lineages, imparting a survival advantage to tumor cells.
The ability of STAT3 to orchestrate a variety of immunosuppressive stimuli has made it an

attractive target for cancer vaccines.
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2. Focus of the Study

2.1. Part I: STAT3 inhibition as targeted tumor therapy for GBM.

As various tumor lines have been shown to be dependent on STAT3 for their growth and

survival, we opted to target STAT3 in mouse models of brain and skin cancer. We utilized multiple

cell lines of rodent and human origin to determine whether STAT3 inhibition would be a viable

strategy for inducing the regression of intracranial and peripheral tumors. To disrupt STAT3

activity, we applied multiple genetic and chemical approaches, such as RNA interference,

adenoviral constructs, and small molecule inhibitors as candidate antagonists of STAT3

(Described in Table 1).
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CPA-7 is considered an analogue of the prototypical anticancer drug cisplatin, whose platinum-
based derivatives number by the hundreds with variable effects on DNA structure and signal
transduction [92]. Of these platinum complex derivatives, CPA-7 has been shown preferentially
target STAT3 in transformed cells with potent tumoricidal activity [93, 94]. Administration of
CPA-7 to mice bearing subcutaneous CT26 tumors resulted in an inhibition of tumor growth and
progression [95]. In addition, Natural Killer (NK) cells isolated from tumor bearing CPA-7 treated
mice displayed enhanced in vitro cytotoxicity [89]. Macrophages and neutrophils exhibited
increased migratory capacity when cultured in the presence of CPA-7 treated CL-4 melanoma cells
[96]. Unfortunately there are no published reports on the use of CPA-7 in intracranial tumor

models.

WP1066, an analogue of a previously identified compound (AG490), has been shown to block
STAT3 activation by indirect inhibition of the upstream JAK2 [97]. Iwamaru et al. also
demonstrated induction of apoptosis in U87 and U373 human glioma cells in vitro when cultured
in the presence of WP1066. Furthermore, they reported the inhibition of growth in subcutaneous
U87 tumors following in vivo administration. WP1066 has also been shown to reverse the
tolerogenic profile of peripheral macrophages and tumor-infiltrating microglia of GBM patients
by increasing the expression of co-stimulatory molecules and immune-stimulatory cytokines IL-
2, IL-4, IL-12 and IL-15 [98]. The third and last compound to undergo evaluation was ML116,
which had recently been identified in a high throughput screen as a potent inhibitor of STAT3,

albeit with no further reports of activity [99].
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Although these compounds have been previously shown to inhibit STAT3 activation in
transformed cells, their specificity and in vivo efficacy has only been evaluated in a handful of
animal models. In this study we report the tumoricidal activity and specificity of CPA-7, WP1066,
and ML116 in various cancer cell lines, such as those isolated from mouse and human brain tumors
in addition to mouse melanomas. We also assessed the specificity of these compounds as STAT3
antagonists by quantifying the transcriptional activities of STAT1, STATS or NF-«f. In addition
to the in vitro characterization, the therapeutic efficacy of these three compounds was evaluated in
mice bearing intracranial or peripheral GL26 gliomas. Tumor regression in response to STAT3
inhibitors was also assessed in the B16 and B16-f10 melanoma models, which form rapidly

growing and highly invasive tumors.

2.2. Part ll: Role of STAT3 signaling in autologous DC-based immunotherapy for
mouse models of GBM.

The use of autologous ex-vivo pulsed DCs as cancer vaccines has been intensively pursued, as
these cells can be quickly expanded in culture and tailored to specific patients by loading with
Tumor Associated Antigens (TAA), tumor lysate, or RNA [100-103]. Dendritic cells have also
been engineered using adenoviral vectors to express IL-12 as a means of stimulating T cell and
NK cell cytotoxicity [104, 105]. Although phase I and phase II DC-based immunotherapies have
been tested in human GBM patients, the limited numbers of cases have made objective conclusions
about therapeutic efficacy difficult to ascertain. In addition, this issue is compounded by the fact
that clinical studies have utilized a large of antigenic sources and priming methods. What is clear
from these studies is that certain GBM patients have exhibited minor to partial anti-tumor T-cell

responses upon being vaccinated with antigen-loaded DCs [103, 106-108]
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As previously discussed, immunosuppression as a result of tumor burden, is largely implicated
in curbing the induction of robust and effective anti-tumor immune responses. The ability of
STAT3 to conduct a diverse set of immune suppressive instructions lends itself to potential
targeting as adjuvant therapy with tumor immunotherapy. To study the role of STAT3 signaling
in DC differentiation function, we engineered an inducible hematopoietic STAT3 knockout mouse
model. Bone marrow derived DCs (BMDCs) provide a simple yet robust platform to interrogate
the role of STAT3 signaling in DC biology. Methods for generating large numbers immature
mouse DCs are now fairly well established. These protocols typically entail the culture of bone
marrow cells or circulating peripheral blood monocytes in the presence of recombinant growth
factors such as Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) and IL-4, or Fms-
Like Tyrosine Kinase 3 Ligand (FIt3L) [109-111]. Using GM-CSF derived BMDCs we assessed
the impact of STAT3 deletion on phagocytosis of tumor cell remnants. In addition, we compared
the in vitro maturation and cytokine secretion of WT and STAT3 KO DCs in response to the TLR
ligand CpG 1668. Furthermore, allogeneic and antigen specific Mixed Lymphocytes Reactions
(MLR) were also employed to evaluate T cell proliferation in response to WT and STAT3 null

DCs

Inhibition of STAT3 has been evaluated in a limited number of immunotherapeutic approaches
with promising initial results. In a murine subcutaneous colon carcinoma model, researchers
reported accelerated inhibition of tumor growth after vaccinating with STAT3 deficient DCs [112].
Ablation of STAT3 in DCs resulted in elevated levels of circulating IL-12 and IFN-y ELISPOT

readings indicating an enhanced cytotoxic T-cell response. Subcutaneous administration of ex-
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vivo generated T cells lacking STAT3 was also associated with enhanced anti-tumor immune
responses and increased production of IL-12 and IFN-y by CD8" T cells [113]. The ability of
STATS3 to affect a diverse set of immune suppressive instructions lends it as an attractive target as
an adjuvant to enhance tumor immunotherapies. Therefore we opted to compare the therapeutic
efficacy of STAT3 null and wildtype DCs in mice bearing intracranial GL26 tumors. Immature
GM-CSF derived BMDCs were primed with GL26 tumor lysate before being administered as
prophylactic or therapeutic DCs vaccines in wildtype C57BL/6J mice. Furthermore, we examined
whether co-administration of the TLR ligand CpG 1668 would synergize with DC immunotherapy

to elicit a stronger therapeutic effect.
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3. Materials and Methods

3.1. Ethics Statement

All experiments requiring the use of live animals were performed in accordance to policies and
procedures outlined by the University’s Committee on Use and Care of Animals (UCUCA) and
Unit for Laboratory Animal Medicine (ULAM) at the University of Michigan. Animals used in
experimental studies were monitored daily and euthanized at the first sings of moribund behavior.
We hereby confirm that the UCUCA at the University of Michigan specifically approved all

animal experiments reported in this study under protocol number PRO00001195.

3.2. Adenoviral vectors, cell Lines, plasmids, cytokines and reagents.

Female BALB/c (stock# BALB-F), C57BL/6J (stock# B6-F), and OT-1 mice (stock# 4175-F)
were procured from Taconic Farms, Inc (Hudson, NY). Adenovirus genetically engineered to
express FIt3L was produced and purified in-house using procedures previously described by our
lab [114]. The methods for adenoviral generation, purification, characterization, and scale up have
been previously described by our lab [115]. We used first generation, recombinant adenoviral
vectors (serotype 5) expressing STAT3 shRNA (Ad-STAT3i) and a scrambled STAT3 shRNA
control (Ad-STAT3c) in this study. To generate Ad.STAT3i and Ad.STAT3scr, oligonucleotides
encoding the shRNA were annealed (STAT3: Forward5’- GAGTCAGGTTGCT
GGTCAAATTCAAGAGATTTGACCAGCAACCTGACTTTTTTCTGCA-3>  Reverse  5’-
GAAAAAAGTCAGGTTGCTGGTCAAATCTCTTGAATTTGACCAGCAACCTGACTC-3’)

and ligated into thepdE1sp1A.U6.CMV.eGFP adenoviral shuttle plasmid.
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GL26 glioma cells were derived from a female C57BL/6J mouse bearing a chemically induced
intracranial neoplasm. HEK-293 cells were obtained from Microbix (Toronto, CA). HEK293 cells
were cultured in MEM supplemented with non-essential amino acids, 1% Pen-Strep, 1% L-
Glutamine, (all from CellGro, Herndon, VA) and 10% FCS (Omega Scientific, Tarzana, CA).
HF2303 were provided from a collaborator and were grown in neurosphere conditions which
consisted of DMEM/F12 50:50 media supplemented with N-2 supplement, and 1% Pen-Strep, and
a 1% Anti-fungal in addition to having 10ng/ml rEGF and rFGF. GL26 cells were grown in DMEM
culture media (CellGro, Herndon, VA) supplemented with 10% FCS and 1% Pen-Strep and
passaged routinely every 2-3 days. Recombinant mouse GM-CSF was procured from AbdSerotec
(Raleigh, NC; cat# PMPS82) and recombinant mouse FIt3L was purchased from Novus
Biologicals® LLC (Littleton, CO; cat# NBCI-21336). CpG 1668 ODN was synthesized by IDT®

(Corralville, IA).

3.3. Antibodies, cell staining and flow cytometry

MHC-II-eFlour™450 and its isotype were purchased from eBioscience (San Diego, CA;
cat# 48-5321-82). CD80-APC and isotype were purchased from BioLegend® (San Diego, CA; cat#
104714). All remaining antibodies used for flow cytometry were purchased from Becton,
Dickenson and Company (Franklin Lakes, New Jersey). Mouse lymphocyte populations were
detected using the following antibodies at a 1:100 dilution: CD11c-PE (cat# 553802), CD45R-
PECy7 (cat# 552772), CD86-FITC (cat# 553691), CD8a-APC (cat# 553035), and CD3e-V450
(cat # 560804). Antibodies for pSTAT3, STAT3, Cyclin D, and Mcl-1 were purchased from Cell

Signaling (Danvers, MA, Cat#9145, #9149, #2922, #5453). Anti-Bcl-xl was purchased from
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Abcam (Cambridge, England, Cat#ab2568). Survivin was ordered through Santa Cruz
Biotechnologies (Dallas, TX, Cat#sc-8808), and anti-actin antibody was purchased from Sigma

(St. Louis, MO, Cat#A1978).

Immune cells were labeled with antibodies in cell surface staining buffer (0.1M PBS, w/o Ca'™,
Mg, with 1% FBS) for analysis by flow cytometry using a BD Aria II flow cytometer. Cells were
stained with antibodies for 30 min on ice. All data were analyzed using Summit software (Dako)

or flowjo software (Treestarinc).

3.4. Synthesis and validation and delivery of STAT3 small molecule inhibitors
ML116 was purchased from Ryan Scientific, Inc. CPA-7 (M.W. 381.5) was synthesized by
James Hoeschele according to a previously published report [95]. The reaction product was
purified of KCI contaminants by acetone purification. Briefly, the pale yellow solution was taking
to dryness using a rotary evaporator at 25°. The solid sample was then transferred to a 250-ml
Erlenmeyer flask and 50 ml of reagent grade acetone was added to dissolve the crude CPA-7
product. KCl, which remains undissolved, was removed by filtering through a medium-porosity
filter into a single-neck round-bottom flask. The acetone was evaporated under moderate vacuum
and the residue was then dried under pressure then vacuum for 2 hours at 45°. Aliquots of 20 mM
CPA-7 were prepared in a 50:50 mixture of H20 and DMSO, wrapped in foil (CPA-7 is light
sensitive), and stored at -80° long-term. Prior to in vivo administration of CPA-7, 20mM (7.63
mg/mL) aliquots prepared in a 50:50 mixture of DMSO and H20 were thawed and diluted with
serum-free DMEM to the desired concentration (3.28 mM or 1.25mg/mL). For intracranial and

flank tumor survival studies, mice were administered 100 pL (5 mg/kg or 0.125 mg) of the diluted
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CPA-7 solution via tail vein injection. Six injections of CPA-7 were administered 3 days apart and
were initiated 4 days post-implantation of intracranial tumors, and 25 days post-implantation of

flank tumors. HPLC was used to determine the purity of the synthesized product.

Synthesis of WP1066 (M.W. 356.2) was carried out by the Vahlteich Medicinal Chemistry
Core at the University of Michigan according to the synthetic route outlined in figure 8. Aliquots
of 10 mM WP1066 were prepared in DMSO and stored at -80° long-term. ML116 (M.W. 309.4)
was purchased from Ryan Scientific, Inc. and solubilized in DMSO. 10 mM aliquots were prepared
for long-term storage at -80°. Prior to in vivo administration of the drug, WP1066 aliquots were
thawed and diluted to 10 mg/mL with PEG300 to make a final solution that is 80% PEG300 and
20% DMSO. For intracranial and flank tumor survival studies, 100 pL of 10 mg/mL WP1066
solution (40 mg/kg) was administered daily via oral gavage for 5 days, followed by 2 days of rest.
Treatment of intracranial tumor-bearing mice began 4 days after tumor implantation, while
treatment for flank tumors commenced 25 days after tumor implantation and continued until the
animals showed signs of morbidity. To validate the molecular structure and purity of the

synthesized products, HPLC, IH-NMR, and mass spectrometry were performed (Fig. 9,10).

3.5. Mouse and rat tumor models

Female C57BL/6J mice (6-12 weeks) were anesthetized by IP administration of injection of
Ketamine (75 mg/kg) and Medetomidine (0.5 mg/kg). One fully anesthetized, the mice were
mounted onto a stereotactic frame and the skull was sterilized with iodine wipes. A small lateral
incision was made and separated using skin retractors. A small burr hole was carefully drilled in

the skull using a hand dremel. 20,000 GL26, 3,000 B16-f10 or 1,000 B16-f0 cells in 1 ul of PBS
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were injected unilaterally into the right striatum (+0.5 mm AP, +2.2 mm ML, -3.0 mm DV from
bregma) using a 5 pl Hamilton syringe fitted with a 33-gauge needle. The needle was left in place
for 3 minutes before being withdrawn slowly. The injection site was washed with sterile saline and
the incision was closed using nylon sutures. Mice were resuscitated using atipamezole (IP) and
administered buprinex (SQ) as an analgesic. To generate peripheral flank tumors 1x10° GL26, 2 x
10° B16-f10, or 5 x 10°4 B16-f0 were prepared in 100 pl of PBS and injected in the hind flanks

of C57BL/6J mice. Using a hand caliper, tumor volume was estimated by measuring the width and
length of the tumor mass and applying the formula v = % (I x w?)where w is the smaller of two

measurements.

Anesthesia of rats was induced by IP injection of with ketamine (75 mg/kg) and
dexmedetomidine (0.25 mg/kg). Prior to intracranial injection, CNS-1 cells were transduced with
Ad.STAT3i.GFP or Ad.STAT3c.GFP (MOI 200) and sorted based on GFP expression (isolated
the brightest 30% of cells). Once fully anesthetized, the rats were fitted onto a stereotactic frame.
The top of the head was sterilized with iodine wipes and a small lateral incision was made above
the skull. The skin was separated using skin retractors and a small burr hole was made using a
hand dremel (+1.0 mm AP, +3.0 mm ML). Rats were intracranially injected with 30,000 pre-
transduced sorted CNS-1 cells into the striatum (-5.0 mm DV). An injection volume of 2.5 ul was
delivered over the course of 5 minutes. Reversal of anesthesia consisted of intramuscular injections
of atipamezole (1 mg/kg). Recovery was assisted by placing the animals under a heating lamp for
~30 min and providing soft chow for 3 days. Animals were euthanized at first signs of moribund
behavior by terminal perfusion with oxygenated, heparinized Tyrode’s solution followed by

perfusion-fixation with 4% paraformaldehyde.
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Animals tissues requiring histopathology were perfused using oxygenated, heparinized
Tyrode’s solution (132 mM NaCl, 1.8 mM CacClz, 0.32 mM NaH2POs4, 5.56 mM glucose, 11.6 mM
NaHCO3, and 2.68 mM KCl) and perfused-fixed with 4% paraformaldehyde respectively. All
animals were housed in specific pathogen free environment, and were closely monitored. All
animal experiments were performed after prior approval by the University’s Committee on Use
and Care of Animals (UCUCA) and conformed to the policies and procedures of the Unit for
Laboratory Animal Medicine (ULAM) at the University of Michigan. Mice used in this study were
monitored for signs of moribund behavior and euthanized when their health status reached criteria

established by the guidelines of the ULAM.

3.6. In vitro tumor cell proliferation assays

To determine the level of proliferation we measured ATP levels using the CellTiter-Glo®
Luminescent Cell Viability Assay provided by Promega (cat# G7572). Glioma cells (U251, CNS1,
SMAS560 and GL26) were infected with Ad-STAT3scr or Ad-STAT3i for 24 h (MOI 100, 200,
500, 1000 respectively). To obtain cells with the highest knockdown, transduced cells were sorted
for the fraction (~30%) of cells that expressed the highest levels of GFP. Cells were then plated at
a density of 1,000 cells in a 96 well plate and their proliferation was monitored over time. ATP
levels were measured each day using Cell-titer Glo® according to manufactures’ instructions
(Promega) and used as an indicator of proliferation. For studies using small molecule inhibitors,
1,000 cells were plate and allowed to adhere for 24hrs before the addition of CPA-7, ML116 or
WP1066. Proliferation of glioma cells was determined by measuring ATP levels using the

CellTiter-Glo® Luminescent Cell Viability Assay

24



Materials and Methods

3.7. Annexin V / Pl flow cytometry

Glioma cells were seeded onto 12 well plates for apoptosis studies. STAT3 inhibitor was added
to the cells after they were fully adhered and incubated for 48Hrs before processing. Annexin V/PI
staining kit was purchased from Invitrogen. Floating and adherent cells were collected in Sml
FACS tubes for staining using the manufacturer’s suggested protocol. All flow data was collected
on a FACS ARIA Il cell sorter (BD) and analyzed with Summit software (Dako) or flowjo software

(Treestarinc).

3.8. SDS-PAGE and Western Blot Analysis of STAT3-FLAG and f-Actin

HEK-293 cells were grown to 50% confluency on 6 well dishes and transfected with 1 pg
pSTAT3-FLAG and 1 pg of either pSTAT3scr or pSTAT3i using TransIT (Myrus). Cells were
then incubated for 48 h and cell extracts were prepared by incubating in 30 pl RIPA lysis buffer
(50 mM Tris, pH 7.4; 150 mM NaCl; 1 mM each NaF, NaVO4, and EGTA; 1% Igepol; 0.25%
sodium deoxycholate; 1x Protease inhibitors (Peirce)) for 20 min on ice, then centrifuging at
12000xg for 20 minutes at 4 °C to remove cell debris. Protein was quantified and 30 pg protein
was diluted in SDS PAGE loading buffer (100mM Tris pH 6.8, 20% v/v Glycerol, 4% w/v SDS,
0.02% w/v Bromophenol blue) with S0mM DTT and boiled at 95 °C for 5 min. Denatured samples
were loaded onto a 12% SDS-PolyAcrylamide Gel with 5% Stacking gel. Electrophoresis of the
samples was conducted at 130V for 1.5 hours. Wet transfer of proteins ona nitrocellulose
membrane (GE healthcare) was performed at 90V for 1 hour. The membrane was blocked with
5% milk in TBS+0.05% Tween20 (blocking solution) at RT for 1 hour, then stained with primary

antibodies prepared in blocking solution for 1 hour at RT. Membranes were washed 3 times in
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TBS with 0.05% Tween20 and incubated in blocking solution containing HRP-conjugated rabbit
anti-mouse immunoglobulins (DAKO P0260) for binding or primaries. Immunoreactivity was
visualized by placing the blots in the presence of a chemiluminescent substrate solution and
exposed on a KODAK X-OMAT LS film. Film development was performed on a KODAK
INDUSTREX M35 Processor. Alternatively western blots with STAT3 and downstream

transcriptional targets were visualized using a digital image documentation system from Bio-Rad.

3.9. Transcription factor reporter assay

pRL-TK were purchased from Promega (Cat# E2241, Madison, WI). HEK 293 cells were
plated in 24 well plates at 50,000 cells per well and were transfected the next day with 50 ng
pSTAT3c (a constitutively active STAT3 mutant), 50 ng pSTAT3-FFLuc (Firefly Luciferase
expressing reporter plasmid under the control of a STAT3 response element), 5 ng pRL-TK
(Renilla Luciferase expressing normalizing plasmid), and either 50 ng pSTAT3i or pSTAT3scr
using TRANSIT transfection reagent (Mirus). All plasmid were purified with Endo-Free Maxiprep
kits (Qiagen). Cells were incubated for 24 h and Firefly activity was determined from cell lysates
using a Dual Luciferase Reporter Assay kit (Promega) exactly as outlined by the manufacturers
recommended protocol. Data are expressed as relative light units (RLU) by calculating the value
of (FFLuc-Background)/(rLuc-Background). Transcriptional activity of STAT3, STATI1, STATS,
and NF-xf in response to small molecule inhibitors was measured as follows: U251 human glioma
cells were transfected with the following plasmids to generate stable clones: pGL4.32[luc2P/NF-
kB-RE/Hygro]  (Cat#  E8491), pGL4.52[luc2P/STAT5-RE/Hygro] (Cat#  E4651),
pGL4[luc2P/GAS-RE/Hygro], and pGL4.47[luc2P/SIE/Hygro](Cat#E4041). After selection with

antibiotic, clones were screened and selected based on their luciferase activity. MG-132 (Sigma,
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St. Louis, MO), pimozide (Cat# M7449 & Cat# P1793, Sigma) and nifuroxazide were used as
inhibitors of NF- kB and STATS and STATI respectively. LPS (100ng/ml) and IFNy (100pg/ml)
were used to stimulate NF-xf§ and STAT]1 activity respectively. Firefly luciferase activity was
measured using Promega’s dual luciferase assay kit (Cat# PR-E1960). 30,000 U251 cells were
plated in 12 well plates (Cat# 130185, Fisher, Waltham, MA) in Complete DMEM. Day 2, CPA7,
ML116, and WP1066 were added to the appropriate wells at the indicated final concentrations.
NF-kp or STATI activity was stimulated with their appropriate cytokines 1.5 hours after addition
of inhibitor. Six hours after LPS addition or incubation with STAT3 inhibitor, the wells were rinsed
with PBS and lysed in 150puL of Promega Passive Lysis Buffer (Cat# E1941, Promega), shaken
for 20 min. 75uL of each well was then transferred to an opaque 96 well plate for measurement
with 100uL of Luciferase Assay Reagent (Cat# E1500, Promega) for 10 seconds in a Veritas
Microplate Luminometer (Turner Biosystems). Effects on cell viability were measured by

quantifying ATP levels in a separate but identically treated plate.

3.10. Paraffin IHC

Tumor specimens were fixed by perfusing with a 4% solution of paraformaldehyde, processed
and embedded in paraffin for sectioning. 5 pM microtome sections of flank or brain tumors were
cut, mounted on a slide, deparaffinized and rehydrated for IHC. Tissue slides were placed in an
antigen retrieval solution (1 mM EDTA, 10 mM Tris pH 9.0) and heated inside a pressure cooker
to expose antigens. Sections were washed and permeabilized with TBS-TritonX100 (TBS-Tx
0.05%) solution. To inactivate endogenous peroxidases a solution of 0.3% H202 /PBS was added
to the section and allowed to sit for 20min at room temperature before proceeding with a blocking

step (TBS-Tx with 10% normal goat serum for 1hr at RT). After blocking, primary antibody was
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added to the sections at the manufacturer’s suggested dilution and allowed to bind at 4° overnight.
The following day, sections were washed five times with TBS-Tx before adding the appropriate
biotinylated secondary antibody. After secondary incubation, sections were washed five times with
TBS-Tx before the addition of Vectastain ABC solution (Vector Labs, Burlingame, CA), which
contains the avidin/biotin complex. Chromogenic detection of peroxidase was performed using
DAB as an enzyme substrate. Sections were then dehydrated and coverslipped for imaging on a

Zeiss axioplan 2 microscope.

3.11. CBC and Serum Chemistry
CBC was performed on an IDEXX Procyte Dx Hematology Analyzer within 15 minutes of
blood draw according to the manufacturer’s instructions. Serum chemistry was performed

on a VetTest 8008 Chemistry Analyzer according to the manufacturer’s instructions.

3.12. Hematoxylin & Eosin Histology

The livers, kidneys, and spleens were post-fixed for 2 days in 4 % paraformaldehyde prior to
dehydration on a Leica ASP 300 processor, embedded on a Tissue-Tek embedding station, and
sectioned on a Leica RM 2135 microtome at 5 um. Liver, kidney, and spleen sections were stained
with Hematoxylin and Eosin. Slides were analyzed at the Department of Pathology at the
University of Michigan and imaged on a Zeiss Axioplan 2 microscope.
3.13. Inducible STAT3 knockout model

Compartmental deletion of STAT3 using the Mx1-Cre system has been described previously
[91]. Transgenic mice harboring floxed STAT3 alleles were generated in Dr. Sofroniew’s lab

(UCLA, Los Angeles, CA). Mice expressing the Cre recombinase under control of the Mx1
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promoter were purchased from Jackson Laboratory (stock #003556; Ben Harbor, ME). Mx1-Cre
and STAT3!9?1xP mice were mated to generate progeny that are Mx1-Cre” and STAT3™*. These
offspring were then backcrossed to the parental STAT3 floxed mice to yield mice which are Mx1-
Cre" / STAT3!*PlxP & Mx1-Cre” STAT3!OXP1oxP Mice were identified by genotyping of alleles
using the following set of PCR primers (STAT3 forward: 5’CCTGAAGACC
AAGTCATCTGTGTGAC-3’, STAT3 reverse: 5’-CACACAAGCCATCAACTCTGGTCTCC-
3’, Cre forward: 5’-GGACATGTTCAGGGATCGCCAGGCG-3’ and Cre reverse: 5’-
GCATAACCAGTGAAACAGCATTGCTG-3"). Deletion of the STAT3 gene was accomplished
by intraperitoneal injection of two 100ug doses of 100ug of Poly I:C 7 days apart. Mice were given
a two week rest period after administration of Poly I:C. Deletion of STAT3 in tissues was verified

by western blot analysis.

3.14. Parallel artificial membrane permeability assay (PAMPA)

PAMPA assay was performing according to protocols outlined by the manufacturer Pion, Inc
(Billerica, MA) in accordance with the Vahlteich Medicinal Chemistry Core at the University of
Michigan. Permeability assays were performed at a pH of 7.4. Diffusion of compounds across the

lipid layer was measured after a 4-hour incubation period at room temperature.

3.15. FIt3 and GM-CSF bone marrow dendritic cell cultures
The femur and tibia of WT and STAT3 KO mice were removed by blunt surgical dissection.
The bone cavity was exposed by cutting the ends of the bones with a razor blade. The bone marrow

pulp was flushed out of the bones using a 10 ml syringe fitted with a 26-G needle and filled with
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RPMI-1640 media supplemented with 10% fetal bovine serum, glutamine,
penicillin/streptomycin, and non-essential amino acids (RPMI-10). Cells were disaggregated by
gentle pipetting and centrifuged at 1,400 RPM for 5 minutes in a 15 ml conical tube. The media
was decanted leaving behind a pellet of cells, which were removed of red blood cells by
resuspending in 2 ml of ice-cold ACK lysis buffer (0.15 mM NH4CI, 10mM KHCOs3, and 0.1 mM
disodium EDTA at pH 7.2) for 3 minutes on ice. Cells were replenished with 8 ml of RPMI-10,
centrifuged, decanted of ACK lysis buffer and resuspended in 5 ml of RPMI-10. Cell suspension
was filtered through a 70-micron cell strainer and counted on a hemocytometer. BMDC cultures
were plated at a density of 3 x 10° cells per well containing 40 ng/ml GM-CSF or 3 x 10° cells per
well in 100 ng/ml FIt3L in RPMI-10 media. Cultures were replenished with RPMI-10 containing
fresh cytokines on days 3 and 5 and 7. DCs appeared to be floating or lightly attached at times
with sporadic clustering. GM-CSF and FIt3L BMDC cultures were harvested on day 6 and day 8

respectively for use in subsequent experiments.

3.16. DC Phagocytosis assay

GL26 cells were labeled with fluorescent membrane linker dye PKH-67 as recommended by
the manufacturer (Sigma-Aldrich® LLC; cat# PKH67GL). Briefly, 2 x 107 GL26 cells were
washed free of serum and resuspended in Iml of diluent C, which was provided by the
manufacturer. An equal volume of diluent C containing 4 pl of PKH-67 dye was rapidly mixed
with the cells (final concentration of PKH-67 was 2 x 10°® M). After five minutes of incubation at
room temperature, an equal volume of FBS was added to quench the reaction. GL26 cells were
washed twice and resuspended in 500 pl using PBS. Freeze-thaw lysates of labeled GL26 cells

were prepared by exposing the cell suspension to repeated cycles of liquid nitrogen and a 37°C
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water bath. Lysates were then clarified of large membranes and organelles by centrifugation at
2000 RPM for 10 minutes at 4°C. Protein concentration was quantified using the BCA assay.
Uptake assays were performed by culturing 1 x 10 BMDCs in 50 pg/ml of labeled tumor lysate
for 14 hours at 37°C before PKH fluorescence was examined by flow cytometry gated on CD11¢*
cells. Duplicate samples were also prepared and incubated with lysate at 4°C to control for passive

diffusion of fluorescent tumor remnants.

3.17. ELISA

Mouse ELISA DuoSets® were purchased from R&D Systems® Inc. (Minneapolis, MN), and
performed according to the manufacturer’s suggested protocol. Secretion of IL-12p70, IL-10, IL-
6 and TNFa was measured from supernatants of 1 x 10 BMDCs cultured in 1ml of RPMI-10 and
stimulated with CpG 1668 (500 ng/ml) for 18 hours. ELISA measurements were performed in

technical triplicates from 5 wild type and 5 STAT3 KO mice.

3.18. Isolation of splenocytes and flow cytometry

CD8a"/CD3¢" T cells used in the MLR assays were purified by FACS from BALB/C or OT-
1 splenocytes. Spleens were placed in 60 mm dishes containing 1 ml of RPMI-10 and splenocytes
were harvested by gentle homogenization using the back end of a sterile 3 ml syringe. Splenocytes
were then collected and centrifuged at 1,400 RPM for 3 minutes. The media was decanted and red
blood cells were removed by resuspending the pellet in 2 ml of ice-cold ACK lysis buffer and
incubating for three minutes on ice. 10 ml of RPMI-10 were then added to restore tonicity to the

splenocytes, which were then centrifuged once again. The cell pellet, now devoid of RBCs was
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resuspended in 5 ml of FACS staining buffer (PBS with 1% fetal bovine serum) and filtered using
a 70-micron cell strainer to remove chunks of tissue and cell aggregates. T cells were labeled with
CD3¢e-V450 and CD8a-APC antibodies at 1:100 dilutions in staining buffer for 20 minutes on ice.
BMDCs were stained in a similar fashion using an alternative set of antibodies. All procedures
requiring the use of a flow cytometer were performed on a FACS ARIA 1I cell sorter (Becton,
Dickenson and Company). Flow cytometry data was analyzed using Flowjo software (Tree Star

Inc, Ashland, OR).

3.19. Allogeneic and Antigen Specific MLR

Prior to culture with primed or allogeneic DCs, T cells were labeled with CFSE as follows. 3
x 10% sorted T lymphocytes were resuspended in 500 pl of PBS. 500 ul of 10 pM CFDA, SE
(eBioscience Inc.; cat#65-0850-84) was prepared fresh in PBS from a stock 10 mM solution and
was mixed with cells quickly and thoroughly for a final CFSE concentration of 5 uM. Cells were
placed in a dark 37° water bath for Smin. To quench the labeling process, 500 pl of FBS was added
to the mixture and incubated for 5 minutes at room temperature to allow for stabilization of labeled
cells. T cells were washed three times with 10 ml of RPMI-10 and resuspended at a final
concentration 5 x 103 cells/ml. WT and STAT3 deficient GM-CSF BMDCs (H-2K" haplotype)
were generated as described in earlier sections and stimulated with CpG 1668 (500 ng/ml) for 12
hours to increase cell surface expression of MHC-II then y-irradiated at 3000 rad to stop their
growth. To induce T cell proliferation, 100,000 mature DCs was cultured with labeled allogeneic
BALB/c T cells (H-2k¢ haplotype) at a 1:1 ratio for 5 days in 96-well plates. Proliferation of
allogeneic T cells in response to WT and STAT3 KO DCs was confirmed by assessing BrdU

incorporation using a colorimetric ELISA kit (Roche, cat# 11647229001). Antigen specific MLR
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was performed by culturing immature DCs with ovalbumin (10 pg/ml) for 3 hours at 37°. DCs
were then washed twice with PBS, y-irradiated at 3000 rad, and then resuspended at a
concentration of 5 x 10° cells/ml in RPMI-10. Splenocytes of OT-1 mice which have been
genetically engineered to express TCR solely specific for the SIINFEKL peptide were used as
source of antigen specific T lymphocytes. Ovalbumin loaded DCs were co-cultured with purified

OT-1 T cells for 5days at a 1:1 ratio as in the allogeneic MLR.

3.20. DC vaccination

Syngeneic intracranial mouse brain tumor models were generated as previously described.
Prior to administration of vaccines, 1x10°® DCs were pulsed with tumor lysate from 1 x 10° GL26
cells (~60 pg). Cell lysate was prepared by resuspending 3 x 107 GL26 cells in 1ml of PBS and
subjecting to repeated cycles of freeze/thaw as described in the DC phagocytosis assay. After an
18-hour loading period, DCs were harvested in a 15ml conical tube, centrifuged at 1400 RPM and
washed twice with 10 ml of PBS and resuspended in PBS at a density of 1x 107 cells/ml. In the
prophylactic model 100 pl of the DC suspension was injected subcutaneously into C57BL/6J mice
three times 7 days apart prior to intracranial implantation of GL26 cells. When required, 30 ug of

CpG 1668 was co-administered subcutaneously alongside DC vaccines.

3.21. IFN-y ELISPOT

Spots were detected using the R&D Systems® mouse IFN-y ELISpot development module
(cat # SEL485). To summarize, 96-well PVDF plates were prepared for antibody binding by
momentarily covering the wells with 35% ethanol. The wells were decanted of ethanol and washed

using excess PBS. Plates were then coated overnight at 4° with 50 ul of capture antibody. An
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adhesive film was used to seal the plates and prevent dehydration. The following day, capture
antibody was aspirated and washed once with PBS. The plates were then incubated for 2 hours at
37° with100 pl of RPMI containing 10% FBS (RPMI-10) as a blocking step. Splenocytes were
prepared from spleens as described in the MLR assays from mice 12 days after prophylactic
vaccination and tumor cell implant. Triplicate wells of 500,000 splenocytes were cultured in 200
ul of RPMI-10 with stimulation (GL26 tumor cell lysate - 10 pg/ml). Cells were incubated for 48
hours in a 37° humidified incubator to allow for cytokine secretion. Cell suspensions were
decanted and the plates were washed 5 times using wash buffer (0.05% Tween-20 in PBS). After
splenocyte stimulation, 50 pl of biotinylated detection antibody in dilution buffer (0.2 micron
filtered PBS with 1% BSA) was added for an overnight incubation at 4°. Plates were then washed
once more using wash buffer to remove excess antibody. Streptavidin-AP was used to for detection
and development of antibodies according to the manufactures’ suggested recommendations (R&D
systems, Minneapolis, MN). Following a 2-hour incubation with Streptavidin-AP, 100 ul of
BCIP/NBT chromogen was added to the wells and color development was allowed to take place
in the dark before being washed with excess ddH20. IFN-y spots were counted using an automated

ELISPOT plate reader.

3.22. Statistical analysis

Part I:

Error bars represent SEM and asterisks denote statistically significant results. P-values of less
than 0.05 were considered significant, unless noted otherwise. Statistical significance was
calculated using NCSS (NCSS LLC, Kaysville, UT) or Graphpad software (Graphpad Software,

Inc., La Jolla, CA). Dose Response curves and proliferation assays were analyzed by 2-way
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ANOVA followed by Tukey-Kramer multiple-comparison test was performed using NCSS.
Apoptosis experiments and luciferase assays were analyzed using one-way ANOVA followed by
Tukey’s Test to determine level of significance (Graphpad). Kaplan-Meier survival curves were
analyzed using the Mantel log-rank test to determine statistical significance in median survival
(Graphpad). Extra sum-of-squares test was used to determine statistical differences in flank tumor
models treated with inhibitor (NCSS). A one-tailed student t-test was used to compare p-STAT3

intensity from western blots of flank and brain tumors treated with CPA-7 (Graphpad).

Part Il:

Error bars represent SEM and asterisks denote statistically significant results. P-values of less
than 0.05 were considered significant, unless noted otherwise. Using Graphpad Prism (Graphpad
Software, Inc., La Jolla, CA), the two-tailed student’s t-test was used to determine significance in
ELISA measurements. CFSE peaks were statistically analyzed using ModFit LT software (Verity
Software House) to determine the proliferation index and precursor frequency. Kaplan-Meier
survival curves were analyzed using the Mantel log-rank test was used to determine statistical
significance in median survival (Graphpad). 2-way ANOVA & Tukey-Kramer multiple
comparison tests for MLR analysis were performed using NCSS software (NCSS LLC, Kaysville,

UT).
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4. Results

4.1. Results Part I: Inhibiting STAT3 in mouse models of GBM
4.1.1. shRNA cassette is effective at reducing STAT3 transcriptional activity.

To elucidate the contribution of STAT3 signaling to the survival and proliferation of glioma
cells, we generated a bicistronic cassette encoding a STAT3 specific small hairpin RNA (shRNA),
and a GFP reporter, which was ligated into the PBSENUG6 plasmid for expression in mammalian
cells (Fig. 3A). This construct was also cloned into the adenoviral shuttle plasmid, pdE1sp1A, for
vector production. To achieve high expression of the targeting construct, sequences were
optimized for stability and codon usage (data not shown). A scrambled version of the shRNA
sequence was also generated to serve as control. To test the knockdown efficiency of the shRNA
construct, HEK293 cells were co-transfected with an overexpression plasmid of Flag-tagged
STAT3 (pSTAT3Flag) in addition to the STAT3 shRNA plasmid (STAT31) or scrambled control
(STAT3scr or STAT3c). As shown by western blot, transfection of the STAT31 plasmid results in
the loss of STAT3 expression (Fig. 3B). Knockdown efficiency was also assessed using a
luciferase reporter plasmid under the control of a STAT3 response element. HEK293 cells
transfected with the STAT3 driven luciferase plasmid, constitutively expressed STAT3, and the

STAT3i plasmid lost >90% of the luminescence (Fig.3C).

With the aim of enhancing the delivery the RNAi sequence, the construct was packaged into a
replication deficient adenovirus (Ad.STAT3i or Ad.STAT3c). Transduction efficiency of the
adenoviral shRNA vector was assessed in GL26 glioma cells, which harbor very high levels of
phosphorylated STAT3 (pry70sSTAT3 or pSTAT3) (Fig. 3C). pSTAT3 levels also seemed to be

affected by cell-to-cell contact as cultures of higher density were found to express elevated levels
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of pSTAT3. A similar observation was noted in breast cancer cell lines and highlights an intriguing
feature of STAT3 signaling [116]. GL26 cells transduced with the Ad.STAT3i vector had
significantly reduced levels of phosphorylated STAT3 while the scrambled control vector had no

discernible effect on STAT3 activation.
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Figure 3. STAT3 specific shRNA sequence is effective at down-regulating STAT3 activity. A.
Diagram depicting the design of the shRNA construct for both control and the actual hairpin. B. Western
blot of HEK293 cells transfected with a plasmid that overexpressed FLAG-tagged STAT3 and/or STAT3i
or scramble. Immunoblottig was performed using an anti-FLAG antibody C. HEK293 cells were
transfected with pPstats-FFLuc and pTK-rLUC with or without pSTAT3c (a constitutively active form of
STAT3). Cells were co-transfected with pSTAT3scr or pSTAT3i and FFLuc activity was determined after
24 h. (*, p<0.001 compared to without pSTAT3c, *p<0.01 with STAT3i compared to without STAT3i or
with STAT3scr. Two-wa ANOVA followed by Tukey’s Test). D. Western blot of GL26 cell lysates
demonstrate the effect of cell contact on STAT3 activation (anti-ty70spSTAT3 antibody). GL26 cells with
variable densities were transduced with adenovirus expressing control or STAT3 specific ShRNA.
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4.1.2. Adenovirus expressing STAT3shRNA inhibits proliferation of glioma cells.
A panel of cell lines derived from rodent and human GBMs, and mouse melanomas were used
as models of cancer to examine the role of STAT3 in tumor cell proliferation. This panel was
composed of mouse GL26, SMA560 and B16-f10 cells, rat CNS1 cells, human U251 cells, and
two primary human GBM samples (IN859 and HF2303 neurospheres). The origin of these cell
lines are as follows: Mouse GL26 gliomas were chemically induced by implanting MCA pellets
in the brains of C57BL/6J mice [117]. The SMAS560 cell line arose spontaneously from inbreeding
of VM/Dk mice and has hallmarks of an astrocytoma [118]. The B16-f0 melanoma also formed
spontaneously in C57BL/6J mice at Jackson Laboratories [119]. Multiple clones of this line have
been generated by serially transplanting the cell line in the lungs of mice, yielding the highly
invasive and metastatic B16-f10 clone [120]. Intravenous administration of N-nitroso-N-
methylurea for six months resulted in the formation of CNS-1 gliomas in Lewis rats [121]. U251
is a human brain tumor cell line that was established from a patient diagnosed with glioblastoma
[122]. The IN859 cell line is also of human origin and was isolated from a woman diagnosed with
a grade IV astrocytoma [123]. HF2303 primary human GBM cancer stem cells were provided by

Dr. Tom Mikkelsen from the Henry Ford Hospital (Department of Neurology, Detroit, MI).

To assess the activation status of STAT3 in these cell lines, whole cell lysates were
immunoblotted with antibodies that recognize the phosphorylated tyrosine 705 residue of STAT3
and total STAT3. Levels of pSTAT3 was found to be highly variable among the different cell lines
with GL26, U251 and IN859 expressing high to moderate levels of pSTAT3 while the

chemiluminescent signal from SMA560 CNS1, B16-f10, and B16-f0 was extremely low (Fig. 4).
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Figure 4. Expression of phosphorylated STAT3 is variable amongst different cell lines. Whole cell
lysates were obtained from cultured tumor cells by subjecting to RIPA buffer. Equal amounts of total
clarified protein were separated on an SDS polyacrylamide gel and immunoblotted with antibodies
against pry70sSTAT3, total STAT3 and actin. HRP conjugated secondary antibodies and
chemiluminescence was utilized for visualization.

To determine if the in vitro growth of glioma cells is dependent on STAT3, glioma cells (U251,
SMAS560, CNS-1, and GL26) were transduced with the Ad.STAT3i or Ad.STAT3c adenoviral
vectors. To obtain a population which expresses the highest levels of knockdown, cells were sorted
based on their expression of GFP as cells with a bright GFP signal (GFPM) are also likely to be
contain the highest levels of knockdown. Sorted GFP" cells were cultured in 96 well plates for
several days to monitor for effects on proliferation. The amount of intracellular ATP was used as
an indicator of the number of viable cells. Silencing of STAT3 in these glioma lines lead to an

inhibition of cell growth as can be seen in figure 5 below.
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Figure 5. Luminescent viability assay of human and rodent glioma cells transduced with STAT3
knockdown vector. STAT3 dependent growth of glioma cells was monitored by quantifying the amount
of ATP after being transduced with adenovirus expressing STAT3 shRNA construct. Levels were
measured in human U251, rat CNS-1, mouse SMA560, glioma cells transduced with Ad.STAT3.shRNA
as a measure of viability. (*, p < 0.05 versus vehicle; Unpaired student’s t-test).
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As a proof of concept, we wanted to assess the effect of STAT3 knockdown on the growth of
CNS-1 cells in vivo. CNS-1 rodent glioma cells were transduced with Ad.STAT3i or Ad.STAT3scr
for 48 hours before being sorted for high expression of GFP as was performed in the previous
figure. To generate brain tumors, sorted CNS-1 cells were intracranially injected in the striata of
Lewis rats. These animals typically succumbed to tumor burden 15 to 20 days after tumor implant
and were euthanized at the first signs of moribund behavior. CNS-1 cells transduced with a
scrambled version of the knockdown sequence (Ad.STAT3c) formed lethal tumors, while those
cells with reduced levels of STAT3 (Ad.STAT3i) failed to grow in vivo (Fig. 6). Overall, these
results are in agreement with observations that indicate a requirement of STAT3 for maintaining

the growth of glioma cells.
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Figure 6. In vivo growth of CNS-1 cells pre-transduced with Ad.STAT3 shRNA vectors. CNS-1 cells
were transduced at an MOI of 200 for 48 hours before being sorted for high expression of GFP. 30,000
sorted CNS-1 cells were injected in the striata of male Lewis rats and monitored for growth. Animals were
euthanized when exhibiting symptoms of moribund behavior. Survival data is presented as a Kaplan-
Meier survival curve.
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4.1.3. Effects of STAT3 inhibition on cytotoxic glioma therapy

Several proteins that allow individual tumor cells to survive in the presence of apoptotic
stimulus are in fact transcriptional targets of STAT3. Survivin for example is an anti-apoptotic
protein and a bona fide target of STAT3 [124]. A member of the IAP family (Inhibitors of
Apoptosis), survivin helps to prevent apoptosis by blocking the proteolytic cleavage of caspase 9
and subsequent caspase activation. Therefore, we hypothesized that inhibition of STAT3 in cancer
cells will shift the balance of pro- to anti-apoptotic proteins and potentially sensitize the cells to
cytotoxic stimuli such as thymidine kinase. To find the range of GCV that would be most ideal for
testing we performed a dose response analysis using glioma cells transduced with adenovirus
expressing and treated with GCV concentrations from 0 to 25 uM (data not shown). Several days
after the addition of GCV, the cells were lysed and ATP levels were quantified as a measure of
cell viability. I was able to reduce the dose of GCV to 125 nM before I observed a dose dependent
reduction of cell death by (Fig. 7A). Unfortunately, knockdown of STAT3 had no discernible
effect on the levels of apoptosis in either SMAS560 or CNS1 glioma cells. Although there was a
drop in ATP levels of CNSI cells treated with 25 and 50 uM GCV this is most likely attributable
to the effect of STAT3 blockade on its own as the difference is also there in the 0 pM GCV

condition (Fig. 7B).
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Figure 7. STAT3 inhibition does not sensitize tumor cells to TK-mediated cell death. A. SMA560
cells were transduced with adenovirus expressing scrambled or STAT3 specific hairpin along with
adenovirus expressing Thymidine Kinase. The following day GCV (0-125) was added at the respective
concentrations in triplicate wells and was replenished every day for 72Hrs at which time the cells were
harvested and quantified for ATP as a measure of cell number. B. CNS1 cells were transduced with
adenovirus in an identical fashion, but they required a higher dose of GCV to elicit cell death. CNS1 cells
were harvested 96 hours after the addition of GCV.
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4.1.4. Synthesis and validation of STAT3 small molecule inhibitors.

WP1066 was synthesized by the Vahlteich Medicinal Chemistry Core at the University of
Michigan using the strategy outlined in figure 8. The purity of the final product was validated
using HPLC, H-NMR, and mass spectrometry. HPLC analysis indicated the presence of a single
compound with trace contaminants (>99.7% purity; Fig. 9A). Mass spectrometry analysis of the
fragmented ions coincides with a chemical structure identical to WP1066. Furthermore, NMR
spectra observed conformed to the expected emission of WP1066 (Fig. 9C). CPA-7was
synthesized by a collaborator according to a previously published report [95]. HPLC analysis of

the synthesized product indicated > 97.5% Purity (Fig. 10).

Proposed Synthetic Route :

: - 2 N B
@G\NHz CN @/\H% = @/\H)m r
CN beta-alanine CN Z

HOAt, HATU o
CgHqqN DIPEA, DMF C41H15N>0 aCL WP 1066
chrom 188.23 chrom
121.18 C17H14BFN3O
est 80% est 80% 356.22
step 1 step 2

Figure 8. The proposed mechanism of synthesis for WP1066 as outlined by the Vahlteich Medicinal
Chemistry Core at the University of Michigan.
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RJS-7-090A/cdcl3
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Figure 9. Quality control measurements of WP1066. A. HPLC data indicates high purity of a single
compound (>99.7%). B. Positive ion mass spectrometry analysis illustrating the ions produced from the
fragmentation of the synthesized product. Peaks at 356 m/z indicate presence of a compound with a
molecular mass equivalent to that of WP1066 (MW 356). C. Proton NMR spectrum conforms to the
predicted molecular structure of WP1066.
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Figure 10. Quality control data for CPA-7 synthesis. Chromatogram of HPLC performed on the

purified synthesized product indicates the presence of a single compound with trace contaminants
(97.5% purity).

4.1.5. Targeting STAT3 using small molecule inhibitors blocks the proliferation of
tumor cells.

To further develop the means by which to block STAT3 in cancer cells, we pursued three small
molecule inhibitors shown in Table 1 as candidate antagonists of STAT3for characterization in
models of brain cancer. As the STAT family of proteins lack any sort catalytic or enzymatic
domains, the challenge of identifying effective compounds has been significantly more
challenging. As a result very few compounds have completed preclinical development. We elected
to test the activity of these compounds in models of brain cancer with the hypothesis being that
these compounds will inhibit STAT3 activity and promote apoptosis in vitro in addition to having

a therapeutic effect in tumor bearing mice.
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To determine the effectiveness of the compounds, dose response curves with drug
concentrations ranging from 0.1 uM to 100 uM were generated for all three compounds using
GL26, SMA560, CNS1, U251, IN859 and HF2303 glioma cells (Fig. 11). Tumor cells were seeded
in 96 well plates and treated with increasing concentrations of drug for 24 hours at which point
intracellular ATP levels were measured. All three compounds had some appreciable effect at
preventing the growth of tumor cells. In the majority of the cell lines tested, barring SMA560 and
U251 cells, WP1066 was the most potent with an LD50 for ranging from ~3-5 uM. CPA-7 was
also able to induce cell death in a dose dependent manner albeit at a slightly higher concentration
(LD50: ~5-30 uM). ML116 was the least effective with demonstrating good activity in the low
uM range for SMAS560 and U251 cells but was required much higher doses to elicit comparable
effects to CPA-7 or WP1066.At high doses ML116 also quickly precipitated in solution. To
determine the ability of these compounds to inhibit the proliferation of tumor cells over time,
cultures were monitored for proliferation over the course of 5-6 days with and without STAT3
inhibitors to determine if the compounds are effective at killing the glioma cells (Fig. 12). From
the proliferation data, it is clear that CPA-7 and WP1066 are very effective at eradicating tumor

cells in vitro in all the cell lines tested, while ML116 exhibited slightly weaker therapeutic effects
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Figure 11. Dose response curves of STAT3 small molecule inhibitors of STAT3. Dose response
curves were generated by culturing 1,000 glioma cells in 96 well plates in the presence of drugs at
concentrations ranging from 30nM to 100uM. After 24Hrs of treatment, ATP levels (proportional to cell
number) were measured in triplicate using the Cell-Titer Glo® kit from Promega. (*, p < 0.05 versus
vehicle: two-wav ANOVA followed bv Tukev’s test).
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Figure 12. Small molecule inhibitors of STAT3 block the proliferation of rodent and human glioma
cells in vitro. Proliferation assays were performed using identical plating conditions as the dose response
experiments. Tumor cells were treated with a single dose of compound near the LD50. To track the
proliferation of tumor cells, ATP levels were measured every day in triplicate over the course of 5-6 days
(*, p < 0.05 versus vehicle; two-way ANOVA followed by Tukey’s test).
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4.1.6. Induction of apoptosis in response to STAT3 inhibition

Transcriptional up-regulation of anti-apoptotic genes is a mechanism by which cancer cells
impart resistance to cell death stimuli [125]. Multiple genes have been identified as being
transcriptional targets by STAT3. To determine if STAT3 prevents the induction of apoptosis in
transformed cells, multiple glioma cell lines were treated with STAT3 inhibitor for 24hours, after
which flow cytometric analysis for Annexin-V binding and propidium iodide (PI) retention were
performed. This technique permits the visualization of cells in the early (Annexin-V*) and later
stages of apoptosis (PI" and Annexin-V*). Furthermore, this assay can distinguish the different
forms of cell death as cells that undergo necrosis bypass the Annexin-V stage and are exclusively
positive for PI. In glioma cells treated with small molecule inhibitors, using flow cytometry, we
observed increases in cell surface expression of the early cell death marker Annexin-V with
concomitant staining of propidium iodide which marks terminally dead cells (Fig. 13). Cells
treated with CPA-7 or WP1066 underwent complete apoptosis within 24-48Hrs while ML116 was

less effective at inducing apoptotic cell death in tumor cells.
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Figure 13. Inhibition of STAT3 in glioma cells elicits cell death through apoptosis. Glioma cells
were cultured with STAT3 inhibitor at the dose indicated for a period of 48Hrs in triplicate before being
stained using the apoptotic cell death marker Annexin V and PI. (A) Representative dot plots from flow
cytometric analysis of treated and non-treated cells with Annexin V and Pl presented on the x- and y-
axis respectively. (B) Cells deemed to be apoptotic (Annexin V+ or AnnexinV+/Pl+) were quantified and
presented on a column graph. Inhibition by STAT3 small molecule inhibitors elicits significant levels of
cell death (*, p < 0.05 versus vehicle; one-way ANOVA followed by Tukey-Kramer multiple-comparison
test).

4.1.7. Transcriptional Specificity of CPA7, WP1066 and ML116

Small molecule inhibitors that are specific for their intended targets are more attractive for
further development. To determine the specificity of our compounds, transcriptional activity by
STAT3, STATI1, STATS, or NF-kB was assessed in U251 reporter cells. Using plasmid DNA
technology, these glioma cells were engineered to stably express luciferase under the control of
the aforementioned factors. Transcriptional activity in response to drug treatment was then
determined by measuring the luminescent signal produced by the cells after drug. Effects on cell
viability were factored in to reach a normalized value. Not surprisingly, CPA-7 and WP1066 were
effective at inhibiting the transcriptional activity of STAT3 (*, p< 0.05 versus DMSO; Fig. 14A).
ML116 also had an effect on STAT3 activity, although this required the use of much higher doses
(100 uM). At basal conditions NF-kB and STAT1 activity was very low and necessitated the use
of exogenous stimuli such LPS or IFN-y (f, p< 0.05 versus DMSO). Pimozide, MG-132, and
nifuroxazide were used as positive control inhibitors of STATS, NF-«f3, and STATI1 respectively.
NF-«kp, which can modulate STAT3 signaling by secretion of IL-6, was also reduced by the small
molecule inhibitors (*, p< 0.05 versus LPS+DMSO; Fig. 14B). WP1066 also perturbed STATI
activity at doses of 3 uM and 10 uM. In addition STATS activity appeared to be modulated in
response to WP1066 (*, p< 0.05 versus DMSO; Fig. 4C). In accordance with previously published

data, CPA-7 at a 100 uM dose inhibited the activity of IFNy-stimulated STAT1 [95] (*, p< 0.05
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Figure 4. Transcriptional specificity of STAT3 inhibitors. Transcriptional activity was assessed in
triplicate and is represented as the normalized ratio of luciferase signal divided by a separate
measurement of ATP levels to factor in effects on cell viability. A. STAT3-mediated luciferase activity
was quantified after a 24-hour treatment of ML116, CPA-7, or WP1066 at the indicated doses B. STAT3
inhibitors or MG132 (a proteasome inhibitor that maintains the inhibition of NF-k(3) were added 1 hour
prior to the addition LPS (100 ng/ml). LPS was used to stimulate the NF-kp pathway NF-k activity was
measured after a 6-hour LPS treatment period C. STAT5-mediated expression of luciferase was
quantified after a 6-hourtreatment period with Pimozide (STATS5 inhibitor) or STAT3 inhibitors. D. CPA-
7, WP1066, ML116, and Nifuroxazide (pan-STAT inhibitor) were added 1 hour prior to the addition
of IFN-y (20 ng/ml), which was used to stimulate STAT1 activity. STAT1-specific luciferase expression
was measured 6 hours later (*, p < 0.05; One-way ANOVA followed by Tukey’s test). (1, p < 0.05;
Unpaired student’s t-test).

4.1.8. Western blot analysis of phosphorylated STAT3 and its downstream targets.

To better understand the mechanisms by which glioma cells are killed in response to STAT3
inhibition, whole cell lysates of treated tumor cells were probed by western blot for phosphorylated
STATS3 (pryr70sSTAT3), total STAT3, and multiple downstream targets of STAT3. To circumvent
any idiosyncrasies found in the signaling networks of glioma cells, the levels of pryr70sSTAT3 and
its downstream targets were evaluated in several different rodent and human glioma lines. To
obtain whole cell lysates, GL26, SMA560, CNS1 and HF2303 glioma cells were treated with CPA-
7, WP1066 or ML116 for 24hrs, after which the cells were subjected to lysis using RIPA buffer
and electrophoretically separated on a SDS polyacrylamide gel for immunoblotting. Following
CPA-7 treatment, the levels of pry70sSTAT3 along with total STAT3 where highly reduced in all
the examined cell lines (Fig. 15A). As shown previously in the dose response data, GL26 and
HF2303 required the highest concentration of CPA-7 to elicit complete blocking of pSTAT3.
Cyclin D, which is expressed during G1 and is required in G1/S transition phase of mitosis is
regulated by STAT3 and is reduced dramatically in response to CPA-7 treatment. It is a widely
established concept in the field of apoptosis that the balance of pro and anti-survival proteins is

what controls the survival of individual cells. Bcl-x1, another target of STAT3, is considered an
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inhibitor of apoptosis and does so by preventing the release of cytochrome C from mitochondria
and subsequent cell death due to caspase activation. Glioma cells treated with CPA-7 also down-

regulate the expression of Bcl-xl in addition to other pro-survival genes such as Mcl-1 and survivin.

While WP1066 was also very effective at eliciting the apoptosis of glioma cells, the mechanism
by which cell death was induced appeared variable, and independent of STAT3 in certain lines.
This observation is best illustrated in GL26 cells where the addition of WP1066 has no impact on
STATS3 phosphorylation or its downstream targets in spite of a strong induction of apoptosis (Fig.
15B). SMAS560 cells were also unique in that pSTAT3 levels actually rose with increasing doses
of WP1066 before rapidly declining at a concentration of 6 pM with little to no change in the
expression of cyclin D or Bcel-x1. In contrast to GL26 and SMAS560 cells, treatment of CNS-1 cells
with WP1066 resulted in decreased expression of pSTAT3. Inhibition of STAT3 phosphorylation
was also achieved in human U251 GBM cells and primary human GBM neurospheres (HF2303)

in response to CPA-7 and WP1066 demonstrating a pan-species effect (Fig. 15C).
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Figure 15. Decreased expression of STAT3 transcriptional targets is evident in response to small
molecule inhibitors. (A,B,C) Glioma cells were treated with CPA-7 or WP1066 at the indicated doses
for a period of 24Hrs followed by RIPA-mediated cell lysis and electrophoretic separation of total proteins
on a polyacrylamide gel. Proteins were transferred on a PVDF membrane and immunoblotted for
pryr7osSTAT3, total STATS3, their downstream targets. Levels of B-actin were also probed to confirm
equivalent amounts protein loading.

Conversely ML116 was a poor inhibitor of STAT3 activity as we could only observe a
decline of STAT3 phosphorylation in U251 cells (Fig. 16). The poor solubility and activity of
ML116 prompted us to limit or terminate its further characterization. These results illustrate the
changes in STAT3 phosphorylation and downstream proteins brought about by WP1066 and
CPA-7 treatment. Moreover, our data shows that WP1066 can to exert its effect independently of

STAT3 although these findings were cell line dependent.

ML116
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Figure 16. Inhibition of STAT3 phosphorylation in response to ML116. U251 human glioma cells
were treated with increasing doses of ML116 before undergoing lysis. Equivalent amounts of clarified
whole cell lysate were analyzed by western blot using antibodies against pryr70sSTAT3, total STAT3 and
actin. Inhibition of STAT3 was achieved at a high dose of ML116 (100 pM).
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4.1.9. Assessing STAT3 inhibition and tumor regression induced by CPA-7 in

intracranial and peripheral GL26 tumors

Intracranial stereotactic injection of glioma cells into rodents can be performed to generate
highly reproducible brain tumors for testing of pre-clinical therapeutics [126, 127]. These brain
tumor models have several of the same histopathological features found in human GBMs such as
nuclear atypia, diffuse infiltration, and pseudopalisading necrosis [128]. Using a stereotactic
apparatus, GL26 cells were injected in the striatum of syngeneic C57BL/6J mice to generate
intracranial tumors. Animals harboring brain tumors were treated with CPA-7 as depicted in figure
17A and euthanized at the first sign of morbidity. CPA-7 treatment had no effect on survival of
mice bearing intracranial tumors as these animals became moribund at the same time as vehicle

treated animals (Fig. 17A).

In mature vertebrates, the blood brain barrier (BBB) can restrict the diffusion of large particles
and hydrophilic molecules into the CSF and is one of the major hurdles in identifying effective
compounds for CNS disorders; therefore in addition to the intracranial model, we opted to test
CPA-7 in a peripheral tumor model. Mice bearing subcutaneous flank tumors were treated in a
similar fashion to the previous model. In contrast to the intracranial setting, mice bearing GL26
flank tumors treated with CPA-7 underwent complete tumor regression and were free of any
discernible tumor mass two weeks after treatment initiation (*, p< 0.05; Fig. 17B). The regression
of GL26 tumors illustrates the potent tumoricidal activity of CPA-7, albeit restricted to peripheral

models.
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As previously stated, limited diffusion of CPA-7 into the CNS could explain its selective
activity. Blood vessels in flank tumors do not express the same tight junctions as those found in
brain endothelia and are thought to be “leaky”. As such the BBB present a hurdle in getting
compounds to successful traverse brain endothelia. CPA-7 also shares structural motifs with
cisplatin, which is known to have restricted brain permeability [129, 130]. Given its highly polar
structure, we speculated that CPA-7 also has limited brain penetrance and which is why it is only
effective in peripheral tumors. To prove this attribute, C57BL6 mice bearing either GL26 brain or
flank tumors were treated with CPA-7 for 7-8 days then terminally perfused and fixed for
immunohistochemistry (IHC). Tumors were embedded in paraffin, sectioned and immunolabeled
for pPSTAT3. A duplicate cohort of treated animal was used for western blot analysis of whole
tumor lysate. From the IHC staining flank tumors treated with STAT3 had reduced levels of
pSTAT3 compared to vehicle treated controls (Fig. 17C). Most of the reduction appeared to be
localized to the tumor border. In contrast, mice bearing GL26 brain tumors treated had no
appreciable difference in levels of STAT3 phosphorylation after CPA-7 treatment (Fig. 17D). To
further corroborate the IHC data, whole tumor lysates were analyzed by western blot to compare
the relative amounts of pSTAT3 and total STAT3. Immunoblots of flank tumors treated with CPA-
7 also showed a decrease of pSTAT3 and an associated decrease of total STAT3 as previously
demonstrated in vitro (*, p < 0.05; one-tailed student t test; Fig. 17E). Similar to the results
obtained with IHC, there was no appreciable difference in the expression or phosphorylation of

STATS3 in brain tumor lysates (Fig. 17F).

PAMPA (parallel artificial membrane permeability assay) is a method commonly used by

pharmaceutical industry to assess the passive diffusion of compounds across an artificial lipid

60



Results

membrane and has been found to correlate with blood brain permeability [131]. Using UV
absorption, the passive or effective permeability (Peff) of specific compounds was determined by
assessing the extent of diffusion across a lipid infused membrane. In addition to the three STAT3
inhibitors, the Pefr of three control compounds characterized drugs with high (verapamil: 59.5x10"
® cm/s), medium (cortisone: 23x10° cm/s), and low (theophylline: 2x10° cm/s) permeability were
derived simultaneously (Fig. 18). WP1066 exhibited high permeability in the PAMPA assay with
a Petrvalue of 54.6x10¢ cm/s. Conversely the effective permeability of CPA-7 and ML116 were
extremely low with values of 5.1x10°® cm/s and 3.7x10°® cm/s respectively. The poor permeability
of CPA-7 observed in the PAMPA lends further support to the idea that this particular compound
is ineffective for brain malignancies as a consequence of poor brain penetrance. We believe these
results confirm the hypothesis that CPA-7 is a potent inhibitor of STAT3 and an effective

tumoricidal agent albeit impermeable to the CNS.
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Figure 17. Therapeutic efficacy of STAT3 inhibitors in peripheral subcutaneous tumors and
intracranial brain tumors. A. GL26 cells were implanted in the striatum of C57BL/6J mice. Mice bearing
brain tumors were treated 4 days later with CPA-7intravenously with no discernible therapeutic effect
(n=4, 5 mg/kg IV every three days). B, C57BL/6J mice were injected with 1x10"® GL26 cells in the hind
flank to generate subcutaneous tumors. Treatment of mice bearing flank tumors with CPA-7 was initiated
with tumors reached an approximate volume of 30-60mm*3 (n=5, 5 mg/kg IV every three days). Plotted
values represent the means of tumor volumes + SEM. (*, p < 0.05; extra sum-of-squares test). C. Mice
bearing brain tumors were treated with three doses of CPA-7 (5 mg/kg) over a span of 7 days before
being harvested for IHC. Paraffin sections were immunostained with an anti-pty70sSTAT3 antibody and
visualized using DAB peroxidase. Micrographs were acquired using 5X and 40X objectives. D. Mice
bearing flank GL26 tumors treated with CPA-7 5 mg/kg) over a span of 7 days and were processed for
immunostaining in a similar fashion to the brain tumors. CPA-7 was effective at reducing the levels of
pSTATS3 visualized by IHC or western blot (*, p < 0.05; one-tail students t-test). E.,F. Intracranial and flank
tumors from a duplicate treatment cohort as figure 17D and 17E were harvested, homogenized and lysed
for western blot analysis.
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Figure 18. Passive permeability of STAT3 inhibitors using PAMPA system. PAMPA
was used to measure the permeability of drugs across a lipid membrane. Briefly,
compounds were added to the bottom chamber of donor plates at a concentration of
50uM. A membrane was coated with a lipid solution and sandwiched in between the donor
and acceptor plates. The plates were incubated for 4Hrs before UV absorption was used
to measuring the extent of passive diffusion of compounds across the chambers. The
effective permeability (cm/s) or Peff was derived using the software provided by Pion, Inc.
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The tumoricidal efficacy of WP1066 and ML116 was also evaluated in the syngeneic GL26

model, but we did not observe any statistically significant difference in the growth of brain or flank

tumors (Fig. 19).
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Figure 19. Therapeutic efficacy of WP1066 and ML116 in mice bearing GL26 tumors. A. Schematic
showing the experimental approach to intracranial GL26 tumor implantation and treatment strategies.
B. Mean survival time of C57BL/6J mice implanted with 20,000 GL26 tumor cells and treated 4 days
after tumor implantation with WP1066 (40 mg/kg; oral gavage, 5 days “on” 2 days “off”) or C. ML116 (15
mg/kg; |.P., daily) was similar to vehicle treated controls. D. Schematic showing the experimental
approach to GL26 flank tumor implantation and treatment strategies. E. Similarly, C57BL/6J mice
implanted with 1x106 GL26 cells in the hind flank and treated 25 days after tumor implantation with
WP1066 (40 mg/kg; oral gavage, 5 days “on” 2 days “off’) or ML116 (15 mg/kg; I.P., daily) showed no
statistically significant difference in the growth of peripheral GL26 tumors in spite of WP1066 or (F.)

ML116 administration.
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4.1.10. Therapeutic efficacy of CPA-7, WP1066, and ML116 in melanoma models.
The therapeutic efficacy of our STAT3 compounds was characterized in the B16-f0 melanoma
model and its B16-f10 derivative, a more invasive and metastatic clone. These cells form rapidly
growing tumors and 4-5 days after subcutaneous injection and are prone to ulceration around day
20. Furthermore, the B16 line can be used to generate intracranial tumors demonstrating its
metastatic potential. As was observed in the GL26 intracranial model, administration of CPA-7,
WP1066 or ML116 did not improve the long-term survival of mice harboring intracranial

melanomas (Fig. 20).
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Figure 20. STAT3 inhibitors are also ineffective for intracranial melanomas. B16-f0 or B16-f10
melanoma cells were injected in the striatum of C57BL/6J mice. Treatment was initiated with CPA-7
(n=5; 5 mg/kg intravenously every three days), ML116 (n=5; 15 mg/kg intraperitoneal every day), or
WP1066 (n=5; 40 mg/kg oral gavage 5 days on 2 days off) on day 4 and continued until animals became
moribund.
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Alternatively, CPA-7 administration prevented the growth of peripheral melanomas (*, p< 0.05
versus vehicle; Fig. 21). The lack of complete tumor regression was attributed to the short
therapeutic window as tumors quickly became ulcerated had to undergo euthanasia.
Administration of WP1066 had nominal therapeutic effects in treated mice with no statistically
significant effect in intracranial tumors. The lack of efficacy of WP1066 was surprising in light of
the encouraging results previously published. ML116 was the least efficacious of all three

compounds, having no discernible therapeutic activity in Vvivo.
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Figure 21. STAT3 inhibitors are effective for melanomas located in the periphery. A. Melanoma
cells were injected in the hind flanks of C57BL/6J mice and treated 5 days post cell-implant as previously
described (n=6). Error bars represent + SEM; *, p < 0.05; extra sum-of-squares test.
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4.1.11. Toxicity of STAT3 small molecule inhibitors

Histology was performed on moribund B16 tumor-bearing mice treated with CPA-7 or
WP1066. Dr. Henry Appelman, a pathologist at the University of Michigan, carried out the
histopathological analysis of liver, kidneys, and spleens. No notable toxicity was featured in the
liver (Fig. 22A) or the spleens (Fig. 22B) of any of the CPA-7-treated animals. Administration of
WP1066 was associated with splenic toxicity, characterized by an obliteration of the sinusoids by
infiltration of transformed lymphocytes (Fig. 22B). We did observe moderate inflammation in the
kidneys of CPA-7 treated mice, indicating tissue regeneration in response to a previous injury (Fig.
22C). A hematological and serum biochemical analysis (Table 2) revealed a depression in several
parameters from this cohort, including red blood cells, reticulocytes, white blood cells,

lymphocytes, and monocytes (Fig. 23).
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Figure 22. Toxicity in the spleens liver and kidneys of melanoma flank tumor-bearing mice
treated with STAT3 small molecule inhibitors. Kidneys featured normal tissue for both the vehicle-
and WP1066-treated animals in the central cortexes and subcapsular tubules. In the CPA-7-treated
animals, however, protein was noted in many of the tubules of the central cortex (a) accompanied by
flattened epithelium surrounding these tubules (b), characteristic of tissue regeneration as a result of an
injury. Within the subcapsular tubules, CPA-7-treated mice revealed relatively smaller cells with darker
cytoplasm (c), also indicating injury.
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Figure 23. Analysis of circulating white blood cells in treated tumor-bearing mice. Hematological
analysis shows a depression in several parameters following treatment with CPA-7, including red blood
cells, reticulocytes, white blood cells, lymphocytes, and monocytes when compared with the vehicle
control. Grey boxes represent normal ranges for this strain.
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Parameters

Neutrophil %

Monocyte %
Eosinophil %

Basophils %

Vehicle WP1066 CPA-7
Reference Range Mean SEM Mean SEM Mean SEM
RBC (Red Blood Cells; M/pL) 7.4-12 5.85 1.55 6.71 1.97 3.57 0.37
HGB (Hemoglobin; g/dL) 10.8-19.2 8.58 2.77 9.58 2.72 5.13 0.45
HCT % (Percent Hematocrit) 37.3-62 29.40 7.59 34.03 9.06 15.27 1.76
RET (Reticulocytes; K/uL) 2.4-106 542.35 76.04 686.83 270.37 10.62 0.72
RET % (Percent Reticulocytes) 22-64 16.15 9.30 17.53 8.41 0.17 0.04
Plt (Platelet; K/uL) 840 - 2200 646.00 144.01 649.25 59.39 638.67 173.98
IWBC (White Blood Cells; K/uL) 39-14 2.81 0.69 229 0.31 0.78 0.28
Neutrophils (K/uL) 04-3 0.36 0.07 0.41 0.16 0.31 0.15
73-286 14.83 4.03 16.10 4.13 33.27 11.51
Lymphocytes (K/uL) 28-112 212 0.51 1.75 0.13 0.40 0.14
Lymphocyte % 61-87 75.63 3.77 78.45 5.45 59.10 16.46
Monocytes (K/p/L) 0.15-0.94 0.31 0.21 0.10 0.04 0.03 0.02
2-1 8.20 3.86 4.03 1.44 3.80 2.69
E osinophils (K/uL) 001-05 0.03 0.01 0.03 0.01 0.03 0.03
0.013-45 1.05 0.50 1.18 0.39 3.83 3.83
Basophils (K/uL) 0-0.14 0.01 0.00 0.01 0.00 0.00 0.00
0.01-1.24 0.15 0.10 0.25 0.15 0.00 0.00
JALB (Albumin; g/dL) 26-38 1.40 0.17 1.75 0.15 1.97 0.26
JALKP (Alkaline Phosphatase; U/L) 35-96 51.50 10.10 55.50 19.50 73.33 6.36
IALT (Alanine Aminotransferase; U/L) 28-129 4525 11.26 67.00 8.00 41.00 6.51
Ca (Calcium; mg/ml) 110 - 129 9.63 0.34 - - - -
CREA (Creatinine; mg/dL) 02-05 023 0.08 0.15 0.05 0.47 0.03
PHOS (Phosphorus; mg/dL) 79-145 12.83 1.33 - - - -
TBIL (Total Bilirubin; mg/dL) 0.2-06 0.18 0.05 0.20 0.00 0.17 0.07
TP (Total Protein; g/dL) 48-7 3.60 027 4.25 0.35 4.40 0.42
BUN (Blood Urea Nitrogen; mg/dL) 7-28 30.50 4.19 19.50 2.50 84.33 5.78
GLOB (Globulin; g/dL) 2.18 0.09 2.40 0.20 243 0.18

Table 2. Systemic toxicity in flank tumor-bearing mice following small molecule treatment.
Hematological and biochemical parameters are shown for mice bearing flank tumors with mean values
and SEM (Standard Error of the Mean).
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4.2. Results Part ll: Role of STAT3 in Dendritic cell expansion and function
4.2.1. CPA-7 inhibits the therapeutic efficacy of Adenoviral TK/FIt3L mediated gene
therapy.

Our lab has developed a novel gene therapeutic approach that is both conditionally cytotoxic
and immune-stimulatory for the treatment of glioblastoma multiforme, which is currently
undergoing phase I clinical testing. The therapy consists of two genes; the dendritic cell growth
factor FIt3L and the suicide gene thymidine kinase (TK) from the herpes simplex virus. TK
phosphorylates the nontoxic prodrug ganciclovir (GCV), leading to its retention in the intracellular
compartment [132]. Rapidly diving tumor cells will then incorporate phosphorylated GCV into
their DNA triggering early chain termination, cell suicide, and release of tumor antigen [133]. The
second gene to be delivered is FIt3L, a powerful dendritic cell growth factor that stimulates the
proliferation and differentiation of immune cell progenitors. Intra-tumoral injection of adenovirus
expressing FIt3L stimulates the infiltration of professional antigen presenting cells (pAPCs) such
as dendritic cells that are well suited for antigen capture [114]. Free antigen released due to TK
mediated cell death are captured, processed and presented onto MHC complexes by DCs for T cell

priming in the lymph nodes.

Injection of Ad. TK or Ad.FIt3L alone is incapable of providing much therapeutic benefit but
combined delivery of these vectors can essentially cure the majority or brain tumor bearing rodents
(Fig. 24) [127, 134]. Our immunotherapy has been tested in several mouse and rat glioma models
with encouraging preclinical results. Given the role of STAT3 in immunosuppression we wanted
to determine if therapeutic efficacy of Ad.TK/Ad.FIt3L could be improved by targeting the STAT3

pathway. Therefore we opted to deliver CPA-7 intravenously alongside our immunotherapeutic
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administration of adenoviral vectors. Much to our dismay, delivery of CPA-7 abolished the
therapeutic efficacy of the immunotherapy. All mice that received CPA-7 alongside

Ad.TK/Ad.FIt3L failed to survive tumor challenge (Fig. 24).

Effect of CPA-7 on Ad.FIt3/Ad.Tk Immunotherapy
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Figure 24. CPA-7 inhibits the therapeutic efficacy of Ad.FtI3/Ad.TK immunotherapy. C57BL/6J wild
type mice were intracranially implanted with GL26 cells. Fourteen days later, animals received stereotactic
injection of adenoviral vectors, which express recombinant human soluble FIt3L and the conditionally
cytotoxic thymidine kinase (1x108pfu of each virus). Mice were also co-administered CPA-7 by intravenous

injection.

4.2.2. Inducible hematopoietic STAT3 knockout model.

To elucidate the contribution of STAT3 to DC differentiation and function, and circumvent
issues of embryonic lethality associated with total ablation, an inducible conditional knockout of
STAT3 was generated in mice using the Mx1-Cre system as illustrated in figure 25A and
previously described [89, 135]. Briefly, transgenic mice harboring a floxed STAT3 allele [136]
were crossed with mice that express Cre recombinase under the control of the IFN-inducible Mx1

promoter. The heterozygous F1 progeny was then backcrossed to parental STAT3 floxed mice to
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generate homozygous pups that are Mx1-Cre/STAT3**and Mx1-Cre/STAT3/0P/oxP [nduction of
Cre recombinase was performed by intraperitoneal administration of Poly I:C. As a synthetic RNA
mimic and TLR3 agonist, Poly I:C stimulates the production of [IFNa which leads to the activation
of the Mx1 promoter and subsequent Cre transcription. Mx1-Cre mediated recombination of
STAT3 occurs in cells which are responsive to IFN type 1. Using the Mx1-Cre system, high levels
of STAT3 knockout are observed in bone marrow cells, splenocytes, and draining lymph node
cells but was not detected in brain or muscle tissue (Fig. 25B) [135]. To bypass the potential
inflammatory complications associated with Poly I:C administration, mice were given a 2-week

rest period before being used as experimental subjects.
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Figure 25. Mx1-Cre mediated excision of the STAT3 gene to generate a conditional KO mouse
model. A. The mating scheme by which the STAT3 knockout mice were generated is depicted. Also
included is a diagram illustrating the induction of Cre and subsequent recombination after Poly 1:C
administration. B. Poly |:C was administered to Western blot of STAT3 protein from various tissues 2
weeks after poly I:C administration from WT, floxed and heterozygous animals.
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4.2.3. Growth of GL26 gliomas in STAT3 conditional knockout mice.

Conditional knockout mice were first utilized to assess the impact of hematopoietic STAT3
gene ablation on the growth of GL26 gliomas. Using a stereotactic apparatus, wildtype and STAT3
deficient mice were injected with 20,000 GL26 cells in their striatum. Mice were monitored for
signs of distress and euthanized upon exhibited moribund behavior. Kaplan-Meier survival data
indicated no difference in the rate of tumor progression as deficient for STAT3became moribund
at roughly the same time as WT mice when challenged with intracranial GL26 tumors (Fig. 26).
Our results contrast previous reports which reported a reduction in the size of subcutaneous B16
tumors when grown in STAT3 deficient mice [89]. These mice were also engineered to be deficient
by the Mx-1 Cre system; therefore differences in the penetrance of STAT3 knockout are unlikely

to contribute.
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Figure 26. GL26 glioma progression in WT and conditional STAT3 KO mice. Mice deficient for
STATS3 in their immune compartment, virtue of Mx1-Cre, were challenged intracranially with 20,000
GL26 glioma cells alongside wildtype controls. The mice were euthanized at first signs of morbidity and
survival data is presented as a Kaplan-Meyer curve.
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4.2.4. The role of STAT3 signaling in DC differentiation and expansion.

Immature bone marrow derived dendritic cells (BMDCs) can be generated in vitro by culturing
bone marrow cells in the presence of recombinant growth factors such as FIt3L or GM-CSF. To
determine if STAT3 signaling plays a role in DC differentiation, bone marrow from WT and
STAT3 knockout mice were cultured for several days in the presence of either FIt3L or GM-CSF
and analyzed by flow cytometry for the presence of conventional (cDCs) and plasmacytoid DCs
(pDCs). The addition of FIt3L to bone marrow cultures resulted in the expansion of loosely
adherent cell clusters, which were harvested for flow cytometric analysis. At day 8, 80-90% of
these cells were positive for the pan DC marker CD11c. Of these cells, approximately 40% were
of the pDC subtype (CD11¢"/B220%) and 60% ¢DC (CD11¢"/B220") (*, p< 0.05 versus WT; Fig.
27A). Conversely, the vast majority of GM-CSF derived dendritic cells at day 5 were of the cDC
type (Fig. 27B). Interestingly, we observed a ten-fold reduction in the number of FIt3L derived
DCs when bone marrow cells were deficient for STAT3. The inhibition of DC expansion did not
appear to be cell type specific, as the differentiation of cDCs and pDCs was perturbed. In contrast,
the absence of the STAT3 did not affect GM-CSF mediated DC differentiation as WT and STAT3

knockout cultures gave rise to an equivalent number of DCs.

Our group has demonstrated the robust infiltration of MHC-II" DCs in response to intracranial
injection of adenoviral vectors expressing human FIt3L [114]. To determine if STAT3 is also
required for Flt3L-induced DC expansion in vivo, adenovirus containing the human FIt3L gene
was stereotactically injected in the striatum of WT and STAT3 KO mice. FIt3L in wild type mice
induced the striatal infiltration of MHC-II" cells as visualized by immunohistochemistry (Fig.

27C). Recruitment of MHC-II" cells in STAT3 KO mice in response of FIt3L expression was
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highly diminished as observed with in vitro bone marrow cultures. Our data demonstrate a clear
requirement of STAT3 for the differentiation of dendritic cells by FIt3L. In contrast, STAT3 did
not appear to be required for DC differentiation via GM-CSF. In light of this data, we choose to

pursue our investigation on DCs derived solely with GM-CSF.
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Figure 27. The role of STAT3 signaling in the differentiation and expansion of DCs by FIt3L and GM-
CSF.A. WT and STAT3 null bone marrow cells were cultured in the presence of rhFIt3L (100ng/ml) for 8
days then subsequently analyzed by flow cytometry for DC subtypes. Expression of CD45R was used to
distinguish pDCs (CD11c*/CD45R*) from cDCs (CD11c*/CD45R"). The total number of CD11c* DCs
expanded from WT and STAT3 KO bone marrow was quantified from multiple independent bone marrow
cultures (*, p <0.05; two-tail students t-test). B. Flow cytometry and quantification of GM-CSF-derived
(40ng/ml) BMDCs from WT and STAT3 null bone marrow cells. C. WT and STAT3 deficient mice were
injected intracranially with adenovirus (1 x 10%pfu) that expresses human soluble FIt3-L. 8 days post
injection, animals were sacrificed and brains were processed for immunohistochemistry. FIt3 positive and
MHC-II positive cells were visualized using immunohistochemistry DAB peroxidase. Mosaic micrographs
of brain sections were captured at 5X and 20X magnifications.

4.2.5. Phagocytosis by dendritic cells is not dependent on STAT3 signaling.

The rate of DC phagocytosis is dependent on cellular subtype and maturation state. Immature
DCs tend to be highly phagocytic while in more mature cells, the phagocytic capacity is repressed
while antigen processing and presentation take precedence. To determine if STAT3 deletion had
an impact on phagocytosis, GM-CSF derived BMDCs from WT and STAT3 knockout mice were
incubated in the presence of tumor cell lysate, which was pre-labeled with the fluorescent
membrane-linker dye PKH-67. After an 18-hour incubation period, flow cytometric analysis
indicated that the majority of cells were positive for PKH-67 indicating robust uptake of GL26
tumor remnants (Fig. 28). Duplicate samples were also incubated at 4° to ensure that the observed
uptake was an active cellular process and not some form of passive diffusion. Flow cytometric
analysis indicated no statistically significant differences in the phagocytosis of tumor remnants by
WT and STAT3"" DCs. Therefore, STAT3 is unlikely to play a role in the phagocytic process of

bone marrow derived DCs.
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Figure 28. Role of STAT3 signaling on phagocytic activity and DCs’ maturation. Uptake of
fluorescently labeled tumor cell remnants was used as a measure of DC phagocytosis. WT and STAT3"
bone marrow cells were cultured in the presence of GM-CSF (40 ng/ml) for 6 days to expand the DC
pool. BMDCs were then cultured in the presence of PKH-67 labeled GL26 tumor cell lysate for 14 hours
then analyzed by flow cytometry. Fluorescence intensity of PKH-67 in CD11c* cells is presented as
histograms and indicative of active uptake. Phagocytosis assays were also performed at 4°C to control
for uptake by means of passive diffusion.

4.2.6. STAT3 deficient dendritic cells exhibit enhanced maturation

BMDC:s derived in vitro using GM-CSF are typically immature, highly phagocytic, and exhibit
little to no cytokine secretion. Upon recognition of danger signals or TLR agonists, DCs quickly
up regulate the expression of molecules involved in antigen presentation such as MHC-II and co-
stimulatory molecules CD80 and CD86, and CD40. To evaluate the role of STAT3 in the
maturation process, the expression of MHC-II and co-stimulatory molecules was assessed by flow
cytometry in response to the TLR9 ligand CpG 1668. The addition of CpG to GM-CSF derived
DCs led to an increase in the amount of phosphorylated STAT3 at the tyrosine 705 site as indicated
by western blot, indicating a potential regulatory function in TLR signaling (Fig. 29). As expected,
we observed increased expression of MHC-II and co-stimulatory molecules in response to a 12-
hour treatment with CpG (Fig. 30). Interestingly, DCs deficient for STAT3 were sensitized to CpG

treatment as they expressed higher levels of MHC-II, CD80, and CD86 but not CD40 compared
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to WT DCs. The median fluorescence intensity of MHC-II and co-stimulatory molecules was
quantified from multiple animals indicating statistically significant differences in expression (*, p
< 0.05 versus WT+CpG; Fig. 30B). This data suggests that STAT3 signaling can control the
activation state of DCs in response to TLR agonists by inhibiting the expression of molecules

involved in antigen presentation.

Mock CpG LPS

Tubulin-y =

Figure 29. Phosphorylated STAT3 is increased in response to TLR stimulation. GM-
CSF derived BMDCs from wildtype mice were stimulated with CpG 1668 (500 ng/ml) or LPS
(100 ng/ml) for 18 hours. BMDCs were lysed and immunoblotted for expression of
phosphorylated STAT3. y-tubulin levels were used a loading control.
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Figure 30. Role of STAT3 signaling on DC maturation. A. WT and STAT3 deficient BMDCs were
matured in vitro using CpG. Cell surface expression of MHC-II, CD80, CD86, and CD40 was evaluated in
CD11c¢* GM-CSF derived DCs after an 18-hour stimulation with CpG 1668 (500 ng/ml). B. The median
fluorescence intensity of maturation markers was quantified two independent bone marrow cultures (*, p <

0.05; two-tail students t-test).
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4.2.7. Cytokine secretion by WT and STAT3” BMDCs in response to CpG

stimulation

In vitro CpG stimulation of WT and STAT3 GMCSF-derived BMDCs evoked the secretion of
IL-12p70, IL-10, IL-6, and TNFa into the supernatant, which were quantified by ELISA. STAT3
null DCs produced roughly twice the amount of pro-inflammatory IL-12p70 compared to WT DCs
after stimulation with CpG 1668 for 18 hours (¥, p < 0.05 versus WT + CpG; Fig. 31). Similar
increases in cytokine secretion by STAT3null DCs was observed with IL-10 and TNFa but not IL-
6. Deletion of STAT3 does not only increase expression of MHC-II and co-stimulatory molecules
in response to TLR engagement but also leads to elevated production of inflammatory cytokines.

These observations support the proposed role of STAT3 in restraining the extent of DC activation.
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Figure 31. Cytokine secretion by WT and STAT3 deficient BMDCs. Secretion of IL-12p70, IL-10,
TNFa, and IL-6 was measured by ELISA from supernatants of 1 x 106 WT and STAT3"-GM-CSF BMDCs
stimulated with CpG 1668 (500 ng/ml) for 18 hours in 1 ml of RPMI-10. Cytokine secretion was evaluated
from 5 WT and 5 STAT3 KO mice in triplicate wells (*, p < 0.05; two-tail students t-test).
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4.2.8. STAT3 ablation enhances antigen presentation by DCs

Priming of naive T cells by WT and STAT3 null DCs was assessed in vitro using allogeneic
and antigen specific mixed lymphocyte reaction (MLR) assays. To assess T cell proliferation in
response to allogeneic MHC mismatched DCs, CD8*/CD3" T cells isolated from spleens of
allogeneic BALB/c mice were co-cultured with irradiated WT and STAT3 K.O. GM-CSF derived
BMDCS at a 1:1 ratio (Fig. 32A). Proliferation of T cells was monitored using the
carboxyfluoresceinsuccinimidyl ester (CFSE) dye, which is routinely used to track events of
cellular division. With each cellular division, the CFSE fluorescence intensity is reduced in half
and is typically observed as shift of peak fluoresce on a histogram. Statistical analysis of CFSE
peaks can also be employed to derive the precursor frequency (PF) and proliferative index (PI) of
dividing T cells. When T cells were co-cultured with allogeneic STAT3”"BMDCs, we observed
nearly a two-fold increase in the number of proliferating T cells compared to cultures with WT
DCs (Fig. 32A). The PF of T cells dividing in response to MHC-mismatched DCs was 4.7%, and
8% for WT and STAT3 KO DCs respectively, which is in agreement of an allogeneic response
[137]. The proliferative index (PI), which is derived from the sum of all cells divided by the
calculated number of cells in the initial population, was also higher when STAT3 null DCs were
used (4.2 versus 6.8). Incorporation of the nucleotide analogue BrdU into proliferating allogeneic

T cells was also used to confirm the results obtained with CFSE (Fig. 32B).

Antigen specific MLR assays are good predictors of DCs’ capacity to stimulate T cell
responses as processing and loading of antigen peptides onto MHC are factored into the assay. To
assess the impact of STAT3 deletion on antigen specific responses, DCs were cultured in the

presence of ovalbumin as a source of antigen, irradiated, and cultured with antigen specific T cells
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isolated from splenocytes of OT-1 mice (Fig. 33A). OT-1 T cells specific for the SIINFEKEL
peptide found in ovalbumin underwent further rounds of division when stimulated with STAT3
null DCs compared to wild type (Fig. 33A). Statistical analysis indicated a significant difference
in the precursor frequency of diving T cells in response to WT and STAT3 deficient DCs (Fig.
33B). Collectively, this data suggests that dendritic cells that lack STAT3 are more effective at

inducing T cell proliferation than their WT counterparts.
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Figure 32. Deletion of STAT3 in DCs enhances the proliferation of allogeneic T cells. A. An
allogeneic mixed lymphocyte reaction (MLR) was used to determine if DCs (stimulator) could induce
allogeneic T cell (responder) proliferation. WT and STAT3" DCs were derived using GM-CSF as
previously outlined. BMDCs were stimulated with CpG 1668 (500 ng/ml) for 12 hours to increase cell
surface expression of MHC-II prior to being y-irradiated. To induce proliferation 100,000 DCs were
cultured with CFSE-labeled allogeneic T cells at a 1:1 ratio in 96-well flat bottom wells for 5 days. CFSE
intensity of CD8" T cells at day 5 is presented as histograms. The precursor frequency and proliferation
index were derived using the proliferation analysis wizard in Modfit LT computer software. B. CpG-
matured DCs were irradiated and cultured with 100,000 allogeneic T cells at decreasing ratios of
stimulator to responder in 96-well flat bottom wells. Cells were allowed to proliferate for 4 days prior to
addition of the nucleotide analogue BrdU (18-hour incubation). Incorporation of BrdU into dividing DNA
was determined using a colorimetric ELISA kit. 2-way ANOVA test followed by Tukey-Kramer multiple
comparison test were employed to determine statistical significance (*, p< 0.05 versus wildtype).
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Figure 33. Enhanced proliferation of antigen specific T cells in response to STAT3 deficient DCs.
A. Antigen specific MLR assay was used to assess antigen processing and presentation by GM-CSF
derived BMDCs. WT and STAT deficient BMDCs were cultured with 1 pg/ml ovalbumin for 18Hrs before
being gamma-irradiated. DCs were then washed of excess ovalbumin and cultured 1:1 with 100,000 CFSE
labeled OT-1 T cells for 5 days. Peaks of CFSE fluorescence were analyzed by flow cytometry on CD8*
OT-1 T cells. B. The precursor frequency and proliferation index were quantified from three separate MLR
assays using non-related mice. Student’s t-test was used to determine statistical significance (*, p < 0.05
versus wild type; n=3).

4.2.9. DC vaccination elicits anti-tumor immunity in a murine GBM model which is

independent of STAT3 signaling

To assess the role of STA3 signaling within autologous lysate-pulsed DC immunotherapy,
mice were vaccinated using pulsed WT and STAT3 null primed DCs before or after the intracranial
implantation of GL26 mouse glioma cells, and monitored for survival (outlined in figure 34A).
The GL26 tumor model is syngeneic for C57BL/6J mice and does not express any foreign or viral
antigens thereby making it a true syngeneic model. GM-CSF-derived BMDCs from WT and
STAT3 KO mice were pulsed for 14 hours with GL26 tumor lysate before being washed and
administered as vaccines. In the prophylactic model, mice were vaccinated subcutaneously with
three doses of 1 x 10° DCs 7 days prior to tumor challenge. Intracranial gliomas were initiated 24
hours after the last vaccination by stereotactically implanting GL26 cells in the striatum. Animals
vaccinated with PBS or unpulsed DCs exhibited symptoms of morbidity around day 28 and were
immediately euthanized. Approximately 40% of the mice vaccinated with pulsed DCs survived
long-term (>90 days post tumor cell implant; Fig. 34B). Although we did not observe any
significant differences in the therapeutic response elicited by STAT3 null DCs compared to WT.
The induction of anti-tumor immune responses by STAT3 deficient DCs was also evaluated in a

therapeutic treatment model in which DCs were administered post tumor cell implant. This model
89



Results

is significantly more challenging due to pre-existing tumor burden but is also more representative
of the clinical scenario. Therapeutic administration of DCs provided only a modest increase in the
survival of mice bearing GL26 brain tumors and was not capable of inducing tumor regression
(Fig. 34B). Furthermore, as was observed in the prophylactic model, ablation of STAT3 in DCs

did not enhance the therapeutic anti-tumor responses elicited by WT DCs.
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Figure 34. Induction of anti-tumor immunity in response to DC vaccination is independent of
STAT3 signaling. A. Diagram illustrating the culture and priming of WT and STAT3 knockout GM-CSF
derived BMDCs. Micrograph captured at day 6 of GM-CSF culture demonstrates the formation of loosely
adherent cDC clusters. Tumor cell lysate was generated by subjecting GL26 cells to repeated freeze-
thaw cycles in liquid nitrogen and a 37°C water bath. DCs were primed with GL26 tumor cell lysate at a
2:1 ratio of tumor cells to DCs in RPMI-10 for 12 hours at 37°C. After loading, DCs were washed three
times with PBS to remove residual tumor lysate. B. DC Vaccines were administered either before
(prophylactic model) or after (therapeutic model) tumor challenge. C57BL/6J mice were vaccinated
subcutaneously with 1x108 primed WT DCs (blue line, n=5), STAT3 KO DCs (green line, n=5) or PBS-
control on the indicated days. On day 0, mice were intracranially injected with 20,000 GI26 glioma cells
and followed for survival. Animals were monitored daily and euthanized upon signs of morbidity. Survival
data is depicted as a Kaplan-Meyer curve and analyzed statistically using the Mantel log-rank test (*, p
< 0.05 versus PBS).

Our previous data indicated a role of STAT3 in regulating the response of DCs to CpG. As
various experimental immunotherapies have benefited from the addition of TLR adjuvants, we
wondered whether co-administration of CpG would synergize with a STAT3 deficient DC-based
vaccine. While the addition of CpG improved the overall therapeutic response, once again we did

not observe a discernable difference between WT and STAT3 null DCs (Fig. 35).
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Figure 35. The impact of CpG on the therapeutic efficacy of autologous DC immunotherapy.
Tumor-bearing mice were vaccinated using an identical protocol to previous figures with a single
exception. Pulsed DCs were mixed with 30 ug of CpG 1668 immediately prior to subcutaneous
vaccination. Mice were then monitored for survival and presented as Kaplan-Meyer survival curves.
Mantel log-rank test was used to determine statistical significance (*, p < 0.05 versus PBS).
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To assess the immune response elicited by DC vaccination, we performed an IFN-y ELIPOST
using assays from splenocytes isolated 12 days post prophylactic DC vaccination stimulated with
GL26 tumor cell lysate. The results indicate no statistically significant differences in the amount
of IFN-y secreted by splenocytes from mice vaccinated with WT or STAT3 deficient DCs (Fig.
35). In addition, the production of [FN-y was attributed to T cells, as depletion of NK cells had no

effect on signal intensity (data not shown).
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Figure 35. IFN-y ELISPOT analysis of splenocytes isolated from prophylactically vaccinated
mice. IFNy-producing T cells were quantified using an ELISPOT assay. Secretion of IFN-y was
assessed using splenocytes derived from prophylactically vaccinated mice and 12 days post GL26
tumor cell implant. Secretion of IFN-y was measured in triplicate wells. Student’s t-test indicated no
statistical significance between animals vaccinated with WT or STAT3 deficient DCs (n=3). Two-way
ANOVA was used to determine Statistical significance between mice vaccinated with DCs or CpG alone

(*, p < 0.05)
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5. Discussion

5.1. Part I: Inhibiting STAT3 in mouse glioma models

Constitutively activated STAT3 has been detected in the majority of advanced stage cancers
including GBM and is generally correlated with poor prognosis [45, 138]. Although this notion
has been questioned by conflicting reports which suggest no associations of STAT3 expression
and long-term survival [139]. Through its transcriptional products, STAT3 activity has been shown
to be responsible for regulating the growth and survival of various tumor types [140-142].
Moreover, STAT3 has been implicated in the invasion and metastasis of tumor cells [143-145]. In
this set of studies, we assessed the response of glioma cells and mouse models of GBM to STAT3
inhibition using genetic and chemical approaches. Our characterization featured a panel of glioma
cells derived from multiple rodent and human tumors. We found that adenoviral-mediated delivery
of STATS3 specific shRNA sequences was effective for inducing the death of cultured glioma cells.
Furthermore, transduction of CNS-1 cells with knockdown vectors prevented their growth in
Lewis rats. We also performed intra-tumoral stereotactic injection of vectors into mice bearing
GL26 brain tumors, but this technique did not increase long-term survival. The lack of therapeutic
efficacy was presumed to be a consequence of low transduction efficiency. Therefore we pursued

small molecules as a preferred targeting method.

Culturing glioma cells in the presence of CPA-7, WP1066, or ML116 resulted in the inhibition
of growth, indicating a requirement of STAT3 for proliferation. Effects of growth inhibition were
also associated with an induction of apoptosis in the majority of treated cells. To gain a better
understanding of the mechanisms by which these compounds induce apoptosis, expression of

STAT3 and its downstream transcriptional targets were assessed by western blot. While WP1066
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was the most potent in terms of dosage, inhibition of STAT3 activity was only observed in a subset
of glioma cell lines as indicated by our immunoblots. This phenomenon was best illustrated in
GL26 cells were WP1066 had no impact on the phosphorylation status of STAT3 in spite of a
robust induction of apoptosis. While all glioma cells cultured in the presence of CPA-7 exhibited
reduced levels of phosphorylated STAT3 and downstream transcriptional targets, suggesting a

high degree of specificity.

An important feature of small molecule inhibitors is their targeting specificity. Therefore, we
relied on luciferase reporter assays to examine indirect effect on STAT1, STATS, and NF-«3 by
our small molecule inhibitors. Our results are the first to demonstrate targeting of STATI and
STATS in vitro by WP1066. These STAT family members can also be activated by upstream
JAK2, which WP1066 is known to inhibit. Therefore we believe that a more apt description of
WP1066 would be that of a JAK2 inhibitor and should not be described as a STAT3 inhibitor. A
recent study which used a panel of 368 human kinases (covering ~60% of the human kinome) to
profile the specificity of the JAK2 inhibitors ruxolitinib and SAR302503, revealed an inhibition
of >30 kinases for ruxolitinib and >50 kinases for SAR302503 [146]. Therefore a more thorough

investigation into the specificity of WP1066 will be required.

We also demonstrated the inhibition of STATI in response to high concentrations of CPA-7,
which is in support of previously published findings [95]. The loss of NF-k} activity observed in
cells treated with CPA-7 and WP1066 could very well be a natural response to decreased STAT3

activity as a significant of crosstalk between these two pathways is known to take place [147, 148].
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Interestingly, NF-«f} activity actually rose with increased doses of ML116. Whether this is an issue

of specificity or poor drug solubility remains to be seen.

Ultimately, the in vivo inhibition of tumor growth dictates the usefulness of these compounds
as anti-cancer agents. Although WP1066 has been previously demonstrated to be a potent inhibitor
of tumor growth [149], in our study this compound was only mildly effective in B160f10 flank
tumors and had little to no effect in GL26 or B16f0 models. The lack of therapeutic activity by
WP1066 against established intracerebral tumors was surprising, as various reports have been
published describing its robust anti-tumor activity [150, 151]. In addition, results acquired with
PAMPA indicate high permeability of WP1066 across lipid membranes. This observation is in
agreement with mass spectrometry analysis of brain tissue obtained from mice bearing U87 flank
tumors treated with WP1066, which demonstrated significant accumulation of the compound in
the brain [98]. Interestingly, it has been reported that 80% of mice bearing intracerebral B16-10
tumors treated with WP1066 (40 mg/kg) underwent complete regression of tumors whereas mice
receiving a “sub-therapeutic” dose of 30 mg/kg had no discernible therapeutic response [149, 152].
Nonetheless, WP1066 has been approved for a phase I clinical trial in patients with recurrent GBM
or metastatic melanoma, which will assess the maximum tolerable dose of WP1066 and monitor
for potential adverse events or dose-limiting toxicities. Recent clinical trials investigating the use
of the JAK1/2 inhibitor AZD1480 were terminated in phase I when the majority of patients

reported experiencing adverse events or dose-limiting toxicities [53] .

Alternatively, administration of CPA-7 to mice bearing peripheral flank tumors led to a

dramatic reduction in tumor growth; Mice harboring peripheral GL26 tumors that were treated
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with CPA-7 underwent complete tumor regression. A robust therapeutic response was also
observed in mice bearing peripheral B16-f10 and B16-f0 melanomas albeit to a lesser degree.
Unfortunately, this effect could not be recapitulated in intracranial models. This was most likely
attributed to the poor diffusion of CPA-7 across the blood-brain barrier. This hypothesis was
confirmed by IHC and immunoblotting of peripheral and intracranial tumors. While CPA-7
administration lead to a decrease in STAT3 phosphorylation and was associated with robust anti-
tumor activity in peripheral settings, mice bearing intracranial tumors that were treated with CPA-
7 harbored similar levels of pSTAT3 and grew at identical rates compared vehicle treated animals.
Results obtained using PAMPA further corroborate these findings as data indicated poor diffusion
of CPA-7 across a lipid-infused membrane, whereas ML116 and WP1066 were highly permeable.
Platinum-based complexes have also been notorious for having poor brain permeability and are

considered inadequate for treating CNS neoplasms [129, 130].

To circumvent the restricted diffusion of CPA-7, we are seeking to cage CPA-7 using hydrogel
nanoparticles. These nanoparticles can also be tailored as targeted therapies by conjugating
moieties such as F3 peptide, which promotes their uptake by tumor resident endothelial cells [153-
155]. In addition, we are synthesizing and evaluating structural analogues of CPA-7 with the
central aim of reducing its polarity and increasing blood-brain permeability. In summary, we
believe that platinum-based compounds such as CPA-7 provide a suitable framework for the
discovery of novel STAT3 inhibitors and cancer therapies. The data presented provide a
compelling rationale for pursuing CPA-7 as an anti-cancer agent by increasing its biodistribution
within the brain, by the introduction of chemical modifications to the parent compound to increase

its blood brain barrier permeability or by encapsulating it into nanoparticle formulations.

97



Discussion

5.2. Discussion Part ll: Role of STAT3 in Dendritic cell expansion and function

In addition to its oncogenic functions, recent studies have attributed STAT3 as a mediator of
tumor-induced immunosuppression. STAT3 carries out this function by blocking the production
of factors necessary for immune cell activation while simultaneously facilitating the transcription
of genes that are anti-inflammatory in nature [28, 68, 86, 156]. Consequently, STAT3 has gained
notoriety as a promising target for cancer immunotherapy. In this study, we evaluated the
contribution of STAT3 to the differentiation and function of bone marrow derived DCs. In addition
we wanted to determine if STAT3 deletion would enhance the therapeutic efficacy of autologous
lysate-pulsed DC vaccines in a mouse model of GBM. Our results demonstrate contrasting roles
for STAT3 in the differentiation and function of DCs. The growth and differentiation of DCs in
response to FIt3L was highly dependent on STAT3 as we observed roughly a ten-fold decrease in
the numbers of FIt3L-derived DCs when bone marrow cells were deficient for STAT3. These
results were also confirmed in vivo, as intracranial injection of Flt3L-expressing adenovirus in
STAT3 null mice failed to induce the infiltration of MHC-II" cells into the brain. Our data is in
support of a previously published report describing a defect in FIt3L-induced DC expansion as a

result of Tie2-Cre mediated STAT3 excision [18].

While deletion of STAT3 had no detrimental effect on BMDCs derived using GM-CSF, it did
appear to sensitize these cells to TLR activation. DCs deficient for STAT3 were more susceptible
to CpG induced maturation, exhibiting heightened expression of MHC-II and co-stimulatory
molecules CD80 and CD86. Furthermore, STAT3 KO BMDCs stimulated with CpG secreated

elevated levels of IL-12, IL-10 and TNFa as indicated by ELISA compared to wild type BMDCs.
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These findings demonstrate the role of STAT3 in suppressing the activation and maturation of
DCs. Stimulation of T cell proliferation in response to DCs was also evaluated in vitro using MLR
assays. Allogeneic CD8" T cells proliferated significantly more when cultured in the presence of
STAT3 deficient DCs compared to wildtype as was indicated by analysis of CFSE. OT-1 specific
T cells also underwent additional rounds of proliferation in response to ovalbumin loaded STAT3

deficient DCs.

These observations are in agreement with the purported anti-inflammatory functions of STAT3
in GM-CSF derived BMDCs and provide a rationale for exploring the use of STAT3 deficient DCs
as immunotherapy for GBM. To that end, WT and STAT3 KO DCs were primed with GL26 tumor
lysate and administered as cancer vaccines to wildtype C57BL/6J mice bearing intracranial GL26
tumors. Prophylactic vaccination with primed DCs lead to a 40% survival rate of mice challenged
with intracranial GL26 tumors irrespective of the DC-STAT3 status. Conversely, therapeutic
administration of DCs failed to induce tumor regression or long-term survival and was only
sufficient for a partial extension of life. More importantly, ablating STAT3 in DCs did not improve
the efficacy of prophylactic or therapeutic DC immunotherapy in the GL26 mouse glioma model.
As our in vitro characterization of BMDCs indicated a suppressive, regulatory function of STAT3
in TLR-induced maturation, we postulated that DC vaccines that lack STAT3 would benefit from
the addition of the TLR agonist CpG. Therefore 30 pg of CpG 1668 was mixed with pre-primed
DCs and co-administered to tumor bearing mice. Although CpG appeared to provide a modest
increase in survival of vaccinated mice, we did not observe a difference between WT and STAT3
null DC vaccination in combination with CpG. Therefore, in our model, STAT3 deletion did not

result in an increase of therapeutic efficacy or anti-tumor of anti-tumor immune activity compared
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to wild type DCs. To better characterize the immune response induced by DC immunotherapy, we
performed IFN-y ELISPOT assays using splenocytes isolated from vaccinated animals. While
there was an increase in the amount of IFN-y secreted by mice vaccinated with STAT3 null DCs,

the difference was not statistically significant.

Ablation of STAT3 in DC vaccines has also been evaluated in TC-1(P3) tumors, a murine
model of HPV-associated cervical cancer [157]. In this model, wild type and STAT3-knockdown
DCs were primed with the E7 antigen before being administered to mice bearing TC-1(P3) flank
tumors. As was observed in our study, STAT3 knockdown did not elicit improved anti-tumor
immune responses. Although, combination therapy with STAT3-knockdown DCs and bortezomib,
a FDA-approved proteasome inhibitor, significantly enhanced the immune response compared to
combination treatment consisting of wild type DCs and bortezomib. Reduced expression of
STAT3 in tumor cells in response to bortezomib was attributed as contributing factor to the

increased efficacy.

Initiating a therapeutic adaptive anti-tumor immune response is complex process, which
requires the coordinated sequential activation of multiple immune cell lineages. In the context of
cancer, this process becomes even more difficult as tumor cells harbor a variety of mechanisms
that dampen immune cell activation. Although deletion of STAT3 in DCs is intended to bypass
such signals, disruption of effector immune cells can have a big influence on the final therapeutic
outcome. In addition to harboring high levels of constitutive STAT3 activation, GL26 cells
produce an abundance of the immune-modulatory carbohydrate-binding protein galectin-1. A

member of the lectin family, this protein regulates the growth and apoptosis of cells by mediating
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their interaction to the extracellular matrix and to neighboring cells [158]. Intravenous injection of
galectin-1 in Lewis rats has been shown to inhibit both clinical and histological signs of MBP-
induced EAE [159]. Furthermore, galectin-1 secretion by neuroblastoma cells was shown to induce
T-cell apoptosis and inhibit DC maturation [160]. Expression of galectin-1 in vivo by GL26 tumors
could very well diminish the effector T cell pool elicited by DC vaccination. On a similar note,
expression of B7-H1 (PD-L1) by glioblastoma cells, stromal cells, and circulating monocytes can
also induce the death of cytotoxic T cells [161, 162]. Systemic immunological defects including,
but not limited to an expansion of regulatory T cells and myeloid derived suppressor cells have
been well documented in GBM patients [63, 163]. These cell types have been extensively
characterized for their inhibition on T cell functions and represent yet another example of tumor-
induced immune-suppression. Thus, tumors implore various mechanisms that diminish the ability

of the immune system to effectively target and eliminate them.

Systemic inhibition of STAT3 via small molecules or conditional transgenic knockout models
is not without its disadvantages. The abolishment DC expansion induced by FLt3L as a
consequence of STAT3 deletion is a potential concern, as immunotherapies designed to target
STAT3 could also disrupt the biological activity of FIt3L, leading to a decrease in the number of
antigen presenting cells. Using an LCMV infection model, STAT3 was also shown to be required
from the formation of memory T cells from CD8" effector cells [164]. From these observations, it
is clear that STAT3 functions as pleiotropic transcription factor, regulating various aspects of
cellular growth and differentiation. In summary, we believe that inhibition of STAT3 in a single
cell type such as DCs is unlikely to be a fruitful strategy for boosting the efficacy of DC

immunotherapy. Immunotherapeutic strategies that can simultaneously target multiple arms of the
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immune system are likely to elicit the strongest and most durable anti-tumor immune responses.
Combinatorial approaches aimed at stimulating the effector T cell pool using CD25 antibody-
mediated T-reg depletion or CTLA antibody stimulation in combination with DC immunotherapy
have demonstrated encouraging results in mouse models of colon carcinoma and in human patients
diagnosed with metastatic melanoma [101, 165]. As we gain a better understanding of the
mechanisms by which tumors induce systemic immunosuppression, the development and adoption

of combinatorial immunotherapies to ward off cancer become attractive therapeutic strategies.
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6. Concluding Remarks

STATS3 has become a highly attractive therapeutic target for cancer as a result of its pleiotropic
activities. Inhibition of STAT3 not only promotes the apoptosis of individual tumor cells but can
also relieve tumor-induced immune-suppression. Although, broader questions regarding STAT3
signaling and its contribution to tumor progression remain, i.e. what is best strategy for inducing
anti-tumor responses? Is it better to target specific cytokines or central signaling hubs such as
STAT3? Conversely, as we have shown, STAT3 signaling can also be required for the growth and
differentiation of certain types of immune cells. Therefore does targeted cell therapy become a
more suitable alternative to systemic STAT3 inhibition? Ultimately these questions will require
further investigation, which can be aided by the identification of potent and specific small molecule
inhibitors. As we explored inhibition of STAT3 in tumor cells and DC vaccines, our data supports

the pursuit of STAT3 as a therapeutic cancer target.
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