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Abstract

Purpose—We sought a novel approach against glioblastomas (GBM) focused on targeting
signaling molecules localized in the tumor extracellular matrix (ECM). We investigated fibulin-3,
a glycoprotein that forms the ECM scaffold of GBMs and promotes tumor progression by driving
Notch and NF-xB signaling.

Experimental Design—We used deletion constructs to identify a key signaling motif of
fibulin-3. A monoclonal antibody (mAb428.2) was generated against this epitope and extensively
validated for specific detection of human fibulin-3. mAb428.2 was tested in cultures to measure its
inhibitory effect on fibulin-3 signaling. Nude mice carrying subcutaneous and intracranial GBM
xenografts were treated with the maximum achievable dose of mAb428.2 to measure target
engagement and anti-tumor efficacy.

Results—We identified a critical 23-amino acid sequence of fibulin-3 that activates its signaling
mechanisms. mAb428.2 binds to that epitope with nanomolar affinity and blocks the ability of
fibulin-3 to activate ADAML17, Notch, and NF-xB signaling in GBM cells. mAb428.2 treatment of
subcutaneous GBM xenografts inhibited fibulin-3, increased tumor cell apoptosis, and enhanced
the infiltration of inflammatory macrophages. The antibody reduced tumor growth and extended
survival of mice carrying GBMs as well as other fibulin-3-expressing tumors. Locally-infused
mADb428.2 showed efficacy against intracranial GBMs, increasing tumor apoptosis and reducing
tumor invasion and vascularization, which are enhanced by fibulin-3.
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Conclusions—To our knowledge this is the first rationally-developed, function-blocking
antibody against an ECM target in GBM. Our results offer a proof of principle for using “anti-
ECM?” strategies towards more efficient targeted therapies for malignant glioma.
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Introduction

Glioblastomas (GBMs) are the most common malignant tumors originating in the CNS (1)
and remain one of the deadliest form of cancer despite continuous advances for their
treatment (2). Therapeutic strategies for GBMs are stymied by the heterogeneity of these
tumors and their invasive behavior, which make them highly resistant to therapy and
facilitate recurrence (3-5). There is a dire need for strategies capable of overcoming GBM
dispersion and heterogeneity, in order to increase efficacy against tumor cells that may reside
in different niches and express different molecular signatures.

The extracellular matrix (ECM) that fills the parenchyma of malignant gliomas has unique
composition and structure compared to other solid tumors (6, 7). It contains remnants of the
original neural ECM rich in hyaluronic acid and proteoglycans (8, 9) but also includes
collagens and other fibrillar proteins produced de novo by tumor cells, resulting in a unique
scaffold that supports GBM cell adhesion and dispersion (10). Prior work describing ECM
molecules in malignant gliomas (6, 7, 11-13) and clonal and regional profiling of GBMs
((14, 15) and http://glioblastoma.alleninstitute.org), suggest that there may be considerable
similarity of ECM components across GBM molecular subtypes and between tumor regions.
Structural ECM molecules could therefore be useful molecular targets localized all over the
tumor parenchyma, adjacent to GBM cells with different phenotypes and genotypes.
Accordingly, ECM disruption could be a feasible approach to strike multiple populations of
tumor cells surrounded by a common matrix scaffold. This idea has been successfully tested
in experimental models, targeting for example GBM-enriched polysaccarides and
proteoglycans to increase therapeutic delivery (16, 17) and to disrupt tumor growth and
invasion (18, 19). An antibody against the ECM scaffolding protein tenascin-C has even
advanced to the clinical stage and completed phases I and 11 clinical trials (20, 21). However,
two major limitations for these strategies have been the difficulty to identify functional
motifs underlying the pro-tumoral functions of ECM proteins, and the absence of reagents to
disrupt signaling initiated or regulated by these ECM molecules.

Fibulin-3 is an ECM glycoprotein normally found in connective tissues, forming fibrils
associated to elastin and collagen (22). This protein is sparsely detected in the body and is
essentially absent in adult brain (23). However, fibulin-3 is highly expressed in GBMs (24),
where it gains novel functions as autocrine/paracrine activator of Notch and NF-xB
signaling, which have not been described in normal tissues (25-27). Fibulin-3 enhances
GBM invasion, vascularization, and survival of the tumor-initiating population, correlating
with poor patient survival and acting as a marker for regions of active tumor progression in
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GBM (26, 28) and other invasive cancers (29-31). The low expression of fibulin-3 in normal
tissues, high enrichment in GBMs, and non-structural functions in these tumors make it an
appealing target to test “anti-ECM” strategies. Approaches focused on blocking the novel
functions of fibulin-3 in GBM should have limited off-target effects because this protein is
not expressed in normal brain or known to act as a soluble signaling factor in other tissues.

We report here the development and pre-clinical characterization of a novel antibody that
blocks a unique functional motif in fibulin-3, resulting in complete inhibition of its signaling
functions in GBM cells. This antibody has anti-tumor efficacy against GBMs and other
fibulin-3-secreting solid tumors, being the first example of a rationally-developed, function-
blocking antibody against an ECM protein and capable of inhibiting cancer signaling. We
propose this antibody as a proof-of-concept of ECM-targeting approaches to potentiate
current therapies against GBM.

Materials and Methods

DNA and protein reagents

A full-length clone of human fibulin-3 (1,479 bp) was cloned in pcDNA3.1(+) as described
(24). Deletion constructs lacking N-terminal sequences were generated by PCR. Reporter
plasmids carrying firefly luciferase under control of Notch-dependent (pGL2Pro-CBF1-Luc)
or NF-xB-dependent (pGL4.32/luc2P/NF-RE) promoters have been described elsewhere
(25, 26). Purified fibulin-3 was from R&D Systems (Minneapolis, MN). Purified, endotoxin-
free, non-immune mouse 1gG was from Molecular Innovations (Novi, MI). Fibulin-3
peptides, both free and conjugated to bovine serum albumin (BSA) or Keyhole limpet
hemocyanin (KLH) were synthesized and purified at Yenzym Antibodies (San Francisco,
CA). Amino acids in the peptides were numbered to follow their corresponding position in
full-length human fibulin-3. Antibodies and primer sequences used in this work are listed in
Suppl. Tables I and 1.

Cells and tissue specimens

GBM cell lines, GBM stem-like cells (GSCs), and HEK293 cells were cultured following
described standard methods (24, 25, 28). Renal cell carcinoma SN12C and colon
adenocarcinoma COL0201 cells were cultured in high-glucose DMEM with 10% fetal
bovine serum and standard antibiotics, while mesothelioma H226 cells were cultured in
RPMI-1640 medium with the same supplements. Endogenous fibulin-3 was detected by
gRT-PCR and Western blot (24) in all cells except COLO201 and HEK293. Cells were
authenticated and confirmed free of contaminants at the IDEXX-Research Animal
Diagnostic Laboratory (Columbia MO). Frozen specimens of GBM and pathologically
normal brain were procured from NCI’s Cooperative Human Tissue Network and SUNY
Upstate University Hospital, with patient consent and institutional review board approval.
Paraffin-embedded tissue sections were from US Biomax (Rockville, MD).

Antibody production and validation

The sequence N-T2°YTQCTDGYEWDPVRQQCK*3DIDE#’-C (“DSL-like” sequence)
from human fibulin-3 was chosen as immunogen to produce monoclonal antibodies. To
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retain the internal disulfide bridge Cys2%-Cys*? (23), the peptide was not conjugated with
maleimide to KLH; instead, an N-terminal lysine was added for conjugation using N-
hydroxysuccinimide ester and the internal Lys*3 was changed to arginine (see Figure 1E).
Mouse monoclonal antibodies were produced at the Dana Farber Cancer Institute
Monoclonal Antibody Core Service (Boston MA). Hybridoma clones were chosen through
multiple rounds of subcloning as indicated in Suppl. Figure S1. The final anti-fibulin-3 clone
(mADb428.2.3C11.H11.G3) was nicknamed mAb428.2.

Binding of mAb428.2 to fibulin-3 and BSA-conjugated DSL-like peptide was validated
using indirect-ELISA. Briefly, microtiter plates were coated with fibulin-3 (200 ng/ml) or
DSL-like peptide (1000 ng/ml), blocked with bovine albumin, and probed with mAb428.2
and anti-mouse secondary antibodies. Antibody binding was quantified by a colorimetric
reaction using standard ELISA procedures. The antibody was also tested by Western blot
(Figure 2) and dot blot (not shown) to confirm binding to purified fibulin-3. mAb428.2 was
purified in low-endotoxin conditions (< 1 EU/mg) and equilibrated in phosphate-buffered
saline, pH 6.5. The affinity of mAb428.2 for purified fibulin-3 was measured by surface
plasmon resonance (Biacore 3000 biosensor) at room temperature. Standard biophysical
analysis of mAb428.2 was performed at Wolfe Laboratories (Waltham, MA) and included
size exclusion chromatography to determine polydispersity, isoelectrofocusing to determine
pl, and differential scanning calorimetry to determine aggregation/solubility.

In vitro assays and histology

Cells and tissues were lysed and processed for Western blotting or semiquantitative real time
PCR (gRT-PCR) using standard protocols (24, 25). Reporter cells carrying stably transfected
Notch- or NF-xB-reporter plasmids were transfected with a Renilla luciferase plasmid
(pGLA4.75-Rluc/CMV, Promega) as loading control. Cells were stimulated with purified
fibulin-3 (300 ng/ml) for 6h or transfected with fibulin-3 cDNA and used 24h after
transfection. For a positive control of Notch activation, cells were transfected with the
plasmid pSG5-FLAG-NICD carrying the constitutively-active Notch1 Intracellular Domain
(NICD) (25). For a control of NF-xB activation, cells were treated with Tumor Necrosis
Factor-alpha (TNFa; 10 ng/ml, 6h) as described (26). To measure ADAM17 proteolytic
activity, cells were transfected with fibulin-3 constructs, lysed after 24h, and incubated with
a fluorogenic ADAM17 substrate peptide (R&D Systems) as previously described (28). All
transfections were performed in cultures adjusted to a density of 1x10° cells/ml.

To measure cell invasion, GSC tumorspheres were labeled with a fluorescent dye (PKH26,
Sigma-Aldrich), seeded on freshly prepared brain slices, and cultured for up to five days
following our established protocols (24). The dispersion of the cells into brain tissue was
imaged daily by fluorescence microscopy (24). A Migration Index was calculated as the
ratio of area covered by the dispersed cells to the original area of the spheroids. Antibodies
(200 pg/ml) were added to the organotypic cultures every 48h together with fresh culture
medium.

Fibulin-3; 5-bromo-2"-deoxyuridine (BrdU); co-expressed macrophage markers (lbal;
Arginase-1); and the DNA-damage marker phospho-histone H2A.X were detected in tissue
sections following previously described immunohistochemical protocols (28, 32, 33). Blood
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vessels were stained with an antibody against mouse CD31; vessel length and density per
tumor area were calculated using particle image analysis as described (28).

In vivo procedures

Statistics

All animal experiments were performed in athymic mice (FoxN1"/nU, Envigo) following
institutional approval at the Brigham and Women’s Hospital and SUNY Upstate Medical
University. mAb428.2 was prepared in lactated Ringers solution (pH 6.5) and confirmed free
of endotoxins, mycoplasma, and rodent pathogens (Yale University Section for Comparative
Medicine; New Haven, CT). Preliminary toxicity assays were performed in C57BI/6 mice
and Lewis rats, injected intravenously (1V) with mAb428.2 for eight consecutive days and
monitored for up to 7 days after the final injection.

For sub-cutaneous (SC) tumor implantation, animals (N=8/group) received bilateral
injections of 1x108 tumor cells (in 100 uL) without Matrigel™ adjuvant. Tumors were
measured every other day with calipers and volumes were calculated as (length x width?)/2.
The larger of the two tumors per animal was used to decide treatment initiation and
endpoint. When tumors reached a threshold of 100 mm?3 mAb428.2 was injected directly in
the tumor mass (3 x 30 mg/kg g48h) or 1V (8 x 30 mg/kg g24h). Animals were euthanized at
a fixed endpoint 3 days after the last antibody injection, or monitored for overall survival
and terminated when tumor volumes reached 1,000 mm3, For intracranial tumor
implantation, animals (N=8/group) were injected with 10,000 GBM stem-like cells in the
right striatum (2 pL) and one week later intracranial cannulas were implanted to deliver
mAb428.2 from a SC osmotic pump (Alzet #2001; 1.5 mg/mL antibody released at 1.0 pL/h
for 8 days). Pumps were removed after the antibody was fully delivered and the animals
were monitored for overall survival. All euthanized mice were perfused with phosphate-
buffered saline and tissues were recovered for biochemical or immunohistochemical
analyses. Subclass-specific secondary antibodies were used to detect intratumoral retention
of mAb428.2 by Western blot of immunohistochemistry.

To detect antibody distribution in naive and tumor-carrying mice, mAb428.2 was
fluorescently labeled with DyLight-755 following the manufacturer’s protocol
(ThermoFisher antibody labeling kit #84538), injected IV at 5 mg/kg, and visualized using
an in-vivo imaging system (Spectral Instruments Ami-X, Tucson AZ; EX'Em=745/790 nm).

In vitro experiments were repeated at least twice with 3-5 independent replicates each time;
all results were represented as mean = S.D. Animal studies were performed with N=5/group
for fixed-endpoint and N=8/group for overall survival studies (to detect differences at least
50% larger than the S.D. of the groups, at power 80% and p<0.05). Bilateral tumors were
averaged to calculate a mean tumor volume per animal. Blinding and randomization for
animal studies followed the ARRIVE guidelines for animal research (34).
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Results

An exposed N-terminal motif of fibulin-3 is critical for its signaling

Fibulin-3 increases canonical Notch (25, 27) and NF-xB (26, 35) signaling in tumor cells.
The mechanism is not fully elucidated but includes activation of the cell-surface
metalloprotease ADAM17, which cleaves (and activates) Notch receptors (28) and can also
release TNFa to initiate NF-xB signaling (26). We therefore sought to identify a functional
motif(s) of fibulin-3 critical for these signaling mechanisms.

Fibulin-3 has a unique N-terminal, EGF-like domain (Met!-Ser198) that includes a sequence
(Thr25-Cys’%) named “DSL-like” for its high homology to the canonical De/ta-Serrate-Lag
(DSL) motif present in Notch ligands (25). We have shown that this N-terminal domain is
necessary and sufficient to activate Notch signaling (25), suggesting that disrupting this
domain could affect molecular pathways regulated by fibulin-3.

To test this hypothesis we analyzed short sequences within the DSL-like motif and found
that fibulin-3 lacking the sequence Thr25-Glu#7 (“fibulin-3ADSL”, Figure 1A) was unable to
activate Notch- and NF-xB reporters in U251MG GBM cells (Figure 1B—1D). The deletion
did not affect fibulin-3 secretion (Figure 1C) or the activation of the reporters by their
respective canonical signals (Figure 1B; 1D), suggesting a specific loss of fibulin-3 signaling
function. In agreement, transfection of fibulin-3ADSL in U251MG cells failed to increase
the expression of the Notch-dependent genes HES5 and MMPZ2 (Figure 1E), which are
regulated by fibulin-3 in GBM (25, 26). Moreover, fibulin-3ADSL lacked any enhancing
effect on ADAM17 catalytic activity (Figure 1F). In sum, deletion of the Thr2>-Glu4”
sequence was sufficient to completely abolish the signaling functionality of fibulin-3.

Analysis of the sequence Thr2>-Glu4’ of human fibulin-3 using the PHYRE2 Protein Fold
Recognition Server (www.sbg.bio.ic.ac.uk/~phyre2 (36)) suggested that it is highly exposed
on the globular head of the protein (22) and is well conserved among species (Figure 1G).
We then set out to generate an antibody capable of binding and blocking this exposed
functional motif. Because the sequence Thr2>-Glu#’ contains two cysteines that may form an
intramolecular bridge (23) we modified one amino acid in the sequence (Lys*3 — Arg) to
retain this feature in the peptide used for immunization (Figure 1E).

Characterization of mAb428.2, a novel anti-fibulin-3 antibody

The antibody mAb428.2 was confirmed to be a mouse IgG1 kappa. It has average pl=7.48,
which limited its solubility in phosphate-buffered saline to approximately 5-6 mg/ml before
noticeable aggregation. At concentration of 1 mg/ml in this buffer, mAb428.2 remained as
>99% monomeric at room temperature.

mADb428.2 detected denatured fibulin-3 in reducing and non-reducing conditions (Figure
2A), suggesting that the presence of the disulfide bond in the epitope was not critical for
recognition. The antibody did not cross-react with fibulin-4 and -5 (Figure 2B), or with
fibulin-3ADSL lacking the target epitope (Figure 2C). Binding of mAb428.2 to BSA-
conjugated DSL-like peptide or to purified fibulin-3 was competitively inhibited by free
DSL-like peptide (Figure 2D-2E and Suppl. Figure S2A), suggesting that this epitope is the
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only part of fibulin-3 recognized by the antibody. Binding of mAb428.2 to fibulin-3 was
inhibited by the endogenous DSL-like sequence from human fibulin-3 (with Lys*3) and by
the modified sequence used for immunization (with Lys*3—Arg) (Figure 2F). Interestingly,
a DSL-like peptide derived from mouse fibulin-3, which contains 11e38 instead of Val®8, was
unable to displace the binding of mAb428.2, suggesting that our antibody may show poor to
negligible recognition of mouse fibulin-3 (Figure 2F). Measurement of binding kinetics of
mADb428.2 to purified human fibulin-3 revealed a high affinity binding with Kd=5 + 1 nM
(Suppl. Figure S2B).

mADb428.2 also recognized native fibulin-3 in GBM tissues in a manner comparable to the
antibody mAb3-5, which is a well-characterized antibody raised against human fibulin-3 for
histology (37). mAb428.2 detected pericellular and diffusely localized fibulin-3 in low-grade
astrocytoma and GBM, matching the staining of mAb3-5 that increases with tumor grade
(25) (Figure 2G). None of these antibodies showed specific staining of normal adult brain. In
frozen (non-paraffinized) tissues, both mAb3-5 and mAb428.2 detected a characteristic
perivascular fibrillar pattern of fibulin-3 that we have observed restricted to human GBM
blood vessels (Figure 2H and (28)). Further staining of live, dissociated GBM cells and fixed
GBM tumorspheres (Suppl. Figure S3) confirmed that mAb428.2 detects fibulin-3 that
accumulates in the intercellular ECM as well as peripherally associated to the membrane of
the tumor cells.

Taken together, our results validate mAb428.2 as a novel antibody that recognizes human
fibulin-3 with high affinity and specificity, under a variety of conditions and specimen
preparations.

mADb428.2 is a function-blocking anti-fibulin-3 antibody

We first tested mADb428.2 on U251MG cells overexpressing fibulin-3. Transfected fibulin-3
cDNA increased the activity of a Notch-dependent reporter in these tumor cells; however,
this effect was completely abolished by mAb428.2 in a time- and concentration-dependent
manner (Figure 3A-3B). mAb428.2 also inhibited the enhancing effect of fibulin-3 on a NF-
xB-dependent reporter (Figure 3C) and ADAM17 activity (Figure 3D). The antibody did not
affect the direct activation of the Notch reporter by NICD or the NF-xB reporter by TNFa
(Figure 3E), indicating that its effects were specific against fibulin-3. A pre-immune control
IgG had no effects in any of these assays.

As additional confirmation we tested the effect of mAb428.2 against endogenous fibulin-3
secreted by GBM cells. mAb428.2 added to cell cultures for 24h reduced the expression of
several Notch and NF-xB-regulated genes in U251MG cells as well as in mesenchymal-type
GSCs that have high endogenous expression of fibulin-3 (25) (Figure 3F). Taken together,
our results indicate that mAb428.2 is a function-blocking antibody against fibulin-3.

mADb428.2 inhibits fibulin-3 signaling in vivo, reduces tumor growth, and induces anti-
tumor inflammation

For in vivo experiments mAb428.2 was injected IV once a day for eight days (to match the
time needed to empty the reservoir of an osmotic pump for local delivery). We did not
observe toxic effects in naive mice treated with mAb428.2 up to 30 mg/kg or in Lewis rats
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treated with an adjusted dose of 20 mg/kg (38). The animals did not show changes in weight
or any signs of acute damage in normal tissues that contain fibulin-3, such as kidneys’
glomeruli, connective tissue in articular joints, or retinal epithelium (Suppl. Figure S4).

To assess anti-tumor efficacy, mAb428.2 was tested against the highly aggressive GSC
GBM34 (25). Tumor cells were implanted SC and treated with mAb428.2 or hon-immune
control IgG once the tumors reached a threshold volume of 100 mm3. A preliminary test
with direct intratumoral injections of mAb428.2 (3 x 30 mg/kg g48h) showed significant
reduction of tumor volume and final weight measured at a fixed endpoint (Suppl. Figure
S5A-S5B). Similar reduction in tumor growth was observed when the antibody was
delivered 1V (8 x 30 mg/kg g24h) suggesting that peripherally-delivered mAb428.2 reaches
its target in the tumor mass (Figure 4A). Tumor tissues were subsequently processed to
detect indicators of Notch and NF-xB signaling, including expression of Notchl
Intracellular Domain (active form of Notchl); Notch-regulated transcription factor Hes5;
and phosphorylation of the NF-xB transcription factor RelA/p65. We observed significant
downregulation of all these proteins in tumors treated with mAb428.2, both by direct
intratumoral injection (Suppl. Figure S5C) and IV delivery (Figure 4B-4C).

Further analysis of the GBM34 tumors treated with mAb428.2 revealed increased expression
of cleaved caspase-3 in the tumor mass (Figures 4D, 4F) and significant reduction of BrdU
uptake (Figures 4E, 4G), suggesting a cytostatic and possibly cytotoxic effect of mAb428.2
treatment. Indeed, post-mortem examination revealed considerable necrosis in the core of
mADb428.2-treated tumors (Suppl. Figure S5D).

The observation of widespread tumor apoptosis and necrosis /n7 vivo (see also Figure 6C and
comments in Suppl. Figure S6) was somewhat surprising because highly purified mAb428.2
did not reduce GBM cell viability significantly when added to cultures for 24-72h (not
shown). Therefore, we explored if the antibody had caused any effects on immune cells that
could help explain tumor cell death. Indeed, mAb428.2-treated tumors showed increased
infiltration of macrophages (Ibal-positive cells; Figure 4H) and lower or absent expression
of the M2-phenotype marker Arginase-1 in those macrophages (Figure 41), compared to the
control IgG treatment. In agreement with these histological findings, tumors treated with
mADb428.2 and processed to measure mouse-specific mMRNAS showed increased expression
of inflammatory cytokines (IL-18, IL-10 and gamma-interferon) and reduced expression of
macrophage markers associated with the M2 phenotype (39) such as Arginase-1 (ARG1),
CD163, and CD206 (Figure 4J). Moreover, mAb428.2 increased the mRNA expression of
human-specific pro-inflammatory cytokines, derived from the tumor cells (Figure 4K).
Taken together, the results suggested that mAb428.2 induces a marked anti-tumor reaction
driven, in part, by inflammation and activation of innate immunity.

mAb428.2 extends survival of mice carrying fibulin-3-expressing tumors and disrupts GBM
invasion and vascularization

We next evaluated the efficacy of mAb428.2 to extend survival of mice carrying fibulin-3-
expressing SC tumors, including our two GSC-derived GBM models as well as cell lines
(H226 and SN12C) chosen from the NCI-60 collection for their high expression of fibulin-3
(40) (Figure 5A). One additional cell line (COL0O201) was chosen as negative control for its
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negligible endogenous expression of fibulin-3. 1\V-injected mAb428.2 reduced tumor volume
(Suppl. Figure S6) and significantly improved survival in all the fibulin-3-expressing models
(Figure 5B—F), extending median survival by 28% (GBM09) to 64% (GBM34) in the GBM
xenografts. However, mAb428.2 did not prolong the survival of mice carrying fibulin-3-
negative COL0O201 tumor cells (Figure 5D).

We also tested mAb428.2 against both GSC models implanted intracranially, but were
unable to detect a survival improvement when the antibody was delivered peripherally
(Figures 6A and S7A). However, when a comparable dose of antibody was infused into the
intracranial tumor mass using an osmotic pump we observed again a significant increase in
median survival (32%, Figure 6A), suggesting that mAb428.2 has anti-tumor efficacy when
it is able to accumulate in the tumor parenchyma. Accordingly, a small biodistribution study
using IV-injected, fluorescently-labeled mAb428.2 suggested that the antibody may be
rapidly cleared from circulation but nevertheless accumulates in SC tumors and remains at
peak level in the tumor for at least 24h after injection. In contrast, mAb428.2 fails to
accumulate in intracranial tumors unless it has been locally delivered (Suppl. Figure S8A-
S8D).

Further analysis of mAb428.2-treated intracranial tumors focused on tumor invasion,
apoptotic resistance, and vascularization, all of which are enhanced by fibulin-3 (25, 28). We
were unable to assess the effect of mAb428.2 on intracranial tumor dispersion /17 vivo due to
the modest invasive profile and the large size of GBM09 and GBM34 tumors by the time
that the animals could be euthanized. However, mAb428.2 caused significant inhibition of
GSC invasion in cultured brain slices (Figure 6B), which is an accurate surrogate of /n vivo
invasion (24).

Local infusion of mAb428.2 in intracranial tumors (GBMO09 cells) increased the number of
tumor cells expressing the DNA damage marker phospho-H2A.X (Figure 6C-6D), matching
the pro-apoptotic effect of this antibody in SC tumors. mAb428.2-treated tumors also
showed decreased microvascular density, with significant reduction in the number of small
vessels that are increased by fibulin-3 in GBM (28). The magnitude of this effect was
comparable to a previously observed anti-angiogenic effect achieved by fibulin-3
knockdown in the same tumor model (28). Finally, mAb428.2 increased the infiltration of
macrophages surrounding the tumor mass (Suppl. Figure S7B), suggesting an inflammatory
effect similar to the one observed in SC tumors. Taken together, the results suggest that the
anti-tumor effects of mAb428.2 in intracranial GBMs match a generalized inhibition of
fibulin-3 mechanisms, together with increased anti-tumor inflammation.

Discussion

Most anti-tumor strategies with a focus on tumor ECM have concentrated on ECM-
associated proteins rather than the structural components of the ECM. Successful strategies
that have been translated to the clinical setting include inhibition of matrix-degrading
metalloproteases (41, 42) and integrins (reviewed in (43)). In contrast, direct targeting of
ECM molecules in GBM, such as hyaluronic acid, proteoglycans, and glycoproteins, has
rarely advanced beyond experimental models. A notable exception is the monoclonal
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antibody 81C6 that binds the ECM protein tenascin-C enriched in GBMs (44, 45). 131]-
labeled 81C6 (Neuradiab) was successfully tested for local radiotherapy of intracranial
gliomas (46) and completed a phase 11 clinical trial (NCT00003478) before being
discontinued in phase 111 (NCT00615186) for reasons unrelated to its efficacy. However,
neither this antibody nor other approaches against ECM molecules have focused on
identifying and blocking the signaling mechanisms that are triggered or regulated by these
molecules in GBM.

In the present study we have identified a key motif exposed by the ECM protein fibulin-3
and demonstrated that this epitope is critical for the signaling functions of this protein in
GBM. Moreover, we have developed and validated an antibody against this epitope and
shown that it blocks the signaling functions of fibulin-3 /n vitro and its tumor-promoting
mechanisms /n vivo. To our knowledge this is the first function-blocking antibody developed
to inhibit pro-tumoral signaling mechanisms triggered by an ECM protein.

mADb428.2 showed significant efficacy against SC tumor xenografts, reducing tumor cell
proliferation and increasing apoptosis. Moreover, the antibody promoted macrophage
infiltration in the tumor, together with increased expression of inflammatory cytokines and
decreased expression of M2/”tumor-promoting” macrophage markers in the tumor
parenchyma (39). The reasons for the remarkable differences in the infiltrated macrophages
of control- and mAb428.2-treated tumors are currently unknown because the effects of
fibulin-3 on tumor-associated macrophages have not been studied. We can only speculate
about the possibility that mAb428.2 disrupted an immunomodulatory effect of fibulin-3 on
these immune cells. Alternatively, accumulation of mAb428.2 in the tumor could have been
sufficient to initiate an inflammatory reaction that contributed to the observed anti-tumor
effects. The increased necrosis in the core of mAb428.2-treated tumors (Suppl. Figure S5D)
suggests that this anti-tumor reaction was highly efficient and tumor progression likely
continued only after the treatment was discontinued.

mADb428.2 also showed efficacy against intracranial GBMs, increasing tumor cell apoptosis
and decreasing vascularization. In addition, the antibody reduced GBM invasion in
organotypic cultures of brain tissue, suggesting that it probably has a similar (not assessed)
effect in vivo. Fibulin-3 is known to increase the invasion, apoptotic resistance, and
vascularization of intracranial GBMs via Notch and ADAM17/NF-xB activation (25, 26,
28), therefore the effects of mAb428.2 match what would be expected from a widespread
inhibition of fibulin-3 signaling in the tumor. We hypothesize that mAb428.2 prevents
fibulin-3 from promoting tumor escape and progression mechanisms (e.g., dispersion and
vascularization). Combined with anti-tumor innate immunity, these effects result in tumor
cell death and extended survival.

The effects of our antibody may have been restricted in part by its rapid clearance and the
requirement of repeated injections to “build up” in the tumors. This may have prevented 1V-
delivered mAb428.2 from reaching sufficient intracranial concentration to elicit anti-tumor
effects. Another limitation was the limited solubility of mAb428.2 in phosphate- or lactate-
buffered solutions, which could have also contributed to limited intratumoral accumulation.
Nevertheless, our results suggest that mAb428.2 has significant anti-tumor effects that last
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for as long as the antibody is delivered and able to accumulate in the tumor mass. These
encouraging results warrant further optimization of mAb428.2 to continue improving these
effects. Because the hybridoma mAb428.2 has been cloned and sequenced (sequences
deposited in USPTO application #15/124,826; 2016), future work could proceed directly
with recombinant variants of the antibody.

This study illustrates the feasibility of rationally developing biological agents to target the
tumor ECM, which has been previously perceived as a passive barrier for drug efficacy (47)
rather than a source of “druggable” targets (48). Targeting the ECM of malignant gliomas
provides unique advantages such as the excellent accessibility of the targets; the ability to
inhibit outside-in signaling mechanisms required for tumor progression; and the restricted
expression of some ECM proteins to the tumor parenchyma (7, 49). Anti-ECM strategies
could take advantage of a sizable group of novel targets that have been largely overlooked in
GBMs and other solid tumors. We propose anti-fibulin-3 targeting as a strategy to disrupt
signaling mechanisms in GBM and increase the efficacy of combination therapies for these
malignant tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

The molecular heterogeneity and invasive ability of glioblastoma (GBM) cells are two
major obstacles for successful therapy of these malignant brain cancers. Targeting the
tumor extracellular matrix (ECM) may help overcome these obstacles because ECM
molecules secreted by tumor cells are necessary for invasion and relatively conserved
across the tumor parenchyma. New strategies against the ECM must first identify
functional domains in ECM targets and develop reagents to block those domains and
disrupt signaling initiated and regulated by ECM molecules. We have developed a
function-blocking antibody against a GBM-enriched ECM protein (fibulin-3) that is a
“first in class” reagent able to inhibit pro-tumoral signaling and reduce GBM progression.
Anti-ECM reagents may exploit a niche that is currently under-explored, leading towards
more efficient combination treatments for GBM and potentially other solid tumors.
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Figure 1. Fibulin-3 signaling depends on a critical N-terminal sequence
A) Representation of fibulin-3 structure and N-terminal localization of the DSL-like epitope

(Thr25-Glu#’, underlined) deleted in fibulin-3ADSL (a Ca**-binding EGF-like domain; b:
EGF-like repeats; c. fibulin consensus domain). B) The activity of a Notch-dependent
luciferase reporter in U251MG cells was increased by fibulin-3 transiently transfected for
24h but not by fibulin-3ADSL (control: empty expression vector). None of the fibulin-3
constructs affected Notch reporter activity driven by a constitutive control (NICD). C)
Internal transfection controls (10 pg total protein/lane) show that fibulin-3 and
fibulin-3ADSL were expressed at similar levels in the conditioned medium of U251MG
cells; total BSA in the medium was used as loading control (I0D: integrated optical density,
relative to the control transfection). D) Transfected fibulin-3, but not fibulin-3ADSL, also
increased the activity of a NF-xB-dependent reporter in U251MG cells (same experimental
design as in (B)). For a positive control of NF-xB-driven reporter activity the cells were
treated with TNFa (10 ng/ml, 6h). E) U251MG cells transfected with fibulin-3 cDNA and
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processed after 24h showed increased mRNA expression of Notch-regulated genes (MMP2
and HES5); transfection of fibulin-3ADSL had a much smaller or absent effect. Analyses in
(B)—(E) by 1-way ANOVA: *** p< 0.001; ** p<0.01; * p<0.05 for each reporter or gene. F)
Overexpression of fibulin-3 in U251MG cells significantly increased the proteolytic activity
of ADAML1Y7 in cell lysates (R.F. U.: relative fluorescence units); in contrast, transfection of
fibulin-3ADSL was undistinguishable from control cells (all cells processed 24h post-
transfection). G) Alignment of the N-terminal sequence of fibulin-3 against the canonical
DSL-motif of Notch ligands; this sequence is very well conserved across species. Amino
acids in red indicate conservation of DSL between fibulin-3 and Notch ligands and those in
green show a major divergence from the consensus DSL motif (&: basic amino acid; & acidic
amino acid). The peptide chosen for immunization corresponds to Thr2>-Glu*” of human
fibulin-3 but has Lys*3 replaced with Arg as indicated in the Methods section.
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Figure 2. Characterization of anti-fibulin-3 mAb428.2
A) Western blots showing detection of purified fibulin-3 by mAb428.2 in reduced and non-

reduced conditions (200 ng protein/lane). The arrows indicate the position of the 55-kDa
monomer, 110-kDa dimer, and high-Mw multimer (fibrillar) forms of fibulin-3. B) Western
blots of serum-free conditioned medium from HEK?293 cells (10 ug total protein/lane)
expressing V5-tagged fibulins -3, -4, or -5. Blots were probed with an antibody against the
V5 epitope or with the anti-fibulin-3 antibodies mAb428.2 and mAb3-5. The control lane
contains medium from untransfected cells. C) Western blots of serum-free conditioned
medium from HEK?293 cells expressing V5-tagged full-length fibulin-3 (#i63) and
fibulin-3ADSL that lacks the target epitope of mAb428.2. D) Detection of purified fibulin-3
(200 ng/lane) by mAb428.2 was inhibited by the DSL-like peptide from fibulin-3 (Thr25-
Glu*7) but not by a scrambled version of this peptide. E) Microtiter plates were coated with
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BSA-conjugated DSL-like peptide (1,000 ng/ml) and different concentrations of mAb428.2
were used to detect the epitope by indirect-ELISA. mAb428.2 binding to BSA-conjugated
peptide was displaced by incubation with free DSL-like peptide following a simple
competitive model (analyzed in Suppl. Figure S2A). F) Microtiter plates were coated with
purified fibulin-3 (200 ng/ml) and mAb428.2 (1 ug/ml) was used to detect the protein by
indirect-ELISA. Binding of the antibody was inhibited by the DSL-like peptide from human
fibulin-3 (pept humarn) and the modified peptide used for immunization (pept immuny); ***
p<0.001, 1-way ANOVA. However, the DSL-like peptide from mouse fibulin-3 (peot mouse,
containing lle38 instead of Val3®) was unable to displace mAb428.2 binding. All peptides
were tested at a maximum concentration of 50 pg/ml (18 uM). G) Immunohistochemistry of
paraffin-processed tissue sections using mAb428.2 or mAb3-5 showed similar detection of
fibulin-3, which increased with tumor grade. The sparse nuclear staining observed with both
antibodies is non-specific. Control staining was performed with non-immune mouse 1gG. H)
Immunohistochemistry of frozen GBM sections using mAb428.2 or mAb3-5 showed a
characteristic perivascular fibrillar pattern previously described (28). mAb428.2 did not
detect perivascular fibulin-3 in blood vessels from normal brain adjacent to the tumor
(brain), as expected. Vessels were stained with an antibody against endothelial CD31.
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Figure 3. mAb428.2 inhibits fibulin-3 signaling in glioblastoma cells
A) U251MG stably expressing a Notch-dependent reporter (CBF1.:Luc) were transfected

with fibulin-3 or control cDNAs and after 24h treated with 50 pg/ml of mAb428.2. The
antibody inhibited the enhancing effect of fibulin-3 on Notch activity within 6h. The inset
shows the level of fibulin-3 overexpression in the cells, quantified as shown in Figure 1C. B)
Same experimental design as in (A) but mAb428.2 was added at different concentrations for
6h. Fibulin-3-enhanced Notch activity was completely blocked by mAb428.2 at
concentrations above 30 pg/ml. C) Same experimental design as in (A), using cells stably
expressing a NF-xB-dependent reporter (VKRE.Luc). mAb428.2 inhibited the enhancing
effect of fibulin-3 on NF-xB activity within 6h. Firefly Luciferase activity of the reporters
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was normalized to a transfected Renilla Luciferase control as indicated in the Methods.
Significant differences in (A) and (C): *** p<0.001 (2-way ANOVA). D) U251MG cells
were transfected with fibulin-3 or control cDNAs and lysed after 24h; the lysates were
incubated with an ADAM17 fluorogenic substrate to measure enzymatic activity in presence
or absence of mAb428.2. Fibulin-3 overexpression increased ADAM17 activity but this
effect was completely abolished when mAb428.2 (50 pug/ml) was present in the reaction
mixture. Treatment of cells or lysates with non-immune 1gG in experiments (A-D) had no
effects on reporters or enzymatic activity. E) U251MG cells transfected with NICD cDNA
(for 24h) to activate the Notch reporter, or treated with TNFa. (10 ng/ml, 6h) to activate the
NF-xB reporter, showed no changes in reporter activity when they were co-transfected with
fibulin-3 cDNA or incubated with antibodies (50 ug/ml). F) U251MG cells and two GSC
cultures (GBMO09 and GBM34) were treated with mAb428.2 (50 pg/ml) or a control IgG for
24h and then processed to measure mRNA expression of Notch- and NF-xB-dependent
genes. mAb428.2 reduced the expression of the four tested genes compared to control 1gG
treatment (* p<0.05; + p<0.01; # p< 0.001, by 2-way ANOVA for each cell type).

Clin Cancer Res. Author manuscript; available in PMC 2019 February 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nandhu et al.

Page 22

A 700

-e- control IgG = B control IgG
6004{-6- MAb428.2 controllgG  mAb4282 o 3 3 mAb428.2
= TR T T T TR <3
“E 500 NICD e == = = = =100 2
% -p65 - - — =75 E"g
£ 400 P-p - - - =3
3 52
S 3004 P65 wam waw e = _—— > £z
8 89
E 200 tubulin | e s s - - - 50 '
= ®
100 Hes5 [SERESEERSEE 8
E 5 1b 15 2‘0 2’5 p65 p-p65 NICD Hes5
Days after implantation
D E oG mAb428.2
control IgG _mAb428.2
tubulin e D @S SNS e e __5) S
% : °
aspase’ SRERERER SR W _>; &
cleaved casp-3 = s . - ' 15
F G
41 500- H
c L]
2
ER il & 400 o
=) = ¢ -
35 2 300 p=0.0053 3
3 © S o -
0 o oo
Hrke 2
3 2
SE @ 200 i
92 s
&= 14 T
g & 1001 |
o
< L]
S o o |
0- T 0 T T B
control IgG mAb428.2 control IgG mAb428.2 £
o
<
~
‘©
=2
81 e Ke
El control IgG
- [ mAb428.2 -
-6 -

mouse-specific genes

EN

IS
1

(AACt control IgG
N

(AACt control IgG

Relative expression gene/GAPDH
n

Relative expression gene/GAPDH

El control IgG
I mAb428.2
ok
human-specific genes
ok
o.

IL-13 IFNy IL-10 IL-6 NOS2 MHC-Il FIZZ1 CD163 CD206 ARG1 TNFo IL-13 IL-6  IFNy IL-10 IL-4

Figure 4. mAb428.2 inhibits tumor growth and increases inflammatory macrophage infiltration
in the tumor

A) Mice carrying bilateral SC GBM34 tumors (N=5/group) were treated with daily
injections of mAb428.2 or control 1gG for eight days (8 x 30 mg/kg 1V, horizontal bar).
Tumor growth was significantly inhibited in mAb428.2-treated mice (* p< 0.05; ***
p<0.001; repeated measures ANOVA). Animals were euthanized three days after the last
injection (dashed line) and their tumors were processed for the rest of the experiments in the
figure B—C) Expression of Notch1 Intracellular Domain (NM/CD) and the transcription
factors Hes5 and RelA/p65 (and phospho-p65) was probed by Western blot and quantified
by densitometry (/OD: integrated optical density). mAb428.2 treatment significantly
reduced expression of NICD, Hes5, and phospho-p65, suggesting inhibition of fibulin-3
effects on Notch and NF-xB signaling (* p<0.05; ** p<0.01; *** p<0.001; Student’s t-test
for each marker). D) Expression of full-length and cleaved caspase-3 (casp-3) was probed in
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three representative tumors per treatment. E) Uptake of BrdU was detected by
immunohistochemistry in five tumors per treatment; the images show representative staining
results. F) Quantitative analysis of caspase-3 expression from (D) shows increased caspase
cleavage in mAb428.2-treated tumors (** p<0.01; Student’s t-test). G) Quantitative analysis
of BrdU staining from (E); each dot represents a tissue section. mAb428.2 significantly
reduced BrdU uptake (analysis by Mann-Whitney U test). H) Increased macrophage
infiltration in mAb428.2-treated tumors, detected by Ibal-positive staining. I) Comparison
of tissue sections with similar number of macrophages in both treatments revealed co-
expression of Arginase-1 with Ibal-positive cells in control-treated tumors but very low or
absent Arginase-1 in macrophages of mAb428.2-treated tumors. J) Tumor treatment with
mADb428.2 correlated with increased mRNA expression of the host’s inflammatory cytokines
and decreased expression of M2-macrophage markers (CD163, CD206, and ARGI); all
genes were detected by qRT-PCR with mouse-specific primers. K) Tumor treatment with
mADb428.2 also correlated with increased mMRNA expression of inflammatory cytokines in
the tumor cells, detected by gRT-PCR with human-specific primers. Results in (J) and (K)
were analyzed by Student’s t-test corrected for multiple comparisons (* p<0.05; ** p<0.01;
*** n<0.001). Bars in all the histological images: 200 um.
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Figure 5. mAb428.2 extends survival of mice carrying fibulin-3-secreting tumors

A) Comparative expression of fibulin-3 mRNA in a conventional GBM cell line (U251MG),
GSC cultures (GBM34 and GBMQ9), and three cell lines from the NCI-60 collection
(COLO201 colon carcinoma; H226 mesothelioma; and SN12C renal cell carcinoma). B-F)
Mice carrying SC tumors derived from the cells compared in (A) were treated with
mADb428.2 (8 x 30 mg/kg g24h V) or non-immune control 1gG when the tumors reached a
threshold volume of 100 mm3 (black bars indicate the treatment period, N=8/group).
mADb428.2 extended the median survival of mice carrying fibulin-3-expressing tumors
(analysis by log-rank test for each tumor model) but failed to improve the survival of mice
carrying COLO201 tumors that have negligible fibulin-3 expression.
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Figure 6. mAb428.2 has anti-tumor effects in intracranial GBMs
A) Mice carrying intracranial (/C) xenografts of GBMO9 cells were treated with mAb428.2

injected IV as in Figure 5, or locally infused with an osmotic pump (OA) as indicated in the
Methods (black bars indicate the treatment period, N=8/group). Only animals that received
local mADb428.2 infusion showed improved survival (curves analyzed by log-rank test). B)
Tumor spheres of GBMOQ9 cells were seeded on cultured brain slices and their invasion
through brain tissue was monitored by microscopy as described in the Methods (24).
Addition of mAb428.2 to the culture medium (200 pg/ml, arrows) significantly inhibited cell
invasion (** p< 0.01; *** p<0.001; 2-way ANOVA for repeated measures). C-D) Tissue
sections from intracranial tumors (GBMQ9) treated with locally-delivered antibody were
processed for immunohistochemistry to detect phospho-Histone H2A.X (0H2AX, N=5/
group). Quantitative analysis showed a significant increase of pH2AX-positive nuclei in
mADb428.2-treated tumors (Mann-Whitney U test). E-F) Intracranial tumors (GBMO09-
eGFP) were also processed to detect and quantify blood vessels as described (28) (CD31
staining, N=5/group). mAb428.2-treated tumors had a significant reduction of microvascular
density, caused by a lower number of small vessels (* p<0.05; ** p< 0.01; *** p<0.001; 2-
way ANOVA). Bars in all the histological images: 50 pm
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