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Received: 10 October 2018 High grade gliomas, including glioblastoma (GBM), are the most common and deadly brain cancers
Accepted: 28 March 2019 : in adults. Here, we performed a quantitative and unbiased screening of 70 cancer-related antigens
Published online: 17 April 2019 . using comparative flow cytometry and, for the first time, identified integrin alpha-2 (ITGA2) as a
 novel molecular target for GBM. In comparison to epidermal growth factor receptor (EGFR), a well-
established GBM target, ITGA2 is significantly more expressed on human GBM cells and significantly
less expressed on normal human glial cells. We also found that ITGA2 antibody blockade significantly
. impedes GBM cell migration but not GBM cell proliferation. To investigate the utility of ITGA2 as a
. therapeutic target in GBM, we designed and engineered an ITGA2 antibody-directed liposome that can
: selectively deliver doxorubicin, a standard-of-care chemotherapeutic agent, to GBM cells. This novel
approach significantly improved antitumor efficacy. We also demonstrated that these ITGA2 antibody-
directed liposomes can effectively breach the blood-brain tumor barrier (BBTB) in vitro via GBM-
induced angiogenesis effects. These findings support further research into the use of ITGA2 as a novel
nanotherapeutic target for GBM.

. High grade gliomas, including glioblastoma (GBM), are the most common brain cancers in adults, representing
© between 15 and 20% of all brain tumors diagnosed, including a significant fraction of pediatric cases'™. It is also
. among the deadliest tumor types, with only approximately 5% of diagnosed GBM patients surviving 5 years
: post-diagnosis>*. Treatment for this type of tumor involves brain surgery, typically paired with chemotherapy and
radiation, which can be associated with severe adverse effects and provides only limited therapeutic efficacy. To
date, there is still no effective targeted therapeutic to treat GBM in the clinic, highlighting urgent and significant
needs to identify new GBM targets and to develop novel GBM-targeted therapeutics.
. Cancer nanomedicine is a revolutionary approach that has emerged in the past two decades and is changing
: the paradigm of cancer treatment®~’. The recent rapid development of nanomaterials has created a promising
opportunity to engineer “virus-like” nanovehicles (termed nanomedicines) to circulate in the body and selectively
deliver various therapeutic, diagnostic, and theranostic agents to the diseased sites (e.g., tumor and metastatic
. lesions) while sparing healthy organs and tissues. First-generation nanomedicines such as Doxil, a PEGylated
. liposomal doxorubicin, have been approved by the United States Food and Drug Administration (USFDA) and
- the European Medical Agency (EMA) for treating ovarian and breast cancers®, largely because these drugs exhibit
- fewer adverse effects and better safety profiles than conventional chemotherapy regimens. However, Doxil failed
to produce significant improvements in clinical outcomes for GBM patients in Phase II clinical trials?!!. Similar
. results were also observed for a non-targeting liposomal temozolomide in a recent pre-clinical GBM study'?.
. We reasoned that these unsuccessful results might be due to the fact that these nanomedicines deliver their pay-
. loads in a non-specific, non-targeted manner and that drug availability to the GBM may be severely hindered
. by blood-brain tumor barrier (BBTB) and tumor heterogeneity. To resolve these issues, we hypothesized that
functionalizing non-specific nanomedicines with antibodies against GBM-specific antigens can guide them to
selectively recognize and ablate GBM tumors in a more precise and efficient manner.
In this study, we identified the cell surface antigen ITGA2 as a novel molecular target highly specific for GBM
and conserved across multiple cell lines and patient samples. We have investigated the effects of ITGA2 blockade
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Figure 1. Identification of ITGA?2 as a molecular target for GBM. (a) Surface protein expression profile of 70
cancer-related antigens in three human GBM cell lines and normal SVG-P12 cells. (b) Venn diagram indicating
ITGA2 co-overexpressed by three GBM cell lines in reference to SVG-P12 cells. (c) Cell membrane expression
levels of ITGA2 and EGFR in GBM and SVG-P12 cells using flow cytometry analysis, showing increased tumor-
specificity of ITGA2 expression on GBM cells as compared to both control cells and also to the current GBM
marker, EGFR. (d) Representative microscopic images of immunofluorescent staining of ITGA2 in GBM and
SVG-P12 cells. Scale bars represent 50 um. (e) ITGA2 mRNA expression levels in human GBM tumor tissues
and normal brain tissues. **P < 0.001. (f) Correlation between overall survival and ITGA2 mRNA expression
levels in GBM patients as determined via Kaplan-Meier analysis (Log-rank test). Data of (e) and (f) were
obtained from the R2: Genomics Analysis and Visualization Platform database.

on inhibiting tumor cell function and have demonstrated a clinical correlation between ITGA2 expression and
patient prognosis. Finally, we reported our experience in combining ITGA2-specific targeting with an engineered
liposomal nanomedicine capable of crossing the BBTB in vitro and effectively target GBM cells.

Results

Identification of ITGA2 as a novel GBM target. Identifying new GBM targets holds the key to the devel-
opment of GBM-targeted therapeutics. Thus, we performed an unbiased and quantitative screening of a panel of
70 cancer-related cell surface antigens on three well-established human GBM cell lines (A172, U87, and U118)
in comparison with non-neoplastic human glial SVG-P12 cells (normal control) by flow cytometric analysis as
previously reported'® (Fig. 1a). Of the 70 screened targets, ITGA2 was identified as the only target that commonly
overexpressed in all three GBM cell lines (Fig. 1b) and was selected for further investigation. Given that EGFR has
been known as a well-established target for GBM'*-!6, we compared the overexpression levels of ITGA2 and EGFR
in the three GBM cell lines and healthy SVG-P12 cells. The overexpression of ITGA2 was found to significantly
exceed that of EGFR’s (Fig. 1c), on two GBM cell lines (A172 and U87) and to be at an equivalent level on U118
cells. It is noteworthy that EGFR is highly overexpressed on healthy SVG-P12 cells which may cause off-target
toxicity for EGFR-targeted therapy, whereas there is no ITGA2 expression on SVG-P12 cells. These results sug-
gest that ITGA2 may be a novel GBM-specific target. Furthermore, we performed immunofluorescent staining
of ITGA2 on GBM cells. As observed in Fig. 1d, ITGA2 expression is localized on the plasma membranes of the
three GBM cell lines (A172, U87, and U118) but absent on SVG-P12 cells, which is readily accessible to ITGA2
antibody-directed nanomedicines. To correlate our findings with GBM clinic data, we compared ITGA2 mRNA
expression levels in human GBM tumors and normal brain tissues by querying the R2: Genomics Analysis and
Visualization Platform database (https://hgserverl.amc.nl/, Datasheet: Mixed Pediatric Brain (Normal-Tumor)-
Donson-130-MAS5.0-ul33p2)'”!%. As demonstrated in Fig. le, we confirmed that ITGA2 expression is signifi-
cantly upregulated in human GBM tumors (n = 34) in comparison with normal brain tissues (n = 13), which is
consistent with our in vitro findings. Furthermore, we analyzed the potential impact of ITGA2 on the overall sur-
vival of GBM patients using the same database (a cohort of 540 patients, Datasheet: Tumor Glioblastoma-TCGA-
540-MAS5.0-ul33a). As shown in Fig. 1f, GBM patients (n =420) with high ITGA2 expression demonstrated a
significantly worse prognosis than the low ITGA2 group (n =84, P=0.002, log-rank test), indicating that ITGA2
may also serve as an important clinical biomarker of poor prognosis in GBM patients.

Therapeutic functions of ITGA2 blockade. We evaluated the therapeutic potential of antibody blockade
of ITGA2 on two key malignant characteristics of GBM cells: proliferation and migration. As presented in Fig. 2a,
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Figure 2. Therapeutic functions of ITGA2 blockade. (a) The effect of ITGA2 antibody on GBM cell
proliferation. Representative microscope images (b) and quantitative analyses (c) of migrated GBM cells under
ITGA?2 antibody blockade treatment in a transwell migration assay. Significant reductions in GBM migration
were observed with ITGA2 blockade. IgG was used as a control. *#*P < 0.001, NS not significant.

we found that the treatment of ITGA2 antibody (2 ug/mL) does not induce any significant alternation in GBM
(A172, U87 and U118) and normal glial SVG-P12 cell proliferation. However, as shown in Fig. 2b, ITGA2 anti-
body (2 ug/mL) significantly impeded the GBM cell migration in comparison with non-specific IgG. We found
that approximately 50-60% of GBM cell migration was inhibited by ITGA2 antibody blockade whereas no signif-
icant effect was observed in normal SVG-P12 cells (Fig. 2c). We further evaluated different time points (day 1, day
3, and day 5) and the effects of varying antibody concentrations (0.4, 2, and 10 ug/mL) on human GBM (A172)
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Figure 3. Development of an ITGA2 antibody-directed nanomedicine. (a) Schematic illustration of ITGA2
antibody-conjugated, doxorubicin-encapsulating liposomes (ITGA2-Dox-LP). (b) The surface density of
ITGA2 antibody or IgG-conjugated on ITGA2-Dox-LP or IgG-Dox-LP quantified using a microbead assay.
Hydrodynamic diameter (c) and zeta-potential (d) of ITGA2-Dox-LP and IgG-Dox-LP quantified using
dynamic light scattering measurement. (e) The encapsulating efficiency of doxorubicin in ITGA2-Dox-LP and
IgG-Dox-LP. (f) Representative fluorescent images of GBM and SVG-P12 cells uptaking fluorescent-labeled
ITGA2-FITC-LP and IgG-FITC-LP. The scale bars represent 50 um. (g) Quantitative GBM cell uptake of
ITGA2-FITC-LP in comparison to non-specific IgG-FITC-LP. NS, not significant; **P < 0.01; ***P < 0.001.

cell proliferation (Fig. Sla-c). Similarly, we found that administration of ITGA2 antibody does not affect cell
proliferation when compared to with control IgG treatment at all tested time points and antibody concentrations.
However, when we evaluated the effects of antibody concentration on A172 cell migration, we observed that the
inhibitory effect of ITGA2 antibody on GBM cell migration positively correlates with its antibody concentration
(Fig. S2a,b). We reasoned that using antibodies to block ITGA2 may abrogate GBM cell migration and subse-
quently a pro-metastatic phenotype. Similar effects were also observed in ITGA2 antibody blocking studies of
gastric cancer cells’®. ITGA2 antibody showed no inhibitory effect on SVG-P12 cells due to its absence of ITGA2
expression. These studies suggested that ITGA2 antibody not only serves as a nanomedicine binding ligand for
GBM recognition, but that it may also hinder disease progression.

Development of ITGA2 antibody-directed liposomes. To translate the use of ITGA2 into GBM-targeted
therapy, we developed an ITGA2 antibody-directed liposome (ITGA2-Dox-LP) to selectively deliver doxorubicin,
a standard-of-care chemodrug, to GBM cells. ITGA-Dox-LP was engineered using a nanoporous membrane extru-
sion method as we previously reported®’-?%; non-specific IgG conjugated, doxorubicin-encapsulating liposomes
(IgG-Dox-LPs) were also prepared and tested as controls. As shown in Fig. 3a, ITGA-Dox-LPs were comprised of
95mol% of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 5mol% of 1,2-distearoyl-sn-glycero-3-p
hosphoethanolamine-N-carboxy(polyethylene glycol) (DSPE-PEG-COOH). The hydrophilic PEG chain (2kDa) in
DSPE-PEG-COOH helps to extend its blood circulation time*. ITGA2 antibodies were covalently conjugated with the
carboxylate group of DSPE-PEG-COOH via EDC/NHS chemistry. The resulting ITGA2 antibody density on the lipos-
ome surface was determined to be approximately 3000 antibodies per um?, equivalent to 114 antibodies per liposomes
(Fig. 3b). The average hydrodynamic diameters of ITGA2-Dox-LP and IgG-Dox-LP are highly similar at approximately
110nm with a narrow size distribution (Fig. 3c). Both ITGA2-Dox-LP and IgG-Dox-LP are slightly negative charged
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with a similar zeta potential of approximately —7 mV (Fig. 3d). Doxorubicin was actively loaded into liposomes using a
transmembrane gradient assay?, resulting in an extremely high encapsulating efficiency of over 95% in both prepared
liposomes (Fig. 3e). We further characterized the morphology and structure of ITGA2-Dox-LP and IgG-Dox-LP using
transmission electron microscopy (TEM). Lipid bilayers and encapsulated doxorubicin nanoprecipitates of liposomes
can be visualized in Fig. S3.

GBM specificity of ITGA2 antibody-directed liposomes. We determined the GBM specificity
of ITGA2-Dox-LP by comparing its cell uptake in both GBM and healthy glial cells. In order to avoid
cytotoxicity-mediated interference of the chemotherapeutic agent on cell uptake, we used FITC-dextran, a
non-cytotoxic fluorescent dye, to replace doxorubicin in the liposome preparation. The obtained FITC-dextran
encapsulating, ITGA2 antibody or IgG-conjugated liposomes (ITGA2-FITC-LP or IgG-FITC-LP) were incu-
bated with three GBM cell lines (A172, U87, and U118) and SVG-P12 cells, and we quantified the cell uptake
of these liposomes by measuring the cellular fluorescent intensity changes. The immunofluorescent stain-
ing images in Fig. 3f showed that three GBM cell lines (A172, U87, and U118) internalized substantially more
ITGA2-FITC-LPs than non-specific IgG-FITC-LP, whereas normal SVG-P12 cells exhibited no preferable uptake
of ITGA2-FITC-LP due their lack expression of ITGA2. The relative cell uptake was quantified and showed in
Fig. 3g, and ITGA2-FITC-LP showed approximately 75% to 150% increases in GBM cell uptake than non-specific
IgG-FITC-LP. These results indicate that ITGA2 antibody-directed liposomes can selectively bind and deliver
therapeutic agents to GBM cells.

GBM-specific toxicity of ITGA2 antibody-directed liposomes.  Toxicity of ITGA2-Dox-LP was evalu-
ated by measuring its half maximal inhibitory concentration (ICs,) in human GBM cells. In dose-dependent cyto-
toxicity studies (Fig. 4a), ITGA2-Dox-LP exhibited significantly increased toxicity than non-specific IgG-Dox-LP
in A172 and U87 cells but not in the normal SVG-P12 cells due to their lack of ITGA2 expression. Empty lipos-
ome vehicles (ITGA2-LP) did not exhibit any toxic effects in all studied cell lines, suggesting the ITGA2 antibody
conjugated immunoliposome itself is not cytotoxic. The IC5ys of ITGA2-Dox-LP and IgG-Dox-LP were 0.40 and
2.02 ug/mL for A172 cells, 0.12 and 0.51 ug/mL for U87 cells, 0.28 and 0.26 ug/mL for SVG-P12 (normal) cells,
respectively. The ICy, of ITGA2-Dox-LP for human GBM cells is similar to that of free doxorubicin (Table S1).
However, it is critical to note that the cytotoxicity of free doxorubicin is non-specific and kills any cells contacted
(both GBM and normal, indiscriminately). These data indicate that ITGA2 antibody-directed liposomes are over
4-times more effective in ablating GBM cells compared with non-specific IgG-Dox-LP, without affecting normal
glial cells, suggesting that ITGA2-Dox-LP may be more selective and effective in treating GBM cells than the
conventional non-targeting nanomedicines.

We also evaluated the therapeutic benefits of ITGA2 blockade from ITGA-Dox-LP. Empty ITGA2-LP or
IgG-LP (without doxorubicin) were used to assess the impacts of ITGA2 blockade on GBM cell migration with-
out the interference from cytotoxic doxorubicin. We used a quantitative phase imaging (QPI) assay®”?® to assess
GBM cell migratory behaviors under the treatment of ITGA2-LP at an established antibody dose of 2 pg/mL%.
As shown in Fig. 4b, the motility of A172 cells with ITGA2-LP or IgG-LP treatment were recorded as time-lapse
rose plots, where IgG-LP-treated A172 cells showed a more dispersed pattern than ITGA2-LP-treated cells. This
is due to the fact that these IgG-LP-treated GBM cells exhibit a 1.3-1.9 fold higher motility speed than ITGA2
antibody-blocked GBM cells (Fig. 4c), leading to a 24-47% increased migration distance. We further investigated
the inhibitory effect of ITGA2-LP on human GBM cell migration activity at different incubation times (24 h and
48h). As shown in Fig. S4, the inhibitory effect of ITGA2-LPs on A172 cell migration is potent and persistent,
mediating approximately 42-47% cell migration reduction at both 24 h and 48 h. This suggests that ITGA2 anti-
bodies maintain their neutralization activity after covalent conjugation on the surface of liposomes. These studies
suggest that our engineered ITGA2-Dox-LPs may cooperatively inhibit GBM cell migration through the ITGA2
antibody and destroy these GBM cells via enhanced intracellular delivery of doxorubicin, which may lead to syn-
ergistic therapeutic effects in GBM therapy.

Transmission across blood-brain tumor barrier (BBTB). During in vivo GBM therapy, ITGA2-Dox-LPs
must cross the BBTB before reaching GBM tumor region. We therefore evaluated the extravasation capability of
ITGA2 antibody-directed liposomes in an established in vitro BBTB model***!. It has been known that human GBM
cells secrete a variety of pro-angiogenic factors (e.g., vascular endothelial growth factor, VEGF)*, which may disrupt
the integrity of human brain microvascular endothelial cell (HBMVEC) barriers, leading to an increased transen-
dothelial delivery of ITGA2-Dox-LP. As shown in Fig. 4d, when we co-cultured a pre-established HBMVEC barrier
with GBM cells (A172 and U87 cells), we observed that a significant amount of ITGA2-FITC-LPs transmitted across
the BBTB and were taken up by GBM cells. In comparison, there was no increased cell uptake of ITGA2-FITC-LP
in SVG-P12 cells in a normal BBB model because normal SVG-P12 cells do not secrete pro-angiogenic factors and
maintain high integrity of normal BBB***!. These studies indicate that ITGA2-FITC-LPs may selectively breach the
BBTB but not normal BBB due to the GBM-induced angiogenesis effects.

Discussion

The ultimate goal of this study is to develop clinically safe, specific, and effective antibody-directed nanomedi-
cines for GBM. One immediate and significant challenge impeding pursuit of this goal has been the lack of effec-
tive GBM-specific targets. Several GBM nanomedicines have been previously reported to utilize general cancer
antigens such as CD44, EGFR, and transferrin receptor (TFRC)!#%3-%. Unfortunately, a critical limiting problem
is that these antigens (CD44, EGFR, and TFRC) are also expressed on normal brain tissue at high levels®’~*°,
and consequently are non-specific and cannot differentiate between GBM and normal brain cells. Furthermore,
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Figure 4. GBM-targeted therapy of ITGA2-Dox-LP. (a) Cytotoxicity of ITGA2-LP (vehicle), IgG-Dox-LP, and
ITGA2-Dox-LP in A172, U87, and SVG-P12 (normal) cells. (b) Cell migration trajectories of A172 (upper
panel) and U87 (lower panel) cells under the treatment of ITGA2-LP blockade. Significant reductions in cell
migration were observed following ITGA2 blockade. IgG-LP was used as a control. (¢) Quantified cell migration
speed of A172 and U87 cells with or without ITGA2-LP blockade. (d) ITGA2-FITC-LPs transmitted across an
in vitro BBTB (A172 and U87 cells) were quantified using flow cytometry analysis. Normal SVG-P12 cells were
used as a control.

though many cancer antigens have been investigated in the hope of finding a GBM-specific target, to date, there is
a lack of systematic and quantitative analysis of the overexpression levels of these targets on GBM cells. As such,
an optimal nanotherapeutic target for GBM has remained unidentified.

In this study, we have systematically evaluated a panel of 70 cancer-related antigens in GBM cells and have
identified ITGA2 as a promising new target for GBM. ITGA?2 is a heterodimeric transmembrane glycoprotein in
the family of integrin alpha subunits, and it frequently forms heterodimer 281 with integrin beta 1 (ITGB1),
with the two functioning together as collagen and laminin receptors to mediate cell adhesion to extracellular
matrix (ECM)*. In normal tissues, ITGA2 has been found to be primarily expressed in skin, lung, salivary glands
as well as activated endothelial cells but is absent on quiescent endothelial cells'**!. The expression of ITGA2
was found to be upregulated in several types of tumors (e.g., gastric cancer, prostate cancer, and non-small cell
lung cancer) and it is closely associated with tumor invasion!?#1-%3, Recently, it has been reported that ITGA2 is
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upregulated in 375 human gastric tumor tissues and ITGA2 antibodies mediate potent cell apoptosis in human
gastric cancer AGS cells through RhoA-P38 signaling pathways'®. They also found that ITGA2 antibodies inhibit
AGS cell migration and impede its actin organization. To date, the role of ITGA2 and its heterodimer o231 in
malignant brain tumors is still not well understood. ITGA2 has not yet been identified as a GBM-specific target
until this current study.

In contrast to previous potential GBM markers, ITGA2 differs by its notable tumor-specific expression and
its high expression across multiple cell lines and samples. ITGAZ2 is significantly upregulated in both human
GBM tumor tissues and cell lines and is uniformly minimally expressed in normal tissue and cells. Functionally,
we found that antibody blockade of ITGA2 potently inhibits GBM cell migration. The relevance of these in vitro
findings are reflected in the outcome of patients when clinical data are reviewed. By analyzing the R2: Genomics
Analysis and Visualization Platform database, we found that ITGA2 expression is significantly upregulated in
human GBM tumor tissues with high ITGA2 expression being closely associated with decreased GBM patient
survival, suggesting that ITGA2 may have an important role in the development and progression of GBM. Our
data suggest that ITGA2 may have utility as a clinically relevant therapeutic target. To explore the application of
ITGA2 in GBM-targeted nanomedicines, we constructed ITGA2 antibody-directed, doxorubicin-encapsulating
liposomes (ITGA2-Dox-LPs). Of note, the ITGA2 antibody conjugated on the liposome surface is not only a
targeting ligand, but also has a therapeutic function itself: antibody blockade of ITGA2 on GBM cells potently
inhibits GBM cell migration. Taken together, our novel ITGA2-Dox-LP is designed to synergistically inhibit
both GBM cell proliferation and cell migration during GBM-targeted therapy. Our experiments demonstrated
that these nanomedicine constructs were highly successful in selectively binding and ablating human GBM cells.
Importantly, ITGA2-Dox-LPs also effectively breach an in vitro BBTB via GBM-induced angiogenesis effects***.

This novel precision nanomedicine has the potential to load a variety of therapeutic agents (e.g., chemodrugs
and siRNAs) into the nanoliposomal drug delivery system and selectively deliver these payloads into the sites
of diseases while limiting drug accumulation and exposure to normal organs and tissues. This may significantly
reduce the treatment’s adverse effects and improve GBM therapeutic efficacy. The combination of a novel, highly
tumor-specific target coupled with a precise delivery mechanism overcomes two of the major challenges limiting
advances in GBM therapy. These proof-of-principle studies support the conclusion that ITGA2 may be used as a
novel GBM target to develop more effective GBM-targeted nanomedicines.

Conclusion

For the first time, we have identified and characterized ITGA2 as a novel molecular target for GBM that is
robustly expressed in multiple representative GBM cell lines while being absent in normal glial cells. By analyzing
R2: Genomics Analysis and Visualization Platform database, we found that ITGA2 is significantly upregulated in
human GBM tumor tissues and high ITGA2 expression has a negative impact on GBM patient survival, suggest-
ing ITGA?2 as a promising therapeutic target for GBM. We have developed an ITGA?2 antibody-directed, doxoru-
bicin encapsulating liposome (ITGA2-Dox-LP) as a novel GBM-targeted nanomedicine that selectively binds and
kills GBM cells in vitro. We also demonstrated that these GBM-targeted ITGA2-Dox-LP could effectively breach
an in vitro BBTB via GBM induced angiogenesis effects***, but not a normal intact in vitro BBB. These findings
may have significant clinical potential for GBM therapy and diagnosis and support further research into the use
of ITGA2 as a therapeutic target for GBM.

Materials and Methods

Materials. Dulbecco’s phosphate buffered saline (PBS), 4’,6-diamidino-2-phenylindole (DAPI),
0.25% trypsin/2.6 mM ethylenediaminetetraacetic acid (EDTA) solution, Mouse anti-human ITGA2 anti-
body (clone#16B4), and Gibco® Dulbecco’s Modified Eagle Medium (DMEM) were purchased from
Invitrogen (Carlsbad, CA, USA). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), bovine serum albumin (BSA), anhydrous dimethyl sulfoxide (DMSO), doxorubicin
(Dox), and fluorescein isothiocyanate-dextran (FITC-dextran, MW 10kD) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Corning® Transwell® polycarbonate membrane cell culture inserts, Lab-Tek IT Chamber
Slide System, formaldehyde, chloroform, anhydrous ethanol (EtOH), Slide-A-Lyzer dialysis cassette (MWCO
20KD), and Diff-Quik Stain Set were purchased from Thermo Fisher Scientific (Pittsburgh, PA, USA). Mouse
immunoglobulin G (IgG) isotype was purchased from R&D Systems (Minneapolis, MN, USA). Phycoerythrin
(PE)-conjugated mouse anti-human antibodies against 70 cancer target candidates, and PE-conjugated mouse
IgG isotypes were purchased from BioLegend (San Diego, CA, USA). 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (DSPE-
PEG-COOH) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Quantum Simply Cellular microbe-
ads were purchased from Bangs Laboratory (Fishers, IN, USA). FLOAT-A-LYZER G2 dialysis tubing (MWCO
1,000kDa) was purchased from Spectrum Laboratories (Rancho Dominguez, CA, USA). The Dojindo cell count-
ing kit CCK-8 was purchased from Dojindo Molecular Technologies (Rockville, MD, USA).

Cell culture. Human GBM cell lines (A172, U87, U118) and normal human glial cells (SVG-P12) were
obtained from the American Type Culture Collection (ATCC, Manasses, VA, USA), while human brain micro-
vascular endothelial cells (HBMVEC) were obtained from Cell Systems Inc. (Seattle, WA, USA). The A172, U87,
U118, and SVG-P12 cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% Fetal
Bovine Serum and a 1% concentration of Penicillin Streptomycin (Penstrep). The HBMVEC cells were cultured in
Lonza EGM-2MV medium. All of the cell lines were maintained at 37 °C in a humidified incubator with 5% CO,.
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Flow cytometry measurements. The cell surface expression of 70 cancer-related antigens was evalu-
ated using a BD FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA, USA) as previously described!*#.
Surface antigen density on target cell surfaces was quantified using Quantum Simply Cellular microbeads as
a reference and was conducted according to the protocol provided by the manufacturer. Briefly, 10° GBM or
SVG-P12 cells were harvested and washed twice with PBS. Following this rinsing, the cells were blocked in 1%
bovine serum albumin (BSA) in PBS for 30 minutes in an ice bath. Post-blocking, cells were incubated with
PE-conjugated antibodies for 1 h at room temperature. Following the incubation, the cells were rinsed with 1%
BSA in PBS three individual times, resuspended in new PBS, and analyzed via flow cytometry.

Immunofluorescent staining. 200,000 GBM or SVG-P12 cells were seeded in a Lab-Tek II Chamber Slide
System with 2 ml of full serum media overnight under standard culture conditions. Following aspiration of the
media, cells were washed twice with PBS and fixed with 4% formaldehyde in PBS at room temperature for 10 min-
utes. Following the fixation, the fixed cells were washed twice with PBS and blocked with 1% BSA in PBS for
30 minutes in an ice bucket. Post-blocking, cell samples were stained with PE-conjugated ITGA2 antibody or
PE-conjugated IgG for 1 hour and rinsed with PBS. To stain the cell nuclei, DAPI was utilized. Immunofluorescent
stained samples were allowed to dry overnight in a dark room, and were then examined using a Leica TCS SP5
confocal fluorescent microscope (Leica Systems, Buffalo Grove, IL, USA). The digital staining images were
obtained using Axiovision digital image processing software.

Genomic analysis of ITGA2 in human GBM. The ITGA2 mRNA expression of human GBM tumors and
normal brain tissues were analyzed using the R2: Genomics Analysis and Visualization Platform database (https://
hgserverl.amc.nl/, Datasheet: Mixed Pediatric Brain (Normal-Tumor)-Donson-130-MAS5.0-ul33p2). Gene
expression data were generated from tumor and normal brain human samples using Affymetrix HG-U133plus2
chips (Platform GPL570)'"'8. The clinical association of ITGA2 mRNA expression on GBM patient survival was
analyzed using the same database (https://hgserverl.amc.nl/). Kaplan-Meier curves were generated using the fol-
lowing datasheet (Tumor Glioblastoma-TCGA-540-MAS5.0-ul33a, a cohort of 540 patients). The detailed infor-
mation of the microarray and RNA-Seq experiments can be found at the TCGA Data Portal (https://tcga-data.
nci.nih.gov/tcga/). All genomic datasets used in our studies are publically available in the R2: Genomics Analysis
and Visualization Platform database (https://hgserverl.amc.nl/).

Cell proliferation assays. GBM and SVG-P12 cells were seeded in 96 well plates at a density of 3,000 cells
per well and left to adhere overnight in the incubator with 5% CO, at standard conditions. Following this incu-
bation, the cells were treated with 2 ug/ml of ITGA2 or IgG antibodies in DMEM with 10% FBS and 1% Penstrep.
Cell viability was determined at time intervals of 1, 3, and 5 days utilizing a Dojindo cell counting kit CCK-8
according to the protocol provided by the manufacturer.

To evaluate the cytotoxicity of GBM-targeted immunoliposomes, cell treatment groups were assigned
and treated with (1) ITGA2 antibody-conjugated liposomes (vehicles), (2) non-specific IgG-conjugated,
doxorubicin-encapsulating liposomes (IgG-Dox-LP), (3) ITGA2 antibody-conjugated, doxorubicin-encapsulating
liposomes (ITGA2-Dox-LP) at the following equivalent doxorubicin doses 0.08, 0.4, 2, 10, 50 ug/ml for 6 hours.
Cells were rinsed twice with PBS and grown for 48 hours before the Dojindo assay was performed.

Cell migration assays. 10° GBM and SVG-P12 cells were pre-treated with free IgG and ITGA2 antibody,
as well as antibody conjugated liposomes for 24 h at an antibody dose of 2 ug/mL. They were then seeded onto
COSTAR transwell inserts with permeable support polycarbonate membrane with an 8 um pore size in a 24 well
plate at a cell density of 10,000 cells per well with serum-free DMEM media. DMEM with 10% FBS was added to
the lower wells as chemoattractants. The cells were allowed to migrate for 20 hours, at which point the inserts were
stained with Diff-Quik Stain Set. The cells that did not migrate through the insert membrane were removed using
cotton swabs, at which point four fields per insert were counted for each sample.

Synthesis and characterization of ITGA2 antibody-directed liposomes. ITGA2 antibody-directed
liposomes were prepared using an established nanoporous membrane extrusion method as previously described*.
Briefly, a lipid mixture of DOPC:DSPE-PEG-COOH (95:5, mol:mol, 50 pmol in total) was dissolved in chloro-
form and dried under a dry nitrogen stream. The lipid film that resulted was solubized in 1 mL DMSO:EtOH
(7:3). The solubized lipids were injected into 9 ml of 240 mM ammonium sulfate while being constantly and rigor-
ously agitated to yield a 5mM lipid solution. Following 5 freeze-thaw cycles, the lipid solution was extruded using
a Lipex Extruder utilizing a 100 nm polycarbonate nanoporous membrane. Following the extrusion, the lipos-
ome solution was placed in dialysis in PBS using a Slide-A-Lyzer dialysis cassette (MWCO 20kDa) and dialyzed
overnight at room temperature. Doxorubicin was added to the liposome solution to reach a final concentration of
1 mg/ml and the combined mixture was incubated for 6 hours to allow for active loading of the doxorubicin. The
resulting doxorubicin-encapsulating liposome solution was then dialyzed in PBS using the same Slide-A-Lyzer
Dialysis cassette overnight at room temperature.

ITGA2 antibodies were covalently conjugated to the surface of the liposomes via the DSPE-PEG-COOH
anchor. NHS (3 mg) and EDC (2 mg) were added to 5 umol lipids of liposome solution and incubated for 10 min,
then ITGA2 antibodies and IgG antibodies were added to the EDC-modified liposomes at a molar ratio of
1:1000 antibody:phospholipid and incubated 2 h at room temperature. Unreacted antibodies were removed by
utilizing a FLOAT-A-LYZER G2 dialysis tubing unit (MWCO 1,000kDa). For liposome binding experimen-
tation, non-cytotoxic FITC-dextran encapsulating liposomes were prepared and tested in lieu of the cytotoxic
doxorubicin-encapsulated liposomes. The preparation process was identical with the exception being that the
1 ml lipid solution was mixed with a 9 ml FITC-dextran solution (1 mg/ml).
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The density of ITGA2 antibodies conjugated on the surface of the liposomes was quantified using a microbead
assay as previously described?"?2. 2 um borosilicate beads were encapsulated with DOPC:DSPE-PEG-COOH
(95:5, mol:mol) liposomes by rigorously agitating small unilamellar liposomes with the microbeads in PBS for
6h. Then, the microbeads rinsed three times in PBS with suspension-spin cycles to separate free liposomes.
Conjugation of the PE-IgG and PE-ITGA2 antibodies to microbead encapsulating liposomes utilized EDC/NHS
chemistry. Surface density of ITGA-2 antibody conjugated to each microbead was ascertained with reference to
Quantum Simply Cellular microbeads, which have defined numbers of antibody sites per bead. Liposome size and
zeta potential were measured via dynamic light scattering on a ZETA-PALS analyzer (Brookhaven Instruments,
Holtsville, New York).

Quantitative phase imaging analysis. GBM cell migratory behaviors with ITGA2 antibody or
IgG-conjugated liposome treatment was evaluated using an established quantitative phase imaging method as
previously described?”?%*”. Briefly, GBM cells were cultured in 6-well plates with a density of 50,000 cells per well.
After allowing for attachment overnight, the six well plate was placed on a motorized stage of HoloMonitor® M4
(Phase Holographic Imaging Phi AB, Lund, Sweden) with a 20x objective lens. The system was kept in a humid-
ified incubator with 5% CO,. HstudioM4 software was used to record phase images of the sample within the field
of integration (0.5 mm?). For each well, 4 locations on the plate were selected to scan every 5 minutes to acquire
continuous phase images for a period of 48 h. Cell morphology, migration, and proliferation characteristics were
also documented and recorded for statistical analysis with ITGA2 antibody or IgG-conjugated liposome treat-
ments (at equivalent antibody concentration of 2 ug/mL).

In Vitro Blood-Brain tumor barrier assay. 20,000 HBMVECs were seeded on attachment factor-coated
transwell inserts with 3 um pores and incubated for 48 h as previously reported®**"*%. 20,000 GBM or SVG-P12
cells were separately seeded in a well of 24-well plate for 24 h. The HBMVEC-coated transwell insert was then
co-cultured with GBM or SVG-P12 cells in 24-well plate for 24 h to induce vascular permeability. 100 pL of
ITGA2-FITC-LP in DMEM (0.5 mM lipids) and 600 L of DMEM were separately added to the top and bottom
sides of the HBMVEC-coated transwell inserts and further incubated for 4h. The GBM and SVG-P12 cells in the
bottom chamber were collected and ITGA2-FITC-LP translocated through the endothelial barrier was quantified
by measuring their fluorescence using flow cytometry analysis®»*"4.

Statistical analysis. All experimental data were collected in triplicate unless otherwise noted and are pre-
sented as mean +/— standard deviation. Statistical comparison by analysis of the variance was performed at a
standard significance level of P < 0.05 utilizing the Student’s T-test.

References
1. Omuro, A. & DeAngelis, L. M. Glioblastoma and other malignant gliomas: a clinical review. JAMA 310, 1842-1850 (2013).
2. Thakkar, J. P. et al. Epidemiologic and Molecular Prognostic Review of Glioblastoma. Cancer Epidemiology Biomarkers & Prevention
23,1985-1996 (2014).
3. Grossman, S. A. et al. Survival of Patients with Newly Diagnosed Glioblastoma Treated with Radiation and Temozolomide in
Research Studies in the United States. Clinical Cancer Research 16, 2443-2449 (2010).
4. Johnson, D. R. & O’Neill, B. P. Glioblastoma survival in the United States before and during the temozolomide era. J. Neurooncol.
107, 359-364 (2012).
5. Mitchell, M. ], Jain, R. K. & Langer, R. Engineering and physical sciences in oncology: challenges and opportunities. Nat. Rev.
Cancer 17, 659-675 (2017).
6. Shi, J., Kantoff, P. W,, Wooster, R. & Farokhzad, O. C. Cancer nanomedicine: progress, challenges and opportunities. Nat. Rev. Cancer
17,20-37 (2017).
7. Chen, H., Zhang, W., Zhu, G., Xie, J. & Chen, X. Rethinking cancer nanotheranostics. Nat Rev Mater 2 (2017).
. Min, Y, Caster, J. M., Eblan, M. J. & Wang, A. Z. Clinical Translation of Nanomedicine. Chemical Reviews 115, 11147-11190 (2015).
9. Ananda, S. et al. Phase 2 trial of temozolomide and pegylated liposomal doxorubicin in the treatment of patients with glioblastoma
multiforme following concurrent radiotherapy and chemotherapy. Journal of Clinical Neuroscience 18, 1444-1448 (2011).
10. Hau, P. et al. Pegylated liposomal doxorubicin-efficacy in patients with recurrent high-grade glioma. Cancer 100, 1199-1207 (2004).
11. Beier, C. P. et al. RNOP-09: Pegylated liposomal doxorubicine and prolonged temozolomide in addition to radiotherapy in newly
diagnosed glioblastoma - a phase II study. BMC Cancer 9 (2009).
12. Nordling-David, M. M. et al. Liposomal temozolomide drug delivery using convection enhanced delivery. Journal of Controlled
Release 261, 138-146 (2017).
13. Guo, P. et al. A quantitative method for screening and identifying molecular targets for nanomedicine. Journal of Controlled Release
263, 57-67 T equal contribution (2017).
14. Porru, M. et al. Medical treatment of orthotopic glioblastoma with transferrin-conjugated nanoparticles encapsulating zoledronic
acid. Oncotarget 5 (2014).
15. Padfield, E., Ellis, H. P. & Kurian, K. M. Current Therapeutic Advances Targeting EGFR and EGFRvIII in Glioblastoma. Frontiers in
Oncology 5 (2015).
16. Taylor, T. E., Furnari, F. B. & Cavenee, W. K. Targeting EGFR for Treatment of Glioblastoma: Molecular Basis to Overcome
Resistance. Current Cancer Drug Targets 12, 197-209 (2012).
17. Koster, J., Molenaar, J. J. & Versteeg, R. Abstract A2-45: R2: Accessible web-based genomics analysis and visualization platform for
biomedical researchers. Cancer Research 75, A2-45-A2-45 (2015).
18. Griesinger, A. M. et al. Characterization of distinct immunophenotypes across pediatric brain tumor types. J. Immunol. 191,
4880-4888 (2013).
19. Chuang, Y.-C. et al. Blockade of ITGA2 Induces Apoptosis and Inhibits Cell Migration in Gastric Cancer. Biol Proced Online 20, 10 (2018).
20. Guo, P. et al. Nanomaterial Preparation by Extrusion through Nanoporous Membranes. Small 14, 1703493 (2018).
21. Guo, P, You, J.-O., Yang, J., Moses, M. A. & Auguste, D. T. Using breast cancer cell CXCR4 surface expression to predict liposome
binding and cytotoxicity. Biomaterials 33, 8104-8110 (2012).
22. Guo, P. et al. Inhibiting Metastatic Breast Cancer Cell Migration via the Synergy of Targeted, pH-triggered siRNA Delivery and
Chemokine Axis Blockade. Molecular Pharmaceutics 11, 755-765 (2014).

oo

SCIENTIFIC REPORTS | (2019) 9:6195 | https://doi.org/10.1038/s41598-019-42643-7 9


https://doi.org/10.1038/s41598-019-42643-7

www.nature.com/scientificreports/

23. Guo, P, Yang, J,, Jia, D., Moses, M. A. & Auguste, D. T. ICAM-1-Targeted, Lcn2 siRNA-Encapsulating Liposomes are Potent Anti-
angiogenic Agents for Triple Negative Breast Cancer. Theranostics 6, 1-13 1 equal contribution, % equal contribution (2016).

24. Guo, P. et al. Nanoparticle elasticity directs tumor uptake. Nat Commun 9, 130. t equal contribution (2018).

25. Dos Santos, N. et al. Influence of poly(ethylene glycol) grafting density and polymer length on liposomes: Relating plasma
circulation lifetimes to protein binding. Biochimica et Biophysica Acta (BBA) - Biomembranes 1768, 1367-1377 (2007).

26. Haran, G., Cohen, R., Bar, L. K. & Barenholz, Y. Transmembrane ammonium sulfate gradients in liposomes produce efficient and
stable entrapment of amphipathic weak bases. Biochim. Biophys. Acta 1151, 201-215 (1993).

27. Guo, P, Huang, J. & Moses, M. A. Characterization of dormant and active human cancer cells by quantitative phase imaging.
Cytometry A 91, 424-432 t equal contribution (2017).

28. Huang, J., Guo, P. & Moses, M. A. A Time-lapse, Label-free, Quantitative Phase Imaging Study of Dormant and Active Human
Cancer Cells. J Vis Exp, https://doi.org/10.3791/57035. t equal contribution (2018).

29. Short, S. M. et al. Inhibition of endothelial cell migration by thrombospondin-1 type-1 repeats is mediated by betal integrins. J. Cell
Biol. 168, 643-653 (2005).

30. Dai, T,, Jiang, K. & Lu, W. Liposomes and lipid disks traverse the BBB and BBTB as intact forms as revealed by two-step Forster
resonance energy transfer imaging. Acta Pharmaceutica Sinica B 8,261-271 (2018).

31. Groothuis, D. R. The blood-brain and blood-tumor barriers: A review of strategies for increasing drug delivery. Neuro-Oncology 2,
45-59 (2000).

32. Das, S. & Marsden, P. A. Angiogenesis in glioblastoma. N. Engl. J. Med. 369, 1561-1563 (2013).

33. Karim, R., Palazzo, C., Evrard, B. & Piel, G. Nanocarriers for the treatment of glioblastoma multiforme: Current state-of-the-art.
Journal of Controlled Release 227, 23-37 (2016).

34. Hayward, S. L., Wilson, C. L. & Kidambi, S. Hyaluronic acid-conjugated liposome nanoparticles for targeted delivery to CD44
overexpressing glioblastoma cells. Oncotarget 7 (2016).

35. Hadjipanayis, C. G. et al. EGFRVIII Antibody-Conjugated Iron Oxide Nanoparticles for Magnetic Resonance Imaging-Guided
Convection-Enhanced Delivery and Targeted Therapy of Glioblastoma. Cancer Research 70, 6303-6312 (2010).

36. Miura, Y. et al. Cyclic RGD-Linked Polymeric Micelles for Targeted Delivery of Platinum Anticancer Drugs to Glioblastoma through
the Blood-Brain Tumor Barrier. ACS Nano 7, 8583-8592 (2013).

37. Gingras, M.-c, Roussel, E., Bruner, J. M., Branch, C. D. & Moser, . P. Comparison of cell adhesion molecule expression between
glioblastoma multiforme and autologous normal brain tissue. Journal of Neuroimmunology 57, 143-153 (1995).

38. Novak, U., Walker, F. & Kaye, A. Expression of EGFR-family proteins in the brain: role in development, health and disease. Journal
of Clinical Neuroscience 8,106-111 (2001).

39. Moos, T. & Morgan, E. H. Transferrin and transferrin receptor function in brain barrier systems. Cell. Mol. Neurobiol. 20, 77-95
(2000).

40. Klein, C. E. Integrin alpha 2 beta 1 is upregulated in fibroblasts and highly aggressive melanoma cells in three-dimensional collagen
lattices and mediates the reorganization of collagen I fibrils. The Journal of Cell Biology 115, 1427-1436 (1991).

41. Tuckwell, D., Calderwood, D. A., Green, L. ]. & Humphries, M. J. Integrin alpha 2 I-domain is a binding site for collagens. J. Cell. Sci.
108(Pt 4), 1629-1637 (1995).

42. Sottnik, J. L. et al. Integrin alpha2betal (a281) promotes prostate cancer skeletal metastasis. Clinical & Experimental Metastasis 30,
569-578 (2013).

43. Vihinen, P, Riikonen, T., Laine, A. & Heino, J. Integrin alpha 2 beta I in tumorigenic human osteosarcoma cell lines regulates cell
adhesion, migration, and invasion by interaction with type I collagen. Cell Growth Differ. 7, 439-447 (1996).

44. Ying, M. et al. Liposome-Based Systemic Glioma-Targeted Drug Delivery Enabled by All- b Peptides. ACS Applied Materials &
Interfaces 8,29977-29985 (2016).

45. Chacko, A.-M. et al. Targeted delivery of antibody-based therapeutic and imaging agents to CNS tumors: crossing the blood-brain
barrier divide. Expert Opinion on Drug Delivery 10, 907-926 (2013).

46. Guo, P. et al. Using Atomic Force Microscopy to Predict Tumor Specificity of ICAM1 Antibody-Directed Nanomedicines. Nano
Letters 18, 22542262 1 equal contribution (2018).

47. Guo, P, Huang, J. & Moses, M. Quantitative phase imaging characterization of tumor-associated blood vessel formation on a chip.
In Quantitative Phase Imaging IV (eds Popescu, G. & Park, Y.) 56, https://doi.org/10.1117/12.2289006 (SPIE, 2018).

Acknowledgements
The authors gratefully acknowledge the support of the Breast Cancer Research Foundation, the Advanced Medical
Research Foundation and the Fellows Research Fund of Boston Children’s Hospital.

Author Contributions

PG., AM.-G, ER.S. and M.A.M. designed research strategy and experiments; P.G., A.M.-G. and J.H. performed
experiments; P.G., A.M.-G., .H., E.R.S. and M.A.M. analyzed the data; P.G., A.M.-G., E.R.S. and M.A.M. wrote
the paper.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-42643-7.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:6195 | https://doi.org/10.1038/s41598-019-42643-7 10


https://doi.org/10.1038/s41598-019-42643-7
https://doi.org/10.3791/57035
https://doi.org/10.1117/12.2289006
https://doi.org/10.1038/s41598-019-42643-7
http://creativecommons.org/licenses/by/4.0/

	ITGA2 as a potential nanotherapeutic target for glioblastoma

	Results

	Identification of ITGA2 as a novel GBM target. 
	Therapeutic functions of ITGA2 blockade. 
	Development of ITGA2 antibody-directed liposomes. 
	GBM specificity of ITGA2 antibody-directed liposomes. 
	GBM-specific toxicity of ITGA2 antibody-directed liposomes. 
	Transmission across blood-brain tumor barrier (BBTB). 

	Discussion

	Conclusion

	Materials and Methods

	Materials. 
	Cell culture. 
	Flow cytometry measurements. 
	Immunofluorescent staining. 
	Genomic analysis of ITGA2 in human GBM. 
	Cell proliferation assays. 
	Cell migration assays. 
	Synthesis and characterization of ITGA2 antibody-directed liposomes. 
	Quantitative phase imaging analysis. 
	In Vitro Blood-Brain tumor barrier assay. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Identification of ITGA2 as a molecular target for GBM.
	Figure 2 Therapeutic functions of ITGA2 blockade.
	Figure 3 Development of an ITGA2 antibody-directed nanomedicine.
	Figure 4 GBM-targeted therapy of ITGA2-Dox-LP.




