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Triple negative breast cancers (TNBCs) have a high mortality rate
owing to aggressive proliferation and metastasis and a lack of
effective therapeutic options. Herein, we describe the overexpres-
sion of intercellular adhesion molecule-1 (ICAM-1) in human TNBC
cell lines and tissues, and demonstrate that ICAM-1 is a potential
molecular target and biomarker for TNBC therapy and diagnosis.
We synthesized ICAM-1 antibody-conjugated iron oxide nano-
particles (ICAM-IONPs) as a magnetic resonance imaging (MRI)
probe to evaluate tumor targeting. Quantitative analysis of ICAM-1
surface expression predicted the targeting capability of ICAM-
IONPs to TNBC cells. MRI of the TNBC xenograft tumor after systemic
administration of ICAM-IONPs, coupled with iron quantification and
histology, demonstrated a significant and sustained MRI contrast
enhancement and probe accumulation in tumors with ICAM-1 over-
expression relative to control. Identification of ICAM-1 as a TNBC
target and biomarker may lead to the development of a new strat-
egy and platform for addressing a critical gap in TNBC patient care.

Triple negative breast cancers (TNBCs) comprise a heteroge-
neous group of tumors with a diverse histology and genetic
makeup that share the common feature of low expression of
estrogen receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) (1). TNBCs repre-
sent 15-20% of all breast cancers, occurring more frequently in
women under 50 y of age, African American women, and indi-
viduals carrying the breast cancer early onset 1 (BRCA1) gene.

TNBC patients do not benefit from hormone or HER2-
targeted therapies, leaving chemotherapy as a limited treatment
option (1). As a result, the prognosis for TNBC patients remains
poor. The 5-y survival rate of patients with TNBC is less than
74.5%, compared with 87% for patients with HER2-positive
breast cancer and greater than 90% for patients with ER-positive
breast cancer (2-4). Although targeted therapy using the over-
expression of a specific cancer cell membrane molecule can fa-
cilitate the spatial and temporal delivery of therapeutics, the
bottleneck of TNBC-targeted therapy is lacking TNBC-specific
entities that can discriminate between TNBC cells and nonneo-
plastic cells. Several cell membrane molecules have been reported
as molecular markers for TNBC, such as epidermal growth factor
receptor (EGFR) and mast/stem cell growth factor receptor (c-KIT
or CD117) (5-7). TNBC-targeted therapeutics, including cetuximab
(anti-EGFR monoclonal antibody) (8), imatinib (c-KIT tyrosine
kinase inhibitor) (9), and poly(ADP ribose) polymerase (PARP)
inhibitor also are undergoing preclinical/clinical investigations
(10). Howeyver, to date, trials of these targeted therapeutics have
failed to demonstrate enough clinical efficacy to meet the sta-
tistical criteria (11-13). Therefore, an urgent and unmet need
remains to identify new and effective molecular targets and as-
sociated therapies in TNBC.

To identify a TNBC target, we screened cell surface molecules
involved in signal transmission, followed with validation using in
vivo targeted imaging. Malignant cells can usurp the functions of
cell surface receptors to survive and proliferate, elude the immune
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system, expand the blood supply, colonize tissues, and spread to
other organs, making them natural candidates as therapeutic and
diagnostic targets for TNBC (14, 15).

Results

Screen and Identify Intercellular Adhesion Molecule-1 as a TNBC Target
and Biomarker. We used a real-time PCR array to obtain the ex-
pression profile of 84 genes involved in signal transduction path-
ways, including bioactive lipid receptors, metabotropic glutamate
receptors, and proteins in the calcium signaling pathway, in three
cell lines: MDA-MB-231 (TNBC), MCF7 (non-TNBC, ER*/PR”/
HER2™), and MCF10A (a nonneoplastic, human mammary
epithelial cell line) (as shown in Fig. S1 and Table S1). Fig. 14
demonstrates a collection of 42 differentially expressed genes in
MDA-MB-231 cells compared with MCF7 and MCF10A. We
narrowed the candidates down to three genes: chemokine (C-C
motif) ligand 2 (CCL2), vascular cell adhesion molecule-1
(VCAM-1), and intercellular adhesion molecule-1 (ICAM-1,
also called CD54) based on up-regulated levels relative to MCF7
and MCF10A cells and expression on cell membranes. CCL2 is
anchored to glycosaminoglycan side chains of proteoglycans on
endothelial cells and secreted by monocytes, macrophages, and
dendritic cells (16-18). ICAM-1 and VCAM-1 are well-recognized
biomarkers for inflammation. Unlike VCAM-1, ICAM-1 is ex-
pressed at low levels in normal tissues except the tonsil, adrenal
gland, and spleen (19). ICAM-1 is present on endothelial cells at
levels lower than on TNBC cells (Table S2) (19). Because of its
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S Cell line ER | PR | HER2 | Invasiveness Ethnicity Age | BRCA1 mutation status ICAMT HER2
(moleculesi/cell) (molecules/cell)
i) MDA-MB-231 - - High Caucasian 51 Wild type 2,350,000 £ 25,000 27,500 + 800
om
E MDA-MB-436 - - Medium Caucasian 43 Mutant 756,000 + 7,600 27,000 + 2,000
MDA-MB-157 - - Medium African American 44 Wild type 751,000 + 4400 12,500 + 500
3] MCF7 + - Low Caucasian 69 Wild type 323,000 + 900 68,000 + 660
m
E HCC1500 + + - High African American 32 Wild type 93,000 + 550 231,000 + 2,500
|
S MDA-MB-361 + + + Low Caucasian 40 Wild type 111,000 + 1,000 875,000 = 17,000
s
SKBR3 - - ¥ Low Caucasian 43 Wild type 22,900 + 670 5,020,000 + 12,000
E AG11132 - - - Low African American 16 NA 17,000 = 2000 99,000 £ 1,400
2 MCF10A - - Low Caucasian 36 Wild type 93,000 £ 2,300 37,000 £ 3,800

Identification of ICAM-1 as a TNBC target and biomarker. (A) Gene expression analysis of human breast cancer cell lines. Red and green represent maximum

and minimum gene expression, respectively. Representative microscopic images of human TNBC tissues (B and E), non-TNBC tissues (C and F; ER*/PR*/HER2"),
and normal breast epithelium (D and G) stained with an anti-human ICAM-1 antibody. (The dashed box illustrates the area subjected to increased magni-
fication in the lower panel; scale bars represent 50 um.) (H) Quantification of ICAM-1 staining intensities in different subtypes of breast cancer [status of ER/PR/
HER2: +/—/+; —/+/+; —/—I+; +/—/-; +/+/—; +/+/+; and —/—/— (TNBC)] and normal breast tissue. Data are presented as a box-and-whisker plot. *P < 0.05; **P <
0.01; ***P < 0.001 compared with TNBC tissues. (/) ICAM-1 gene expression in TNBC, non-TNBC, and normal cells quantified by qRT-PCR. ICAM-1 fold change is
relative to GAPDH (***P < 0.001). (J-R) Representative fluorescence microscope images of ICAM-1 immunofluorescent staining in MDA-MB-231 (J), MDA-MB-
436 (K), MDA-MB-157 (L), MCF7 (M), HCC1500 (N), MDA-MB-361 (O), SKBR3 (P), AG11132 (Q), and MCF10A (R). DAPI was used to stain the cell nuclei; mouse
anti-human ICAM-1 antibody (primary) and NL557-conjugated goat anti-mouse antibody (secondary) were used to stain ICAM-1. Scale bars represent 20 um.

(S) Collection of human TNBC, non-TNBC, and normal cell lines with their ICAM-1 and HER2 surface protein densities measured by flow cytometry.

specificity, ICAM-1 was chosen for further evaluation as a target
for TNBC.

Although its role as a TNBC target and biomarker has yet to be
fully investigated, ICAM-1 expression has been shown to associate
with aggressive tumor phenotypes in breast cancer, prostate cancer,
and myeloma (20, 21). Evidence suggests that ICAM-1 triggers
multiple cell-signaling pathways that promote cancer cell pro-
liferation, migration, resistance to apoptosis, and development
of cell adhesion molecule-induced drug resistance (20, 21).

To validate that ICAM-1 is highly overexpressed in TNBC
tumors, immunohistochemistry was conducted by using 149 hu-
man breast tumor tissues representing different ER/PR/HER2
status along with 144 human normal tissues of 20 different
organs. ICAM-1 staining in TNBC tissues was stronger and
present in more cells (Fig. 1 B and E) compared with non-TNBC
tissues (Fig. 1 C and F) and normal breast mammary epithelium

Guo et al.

(Fig. 1D and G). TNBC exhibited a significant increase in ICAM-1
expression compared with various other subtypes of breast cancers
and normal epithelium (Fig. 1H). ICAM-1 expression is absent in
normal human breast, cerebrum, colon, esophagus, kidney, liver,
ovary, pancreas, prostate, rectum, skin, small intestine, and uterine
cervix, but positive ICAM-1 staining was observed in normal
spleen, lung, lymph node, thymus, testis, and bone (Fig. S2). These
findings correlate with the Human Protein Atlas database (www.
proteinatlas.org), revealing that the ICAM-1 expression in normal
organs is substantially less than that of EGFR, another generally
accepted TNBC target. The finding that ICAM-1 is overexpressed
in 26 human TNBC tissues provides clinical evidence supporting
ICAM-1 as a potential molecular target for TNBC.

We further characterized and quantified ICAM-1 gene and sur-
face protein expression in nine different human cell lines: three
TNBC, four non-TNBC, and two nonneoplastic lines (Fig. 15).
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Because TNBCs are more prevalent in women under 50 y of age,
African American women, and individuals carrying the BRCA1
gene mutation (1), we analyzed ICAM-1 levels in seven breast
cancer cell lines—derived from patients of African American
and Caucasian origin, of ages spanning 32 to 69 y, and with wild-
type and mutant BRCA1 gene status—relative to nonneoplastic,
human mammary epithelial cells MCF10A and AG11132. As
shown in Fig. 17, TNBC cells MDA-MB-231, MDA-MB-436, and
MDA-MB-157 exhibited 13.9-, 11.6-, and 9.9-fold higher ICAM-1
gene expression, respectively, than MCF10A (even higher fold
relative to AG11132). In non-TNBC cells, MCF7 and MDA-MB-
361 showed elevated ICAM-1 gene expression relative to non-
neoplastic cells, but at markedly lower levels than TNBC cells.

Consistent with ICAM-1 gene expression levels, TNBC cells
exhibited between 8- and 25-fold higher ICAM-1 surface protein
levels than non-TNBCs and normal cells (Fig. 15). Compared
with the surface protein density of HER?2, a clinical target and
biomarker for breast cancer, the ICAM-1 surface protein density
(751,000-2,350,000 molecules/cell) on TNBC cells was compa-
rable to the HER?2 surface density (875,000~ 5,020,000 molecules/
cell) measured on HER2-positive breast cancer cells (MDA-MB-
361 and SKBR3). Immunofluorescent staining of ICAM-1 over-
expression in TNBC cells revealed greater ICAM-1 surface
staining on TNBCs (Fig. 1 J-L) relative to non-TNBCs (Fig. 1 M-P)
and nonneoplastic cells (Fig. 1 Q and R).

Furthermore, ICAM-1 was localized largely on the TNBC cell
membranes, suggesting that it might be recognized and bound by
targeted therapeutic agents. Based on the above results, we con-
cluded that ICAM-1 expression is not ubiquitous in all breast
cancers. ICAM-1 is overexpressed on the surface of TNBC cells
and thus may be used as a target and biomarker for TNBC-
targeted therapy.

Characterizations of TNBC-Targeted Iron Oxide Nanoparticles. To
test ICAM-1 targeting for TNBC, we synthesized a TNBC-targeted
MRI probe using magnetic iron oxide nanoparticles (IONPs)
conjugated with ICAM-1 antibodies (ICAM-IONPs). ICAM-1
antibodies were conjugated covalently to casein-coated IONPs
via 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC)/N-hydroxysuccinimide (NHS) chemistry (see sche-
matic illustration in Fig. 24) (22). Similarly, casein-coated
IONPs were conjugated with Herceptin (humanized anti-HER2
antibody; HER2-IONPs) or nonspecific IgG (IGG-IONPs) as
controls for evaluation of targeting specificity, efficiency, and
delivery. The morphology and monodispersity of ICAM-IONPs
were examined by transmission electron microscopy (TEM; Fig.
2B) and dynamic light scattering (DLS; Fig. 20). ICAM-IONPs,
with a core diameter of 15 nm, had a mean hydrodynamic radius
of 36.6 + 5.6 nm and a zeta potential of —41.4 + 3.2 mV. The
antibody density for ICAM-IONP, IGG-IONP, and HER2-
IONP was determined experimentally using FITC-labeled anti-
bodies as ligands (Fig. 20). Approximately two or three antibody
molecules were conjugated to each particle. The ICAM-IONPs
obtained showed no cytotoxicity (Fig. 2 N-P).

Effective targeting of TNBC cells via the ICAM-1 antibody
first was evaluated in vitro by the binding and uptake of FITC-
labeled ICAM-IONPs, IGG-IONPs, and HER2-IONPs. Our
normalized fluorescent intensity data demonstrated that TNBC
cells exhibited 2.4- to 4-fold greater binding to ICAM-IONPs
than IGG-IONPs or HER2-IONPs because of the abundance of
ICAM-1 expression (Fig. 2C). Quantitative analysis of ICAM-1
surface protein expression was directly correlated with increased
binding of ICAM-IONPs. In comparison, HER2-IONPs showed
positive targeting to HER2-positive cells but failed to target
TNBC cells because of their HER?2 deficiency. Using a Prussian
blue staining assay to examine the presence of iron oxide, we
further confirmed the strong and specific binding of ICAM-
IONPs to TNBC cells (Fig. 2 E-G and Fig. S3) compared with
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Fig. 2. Synthesis of ICAM-IONP and its in vitro targeting of TNBC cell lines.
(A) Schematic illustration of the structure of ICAM-IONP as an MRI probe
for in vivo TNBC targeting and imaging. (B) TEM image of as-synthesized
ICAM-IONPs. Scale bar represents 50 nm. (C) Cellular binding of IGG-IONP,
HER2-IONP, and ICAM-IONP in TNBC, non-TNBC, and normal cell lines
characterized via flow cytometry. ***P < 0.001 versus resting. (D) Compe-
tition of free ICAM-1 antibody and ICAM-IONP-FITC for binding on TNBC
cells. Free ICAM-1 antibodies were added to MDA-MB-231, MDA-MB-436,
and MDA-MB-157 cells at a concentration of 20 pg/mL for 1 h at 4 °C before
addition of the ICAM-IONP-FITC, and the fluorescence of rinsed cells was taken
in a flow cytometer. **P < 0.01; ***P < 0.001. (E-M) Representative microscope
images of Prussian blue staining of ICAM-IONP taken up by MDA-MB-231 (E),
MDA-MB-436 (F), MDA-MB-157 (G), MCF7 (H), HCC1500 (/), MDA-MB-361 (J),
SKBR3 (K), AG11132 (L), and MCF10A (M). Scale bars represent 20 pm. (N-P)
ICAM-IONPs are biologically nontoxic at a test concentration of ~200 pg/mL.
Cytotoxicity effects of ICAM-IONP in HS27 (human fibroblast; N), U937 (human
macrophages; O), and human umbilical vein endothelial cells (HUVEC; P). (Q)
Characterization of as-synthesized IGG-IONP, HER2-IONP, and ICAM-IONP.

minimal binding to non-TNBC (Fig. 2 H-K) and nonneoplastic
cell lines (Fig. 2 L and M). We observed analogous patterns of
binding between ICAM-IONPs and HER2-IONPs to both
ICAM-1- and HER2-overexpressing cell lines, respectively.
Blocking of ICAM-1 with free ICAM-1 antibody inhibited ICAM-
IONP binding and uptake by TNBC to levels commensurate with
IGG-IONPs (Fig. 2D). These results indicate that ICAM-IONPs
exhibit ICAM-1 targeting activity and specificity.

TNBC-Targeted MRI of TNBC Xenograft Tumor with ICAM-IONPs. We
then examined the ability of ICAM-IONPs for targeted imaging
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of TNBC tumors in vivo by MRI using a xenograft TNBC mouse
model. MDA-MB-231 cells were implanted s.c. in immunodefi-
cient athymic nude mice. MRI was performed on three groups of
tumor-bearing mice injected i.v. with IGG-IONP, HER2-IONP,
or ICAM-IONP when tumors reached 1 cm® in volume. Each
group was scanned before injection of the imaging probes (pre-
injection) and 24 h and 48 h post injection with a set of MRI
sequences, including T,, T,-weighted spin echo imaging, and T,
relaxometry. The Tp-weighted images presented in Fig. 34 show
decreased signals in the regions of the tumor as the result of
enhanced T, contrast from uptake of IONP probes in tumors.
Quantification of MRI signals in three groups demonstrated
a 10% (IGG-IONP), 17% (HER2-IONP), and 26% (ICAM-
IONP) signal drop at 24 h after administration of the probes,
which lasted at least 48 h (Fig. 3B). ICAM-IONPs significantly
improved MRI contrast by actively targeting the TNBC tumor via
ICAM-1 binding. It is worth noting that HER2-targeted MRI probes
were reported to change the MRI signal by 18-46% in HER2-
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Fig. 3. In vivo MR detection of TNBC using ICAM-1 targeting MRI probes.
(A) Color maps of T,-weighted MR images of a mouse implanted with the
TNBC cell line MDA-MB-231 at different time points (pre, 24 h, and 48 h)
after injection of IGG-IONP, or HER2-IONP, or ICAM-IONP. (B) Quantification
of the MRI signal enhanced by IGG-IONP, HER2-IONP, and ICAM-IONP at 24
and 48 h. Significant R? signal changes were observed with time after ICAM-
IONP treatment. *P < 0.05; **P < 0.01. (C) Whole-body distribution of iron
accumulation of IGG-IONP, HER2-IONP, and ICAM-IONP in liver (L), spleen (S),
kidney (K), heart (H), lung (LU), muscle (M), brain (B), and tumor (T). (D)
Histology for MDA-MB-231 tumor accumulation of IGG-IONP, or HER2-IONP,
or ICAM-IONP. Tumors were sectioned and stained with H&E, Prussian blue
agent, ICAM-1 antibody, and HER2 antibody. In Prussian blue staining, the
sections in blue suggest areas of IONP localization. The strongest blue
staining is present in the ICAM-IONP group (bottom row, second column).
Scale bar represents 50 pm. (E) Representative micrographs depicting three
TNBC cells (MDA-MB-231, MDA-MB-436, and MDA-MB-157) incubated with
nonspecific IgG or ICAM-1 antibody after transmigrating through 8-um pores
of a transwell membrane. Images taken were on the reverse side of the
membrane facing the lower chamber. (F) ICAM-1 antibody reduces the mi-
gration of TNBC cells. Nonspecific IgG is used as control. Cells were treated
with 10 pg/mL ICAM-1 antibody or nonspecific IgG. *P < 0.05, ***P < 0.001.
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positive breast tumors (23, 24), comparable to the ICAM-1-targeted
MRI probe demonstrated in TNBC tumors in the current study.
The biodistribution and tumor accumulation of MRI probes
were evaluated by quantifying iron in collected organs and tissue.
Fig. 3C shows comparative iron accumulation in seven organs
harvested from mice at 48 h after a single tail vein administration
of IGG-IONPs, HER2-IONPs, and ICAM-IONPs. Correlating
with the in vivo MRI results, the iron accumulation of ICAM-
IONPs in TNBC tumors was 3.7- and 2.1-fold higher than that of
IGG-IONPs and HER2-IONPs with reference to untreated
tumors, respectively (Fig. 3C, Inset). Histological analysis was
performed to further confirm the targeting of ICAM-IONPs to
the tumor and the observed MRI contrast change in vivo (Fig.
3D). TNBC tumor sections were stained with ICAM-1 antibody,
HER?2 antibody, hematoxylin and eosin (H&E), and Prussian
blue. Consistent with the MRI findings, tumors from mice re-
ceiving ICAM-IONPs showed a high level of ICAM-1 expression
and strong Prussian blue staining of IONPs. In contrast, Prussian
blue staining was low in tumors receiving IGG-IONPs or HER2-
IONPs. Low HER?2 surface expression in TNBC tumors did not
result in significant HER2-IONP accumulation. Thus, results
from the in vivo MRI experiments suggest that the uptake of
ICAM-IONPs is driven by ICAM-1 expression on TNBCs.

Discussion

It is noteworthy that our discovery of ICAM-1 as a TNBC target
and biomarker also reveals promising functions of this well-char-
acterized receptor, which may be explored for clinical applica-
tions. ICAM-1 plays an important role in inflammation. Logically,
anti-ICAM-1-targeted interventions were developed for the treat-
ment of chronic inflammatory disorders (25, 26). The role of
ICAM-1 in oncology also has been under intense investigation.
ICAM-1 up-regulation is observed in several types of cancers
associated with advanced disease, poor survival, and resistance to
chemotherapy (20, 21). Treatment with a human ICAM-1 an-
tibody has demonstrated potent macrophage-dependent anti-
myeloma activity in vivo (27). ICAM-1 cross-linking leads to
phosphorylation of proteins, cytoskeletal modifications, and gene
regulation governing cell shape, recruitment, and migration (28).

Taken together, our finding that ICAM-1 is a promising
TNBC target and biomarker may lead to an effective ICAM-1
targeting strategy for imaging and treatment of TNBC. Previous
studies in wound healing, rheumatoid arthritis, and acute stroke
demonstrated that enlimomab (anti-ICAM-1 antibody) was well
tolerated by different patient groups, indicating that it may be
safe and well tolerated in humans (29-31). Although the ICAM-1
antibody did not affect TNBC cell proliferation in vitro (Fig. S4),
we observed that the ICAM-1 antibody significantly reduced
TNBC cell migration (Fig. 3 E and F). Greenwood et al. (32)
reported that an ICAM-1 antibody blockade resulted in ICAM-1
molecules lacking cytoplasmic tails that could not activate Rho
proteins. Similar antitumor activity of the ICAM-1 antibody or
siRNA was observed in several human cancers (20, 21, 27).

In summary, our results demonstrate the identification of
ICAM-1 as an efficient TNBC molecular target based on the in
vitro evaluation of its TNBC-specific molecular profile and
preclinical in vivo ICAM-1-targeted molecular MRI in a TNBC
tumor model. The findings provide a rationale for further pre-
clinical and clinical evaluation and development of ICAM-1-
targeted treatments for TNBC.

Materials and Methods

Complete details of materials are provided in S/ Materials and Methods.

PCR Array. The human signaling PathwayFinder RT? Profiler PCR Array was
used to screen possible TNBC targets in MDA-MB-231, MCF7, and MCF10A
cells. First, each cell line was incubated at 5 x 10° cells per well in a six-well
cell culture plate overnight. One microgram RNA of each cell line was
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converted to cDNA using the RT? First Strand Kit according to the manu-
facturer’s instructions. Diluted cDNA was added to the RT? SYBR Green/
Fluorescein gPCR Mastermix. The human signaling PathwayFinder RT? Pro-
filer PCR Array was loaded with 25 pL/well of cDNA-Mastermix according to
the PCR protocol provided by the manufacturer. Results were analyzed using
RT? Profiler PCR Array Data Analysis Template v3.0.

Immunohistological Staining. One hundred forty-nine cases of human breast
cancer tissue and 144 cases of human normal tissue microarray samples were
evaluated for ICAM-1 expression as described previously (33, 34). Immuno-
histochemical staining was performed by using paraffin-embedded human
breast cancer tissue microarrays (BR1503B, BR1505, and T088) and normal tissue
microarrays (BNO0011 and BN1002a). The individual tissue cores in the micro-
arrays were scored by a surgical pathologist, with no knowledge of sample
identity, for no staining (0), weak staining (1), moderate staining (2), or strong
staining (3). Photomicrographs were taken on an Olympus BX41 microscope by
using an Olympus Q-Color5 digital camera (Olympus America Inc.).

Cell Culture. Three human TNBC cell lines (MDA-MB-231, MDA-MB-436, and
MDA-MB-157), four human non-TNBC cell lines (MCF7, HCC1500, SKBR3, and
MDA-MB-361), and two nonneoplastic mammary epithelial cell lines (AG11132
and MCF10A) were studied. MDA-MB-231, MDA-MB-436, MDA-MB-157,
MCF7, HCC1500, SKBR3, MDA-MB-361, and MCF10A were available through
the American Type Culture Collection; AG11132 was obtained from Coriell
Institute. MDA-MB-231, MDA-MB-436, MDA-MB-157, MCF7, and MDA-MB-
361 were cultured in DMEM, and HCC1500 was cultured in Roswell Park
Memorial Institute (RPMI)-1640, SKBR3 in McCoy-5A, AG11132 in Mammary
Epithelial Cell Basal Medium, and MCF10A in DMEM/F12 (1:1) medium, with
all recommended supplements, respectively. All cells were maintained at
37 °C in a humidified incubator with 5% (vol/vol) CO..

Quantification of ICAM-1 Gene Expression. The gene expression level of ICAM-1
of breast cancer cell lines was characterized by using quantitative RT-PCR (qRT-
PCR). MDA-MB-231, MDA-MB-436, MDA-MB-157, MCF7, HCC1500, MDA-MB-
361, SKBR3, AG11132, and MCF10A cells were cultured at 5 x 10° cells per well
in a six-well cell culture plate overnight. Cells then were removed from each well
by incubating with a trypsin/EDTA solution for 3 min. The cells were washed
with PBS three times. RNA was extracted, purified using the Qiagen RNeasy Mini
Kit, and quantified using a SpectraMax Plus 384 UV-visible spectrophotometer
(Molecular Devices). Reverse transcription was conducted using the Applied
Biosystems TagMan RT protocol. Detection and quantification of mRNA were
performed with the StepOnePlus Real-Time PCR System (Applied Biosystems).
All PCR samples were referenced to the gene expression of GAPDH.

Quantification of ICAM-1 Surface Expression. Breast cancer cell ICAM-1 surface
protein expression was evaluated by a BD FACSCalibur flow cytometer (BD
Biosciences) as described previously (35, 36). Quantification of the ICAM-1
density on the cell surface was determined with reference to Quantum
Simply Cellular microbeads, using the protocol as provided by the manufac-
turer. Briefly, 10° cells were collected and rinsed twice through suspension—
spin cycles. Cells were blocked by 1% BSA in PBS for 30 min in an ice bath.
After BSA blockage, cells were incubated with phycoerythrin/anti-ICAM-1
antibody for 1 h at room temperature (RT). Cells were rinsed with 1% BSA in
PBS three times, resuspended in PBS, and evaluated by flow cytometry.

ICAM-1 Immunofluorescent Staining. MDA-MB-231, MDA-MB-436, MDA-MB-157,
MCF7, HCC1500, MDA-MB-361, SKBR3, AG11132, and MCF10A (2 x 10° cells)
were seeded in a Lab-Tek Il Chamber Slide System separately with 1 mL medium
overnight at 37 °C. After medium was removed, cells were rinsed with PBS three
times and fixed with 4% formaldehyde in PBS at RT for 10 min, followed by
washing with PBS. Samples were blocked with 1% BSA in PBS for 30 min in an ice
bath. After BSA blocking, samples were stained with mouse anti-human ICAM-1
antibody (primary antibody) for 1 h and rinsed with PBS. Samples were incubated
with NorthernLights 557 conjugated goat anti-mouse secondary antibody (NL557
Abs) for another 1 h, followed by washing with PBS. DAPI was used to stain the
cell nucleus. Immunofluorescent stained samples were dried overnight in the
dark and used for fluorescent microscopic imaging. Samples were examined
under a Leica TCS SP5 confocal fluorescent microscope (Leica Microsystems).
Digital images were captured with AxioVision digital image-processing software.

Synthesis of ICAM-IONP, HER2-1ONP, and IGG-IONP. Casein-coated IONPs were
prepared as described previously (22) and stocked at a concentration of
5 mg/mL in PBS. A 200-pL stock IONP solution (1 mg) was mixed with 200 puL
Activation Buffer (Ocean Nanotech), 50 ug EDC, and 25 pg NHS for 20 min
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at RT. Next, 100 pg ICAM-1 antibody or HER2 antibody or IgG and 400 pL
Coupling Buffer (Ocean Nanotech) were added to the IONP solution and
reacted for 2 h at RT with continuous mixing. As-synthesized ICAM-IONPs or
HER2-IONPs or IGG-IONPs were purified by ultracentrifugation using
a Nanosep 300K Omega centrifugal device.

Characterization of ICAM-IONPs. The morphology and size of ICAM-IONP
nanoparticles were studied by using TEM (Hitachi H-7500; accelerating voltage,
75 kV). The TEM samples were prepared by dropping diluted nanoparticle
solutions on a carbon-coated copper grid and were air dried. The hydrodynamic
size and surface charges of IONPs in aqueous solution were evaluated using
a DLS instrument (Malvern Zetasizer Nano S-90) equipped with a 22-mW He-Ne
laser operating at 632.8 nm. FITC-conjugated ICAM-IONPs, or IGG-IONPs, or
HER2-IONPs (ICAM-IONP-FITC, or IGG-IONP-FITC, or HER2-IONP-FITC) also were
prepared to evaluate the antibody densities on obtained MRI probes. FITC-
conjugated IgG, or HER2 antibody, or ICAM-1 antibody was used in the synthe-
sis by replacing their non-fluorophore-tagged forms. Other conditions were
kept the same during the synthesis. Antibody density on each type of MRI
probe was calculated by using a FITC standard concentration curve.

In Vitro Nanoparticle Probe Binding. Quantitative analysis of ICAM-IONP-FITC
binding to TNBCs (MDA-MB-231, MDA-MB-436, MDA-MB-157) was conducted
using flow cytometry. Non-TNBCs (MCF7, HCC1500, MDA-MB-361, and SKBR3)
and nonneoplastic cells (AG11132 and MCF10A) were selected as controls. Cells
were seeded in six-well plates (3 x 10° cells per well) and allowed to adhere
overnight. Then, cells were incubated for 4 h at 37 °C with (i) IGG-IONP-FITC, (i)
HER2-IONP-FITC, and (iii) ICAM1-IONP—FITC. The nanoparticle concentration used
was 100 pg/mL All nanoparticle-treated cells were washed with PBS, harvested
using a 0.25% trypsin/2.6 mM EDTA solution, and washed with PBS (pH 7.4) three
times. Binding data were acquired with a BD FACSCalibur flow cytometer and
analyzed using FlowJo software. The increase in binding value was calculated
by dividing the mean fluorescence intensity of HER2-IONP-FITC- or ICAM1-IONP-
FITC-stained cells by that of the nonspecific IGG-IONP-FITC-stained cells.

Prussian Blue Staining. The nine cell lines (2 x 10° cells) in Fig. 1S were seeded
separately in a Lab-Tek Il Chamber Slide System with 1 mL medium overnight at
37 °C. After medium was removed, cells were rinsed with PBS three times and
fixed with 4% formaldehyde in PBS at RT for 10 min, followed by washing with
PBS then soaking in working solution composed of 10% potassium ferrocya-
nide (1l) trihydrate and 20% HCI solution (vol:vol = 1:1) at 37 °C for 4 h. After
being washed with PBS, slices were counterstained with nuclear fast red for
5 min. Blue dots representing the remaining IONPs in organs were investigated
with a Leica TCS SP5 confocal fluorescent microscope (Leica Microsystems).

In Vivo MRI. Animal experiments were performed according to the protocol
approved by the Institutional Animal Care and Use Committee of Emory
University. Breast tumors were established s.c. by injecting 5 x 10° MDA-MB-
231 cells into the fourth mammary fat pad of athymic nude mice (Charles
River; n =5 for each group). Tumors were developed for 5-7 wks until they
were at least 1 cm® in volume. In vivo MRI was performed on the tumor-
bearing mice in three groups, which were injected i.v. with IGG-IONP, HER2-
IONP, and ICAM-IONP (at the dosage of 20 mg Fe/kg mouse weight),
respectively. Images were obtained at pre-, 24 h, and 48 h post injection with
a 3 T MRI scanner (Siemens Healthcare) with fast spin echo and multiecho
time (TE) sequence for T,-weighted MRI. The imaging parameters were as
follows: repetition time (TR) of 3,200 ms, TE of 86 ms, 320 x 128 matrix, 120 x
60-mm? field of view, 150° flip angle, and 1.00-mm slice thickness for
T,-weighted imaging; TR of 3,710 ms and 20 different TEs, starting at 12 ms
with 12-ms increments for multi-TE imaging. To quantify the signal intensity
for tumor, regions of interest (ROIls) were drawn around the whole tumor at
the same slice with the same imaging depth. The pixel intensity was calcu-
lated and normalized to the area of ROIs by ImagelJ software.

Histology. The organs (liver, spleen, kidney, lung, heart, and muscle) and tumor
samples were collected at 48 h after injection. The phenanthroline colorimetric
method was used to determine the iron concentration in organs after they were
digested in concentrated HNO;3. Pathologies of MDA-MB-231 tumors with IGG-
IONP, or HER2-IONP, or ICAM-IONP were investigated by H&E staining, Prussian
blue staining, and ICAM-1 and HER2 immunohistological staining. All staining
was performed for the tumor slices following the standard protocol.

Statistical Analysis. Quantitative data are presented as means + SD. Differ-

ences were compared using an unpaired t test. P values <0.05 were con-
sidered statistically significant.
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