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Abstract

Circulating tumor cells (CTCs) are extremely rare cells found in blood of metastatic cancer
patients. There is a need for inexpensive technologies for fast enrichment of CTCs from large
blood volumes. Previous data showed that antibody-conjugated lipid shell immuno-microbubbles
(MBs) bind and isolate cells from biological fluids by flotation. Here, blood-stable MBs targeted
to several surface markers for isolation of breast tumor cells were developed. MBs coated with
anti-human EpCAM antibodies showed efficient binding of EpCAM™ breast cancer cell lines
SKBR-3, MCF-7, and MDA-MB-453, whereas anti-human EGFR MBs showed binding of
EpCAMLOW/NEGATIVE ce| |ines MDA-MB-231 and BT-549. Multitargeted anti-human EpCAM/
EGFR MBs bound all cell lines with over 95% efficiency. Highly concentrated MB-bound tumor
cells were collected in a microliter volume via an inverted vacuum-assisted harvesting setup.
Using anti-EpCAM and/or anti-EpCAM/EGFR MBs, an efficient (70-90%) recovery and fast (30
min) isolation of the above-mentioned cells and cell clusters was achieved from 7.5 mL of spiked
human blood. Using anti-EpCAM MBs and anti-EpCAM/EGFR MBs, cytokeratin-positive,
CD45-negative CTCs were detected in 62.5% (10/16) of patients with metastatic breast cancer and
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CTC clusters were detected in 41.7% (5/12) of CTC-positive samples. Moreover, in some samples
MBs isolated cytokeratin positive, CD45 negative tumor-derived microparticles. None of these
structures were detected in blood from non-epithelial malignancies. The fast and inexpensive
multitargeted platform for batch isolation of CTCs can promote research and clinical applications
involving primary tumors and metastases.

Graphical Abstract
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INTRODUCTION

Circulating tumor cells (CTCs) are cells of solid tumor origin found in the blood of
metastatic cancer patients 13, In accord with the personalized therapy concept, CTC could
provide invaluable information for monitoring of metastatic process and could be used to
test novel therapies 145, CTCs could be used to study cancer biology, clinical prognosis,
responsiveness to anticancer treatment, neoantigen discovery for immunotherapy, and in
vitro culturing 619, For these purposes, technologies that can selectively and inexpensively
isolate CTCs are extremely important. In the field of CTC enrichment and isolation, several
approaches exist: a) positive selection based on surface markers or physical properties
(mostly size and rigidity); b) negative selection through depletion of majority (but not all)
leukocytes; 3) selection-free methods based on immunostaining with subsequent high
throughput imaging or flow cytometry. 711 These approaches are implemented using various
platform technologies, such as immunomagnetic beads, filter membranes or microfluidic
chips. Each of these platforms has advantages and disadvantages, mostly related to the
possibility of missing certain cell types, sample preparation time, final CTC quality and
purity, or requirement for expensive high throughput processing equipment and technical
skills.
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Positive selection was the first clinically adopted approach to isolate CTCs. The main
platforms used for positive enrichment are immunomagnetic beads (e.g., FDA-approved
CTC isolation kit CellSearch®) and microfluidics (e.g., micropost CTC chip 1213 most of
them utilizing Epithelial Cell Adhesion Molecule (EpCAM) as the selection marker. The
sensitivity of detection of EpCAM positive cells with these platforms is high, often as few as
1 CTC per 105-108 leukocytes 14. The main concern with the positive enrichment is that
some tumor cells could be missed. Indeed, some CTCs appear to have low or no expression
of EpCAM due to epithelial-to-mesenchymal transition (EMT 15.16). While the role of the
EMT in the metastatic process is still being elucidated 17, there is massive clinical evidence
that EpCAM positive CTCs are an independent prognostic factor 18-20, Moreover, several
laboratories demonstrated the utility of multiple positive enrichment markers, such as
epidermal growth factor receptor (EGFR), CD44 and human epidermal growth factor
receptor (Her2/neu) 1521-24 The apparent advantages of positive enrichment approaches are
sample purity, sensitivity and ability to concentrate cells in a small volume. These
advantages are important enough to pursue further development and clinical implementation
of positive enrichment technologies.

Recently a novel approach was described for buoyancy-based isolation of tumor cells using
lipid microbubbles tagged with antibodies 25-27. Perfluorocarbon-filled microbubbles (MBs)
coated with lipids or with serum albumin are biocompatible and have been used as
ultrasound contrast agents in the clinic 28:29, It was demonstrated 2526 that anti-EpCAM
antibody tagged lipid MBs could efficiently bind and isolate tumor cells from spiked mouse
and human blood, and another group demonstrated sorting of tumor cells in PBS using
buoyant albumin MBs%0. The advantage of MB technology is that it does not involve
sophisticated equipment and requires only a low-speed centrifugation step to quickly
separate the MB-attached cells from blood. Moreover, due to MBs being composed of inert
gas, they can be easily eliminated from the sample. At the same time, the intrinsic instability
of lipid and albumin-based MBs required extensive washing of blood cells to remove
plasma. This work reports on the development of blood-stable PEGylated MBs tethered with
antibodies against several cell surface markers to capture tumor cells with variable EpCAM
expression. We were able to conjugate 10 times more antibodies per MBs than in the
previous work?>-27, The improved MB formulation enabled fast enrichment of breast cancer
cells and cell clusters from spiked normal blood. Moreover, we report that MBs isolate
single CTC, CTC clusters and tumor microparticles (TMPs) from blood of metastatic breast
cancer patients, which opens up exciting opportunities in liquid biopsy.

MATERIAL AND METHODS

Materials

1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene glycol)-350] (DSPE-PEG-350), DSPE-
PEG-750, DSPE-PEG-1000 and DSPE-PEG-2000 were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). 2-distearoyl-sn-glycero-3-phospho-ethanolamine-N-
[maleimide(polyethylene glycol)-3400] (DSPE-PEG3400-Malemide) was purchased from
Laysan Bio, Inc. (Arab, AL, USA). Polyoxyethylene (40) stearate (PEG40) was purchased
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from Sigma Aldrich (St. Louis, MO, USA). All lipids were stored in chloroform solution
under argon at —20 °C. DiR (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotricarbocyanine
lodide) was from Biotium (Hayward, CA, USA) and was stored as 2 mM sock in ethanol.
Perflorohexane was purchased from Alfa Aesar, Ward Hill, CA. Traut’s reagent (2-
Iminothiolane) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). The
reagent was dissolved in 1X phosphate-buffered saline (PBS) at 5 mg/ml and stored in
aliquots at —20 °C. Zeba™ Spin Desalting Columns were purchased from Thermo Fisher
Scientific. Anti-human EpCAM (epithelial cell adhesion molecule) antibody ING-131 was
provided by XOMA Corporation (San Francisco, USA). ERBITUX® (cetuximab), the anti-
human epidermal growth factor receptor (EGFR) antibody, were obtained from Cancer
Center pharmacy of the University of Colorado Denver. Alexa Fluor 488 mouse anti-pan
Cytokeratin antibody (clone AE1/AE3) was purchased from eBioscience (San Diego, CA,
USA). Alexa Fluor 594 mouse anti-CD45 was purchased from BioLegend (San Diego, CA,
USA). All the antibodies that were used in our studies were listed in Table S1. Nuclear
staining reagent Hoechst 33342 trihydrochloride tirihydrate was purchased from Life
Technologies (Carlshad, CA, USA). Live/Dead® cell viability assay was purchased from
Thermo Fisher Scientific. BD Cytofix/Cytoperm™ kit was purchased from BD Biosciences
(San Diego, CA, USA).

Synthesis of lipid-formulated MBs

MBs were synthesized using DSPC, PEG40, DSPE-PEG3400-Malemide and DSPE-PEG
with different PEG length ranging from 350 to 2000 Da. MBs formulations are shown in
Table S2. The protocol for immuno-MB synthesis was described by us elsewhere. 25-27. MB
size distribution was determined by measuring diameter of MBs in microscopical images
taken at 400x magnification using ImageJ software. At least 100 MBs were measured for
each formulation. The diameters were plotted as a histogram using Prism 6 (GraphPad).
Human anti-human EpCAM antibody on MB surface was detected by fluorescent
microscopy using anti-human AlexaFluor 594 1gG (Thermo Fisher), whereas the chimeric
mouse/human anti-human EGFR (cetuximab) antibody was detected with anti-mouse
AlexaFluor 488 1gG (Thermo Fisher). The number of antibodies per MB was quantified by a
dot blot immunoassay as described by us previously.32 Briefly, MBs were destroyed by
sonication, and amount equivalent to 2x10° MBs in a 2 uL volume was applied as a dot on a
nitrocellulose membrane (Bio-Rad). Standard dilutions of human IgG (Jackson
ImmunoResearch) or cetuximab were applied as 2 pL dots on the same membrane (between
12.5 ng and 100 ng protein per dot). The membrane was blocked in 5% milk in T-PBS (0.1%
Tween in PBS), and probed with anti-human IRDye800 antibody (Li-COR Biosciences).
The number of antibodies per MB was calculated from the standard curve using ImageJ
software.

Recovery of MBs from human blood

Human blood samples were purchased from Bioreclamation IVT (Hicksville, NY, USA)
with different anticoagulants, including Na heparin, Li heparin, Na, EDTA, Ky, EDTA, and
Na citrate. MBs with or without conjugated antibody (0.5x108 MBs) were added to 1 ml of
human blood in 2 ml borosilicate glass sample vial, incubated for 15 min with rotation, and
then centrifuged at 100g for 30 sec to separate the MBs. Additional PBS was added to blood
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to bring the level of fluid above the neck of the vial. The layer of MBs was collected from
the meniscus onto a piece of clean Parafilm M and then transferred to a 1.5 ml eppendorf
tube. MBs were loaded into a hemocytometer for counting, and the percentage of recovered
MBs was calculated.

Human breast cancer cell lines (SKBR-3, MCF-7, MDA-MB-231, MDA-MB-453, and
BT-549) and human leukemia cell line (MOLM-13) were cultured in proper medium in a
cell incubator with 5% CO, at 37°C. SKBR-3 cells were maintained in McCoy’s 5A
medium (Corning Life Sciences, Tewksbury, MA, USA) supplemented with 10% fetal
bovine serum (FBS) (Corning Life Sciences). MCF-7 cells were maintained in Minimum
Essential Medium (MEM) (Corning Life Sciences) supplemented with 10% FBS. MDA-
MB-231 cells were maintained in L-15 medium (ATCC, Manassas, VA, USA) supplemented
with 10% FBS. MDA-MB-453 cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) (Corning Life Sciences) supplemented with 10% FBS. BT-549 cells were
maintained in Roswell Park Memorial Institute (RPMI) medium (Corning Life Sciences)
supplemented with 10% FBS. MOLM-13 cells were maintained in RPMI-1640 medium
(Corning Life Sciences) supplemented with 10% FBS and penicillin/streptomycin. .

Cell binding studies

Breast cancer cells at 2x10° cells/ml in PBS were mixed with MBs at MB/cell ratios of 50:1.
After rotating at 30 rpm for 15 min, the mixture of cells with MBs was loaded into a
hemocytometer for light microscope imaging and cell counting. After 5 min, the MB bound
cells separated into a different focal plane from non-bound cells, which allowed bound and
non-bound cells to be counted separately and calculate percentage of cells associated with
MBs. At least 5 fields were counted for bound and non-bound cells.

Viability assay for cancer cells bound to MBs

MBs (approximately 7.5x10° in 20 ul) were added to 700 pl SKBR-3 cells at a concentration
of 100 cells/ul and the mixture was gently rotated for 30 seconds for MB binding to cells.
The cell viability assay was performed using live/dead viability/cytotoxicity kit (L3224,
Thermo Fisher Scientific) following the manufacture’s protocol. After 1 h incubation of the
Live/Dead reagent with cell/MB or cell only as a control at room temperature, the cell/MB
mixture of 20 pl was added onto a glass slide and covered with a coverslip. All the groups
were conducted in triplicate. Cells were imaged using a Nikon Fluorescence Microscope and
live/dead cell numbers were counted.

Isolation of cancer cells from spiked human blood

Anonymous human blood samples with K, EDTA as the anticoagulant were obtained from
Blood Donation Center at the Children’s Hospital Colorado. For Dil labeling of cells,
trypsinized breast cancer cells (1x107) were incubated at 100 uM Dil in PBS for 30 min at
room temperature. The labeled cells were washed with PBS and stored on ice before use.
Before spiking, cells were diluted in 1% BSA/PBS to 1,500-5,000 cells/ml. The blood
samples (7.5 ml) were spiked with exactly 20 pL of cell suspension. The loading control
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group in each experiment was the same volume of Dil labeled cells (20 pL), but directly
added to the nitrocellulose membrane. All spiking and loading control experiments were
conducted a minimum of three times. After spiking, blood was centrifuged at 1,500 g for 15
min to remove the plasma and resuspended in 5 mL PBS. The samples were then transferred
into a 10 mL pipette tip (Mettler-Toledo-Rainin, LLC, Oakland, CA, USA) equipped with a
cut 10 mL syringe plunger (BD, Franklin Lakes, NJ, USA), and additional PBS was added
until the blood reached the top opening. Anti-human EpCAM MBs, anti-human EGFR MBs
or anti-human EpCAM/EGFR MBs were then added to the samples. The complete isolation
procedure is described in Fig. 4. The top opening was then sealed, device was rotated at 30
rpm for 15 min, and centrifuged for 1-2 min (100 g) using Thermo RC 6+ centrifuge
equipped with FIBERL.te® F21S-8x50y fixed angle rotor (with lid removed). After
centrifugation, the plunger was pushed up to move the layer of MBs above the tip of the
tube. The MB-containing meniscus was vacuum-collected using a customized nitrocellulose
membrane disc (Bio-Rad Laboratories, Hercules, CA, USA). The membranes were washed
under vacuum with 1 ml ice-cold isopropanol to destroy MBs and then the cells on the
membrane were fixed using 4% paraformaldehyde for 30 min at RT. After washing, cell
nuclei were stained with Hoechst. The membrane was placed onto a glass slide and Dil
labeled cells were counted using a Nikon Fluorescence Microscope with CFI Plan
Apochromat Lambda 2x and 20x objective. The cell number for the loading control group
was counted and used as the 100% spiked cells for that experiment, and the isolation
efficiency was determined as the ratio of cells in the isolated samples to the cells in the
loading control sample.

Isolation of CTCs from blood of breast cancer patients

De-identified metastatic breast cancer blood samples were obtained from consented patients
at the University of Colorado Cancer Center under Colorado Multiple Institutional Review
Board-approved (COMIRB) protocol #16-0610 and #16-1001. All samples were delivered
for CTC isolation within 2 hours post-collection. De-identified blood samples from non-
epithelial cancer patients were obtained from consented patients at UC San Diego Moores
Cancer Center (IRB protocol #121046) and shipped within 1 day to the University of
Colorado (Simberg lab). The blood samples were centrifuged at 1,500 g for 10 min to
separate plasma and processed as described above for spiked blood. Anti-human EpCAM
MBs or anti-human EpCAM/EGFR MBs were used. After immobilizing MBs and the
associated cells on the membrane, the MBs were destroyed by addition of 1 mL of ice-cold
isopropanol while keeping the membrane attached to the vacuum. This procedure destroyed
MBs but kept all the cells on the membrane. Cells were fixed with 4% formalin,
permeabilized using BD Cytofix/Cytoperm ™ kit for 4 h at RT, and then stained using
AlexaFluor 488 labeled anti-cytokeratin antibody and AlexaFluor 594 labeled anti-CD45
antibody overnight at 4 °C. After washing, cell nuclei were stained with Hoechst. The
membrane was placed onto a glass slide and imaged using a Nikon Fluorescence
Microscope with 10x and 20x Objective Lenses. The CTCs were identified based on
previously published criteria,33 including CK+/CD45—-/Hoechst+ staining, presence of a
defined nucleus, and dimensions larger than 4x4 um. Tumor microparticles were identified
as CK+/CD45-/Hoechst- events sized smaller than 4 um.
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High MB stability and recovery is a prerequisite for rare CTCs isolation. MB are
intrinsically unstable due to: a) Laplace pressure gradient 34; b) perfluorocarbon mixing and
exchange with the blood gases 3°. Lipid monolayer permeability and perfluorocarbon
solubility play a major role in preventing gas exchange and MB collapse 3638, For
preparation of MBs, we used perflorohexane (boiling point 56°C) gas and DSPC (C18) as
the main phospholipid due to a solid (gel) phase at ambient temperature (phase transition
55°C 39). In order to improve blood stability and decrease the non-specific binding by blood
cells and proteins, phospholipid derivatives tethered with PEGs of different molecular
WEightS (DSPE-PEGg50, DSPE-PEG759, DSPE-PEG1gg0 and DSPE-PEGZOO()) were
included. PEGq-stearate was included in all formulations as an emulsifying agent 36. Each
MB formulation contained also DSPE-PEG34q0-maleimide at for conjugation of human
thiolated 19G via Michael addition (Fig. 1A and 2°). Plain DSPC MBs and MBs made with
DSPE-PEG;qqq (formulations FO and F1) and the corresponding antibody-conjugated
formulations (FOA and F1A) resulted in stable MBs (count over 108/ml at 24h post-
preparation), while MBs made with shorter PEG chains did not result in a high MB count
(Fig. 1B and Table S2). After storage at 4°C for 7 days, formulations with antibody were
more stable than without antibody, and F1A was visibly more stable than FOA (Fig. 1C).
Formulations F1 and F1A were tested for stability in human blood anticoagulated with
sodium EDTA, sodium heparin, lithium heparin, potassium EDTA and sodium citrate.
According to Figure S1, whereas non-antibody MBs showed relatively low recovery (less
than 5%) from all anticoagulated blood, the Ab-conjugated formulation F1A showed good
recovery (35%) in sodium and potassium EDTA anticoagulated blood. Based on the stability
studies the F1A formulation was selected to prepare MBs targeted to multiple tumor
markers. Previous studies demonstrated that EGFR could be used as the enrichment marker
for CTCs that lost the epithelial marker EpCAM expression due to EMT.23 MBs were
conjugated with either single antibody species (EpCAM or EGFR) or with both (EpCAM/
EGFR mixed in 1:1 ratio). According to size distribution (Fig. 1D) all MB formulations
showed right skewed distribution, with EpCAM, EGFR and EpCAM/EGFR MBs showing
5.1, 5.4 and 3.7 um median diameters, respectively. Fluorescent immunostaining confirmed
efficient conjugation of singe or dual antibodies to MBs (Fig. 1E). Immuno-dot blot assay of
antibody content showed that EpCAM, EGFR and EpCAM/EGFR MBs had 1.2x108,
2.0x108 and 1.6x10° 1gG molecules per MB, respectively (Extended Supplemental Data).
This number agrees well with theoretical calculations: assuming phospholipid crossection of
0.7 nm?, each 5-um diameter MB should contain approximately 2x10° of DSPE-PEGg4o-
MAL molecules (for F1A formulation, Fig. 1B). Such high number of IgG molecules
suggests that MB surface is entirely covered with 1gG molecules (assuming 50nm? average
cross section of an 1gG molecule).

To test the binding efficiency of single-targeted and multitargeted MBs, human breast
adenocarcinoma cell lines SKBR-3, MCF-7, MDA-MB-231, BT-549, and MDA-MB-453
with different levels of EpCAM and EGFR expression were used (Fig. 2A). The expression
of these markers on these cells has been thoroughly validated in the literature. 4042 In
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particular, EpCAMLOW/NEGATIVE stats of MDA-MB-231 and BT-549 has been conformed
in numerous studies. 2340.41.43.44 | addition, the human leukemia cell line MOLM-13 that
does not express EpCAM or EGFR was used as a negative control. As summarized in Fig.
2B, the binding efficiency of anti-EpCAM MBs to SKBR-3, MCF-7 and MDA-MB-453
cells was over 95%, but less than 20% to MDA-MB-231 and less then 5% to BT-549 cells.
The binding efficiency of anti-EGFR MBs to SKBR-3, BT-549 and MDA-MB-231 cells was
over 95%, but less then 35% to EGFR-OW MCF-7 and less then 3% to EGFR™ MDA-
MB-453 cells. Dual targeted anti-EpCAM/EGFR MBs bound to all breast cancer cell lines
with over 95% efficiency. The binding efficiency to MOLM-13 cells that do not express
these markers was negligible for all MB types (Fig. 2B). As shown in the representative
images (Fig. 2C), anti-EpCAM MBs formed rosettes with SKBR-3 and MCF-7 cells but
only few MBs bound to MDA-MB-231 cells. Anti-EGFR MBs entirely covered SKBR-3
and MDA MB-231 cells but showed much less efficient binding to MCF-7 cells.
Interestingly, cell clusters were densely coated with MBs (Fig. 2C), suggesting that clusters
also could be captured by MBs. These data demonstrate that combination of anti-EpCAM
and anti-EGFR can be used to capture cells with variable EpCAM expression.

Perfluorocarbon-based MBs have been used safely in clinic as ultrasound contrast
media,28:2% however the effect of targeted MBs on viability of tumor cells is not known.
Live/Dead® assay showed that over 98% of SKBR-3 cells bound to anti-EpCAM MBs were
viable after 1h of incubation (Fig. 3A and Fig. S1). In order to tested whether MB binding
inhibits cell growth, Dil labeled SKBR3 cells were mixed with anti-EpCAM MBs at a ratio
1:20, and seeded in a 96-well plate in the inverted configuration (Fig. 3B). The same number
of cells was seeded in the upright configuration as a control (Fig. 3B). After 24h, control
cells homogenously grow in the entire well, whereas MB coated cells distributed in the
periphery of the wells (Fig. 3B), possibly due to the surface tension and formation of
inverted meniscus. The cells were able to attach to the well and proliferate with MBs still
bound to the membrane (Fig. 3C-D).

b) Isolation of single breast cancer cells and cell clusters from spiked human blood using
targeted MBs

Following separation from blood, the buoyant MB layer needs to be effectively skimmed for
subsequent analysis. An inverted isolation device consisting of a 10 mL open-ended narrow
tip equipped with a rubber fitted plunger (Fig. 4A) have been used for MB harvesting.
Following mixing of MBs with blood (15 min) and brief (1-2 min) centrifugation, the
plunger is pushed upwards toward the opening where MBs form a highly concentrated layer
on top of the meniscus (Fig. 4A-B). Because of the propensity of MBs to separate from
liquid, they were effectively transferred via capillary effect. In order to harvest cells on a
solid support for subsequent immunostaining, MB layer was captured under vacuum on a
nitrocellulose membrane disk as a 2x2 mm diameter spot (Fig. 4B). In addition, MBs could
be harvested on a Parafilm as a 2-5 L droplet (Fig. 4B inset). In order to test the efficiency
of rare tumor cell isolation, 7.5 mL of washed blood was spiked with exactly 20 uL of Dil
labeled breast cancer cells (30100 cells) and different MBs were applied to isolate and
count cells. The same 20 L of cells was applied to the nitrocellulose membrane and the
cells were counted as the loading control (Fig. 5A, top). The fact that isolated cells were
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focused on a small area of the membrane enabled easy observation and enumeration of
isolated cells under low magnification objective (Fig. 5A, bottom). MBs efficiently isolated
individual tumor cells as well as cell clusters (Fig. 5A, right). Anti-EpCAM MBs captured
over 75% of spiked SKBR3 cells, 87% of spiked MCF7 cells (single cells and clusters) and
79% of spiked MDA-MB-453 cells, while anti-EGFR MBs captured 90% of MDA-MB-231
cells and 75% of BT-549 cells (Fig. 5B). Dual anti-EpCAM/EGFR MBs captured between
73 and 92% of SKBR-3, MCF-7, MDA-MB-453, MDA-MB-231 and BT-549 cells (Fig.
5B).

c) Isolation of CTCs, clusters of CTCs and tumor microparticles from blood of breast
cancer patients

After verifying the isolation efficiency from spiked normal blood, a small-scale clinical
study was performed under consent using de-identified blood samples from breast cancer
patients. The cohort (n=15) consisted of metastatic breast cancer patients with different
metastatic sites and hormone receptor expression status (Table 1). EpCAM was chosen as
the primary isolation marker for most patients, and in some patients, EpCAM/EGFR MBs
were also tested (Table 1). The reasons for using EpCAM MBs despite concerns about
EpCAM as the enrichment marker 1> were the following: a) many CTCs retain epithelial
markers despite clinical evidence of EMT?2345; b) presence and number of EpCAM-positive
CTCs correlate with the clinical course of the disease 4647; ¢) EpCAM positive CTCs
provide clinically meaningful information about genetic mutations of main tumors 48. MBs
were incubated with blood as described in Fig. 5, and once isolated on the membrane, were
stained for pan-cytokeratin (CK), CD45 (leukocyte marker) and Hoechst (nuclear staining)
(Fig. 6A). The staining protocol was validated for SKBR-3 cells isolated from blood with
anti-EpCAM MBs (Fig. 6B). The results of the study are summarized in Table 1. In samples
of breast cancer patients, CK+/CD45- CTCs were detected in in 60% (9/15) of patients.
Moreover, in patients 01-005, 01-006, 01-008 and 01-015, there were several CK+/CD45-
CTC clusters (2-9 cells each), corresponding to 44% (4/9) of CTC-positive patients.
Representative images of CTCs and cluster are shown in Figure 6C. Interestingly, when
EpCAM/EGFR MBs were used for isolation, a nucleated CK-/CD45-/Hoechst+ cell was
found (Fig. 6C, patient 007, arrow). In the same sample the adjacent cell had a punctate
staining suggesting apoptosis.*® Moreover, in some samples (005 and 008) there were CK+/
CD45- microparticles (Table 1 and Fig. 6C, arrow), suggesting that these could be tumor-
derived microparticles (TMPs) described previously.59 In the second cohort (n=5), patients
with non-epithelial malignancies (glioblastoma, meningioma, hemangioblastoma and
metastatic melanoma) were recruited (Table S3.). In blood samples from cohort 2, which are
non-epithelial cancers, none of CTCs, clusters or TMPs was detected using EpCAM MBs
(Table S3). It must be noted that this was not a prospective trial due to limitations of the
clinical protocol. However, we recently obtained three consecutive samples from a same
patient (#16-1001-002, Table 1) before treatment, 5-week post treatment and 9-week post
treatment. The CTC number was 50 at the baseline but increased to 70 after 5 weeks of
treatment and decreased to 40 after 9 weeks of treatment. The examples of collected CTCs
are in Figure 6D. These data suggests that MBs can be potentially used to monitor the
response to treatment.

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 10

DISCUSSION

In this work, multifunctional immunomicrobubbles were developed in order to isolate CTCs,
CTCs cluster and TMPs from blood of metastatic breast cancer patients. Compared to our
previous reports, 25-27 we were able to conjugate 10 times more antibodies per MBs
(100,000 versus over 1,000,000). Due to high-density PEGylated shell and high-density
tethered antibody, blood stability of MBs was significantly improved compared to previously
described lipid-based MBs or albumin-based MBs.2°26:30 The total isolation procedure was
fast (30 min) with minimal blood processing (one centrifugation step to remove 60% of
plasma). By using several antibodies immobilized on the same immuno-MB, the ability to
isolate cells with variable EpCAM expression was demonstrated. The exact structure and
orientation of the antibodies tethered on MBs, the molar ratio between antibodies, and the
clustering on the MB surface are some of the parameters that have not been investigated
here. Future studies will be needed to relate the nanostructured surface details of the
multitargeted MBs to the cell binding and isolation efficiency.

The rate of CTC detection in this study, 62.5% (10/16) having >1 CTC in 7.5 mL blood, is
similar to the previously described studies in metastatic breast cancer patients that utilized
EpCAM enrichment technologies446:51, Both anti-EpCAM and anti-EpCAM/EGFR MBs
were able to isolate CTCs, clusters and TMPs, but more studies involving larger patient
cohorts are needed to compare between two formulations. Moreover, benchmarking against
other methods of CTCs enumeration, including CellSearch, may be necessary in the future.
Another limitation of the study is that it is not prospective and therefore the data cannot be
used for correlation with the disease. However, the stable number of CTCs during treatment
in the patient 16-1001-002 suggests that MBs can at the very least detect lack of response to
treatment. Some studies of CTC in lung cancer patients have showed the clinical value of
CTC to predict treatment response 92-54, A recent meta-analysis report showed CTCs were
significantly decreased after treatment in breast cancer patients®®.

Our study found that 41.6% (5/12) of CTC-positive blood contained CTC clusters of 2 and
more cells. Previous work detected clusters in blood in around 40% of breast cancer
patients ®. The presence of clusters is associated with a more aggressive disease due to the
ability of CTCs to survive and lodge in blood vessels and subsequently lead to

metastasis 98:59, CTC clusters can be used for testing of new therapies and CTC

culture 5960, |n addition to clusters, MBs were able to isolate micron-sized cytokeratin-
positive TMPs from blood. Most likely, these particles are cell fragments that originate from
necrotic and apoptotic areas in the tumor. TMPs is an emerging prognostic marker as well as
a standalone marker of tumor burden®0:61-65_ The exact content of these particles is not
clear, but previous studies on TMPs and exosomes suggest that they may contain membrane
proteins and nucleic acids®2:65.66. Hence, fast and specific isolation of these structures using
immuno-MBs could open an interesting venue for tumor liquid biopsy.

The liquid cancer biopsy field is at the crossroads, and there is a growing sentiment that
simple CTC enumeration has limited value as a diagnostic test. Further downstream analysis
such as DNA and RNA sequencing, high-resolution and metabolomics imaging, CTC
culturing and drug sensitivity testing are being explored to expand the clinical utility of
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CTCs as a liquid biopsy 8768, In view of these exciting applications, MBs offer several
interesting possibilities. A small final sample volume is critical for downstream molecular
analysis. The self-aggregating property of MBs and high malleability 69 helps concentrate
the target cells from large-volume complex biological fluids in a microliter volume. The
cells are often damaged due to mechanical forces after flow cytometry and magnetic
microparticle-based cell sorting 7%-71; therefore malleability of MBs could potentially
mitigate these problems. Finally, MB isolation method is fast and simple, and combined with
immunostaining can deliver the results within a few hours from receiving a blood sample.

Several issues related to MB technology still need to be addressed. While the number of
leukocytes isolated from healthy donor blood and most of the patients’ blood was low (on
the order of 20-200 cells/7.5 mL blood), larger numbers of contaminating leukocytes were
observed in some patients’ samples. Leukocyte contamination is a serious problem for single
cell genomics and mutational analysis 2, therefore further optimization of washing steps
might be needed to get sufficiently pure CTC samples. Further improvement in sample
purity can be achieved by adding an extra washing step or use antibodies without Fc
fragment (to prevent recognition by neutrophils). Optimization of the isolation protocol
could include the use of non-washed blood to shorten the processing time, the use of bigger
tips to accommodate larger sample volume. The major effort is ongoing to develop an
inexpensive semi-automated benchtop device for MB separation and harvesting to minimize
manual processing steps. The ability to efficiently isolate highly concentrated tumor derived
structures from blood with minimal processing could advance new liquid biopsy applications
in research and clinical use.

CONCLUSIONS

In this work, we developed an improved MB formulation for capture of CTCs and tested
them in a limited number of patient samples. The apparent advantage of the system is the
ability to quickly isolate cells via several surface markers, including cells with low EpCAM
expression. On the other hand, further improvement of sample purity, viability, and ability to
analyze other molecular markers (beyond cytokeratin) will be necessary in order to advance
the technology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Prepared gas microbubbles (MBs) targeted to multiple cell surface markers
. MBs show efficient and specific binding to breast cancer cells in vitro
. MBs showed efficient recovery of spiked breast cancer cells in 7.5 ml blood
. MBs showed fast isolation of CTCs in 5-10ul volume from blood of cancer
patients
. In addition to CTCs, microparticles and CTCS clusters were observed,
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Figure 1. Preparation of antibody-coated MBs
A) Conjugation of Traut’s reagent-modified antibody (red residue) to preformed,

perflorohexane gas-filled (blue), PEG-maleimide-decorated MBs; B) Formulations FO and
F1 that showed the best stability upon preparation were selected for Ab conjugation (full list
of tested formulations is in Supplemental Table S2); C) Storage stability of MBs at 4°C for 7
days after preparation. Antibody decorated MBs (FOA and F1A) show better stability than
the original formulations as evidenced by less coalescence and foaming of MBs; D) size
(diameter) distribution of MBs; E) anti-EpCAM/EGFR MBs, anti-EpCAM MBs and anti-
EGFR MBs were stained with secondary antibodies (anti-human 1gG for anti-EpCAM, anti-
mouse IgG for anti-EGFR and both antibodies for anti-EGFR/EpCAM and control MBs).
Images confirm that MBs were decorated with one or both antibody types. Note that anti-
EGFR MBs have much weaker fluorescence because only a small part of cetuximab is of
murine origin. Size bar is 15 pm for all samples.
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Figure 2. Binding of antibody-decorated MBs to breast cancer cells with different receptor
expression

A) Marker expression on the breast cancer cell lines (summarized based on published
literature 23:4041,43.44) and B) binding efficiency (graph). Binding efficiency was calculated
as described in Methods. Dual EpCAM/EGFR MBs have over 95% binding efficiency to the
breast cancer cells with or without EpCAM expression. N=3-5; C) representative cropped
microscopical images show MBs and cells on a slide. Whenever binding occurred, MBs and
cells formed characteristic rosettes (cells surrounded by multiple dark spheres). Due to
buoyancy, MB-bound cells are in the same focal plane with MBs, whereas non-bound cells
are in a different focal plane, which facilitated the counting of bound and unbound cells.
Note that cell clusters show efficient binding to MBs. Some binding of anti-EpCAM MBs is
visible for MDA-MB-231 cells, but much less than for SKBR-3 and MCF-7 cells with high
EpCAM expression. No binding was observed for MOLM-13 cells. For MOLM-13 cells,
10x objective was used; for other cells, 40x objective was used.
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Fig. 3. Effect of MB binding on cell viability and growth
A) Live/Dead assay showed that MB-bound cells are viable; B) MBs were mixed with Dil

labeled SKBR-3 cells and plated in a 96-well plate in the inverted position (10,000 cells/
well). Control non-coated cells were grown in the upright position. Low magnification
images show the entire well bottom. Cells with and without MBs show different growth
patterns in the well after 24 h of culture, likely due to the preferential accumulation of MBs
at the edges of the well; C) Cells attached and proliferated in the wells (arrow). Size bar=15
pm
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Figure 4. MB harvesting using inverted vacuum setup
A) Scheme of MB separation setup with open-ended tip and rubber fitted plunger.

Depending on the tube size, the setup can accommodate between 5 and 20 ml of blood; B)
entire process of cell isolation. 1-MBs are added to blood sample; 2-sample is rotated; 3-
separated MB layer after centrifugation; 4-MB layer on top of the meniscus after pushing
the plunger up. Inset shows meniscus with separated MB layer (white); 5-harvesting of the
layer on a nitrocellulose membrane attached to a vacuum (arrow); 6-harvested MB layer on
the membrane. Inset shows that the same MB layer can be transferred to parafilm as a
miniscule, highly concentrated droplet.
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Figure 5. Isolation of spiked human breast cancer cells
A) Dil labeled cells (30-100) were spiked into 7.5 mL of potassium EDTA human blood and

isolated using anti-human EpCAM MBs as described in Fig. 4. As a control, the same
number of cells was applied onto a nitrocellulose membrane and counted. Left panel shows
representative whole membrane image of SKBR-3 cells captured under low magnification
(2x objective lens). The dimensions of the spot containing the cells are approximately 2x2
mm. Right panel shows the isolated cluster of MCF-7 cells under 200x magnification. Scale
bar is 100 um; B) Isolation efficiency of human breast cancer cell lines spiked into normal
donors’ blood. Means + SD are shown. N=3-5.
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Figure 6. Isolation of CTCs, CTC fragments, clusters and microparticles from metastatic breast
cancers patients’ blood

A) Scheme of MB destruction and CTC staining procedure after isolation on the membrane.
Isopropanol destroys MBs, whereas the cells stay bound to nitrocellulose; B) SKBR-3 cells
spiked into normal human blood and isolated with MBs were stained for CK and CD45 in
order to validate the CTC staining procedure and verify that cells remain intact after MB
isolation and destruction. The image shows a typical fine fibrillose structure of cytokeratin.
The cells are surrounded by CD45+ leukocytes; C) examples of CTCs, CTC clusters and
microparticles isolated from patients’ samples. In sample 007, arrow points to a CK-/CD45-
cell. CK+ cells in samples 007 and 009 appear apoptotic. In sample 008, arrow points to a
CK+/CD45- microparticle next to a CTC cluster. Size bar: 10 pm except for #008 is 20 um;
D) representative CTCs isolated from patient 16-1001-002 before and during treatment.
Note highly variable CK staining, and some cells appear to be negative for both CK and
CD45 (arrows).
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