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Abstract

Circulating tumor cells (CTC) harvested from peripheral blood have received significant interest
as sources for serial sampling to gauge treatment efficacy. Nanotechnology and microfluidic based
approaches are emerging to facilitate such analyses. While of considerable clinical importance,
there is little information on how similar or different CTC are from their shedding bulk tumors. In
this clinical study, paired tumor fine needle aspirate and peripheral blood samples were obtained
from cancer patients during image guided biopsy. Using targeted magnetic nanoparticles and a
point-of-care micro-NMR system, we compared selected biomarkers (EpCAM, EGFR, HER-2 and
vimentin) in both CTC and fine needle biopsies of solid epithelial cancers. We show a weak
correlation between each paired sample, suggesting that use of CTC as ‘liquid biopsies’ and
proxies to metastatic solid lesions could be misleading.
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Introduction

Methods

Circulating tumor cells (CTC) have been examined as predictors of clinical trajectory and as
sources of easily accessible cancer material for subsequent testing'~6. Validation studies of
various CTC detection technologies are ongoing to determine the true prognostic value of
CTC counts at diagnosis and during therapy. Enumeration alone, however is insufficient to
tap into the rich potential of CTC as sources for genomic and proteomic analyses’. With the
advent of targeted drugs and individualized treatments, repeated molecular profiling
becomes essential®. As the need for rapid tumor profiling increases, it is becoming clear that
integrating easily accessible tissues, such as blood, with robust, operator-independent
analyses would serve the purpose of current research platforms. Yet significant unknowns
remain including i) how similar or divergent are CTC to their respective bulk tumors at the
proteomic level, ii) are key cancer related proteins sufficiently elevated to harvest enough
CTC in the majority of patients and iii) could CTC be used to unequivocally obviate the
need for biopsies during serial testing?

The FDA-approved CTC assay, CellSearch, relies heavily on positive selection for the
epithelial surface marker, EpCAM and differentiation from leukocytes via absence of
CD45°. EpCAM (CD326, tumor associated calcium signal transducer-1) is a pan-epithelial
differentiation antigen and believed to be present in most primary epithelial cancers®. More
recently, it has been shown that ~30% of epithelial cancers have low EpCAM levels1O. In
addition, EpCAM may be further down-regulated in cells undergoing epithelial-
mesenchymal transition (EMT) during increased cell proliferation11:12. Hence, EpCAM
based methods could underestimate true CTC numbers. Techniques that extend beyond a
single marker for CTC enumeration are under active investigation and are generally believed
to be more accurate!3. Various platforms for CTC investigation have been developed, based
on mass spectrometry4, fluorescence microscopy?®, microfluidic sorting!®, surface plasmon
resonancel’, electrical impedancel8, and field-effect gatingl®. Drawbacks of these
approaches include the need for extensive sample processing thus leading to cell loss and
biomarker decay?°.

The goal of this study was to compare key biomarker levels in CTC and cancer cells
procured through image-guided fine needle biopsies. Both sample types were obtained at the
same visit and within 1 hour of each other. We enrolled 34 patients with advanced cancers
and identified 21 patients with sufficient numbers of CTC for further analyses. Specifically,
matched CTC and biopsy samples were used to compare EGFR, EpCAM, HER-2 and
vimentin. We used magnetic nanoparticles and a miniaturized micro-NMR (UNMR) system
for analysis of these cancer targets. Overall, we found a weak correlation between the
protein markers of both sample types. From a diagnostics standpoint, this suggests that CTC
and needle biopsies are not interchangeable.

UNMR measurements

The UNMR technology and magnetic nanoparticle labeling have previously been extensively
tested in cell lines321-23 mouse models of cancer?3 and validated in clinical
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trials10.13.24.25 |n this study, sample labeling and UINMR measurements (Figure 1) were
performed as previously described!3:21, Briefly, the transverse relaxation rates (R2) were
determined in an effective sample volume of 1pL. uPNMR measurements and analysis of
cellular expression were performed as previously descried!3. Briefly, the following Carr-
Purcell-Meiboom-Gill pulse sequences were used: echo time, 4 ms; repetition time, 6 s;
number of 180° pulses per scan, 500; number of scans, 8. R2 values from samples were
subtracted from those of PBS buffer to calculate AR2. The AR2 of samples were normalized
to AR2 obtained from negative control to account for background signal. Negative controls
for each sample were prepared similarly to the test samples without the antibody incubation
step. For each sample, measurement was done in triplicate and the average value was
obtained for analysis.

Marker Selection

CTC detection—We used a previously identified cocktail of four (quad) markers (EGFR,
EpCAM, HER-2, MUC-1) for CTC detection. The combined application of these markers
allows more accurate CTC counting than a single marker (EpCAM) based detection3,
Profiling: Given the pilot nature of the study, we selected only four clinically and/or
biologically relevant protein markers (EGFR, EpCAM, HER-2, vimentin) for the molecular
profiling of paired CTC-biopsies. The rationale for this set was as follows. 1) EGFR,
EpCAM, and HER-2 are abundant in tumor biopsies? and collectively integral to a panel
set with better diagnostic performance than conventional pathology. Yet, the individual
heterogeneity of these markers across human specimen types is not well characterized. 2)
Vimentin is a key EMT marker2® and reportedly expressed in CTC27:28,

Preparation of transcyclooctene (TCO)-modified antibodies

Monoclonal antibodies against EpCAM, MUC-1, HER-2, EGFR and vimentin were used for
the primary labeling of antigens. To enhance the labeling efficiency, TCO modification of
antibodies were performed on secondary 1gG antibodies instead of primary antibodies, (i.e.
primary antibodies were incubated with cells per manufacturer’s protocol). Specifically,
secondary IgG antibodies were conjugated with (E)-cyclooct-4-enyl 2,5-dioxopyrrolidin-1-
yl carbonate (TCO-NHS), as previously reported13:21.21.29 TCO-conjugation was performed
with 0.5 mg of mouse or rabbit IgG antibody in the presence of 1000 equivalents of TCO-
NHS in phosphate-buffered saline (PBS) and 10% dimethylformamide at room temperature
for 3 hours. Unreacted TCO-NHS was subsequently washed using 2 ml of Zeba desalting
columns (Thermo Fisher, Rockford, IL), and antibody concentrations were determined by
absorbance measurement.

Preparation of tetrazine (Tz)-modified nanoparticles

Cross-linked iron oxide (CLIO) nanoparticles were prepared as previously described??.
Briefly, Tz-modified nanoparticles were created by reacting NH2-MNPs with 500
equivalents of 2,5-dioxopyrrolidin-1-yl 5-(4-(1,2,4,5-tetrazin-3-yl)benzylamino)-5-
oxopentanoate (Tz-NHS). The reaction was performed in PBS containing 5%
dimethylformamide for 3 hours at room temperature, as previously described321.29 Excess

Nanomedicine. Author manuscript; available in PMC 2015 February 17.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ghazani et al. Page 4

Tz-NHS was removed by gel filtration using Sephadex G-50 (GE Healthcare, Pittsburgh,
PA).

Sample processing and labeling with Tz-modified nanoparticles

Each peripheral blood sample (7 ml) was lysed and the cell pellet resuspended in buffer (100
ul of 1x PBS/1% FBS). For CTC detection, we used the quad-labeling method in which
primary antibodies against EpCAM, MUC-1, HER-2, EGFR were added as a cocktail. FNA
samples were fixed as described previously1? and about 100 cells were used for each
labeling experiment. For molecular profiling experiments of both blood and FNA
specimens, EpCAM, HER-2, EGFR and vimentin were separately added to aliquots of
parent samples. Cell pellets were incubated with the above antibodies for 20 minutes. TCO-
modified secondary 1gG antibodies (10 pug/ml) were added to the pellet and incubated for 20
minutes. Cell pellets were then washed twice with 1 x phosphate buffered saline (PBS) and
incubated with magnetic nanoparticles (100 nM Tz-CLI0O) for 10 minutes. Excess Tz-CLIO
was subsequently removed by washing the pellet twice with 1xPB, before being
resuspended in 20 pl of 1xPBS for UNMR measurements. Labeling experiments were
performed at room temperature.

Clinical subjects

Thirty-four subjects with confirmed epithelial malignancies and receiving care at the
Massachusetts General Hospital (MGH) (Boston, MA) were enrolled in this institutional
review board approved study. Subjects had been initially referred for clinical biopsy of a
suspicious lesion under computed tomography or ultrasound guidance at the MGH
Abdominal Imaging and Intervention suites. On the day of enroliment, both peripheral blood
(7 mL) and fine needle biopsy from a metastatic site were collected from each subject. Of
the 34 paired samples, 21 were selected for further analyses based on positive CTC results
from UNMR and the presence of ample cell quantity (~150-200 cells) within the biopsy. The
median age of the 21 subjects was 65 years and comprised various cancer subtypes (see
Table 1). Three clinician investigators (C.M.C., S. M. and R.W.) blinded to UNMR results,
reviewed each subject’s documented clinical, imaging, and pathology data. Clinical
trajectory (worsening, stable, improved) was established by reviewing clinical status at
enrollment and integrating any ensuing data (e.g. scans, tumor markers, treatment changes,
death) within the study period. Pathology data from cases of clinical interest were examined
and interpreted separately by an experienced pathologist (M.M.K). All treating providers
were blinded to any data generated from this pilot study.

Statistical analysis

Paired non-parametric student t tests were performed to evaluate the statistical significance
between each marker’s expression values between peripheral blood and biopsy.

Results

Detection of CTC in peripheral blood

The distribution of CTC of peripheral blood obtained from the 21 subjects with matched
samples ranged from 19 to 188 cells/7mL (~3-27 CTC/mL; mean 54 cells/mL and median
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35 cells/mL) (Figure 2). CTC count was notably higher in subjects with established
metastatic cancer (85.5%) than in subjects with locally advanced cancer (14.5%) (Table 1).
The average CTC count was also higher in subjects with progressive disease (10 CTC/mL,
range 3-27 CTC/mL) compared to subjects who were clinically responding to therapy (4
CTC/mL, range 3-5 CTC/mL). Finally, subjects who were previously but not currently
exposed to chemotherapy for their cancers (i.e. >6 months prior) had a similar average CTC
count but narrower range (6 CTC/mL, range 3-9 CTC/mL) compared to subjects who were
newly diagnosed and not yet treated (i.e. treatment naive; 7 CTC/mL, range 3-21 CTC/mL).

Molecular characterization and heterogeneity of CTC

Quantitative comparison of the molecular profiles obtained from EpCAM, EGFR, HER-2
and vimentin across subjects’ CTC demonstrated considerable heterogeneity of marker
expression (Figure 3). EpCAM alone was positive in 67% of the CTC samples and negative
in the remainder (Figure 4). EGFR was positive in 62%, HER-2 in 76%, and vimentin in
76%. Among the individual markers, the average expression of vimentin in CTC was higher
than EGFR (30.3%), EpCAM (19.2%) and HER-2 (30.1%) (Figure 4). The average CTC
vimentin expression levels of subjects with worsening clinical trajectories was 50% lower
than subjects with stable or improving trajectories (6.40 vs 14.50 a.u., respectively; Table
S1). CTC to biopsy vimentin ratios were then calculated for each subject; they demonstrated
similar patterns based on clinical trajectory. The signal from a quad-marker set was
consistently higher than any single marker (EGFR, EpCAM, HER-2). This confirms more
efficient loading of magnetic nanoparticles on CTC through multi-marker targeting.

Molecular profile comparisons of paired CTC-biopsies

The molecular profiles between subjects’ paired CTC-biopsies were compared by both
cellular expression levels and concordance patterns of EGFR, EpCAM, HER-2 and
vimentin. The correlation for all markers was poor: EpCAM (p = 0.7604), EGFR (p =
0.1894), and HER-2 (p = 0.2242) (Figure 5A). However, paired non-parametric student t test
indicated a statistical difference in vimentin expression levels (p = 0.0112) between CTC
and their respective biopsies. For concordance analyses, all CTC and biopsy marker values
were first scored as positive or negative (Figure 5B). Positive (+) scores were assigned to
UNMR expression levels that exceeded a previously established experimental threshold in
control samples!3. Negative (-) scores were assigned to values below threshold. Positive
concordance (+/+ or —/-) between CTC and biopsy results occurred in 48 of 84 (57%) tests
compared to 36 of 84 (43%) discordant tests (+/- or —/+). Stratifying by clinical trajectory
(i.e., worsening or stable/improving disease) did not appreciably increase or decrease
concordance (Table S2).

Subject 7 further illustrates UINMR’s potential. Initial clinical assessment rendered a right
supraclavicular node suspicious but not certain for malignancy. At the same time, u(NMR
analysis unequivocally favored supraclavicular malignancy and tumor seeding into
circulation (CTC count =42 in 7 mL of whole blood). Follow-up imaging two months later
showed an enlarging supraclavicular lesion and a subsequent biopsy revealed
adenocarcinoma (Figure 6).
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Discussion

The overall goal of this study was to determine 1) whether the nanotechnology driven
UNMR approach could be used for rapid molecular profiling of CTC and FNA and 2)
whether CTC testing could bypass fine needle biopsies of solid tumor lesions? Specifically,
we were interested in determining the congruency of important cancer markers between two
key sources of cancer cells. Additionally, we were interested in CTC expression levels of
EpCAM (and other markers) in patients with various underlying epithelial cancers. The
study was conducted as a prospective trial into which we enrolled late stage cancer patients
with high likelihood of disseminated disease. Fine needle biopsies of visceral lesions were
obtained under image guidance. Matched peripheral blood samples were obtained at the
same time to minimize temporal variation and all samples were processed in parallel. We
show that the chosen biomarker levels were discordant between CTC and primary cancer
cells in 43% of samples and in 86% of patients. EpCAM based identification of CTC alone
would have missed 33% of CTC. Notably, average CTC/biopsy vimentin ratios were 50%
lower in subjects with worsening clinical trajectories. This association is supported by
studies suggesting that only circulating non-EMT cells attach to the vessel wall, extravasate,
and reestablish distant secondary sites3%:31. However, further research is needed to confirm
if CTC with low vimentin ratios (hon-EMT) confer worse clinical outcomes and potentially
serve as prognostic markers.

The technologies underpinning this study include a point-of-care, handheld u-NMR
system?0:32 and bioorthogonal magnetic nanoparticle based tagging?® to identify cells of
interest. The approach has a number of advantages including fast turn around, high
sensitivity and the fact that measurements can be performed in whole blood without major
purification. The technology has previously been shown to be more sensitive than the
current clinical standard in identifying patients with CTC13. In its latest iteration, p-NMR
harnesses a cocktail approach to maximize cell detection by targeting multiple biomarkers
(Figure 1). The technology thus distinguishes itself from others through its more
comprehensive approach for CTC enumeration and profiling and because it does not require
cell isolation to render accurate results.

The current study contains a few caveats. Perhaps most important, the read-outs rely on bulk
instead of single cell measurements and thus the number of biomarkers chosen can be
limited by sample size. On average, about 100 cells were required for each biomarker
comparison. Second, we chose not to study a single cancer type but rather sample a typical
cohort of patients referred for image guided biopsies to examine general relevance. Third,
we decided to focus on protein biomarkers rather than genetic analyses since the latter is
relatively more established3334 and shown to correlate better between CTC and primary
cancers3>. Despite these caveats we feel that our findings are relevant for designing future
basic and clinical studies and developing next generation technologies.

Magnetic cell tagging and analytical techniques are rapidly advancing with the development
of superior nanomaterials24-36-38 conjugation technologies?939:40 and sensing
strategies*1~43. Regarding more sensitive cellular analysis, recent magnetic technologies
enable single cell profiling*4:4° at fairly high count rates (10 cells/sec). By combining these
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new sensors with other alternative yet complementary labeling methods?, it is conceivable
to screen for broader biomarker diversity within and between cell type populations.

The described findings have important implications for comparing molecular profiles
between CTC and metastatic lesions and tracking their respective changes. Notably,
implementing a quantitative nanosensing approach into preclinical studies and early phase
drug trials could facilitate unmasking novel biomarker sets of early response and informing
‘go-no go’ decisions. Achieving this in peripheral blood and/or limited biopsies - specimens
amenable to repeat interrogation - has significant advantages over the use of a single
baseline biopsy. The latter does not capture the dynamic nature of tumors and response to
emerging targeted therapies. Point-of-care and operator-independent uPNMR protein analyses
of patient-derived specimens could thus function as timely surrogates of an individual’s
underlying biology and help meet the goals of precision medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of the detection and characterization study of CTC and metastatic tumor using

magnetic nanoparticle labeling and quad-uNMR detection system. Peripheral blood (7 ml)
and fine needle biopsy from the site of metastasis were obtained. Samples were labeled by
incubating cells with primary antibodies followed by TCO-modified secondary antibodies

(Step 1). Cells were then pelleted by centrifugation and resuspended directly with Tz-
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nanoparticles that selectively targeted TCO-antibodies (Step 2). The process of labeling and
targeting required 40 minutes. Cancer marker measurements were taken using the _(NMR
device to produce quantitative protein readouts.
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Figure 2.
Enumeration of CTC in whole blood. Quad-uUNMR was used to identify CTC directly in

whole blood. Twenty one subjects demonstrated positive CTC values, ranging from 19 to
188 counts.
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Figure 3.

Detection and characterization of CTC in whole blood. Cellular expression obtained from
single and quad-UNMR values are shown in each 21 subjects. Quad-uNMR method (red
bars, cocktail of (EGFR, EpCAM, HER-2, MUC-1) were used to detect the presence and
abundance of CTC in whole blood. Single UNMR (blue bars) for markers EGFR, EpCAM,
HER-2 and vimentin were used for CTC profiling. In each patient, the level of cancer
biomarkers are heterogenous in a given patient. Note that cellular expression level obtained
from quad-UNMR is higher than that of individual markers.
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Figure 4.

Distribution of cellular expression markers of EGFR, EpCAM, HER-2 and vimentin across
21 subjects. Waterfall plots showing the expression levels of each of the different
biomarkers sorted from high (left) to low (right). Each column represents a different patient
sample. Dashed lines represent threshold of detection.
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Figure 5.

Comparison of molecular profiles of CTC and biopsy from the site of metastasis. (A)
Correlation studies between the expression levels in CTC and in FNA biopsy for each
marker of EGFR, EpCAM, HER-2 and vimentin are shown. For each marker, the expression
values in CTC and in FNA biopsy showed poor correlation.
(B) Comparison of similarity of pattern of cellular expression between CTC and that of
biopsy. Each column represents a patient sample. CTC results (top) are expressed as positive
or negative. Results from the biopsy from the site of metastasis (bottom) are similarly

indicated as positive or negative. In each subject, concordant test result (i.e. both CTC and

biopsy positive or both negative) is designated in green. Discordant results are shown in
pink.
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Figure 6.
A representative clinical case illustrating the potential use of magnetic nanoparticle labeling

and uNMR-based detection in early cancer diagnostics. (A) CT imaging of the right
supraclavicular lymph node (1.4 cm) in subject 7 contributed to the clinical impression of
suspicious but not certain of underlying malignancy (left). UNMR analysis, however,
identified 42 CTC per 7 mL sample of whole blood obtained from this subject and
unequivocally classified malignancy. Molecular characterization of CTC also identified
expression of EpCAM, EGFR, HER-2 in circulating cells, supporting the presence of cancer
biomarkers in the subject’s whole blood (Figure 3). After 2 months, CT imaging revealed a
significant enlargement of the lesion (2.5 cm) consistent with a metastases (right). (B)
Repeat biopsy showed scattered clusters of tumor cells (arrows) and single tumor cells
(arrow heads) in the background of hemorrhage (image is 200%). A high-power view (image
is 600x) shows the 3-dimensional cluster with a mitosis (red circle). The scale bar is 20um
in size
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Summary of patient data

Table 1

Characteristic Number  Percentage CTC/mL
(mean/range)
Number of patients 21 8 (3-27)
Age
Median 65
Range 30-87
Gender
Male 11 52 7 (3-21)
Female 10 48 8 (3-27)
Stage
Locally Advanced 3 145 5 (4-6)
Metastatic 18 85.5 8(3-27)
Tumor Subtypes
Breast 3 14.5 18 (9-27)
Gastrointestinal 7 33 5(3-7)
Gynecologic 1 5 4
Lung 3 14.5 5 (3-7)
Pancreatobiliary 7 33 8(3-21)
Clinical Status
Response 3 145 4 (3-5)
Progression 8 38 10 (3-27)
Treatment naive 6 28.5 8 (3-21)
No active therapy 4 19 7(3-9)
Treatment Status
Active therapy 14.5 12 (4-27)
Previously treated 5 235 6 (3-9)
Treatment Naive 13 62 7 (3-21)
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