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Ascites tumor cells (ATCs) represent a potentially valuable source
of cells for monitoring treatment of ovarian cancer as it would
obviate the need for more invasive surgical biopsies. The ability to
perform longitudinal testing of ascites in a point-of-care setting
could significantly impact clinical trials, drug development, and
clinical care. Here, we developed a microfluidic chip platform to
enrich ATCs from highly heterogeneous peritoneal fluid and then
perform molecular analyses on these cells. We evaluated 85
putative ovarian cancer protein markers and found that nearly
two-thirds were either nonspecific for malignant disease or had
low abundance. Using four of the most promising markers, we
prospectively studied 47 patients (33 ovarian cancer and 14 control).
We show that a marker set (ATCdx) can sensitively and specifically
map ATC numbers and, through its reliable enrichment, facilitate
additional treatment-response measurements related to prolifera-
tion, protein translation, or pathway inhibition.
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Ovarian cancer is the deadliest of gynecologic cancers, with
fewer than 50% of women surviving at 5 y following di-

agnosis (1). Unfortunately, this statistic has changed little over
the years, and most patients are still treated with a one-size-fits-
all approach (2). Such a treatment strategy does not account for
the broad genomic and proteomic diversity evident within
ovarian tumors. Accurate measurement of protein markers will
be critical in distinguishing effective from ineffective therapies.
Despite the current push for biopsy-driven clinical trials, there
are no minimally invasive tests or reliable biomarker panels ca-
pable of identifying ovarian cancer treatment failures before
radiographic evidence of progression. The reasons are several-
fold, including heterogeneity of disease (3), variable expression
levels of single biomarkers (4, 5), and markers that fail to dis-
tinguish malignant from benign disease (6, 7). However, an
expanding pipeline of targeted therapies and increased appre-
ciation for the molecular drivers within ovarian cancers have
spawned a number of novel approaches for detection and
treatment monitoring; these approaches include primarily blood
tests for circulating tumor cells (8), tumor-derived exosomes (9),
stem/progenitor cells (10), and soluble tumor markers (11, 12),
as well as the use of genomic (13, 14) or proteomic information
(15). Lacking, however, are practical yet highly effective point-
of-care (POC) platforms that can improve currently limited
clinical practices (16). We hypothesized that peritoneal fluid
rather than blood might be a superior source of study material
for “liquid biopsy” analyses.
Excess peritoneal fluid accumulation (ascites) in ovarian can-

cer is routinely drained (paracentesis) for symptomatic relief.
Although often discarded, ascites could provide a source of
abundant cellular material and potentially be preferable over
blood samples. The precise cellular composition of ascites tends
to vary across patients; the fraction of ascites tumor cells (ATCs)
is generally believed to be <0.1% of harvested cells, with the
remainder being host cells (37% lymphocytes, 29% mesothelial

cells, and 32% macrophages) (17). The hurdle lies in reliably
identifying and isolating ATCs from their highly heterogeneous
environment. To help overcome these challenges, we developed
a microfluidic chip platform to enrich ATCs directly from ascites
and then perform molecular analyses on these cells. We evalu-
ated 85 putative ovarian cancer protein markers and found that
a reduced marker set (ATCdx) can map ATC numbers. This
approach is poised to expand the utility of analyzing ATCs
during cytotoxic and/or molecularly targeted therapy ovarian-
cancer trials.

Results
Experimental Approach. Fig. 1 summarizes the experimental ap-
proach. Surveying the literature (10, 18-26) and scientific data-
bases (27), we tested putative diagnostic markers of ovarian
cancer, mesothelial, and other host cells, as well as mechanistic
markers of treatment response (19, 20, 28, 29). Initially, we
tested over 100 commercially available antibodies against 85
biomarkers in 12 ovarian cancer cell lines (OV-90, OVCAR-3,
SK-OV-3, ES-2, OVCA429, CaOV-3, UCI-101, UCI-107,
UWB1.289, TOV-21G, TOV-112D, A2780), two mesothelial cell
lines (LP9, LP3), two benign ovarian cell lines (TIOSE4,
TIOSE6), and in lymphocytes and neutrophils (SI Appendix, Fig.
S1). From these data, 31 markers were identified by flow
cytometry and profiled in a training set of human ascites col-
lected under an Institutional Review Board (IRB)-approved
protocol (Fig. 2). Based on these findings, we then sought to
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establish a reliable and manageable protein-marker panel that
could be adapted to microfluidic point-of-care testing. Alto-
gether, we accrued a patient cohort involving 65 patients [n = 46
OvCA (Table 1), n= 19 benign] across training (n= 18 samples)
and testing (n = 47 samples) sets (Table 2 and Fig. 3). Control
samples included ascites collected from patients with end-stage
liver disease or advanced heart failure without known malig-
nancy. Based on these profiling studies, we tested aliquots of
these patient samples in the ATC chip (Fig. 4) via on-chip
staining (Fig. 5) or chip-based harvesting for subsequent mRNA
analysis (Fig. 6). In addition, serial samples (Fig. 7) were
obtained in a subset of patients during therapy (n = 7); these
temporal samples were not included in the training or test por-
tions of the study.

Protein Expression in a Training Set of Human Ascites Samples. The
clinical training set comprised 18 patients (13 ovarian cancer, 5
nonovarian cancer). First, ascites samples were purified from
cluster of differentiation 45 (CD45)-positive cells using magnetic
separation. Then, multicolor flow cytometry was performed to
determine marker expression levels in CD45-positive leukocytes,
calretinin-positive mesothelial cells(18), and calretinin/CD45-
negative cells (Fig. 2A). The latter were tested for multiple bio-
markers (Fig. 2B) (see Methods for details). The clinical perfor-
mance of each marker was determined by receiver operating
characteristic (ROC) analyses adapted to flow cytometry (30, 31)
(SI Appendix, Fig. S4). The ROC curves were used to calculate

optimal cutoff values for individual markers and subsequently the
sensitivity, specificity, and accuracy for each marker (30, 31).
The markers unique to cancer cells with the highest sensitivity

were epithelial cell adhesion molecule (EpCAM), cluster of
differentiation 24 (CD24), and tumor-associated glycoprotein 72
(TAG-72) (Table 3). Markers that were nonspecific and expressed
in both cancer and mesothelial cells included vimentin, mucin 1
(MUC1), CD44, cancer antigen 125 (CA-125), folate receptor 1
(FOLR1), Wilms tumor protein (WT1), and epidermal growth
factor receptor (EGFR). Markers unique to mesothelial cells in-
cluded D2-40 and thrombomodulin. Noteworthy was the low
sensitivity of FOLR1 (69.2%) and CA-125 (53.8%). FOLR1 has
been often cited in literature as a promising therapeutic target (32,
33), and CA-125 is the most frequently used biomarker for ovar-
ian-cancer monitoring (34). Also of note, the three ovarian-cancer
patients with the lowest EpCAM expression level had the highest
vimentin levels, suggestive of epithelial-to-mesenchymal transition
(EMT); their median survival was 5 mo (range 1–8 mo). It is
thought that, during EMT, epithelial cancer cells undergo bio-
chemical changes resulting in a mesenchymal cell phenotype that
enhances migratory capacity, invasiveness, and resistance to apo-
ptosis (35, 36). We next identified an ascites-derived tumor sig-
nature termed ATCdx referring to cells that are either EpCAM+

and/or V3-positive (Vimentin+/Calretinin−/CD45−). This ATCdx
panel had higher sensitivity, specificity, and accuracy than any
individual marker alone and was able to correctly identify all
13 ovarian-cancer samples in the training set (Table 3).

Fig. 1. Schematic approach. A total of 85 putative ovarian cancer protein markers were identified through literature, database, and other screens (Upper
Left). Markers were tested in 12 ovarian cell lines (SI Appendix, Fig. S1), and a subset were examined in ascites from human patients (Lower Left; n = 65) (Figs.
2 and 3). A microfluidic chip (Fig. 4) was developed for point-of-care analysis (Lower Right).
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Prospective ATC Profiling in a Test Set of Human Ascites Samples.We
next investigated the diagnostic performance of ATCdx in a pro-
spective study (Fig. 3). Using a test set of 47 patients (n = 33
OvCA, n = 14 benign), we were able to demonstrate high sen-
sitivity and specificity. Namely, the presence or absence of ATCdx
correctly identified 33 ovarian-cancer patients and 14 benign
ascites samples (Fig. 3A). In patients with sufficient cell numbers
for flow analyses, the four markers with the highest sensitivity in
the training set were evaluated in the test set. The cutoff values
determined from ROC analyses (SI Appendix, Fig. S4) in the
training set were applied to the test set (Fig. 3B). The sensitivity,
specificity, and accuracy of these individual markers were then
calculated (SI Appendix, Table S1). EpCAM had the highest
sensitivity (93.9%) and accuracy (95.7%), followed by CD24
(sensitivity, 85.7%; accuracy, 89.7%). Adding V3 (Vimentin+/
Calretinin−/CD45−) to EpCAM (ATCdx panel) increased sensi-
tivity and accuracy.

Ascites Specimen Cellular Composition. The total cell and ATC
count in ascites specimens was determined for each of the 65
patients (n = 46 OvCA, n = 19 Ctrl) (SI Appendix, Fig. S5). The
mean total cell number (host cells and ATCs) for the 65 patients
was 1.2 × 105 cells per mL (median, 4.1 × 104 ; range, 3 × 103 to
1.5 × 106; SEM, 2.7 × 104) and similar (P value > 0.05) in both
the 46 OvCA (mean, 1.5 × 105; median, 6.8 × 104; range, 1.6 ×
103 to 1.5 × 106; SEM, 3.5 × 104) and 19 control samples (mean,
6.7 × 104; median, 3.2 × 104; range, 3.1 × 103 to 5 × 105; SEM,
2.6 × 104). ATCs were identified in all 46 ovarian-cancer patients
(mean, 2.7 × 104; median, 2 × 103; range, 1.5 × 101 to 6 × 105;
SEM, 1.4 × 104).

ATC Enrichment and Detection Using a Point-Of-Care Microfluidic
Chip. Many of the ascites samples we procured contained
clumps and extracellular debris that pose a challenge for con-
ventional microfluidic approaches (SI Appendix, Fig. S6). We
thus developed a unique ATC chip equipped with (i) a miniature

filter (70 μm) at the inlet to prevent downstream clogging (Fig.
4), (ii) negative magnetic selection of benign cells captured by

Fig. 2. Profiling of primary human samples in a training set. (A) Multicolor flow cytometry was used for gating of mesothelial (calretinin+), leukocytes
(CD45+), and CD45/Calretinin− cells. (B) A subgroup of 31 markers identified in the cell-line screen (SI Appendix, Fig. S1) were subsequently tested in a training
set (n = 18). The markers were placed into four different categories: unique malignant, overlapping markers (ubiquitous), benign, and absent, using cutoffs
described in Methods. The three OvCA patients with lowest EpCAM expression levels had the highest vimentin expression levels, suggestive of epithelial-
to-mesenchymal transition (EMT). This training set led to identification of the ATCdx panel where malignancy is defined by either having an EpCAM+ and/or
V3+ (Vimentin+/Calretinin−/CD45−) signature. Heatmap values are the log ratio of the fluorescent signal over the ctrl [λ = (Sig-Ctrl)/Ctrl] where the ctrl is the
secondary antibody without the primary antibody (see Methods for more details) (yellow, lowest; red, highest).

Table 1. Characteristics of ovarian-cancer patients (n = 46)

Characteristic No. Percentage

Ovarian-cancer patients 46
Age

Median 60
Range 36–85

Stage
IC 1 2
IIIC 27 59
IV 18 39

Surgical debulking
Optimal 25 55
Suboptimal 6 13
Interval 14 30
None 1 2

Survival (avg mo from collection)
Alive 14 (26) 30
Deceased 32 (9) 70

Chemotherapy
Active 21 45
Not yet initiated 25 55

Platinum response
Sensitive 18 39
Resistant 18 39
Refractory 4 9
Not applicable 6 13

Disease course
Response 19 41
Stable 1 2
Progression 24 52.5
Mixed 2 4.5
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a magnet located under the device inlet, and (iii) multiple, se-
rially smaller microwells (40–15 μm) in which purified and
enriched cells are captured (SI Appendix, Fig. S7). The multistep,
on-chip purification approach yielded an approximate 1,000-fold
ATC enrichment (SI Appendix, Fig. S8). Perhaps more impor-
tant, the microwell-captured cells facilitated visualization of the
cell populations and simplified multicolor image analysis.
The ATC chip was designed to be optically transparent so that

cells captured in microwells, can be stained on-chip and visual-
ized with a charge-coupled device (CCD). Fig. 5 illustrates a
representative example of ATCdx-based staining of ATCs (red),
and CD45/Calretinin staining of mesothelial and host cell
staining (green). Compared with conventional flow-cytometry
needs (∼10,000 cells), the ATC chip affords reduced sample-size
requirements due to its single cell detection capabilities. For
example, an ovarian-cancer patient harboring 15 ATCs per mL
would require >500 mL of ascites processing for flow cytometry
compared with only 0.1 mL for on-chip processing. Moreover,
this microfluidic chip can be fabricated using soft lithographic
techniques (37, 38) with inexpensive materials such as PDMS,

providing a practical, affordable (<$1.00 per chip), and scalable
alternative to flow cytometry. We also demonstrated that chip-
enriched cells (Fig. 6A) can be further analyzed such as for
mRNA expression levels. Measurements of mRNA on cells from
the ATC chip showed excellent correlation to bulk measure-
ments (R2 = 0.995) (Fig. 6B). Ascites samples from five ovarian-
cancer patients were enriched with ATC chip and subsequently
profiled for gene-expression levels relative to benign cell lines
(Fig. 6C). EpCAM and CD24 had the highest expression levels
concurrent with our earlier findings in the training and test sets
(Table 3 and SI Appendix, Table S1).

Serial Testing to Measure Treatment Response in Individual Patients.
A major application of a point-of-care approach would be to
leverage the use of readily accessible (but otherwise discarded)
ascites as a source of ATCs for treatment monitoring. Fig. 7
exemplifies this potential using ascites collected and profiled
from a single patient over a 14 wk treatment period. The patient
was initially treated with cytotoxic agents (Carboplatin and
Paclitaxel; weeks 2 and 5) but was transitioned to antiangiogenic

Fig. 3. Prospective testing of ATC marker panels in 47 patients. (A) Ascites samples were tested for the presence of six individual markers in 33 ovarian-cancer
patients (Left) and 14 controls (right). EpCAM alone was positive in 31 samples. By using the V3 marker set (Vimentin+/Calretinin−/CD45−) and EpCAM to-
gether (ATCdx), all 33 samples were correctly identified (green heat map). ATCs were identified in malignant samples, but not in benign samples. Gray squares
represent data not measured due to insufficient number of cells for flow cytometry. Color scale is same as Fig. 2B. (B) Waterfall plots of the individual markers
profiled in the test set. Dotted red lines represent the optimal threshold values determined from ROC analyses performed on the training set (SI Appendix,
Fig. S4).

Table 2. Sample numbers of different data sets

Dataset Definition Malignant (n) Benign (n) Total (n)

Profiling Profiling of cell lines; no primary patient samples 12 6 18
Training Validation of markers identified in cell screens 13 5 18
Test Prospective analysis in patient cohort 33 14 47
Complete All above patient samples combined 46 19 65
Serial Tx Patients with repeat samples 7 NA 7
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therapy (Bevazucimab/Avastin; week 7) due to disease progres-
sion. ATC numbers were initially observed to decrease steadily
during treatment response, only to increase when disease pro-
gression occurred. Avastin attenuated the increase in ATC burden
concurrent with the patient’s improved clinical symptoms.
ATC analysis could also be used for early detection of treatment

response through the profiling of protein markers related to bi-
ological processes such as proliferation [Ki67, phospho histone
H3 (pH3), pCyclin D], mRNA translation [phospho 4E-binding

protein 1 (p4E-BP1)], and/or pathway inhibition [phospho S6 ri-
bosomal protein (pS6RP), phospho extra-signal-regulated kinase
(pERK)]. As expected, the proliferation markers Ki67, pH3, and
pCyclinD had a decreasing trend mirroring ATC counts. After
each Carboplatin/Taxol administration, the levels of the growth
pathway markers p4E-BP1, pERK, and pS6RP were reduced
and stable, but, upon switching to single agent Avastin, the levels
of these markers increased. In this clinical example, the data
suggest that resuming cytotoxic therapy (which had maintained
pathway inhibition) alongside Avastin treatment might have
slowed this patient’s rapid clinical decline. Indeed, recent late-
phase clinical-trial data have reported progression-free survival
advantages when cytotoxic and antiangiogenic strategies are com-
bined in ovarian cancer (39).
Using an expanded set of mechanistic markers (SI Appendix,

Fig. S9), we also compared the profiles of treatment responders
with nonresponders (based on tumor burden, as determined by
imaging or clinical course) (Table 1). The panels indicate that
the two groups could be distinguished based on ATC molecular
profiles. Moreover, these profiles could be potentially useful for
providing additional biological insight into the drivers of treatment
response or disease progression. For example, unlike in treatment
responders, levels of pS6RP and p4E-BP1 (readouts of the phos-
phatidylinositol 3/PI3-kinase pathway) remained elevated after
therapy in the nonresponders. These trends are consistent with
previous findings that have associated activated PI3-kinase signaling
with chemoresistance in advanced ovarian cancer (40).

Discussion
In the current study, we developed and tested a bedside-com-
patible “ATC chip” simplifying enrichment and molecular
analysis of shed cancer cells in peritoneal fluid. Unlike in blood,
cells harvested from the peritoneum often form clumps and can
contain extracellular debris that challenges conventional micro-
fluidic devices. We circumvented this challenge by microfiltration,
negative magnetic separation, and positioning of individual cells in

Fig. 4. Schematic of on-chip purification and labeling. First, ascites fluid is collected from the patient that contains malignant cells among an inflammatory
milieu of host cells. Ascites cells are added to the chip followed by an antibody mixture (EpCAM-FITC, Vimentin-PE/Cy7 Calretinin-Biotin/AF647, CD45-Biotin/
AF647, Marker-AF555). Streptavidin-coated magnetic particles then bind to the benign mesothelial cells (Calret+) and leukocytes (CD45+). A magnet under the
inlet captures the benign cells whereas the malignant cells pass freely through the microchip. The four different size microwells (15, 20, 30, and 40 μm) allow
for capture of the malignant cells while allowing for the typically smaller leukocytes to pass through the device. The ATCdx signature (EpCAM+ and/or
Vimentin+/Calretinin−/CD45−) can then be imaged to determine number of ATCs.

Fig. 5. On-chip ATCdx and profiling. Multiple stains performed on-chip al-
low diagnosis of cancer cells (red) and evaluation of specific biomarkers
(Ki67 in this example). The Lower Right image is the merge of the pro-
liferation marker Ki67 with the ATC markers EpCAM and Vimentin. Red,
EpCAM; green, CD45/Calretinin (benign host cells); blue, Vimentin; cyan,
Ki67; yellow, nuclei. Note alignment of cells of chip and simple image
analysis.
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chip microwells that allow convenient analysis. We show that both
protein analysis through on-chip staining and mRNA analysis
using chip-harvested cells are feasible and result in clinically
valuable information. Moreover, the device leverages the ad-

vantages of microfabrication and microfluidics to facilitate point-
of-care and ascites testing, respectively. The ATC chip’s low cost
(<$1 per unit), ease-of-scalability (plastics), and simplicity of use
could promote widespread testing and, if clinically validated,

Fig. 6. On-chip Processing. (A) Processing ascites samples on-chip enables purification of ATCs (red) from benign cells (green) for easy detection of ATCs. (B)
OvCA cells can be removed from chip after enrichment for downstream molecular profiling. Gene counts from CaOV3 cells isolated from chip had excellent
correlation to unprocessed CaOV3 cells (R2 = 0.995). Measurements from chip were done in triplicate, and error bars represent the SD. (C) Demonstration of
on-chip processing in clinical samples. Ascites samples were enriched for ATCs on-chip, and then ATCs were removed and mRNA gene expression levels were
measured. The heatmap shows relative expression levels for each marker (yellow, lowest; red, highest).

Fig. 7. Serial analysis of ATCs. ATCs were obtained serially from a single patient over a 14-wk treatment cycle. Carboplatin and Paclitaxel (Taxol) were given
in weeks 2 and 5, and Bevazucimab (Avastin) was given in week 11. The number of ATCs was measured over the course of treatment (ATC burden) using
ATCdx. Additionally, protein markers related to biological processes such as proliferation (Ki67, pH3, pCyclinD), mRNA translation (p4E-BP1), and pathway
inhibition (pS6RP, pERK) were also measured. The broader analyses demonstrate molecular profiling of ascites can be used as a tool to monitor treatment
response over the course of therapy. All samples were stained with calretinin and CD45 antibodies to exclude mesothelial cells and and leukocytes, respectively.
Data are expressed as the average of the mean fluorescent intensity subtracted from background ± SEM. pH3 data are plotted as % of cells up-regulated.
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ready adoption by tertiary academic medical centers or com-
munity hospitals.
To help address uncertainties in the biomarker literature, we

ourselves screened over 100 commercially available antibodies to
investigate 85 putative targets of ovarian-cancer cells in perito-
neal fluid. Although we were able to identify a relatively simple
marker set for these cells, we found some unexpected results. For
example, we found low levels of certain markers that have been
gaining traction as drug targets (EphA2) (26, 41-43), or that have
been touted as specific for (CA-125, FOLR1) (32), or over-
abundant in (mesothelin) (44), ovarian cancer. We found rela-
tively high expression levels of EpCAM, CD24, and TAG-72 in
cancer patients, consistent with previous reports (10, 21, 45-49).
In contrast, levels of calretinin (50, 51) and D2-40 (51) were
high in mesothelial cells but not in ovarian-cancer cells and
thus served as convenient distinction markers. MUC1, EGFR,
PAX8, and ESE-1 displayed mixed expression levels that were
nonspecific.
Despite the number of markers tested, there were some limi-

tations. Firstly, the list of proteins, although lengthy, was certainly
not exhaustive. Secondly, only commercially available antibodies
were tested because our intention was to leverage screening
findings for eventual and feasible widespread testing using the
point-of-care device. It is possible that certain research anti-
bodies might have resulted in higher and more specific binding,
but this conjecture would need to be tested in additional datasets
beyond the scope of the current study. Thirdly, despite screening
a number of available antibodies (SI Appendix, Table S2), we
were unable to identify reliable antibodies for FSHR (follicle-
stimulating hormone receptor), a target implicated in ovarian
cancer (52-55) (SI Appendix, Fig. S1). We thus abandoned current
efforts due to low specificity, but FSHR nevertheless remains a
marker of interest that requires further exploration.
In summary, we show that ascites analysis via microfluidic

chips could become a convenient strategy for serially measuring
ATC numbers and analyzing their molecular profile. Leveraging
this additional tumor source could help expand the clinical
strategies needed for paradigm shifts in patient-oriented re-
search (56).

Methods
Patient Population and Analyses. The study was approved by the Dana Farber/
Harvard Cancer Center Institutional Review Board (IRB), and informed con-
sent was obtained from all subjects. Sixty-five subjects with accumulation of
ascitic fluid, and requiring drainage, were enrolled in this study. Forty-six
subjects carried a known diagnosis of ovarian cancer (Table 1) wheras 19
subjects were included as controls (e.g., their ascites fluid was as a result of
another disease such as cirrhosis or liver failure). Ascites fluid samples were
collected from patients per routine in the Massachusetts General Hospital
(MGH) Abdominal Imaging and Intervention suites. Two clinicians (C.M.C
and R.W.), blinded to the results, reviewed all of the documented clinical,
imaging, and pathology data obtained from each cancer patient. Table 2
summarizes the different cohorts included in the training set (n = 18),
validation set (n = 47), and serial analyses sets (n = 7).

Cell Culture. The cell lines SK-OV-3, OVCAR-3, A2780, CaOV-3, OV-90, ES-2,
TOV-112D, TOV-21G, and UWB1.289 were purchased from American Type
Culture Collection and grown in media following their suggested protocol.
UCI-101 and UCI-107 cell lines were kindly provided by G. Scott Rose (University
of California, Irvine, CA) and OVCA429 was kindly provided by David
Spriggs (Memorial Sloan Kettering, New York). UCI 101, UCI 107, and OVCA429
were grown in RPMI (Cellgro) with 10% (vol/vol) FBS, 1% L-glutamine, and
1% penicillin/streptomycin. Mesothelial cells, LP3 and LP9, were purchased
from the Corriell Institute for Medical Research and grown according to
protocol. NOSE cell lines were derived from ovarian surface epithelium (OSE)
brushings cultured in 1:1 Media 199:MCDB 105 (Sigma-Aldrich) with genta-
micin (25 μg/mL) and 15% heat-inactivated serum. TIOSE4 and TIOSE6 cell
lines were obtained from transfection of hTERT into NOSE cells maintained
in 1:1 Media 199:MCDB 105 with gentamicin (25 μg/mL), 15% heat-inacti-
vated serum, and G418 (500 μg/mL) (57). Cells were cultured at low passage
number under standard conditions at 37 °C in a humidified incubator con-
taining 95% room air and 5% CO2 atmosphere. When the cells reached
∼90% confluence, they were trypsinized to remove the cells from the culture
flask. Medium was then added, the cells were spun down (300 × g for 5 min),
and the supernatant was removed. The cells were then fixed following the
same protocol as used for clinical samples; namely, Lysis/Fix buffer (BD Phosflow
Lyse/Fix Buffer) was added to the cells for 10 min at 37 °C, before being washed
twice with 5 mL of SB+ (PBS with 2% BSA). The cells were aliquoted into tubes
(∼1 × 106 cells per mL) and stored at −20 °C until labeling. The cells were then
labeled following the same protocol used for clinical samples, with the exception
that calretinin and CD45 antibodies were not added to each sample.

Bulk Ascites Processing for More Extensive Profiling. Clinically obtained ascites
samples were transferred into 2–4 separate 225-mL conical bottom tubes (BD
Falcon) and centrifuged at 300 × g for 5 min (Eppendorf Centrifuge 5810R).
The supernatant was then removed, leaving the cell pellet undisturbed. The
remaining ascites fluid was added to the tubes, and the centrifugation and
aspiration step was repeated until all of the fluid was processed. The cell
pellet in each tube was then resuspended in SB+ and transferred to a smaller
50-mL tube. The cells were spun down at 300 × g for 5 min, and the su-
pernatant was aspirated. After vortexing, 40 mL of prewarmed Lysis/Fix
buffer (BD Biosciences) was added, and the sample was incubated on a
shaker at 37 °C for 10 min. If there were visual clumps present before the
fixation step, collagenase (Sigma Aldrich) was added at 0.2 mg/mL in PBS,
and the sample was incubated on a shaker for 30–60 min at 37 °C. The cells
were then washed with SB+ before proceeding to the lysis/fix step (described
above). After the lysis/fix step, the cells were centrifuged at 400 × g for
3 min, and the supernatant was removed. Then two washes with 5 mL of
SB+ (PBS with 2% BSA) were conducted. The supernatant was removed after
the final wash, and the cells were resuspended in 1 mL of SB+.
CD45 negative selection. Cells were counted with the Countess Cell Counter
(Life Technologies) and adjusted to a concentration of ∼2 × 107 cells per mL.
CD45 antibody (Biolegend; H130) was added (0.5 μL per 106 cells) and in-
cubated for 1 h, before washing twice with 5 mL of SB+. The supernatant
was removed, and Anti-Mouse IgG1 magnetic beads (80 μL per 107 cells;
Miltenyi Biotec) were added along with SB+ (20 μL per 107 cells). The re-
action was incubated for 15 min at 4 °C and was followed by two washes
(2 mL per 107 cells) with SB+. The remaining sample was then resuspended in
1 mL of SB+. Magnetic separation columns (LS; Miltenyi Biotec) and the
QuadroMACS separator were used for negative selection following sug-
gested protocols. Preseparation filters (Miltenyi Biotec) were used to remove
any clumps or debris from the clinical specimens to prevent obstruction of
the column. The maximum number of cells used in each column was 1 × 108.
The sample was added to the column and was washed three times with 3 mL
of SB+. The CD45− cells that passed through the column were subsequently
collected into a 15-mL tube and centrifuged (400 × g, 3 min); the superna-
tant was removed, and the cells were resuspended in SB+. Cells were then
counted and aliquoted into tubes at approximately ∼1 × 106 cells per mL,
before being stored at −20 °C until labeling.
Labeling. CD45-depleted cells stored in the −20 °C freezer were thawed. The
cells were then centrifuged at 400 × g for 3 min, and the supernatant was
removed. Perm buffer (PW+: BD perm/wash with 2% BSA) was added, and
the cells were aliquoted into cluster tubes (Costar). The appropriate anti-
body mixture of calretinin and CD45 was added (SI Appendix, Table S2)
(calretinin, Mouse Dako DAK-Calret 1 or Rabbit Invitrogen DC8; CD45, Rat
Abcam YTH24.5 or Mouse Biolegend H130). The specific antibody for the
biomarker of interest was then added (SI Appendix, Table S2). The final
reaction volume was 150 μL. This primary reaction was vortexed and in-
cubated for 1 h before 0.5 mL of PW+ was added to each sample and the
cells spun down at 400 × g for 3 min. The supernatant was removed, and the

Table 3. Sensitivity, specificity, and accuracy of different
protein markers in the training set

Markers
Sensitivity,

%
Specificity,

%
Accuracy,

%

EpCAM 92.3 100.0 96.9
CA19-9 46.2 100.0 78.1
CD24 92.3 94.7 93.8
TAG-72 76.9 100.0 90.6
FOLR1 69.2 78.9 75.0
CA-125 53.8 94.7 78.1
V3 panel (Vim+/Calret-/CD45-) 23.1 100.0 68.8
ATCdx (EpCAM+ and/or V3+) 100.0 100.0 100.0
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cells were vortexed and washed with 0.5 mL of PW+. After centrifugation
(400 × g, 3 min), the supernatant was aspirated, and the appropriate sec-
ondary antibodies were added (SI Appendix, Table S3) [Anti-Mouse FITC
Abcam (1:300); Anti-Rabbit APC Abcam (1:300); Anti-Rat PeCY7 Biolegend
(1:300)]. The final reaction volume was 150 μL. The samples were vortexed
and incubated on ice for 1 h. Cells were then washed twice with 0.5 mL of
PW+. Samples analyzed by flow cytometry the same day were kept on ice
under aluminum foil. Samples run the following day were lightly fixed [BD
Phosflow Fix Buffer (1:2)] for 10 min at 37 °C and then washed with SB+.
After washing, DAPI was added to the samples at a ratio of 1:500 (Fxcycle
stain; Invitrogen) 30 min before analysis by flow cytometry. Antibody in-
formation (such as clone and company) for all markers is included in SI
Appendix, Tables S2 and S3.
Flow cytometry. Fluorescently labeled samples were analyzed using an LSRII
flow cytometer (Becton Dickinson). FlowJo software was used to gate on:
singlets using DAPI staining, then Calretinin+, CD45+, and CD45−/Calretinin−

cell populations in the clinical samples. The mean fluorescent intensity (MFI)
for each marker of interest was then determined for each of these three
populations. The background was determined by staining with the second-
ary antibody only (no primary). The signal-over-background was then cal-
culated [λ = (Signal-Background)/Background] and plotted in the heat maps
using GENE-E software (Broad Institute). For Fig. 2 and SI Appendix, Fig. S1,
each marker was placed into four categories on the following criteria: (i)
“Unique Malignant” (if an ovarian-cancer sample had λ > 1.5 and all benign
samples had λ < 1.5); (ii) “Ubiquitous” (if an ovarian-cancer sample and
a benign sample had λ > 1.5); (iii) “Benign” (if both an ovarian-cancer
sample and benign sample had λ < 1.5); and (iv) “Absent” (if both ovarian-
cancer and benign samples had λ ≤1.5). Figs. 2 and 3 were plotted on a log
scale, and gray signifies data that was not determined. A log scale was used
because this resulted in a more symmetric distribution. Histograms of a se-
lect set of markers from the cell line screening and training set are shown in
SI Appendix, Figs. S2 and S3.
Statistical analysis. Receiver operating characteristic (ROC) curves were con-
structed for cancer markers relative to benignmesothelial cells in the training
set (SI Appendix, Fig. S4). For each marker sensitivity versus (1 − specificity)
was plotted, and the values of area under the curve (AUC) were computed
using the trapezoidal rule. The empirical ROC curves were smoothed by
applying the binormal fitting model. An AUC of 0.5 was used to indicate
that the test shows no difference between the two groups whereas an AUC
of 1.0 was used to indicate that the test gives a perfect separation between
the groups. We defined the optimal cutoff value for identifying malignant
status as the point on the ROC curve with the minimal distance between the
0% false-negative and the 100% true-positive rate. Statistical analysis was
performed using the R-package (version 3.0.1). Using standard formulas, we
calculated sensitivity, specificity, and accuracy.

ATC Device Fabrication. The microfluidic device was designed to contain
∼5,000 capture sites ranging in size from 15 to 40 μm (SI Appendix, Fig. S7A)
in a 2.6 × 1.0 cm area. The capture sites on the device have bowl-like
structures with an underpass gap that allows smaller cells to pass through.
As shown in SI Appendix, Fig. S7B, path A through the capture structure has
a considerably shorter length, therefore smaller flow resistance, than path B
through the channel structure. Due to the flow-resistance difference, most
of the fluid flows through path A rather than path B. Cells larger than the
capture structures will be trapped, and smaller cells will pass through. The
flow rate of the device was ∼10 mL/h and allowed ∼1,000-fold ATC en-

richment (58, 59). Microfluidic single cell capture arrays were fabricated in
polydimethylsiloxane (PDMS; Dow Corning) using soft lithography(37, 38).
Three layers of epoxy-based photoresist were patterned on 4-in silicon
wafers as a mold using conventional photolithography. The first SU8 2015
(Microchem) layer defined a 15-μm gap height in the capture sites for the 15-
and 20-μm cells. Before developing unexposed SU8, the second SU8 2015
layer was coated and aligned to the channel structure for the 15- and 20-μm
cell capture sites. This layer also defined the gap height (30 μm) for the 30- and
40-μm cell capture sites. Finally, another 30-μm-thick SU8 2025 was applied for
the 30- and 40-μm cell capture structures. All unexposed SU8 photoresist layers
were then developed in the SU8 Developer (Microchem). The mold with the
channel and cell-capture patterns was silanized with a vapor of trimethyl-
chlorosilane (TMCS; Sigma) and was cast with 3-mm-thick PDMS prepolymer.
After curing, the PDMS layer was peeled off, and an inlet and an outlet were
punched out. The prepared PDMS chip was then bonded (not permanently) to
a glass slide. The chip thus remained detachable for easy recovery of cells after
purification and imaging to enable further molecular profiling of cells.

Processing Cells Through the ATC Chip. For on-chip enrichment and staining of
ATCs, ∼100 μl of ascites fluid was added to the inlet of the chip. Then, an
antibody mixture of the following antibody conjugates was added: Calreti-
nin-Biotin (Invitrogen; Rabbit), CD45-Biotin (Abcam; Mouse), CD45-Alexa
Fluor 647 (Biolegend; Mouse), EpCAM-FITC (Dako; Mouse), Vimentin (R&D;
Rat), and Ki67-Alexa Fluor 555 (BD Pharmingen). This mixture was incubated
for 15 min. Then, streptavidin-coated magnetic particles (R&D), Anti-Rabbit
Alexa Fluor 647 (Cell Signaling), and Anti-Rat PE/Cy7 (Biolegend) were
added, followed by a 15-min incubation (Fig. 4). In the first enrichment step,
a magnet was placed under the inlet preventing the benign CD45 and Cal-
retinin magnetically labeled cells from passing through the chip. The non-
magnetically labeled ATCs entered into the microchip when negative
pressure was applied to the outlet of the device (via rubber bulb). The sec-
ond enrichment step was based on size: (i) the typically larger ATC cells were
captured on the chip’s capture sites (decreasing in size from 15 to 40 μm) and
(ii) the smaller leukocytes (∼<15 μm) (60) passed through the capture sites.
This dual enrichment approach using both immunomagnetic labeling and
size separation (58, 59) improved chip performance and enabled an ap-
proximate 1,000-fold enrichment to be achieved (SI Appendix, Fig. S8). Three
washes of 100 μl of SB+ with DAPI (4’,6-diamidino-2-phenylindole; Invi-
trogen; 1:500) were then passed through the microchip. Captured ATCs were
imaged using the DeltaVision screening system (Applied Precision Instru-
ments) and analyzed using ImageJ software (version 10.2). Enriched cells
could then be removed from the detachable chip for further molecular
profiling. Measurements for mRNA expression levels were done using
nCounter gene expression assay (NanoString) on cell lysate (61, 62). Data
were analyzed using nsolver analysis software 1.1 (NanoString), and the
heatmap (Fig. 6C) was plotted using GENE-E (Broad Institute).
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