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Abstract

Circulating Tumor Cells (CTCs) may serve as a non-invasive source of tumor material to investigate an individual’s
disease in real-time. The Parsortix® PC1 System, the first FDA-cleared medical device for the capture and harvest

of CTCs from peripheral blood of metastatic breast cancer (MBC) patients for use in subsequent user-validated
downstream analyses, enables the epitope-independent capture of CTCs with diverse phenotypes based on cell size
and deformability. The aim of this study was to determine the proportion of MBC patients and self-declared female
healthy volunteers (HVs) that had CTCs identified using immunofluorescence (IF) or Wright-Giemsa (WG) staining.
Peripheral blood from 76 HVs and 76 MBC patients was processed on Parsortix® PC1 Systems. Harvested cells were
cytospun onto a charged slide and immunofluorescently stained for identification of CTCs expressing epithelial mark-
ers. The IF slides were subsequently WG-stained and analyzed for CTC identification based on morphological features
of malignant cells. All testing was performed by operators blinded to the clinical status of each subject. CTCs were
identified on the IF slides in 45.3% (> 1) / 24.0% (= 5) of the MBC patients (range=0 - 125, mean=7) and in 6.9% (> 1) /
2.8% (=5) of the HVs (range=0 - 28, mean=1). Among the MBC patients with >1 CTC, 70.6% had only CK+/EpCAM-
CTCs, with none having EpCAM +/CK- CTCs. CTC clusters were identified in 56.0% of the CTC-positive patients. On

the WG-stained slides, CTCs were identified in 42.9% (> 1) / 21.4% (> 5) of the MBC patients (range=0-41, mean=4)
and 4.3% (= 1) / 2.9% (= 5) of the HVs (range =0 — 14, mean =0). This study demonstrated the ability of the Parsortix®
PC1 System to capture and harvest CTCs from a significantly larger proportion of MBC patients compared to HVs
when coupled with both IF and WG cytomorphological assessment. The presence of epithelial cells in subjects with-
out diagnosed disease has been previously described, with their significance being unclear. Interestingly, a high pro-
portion of the identified CTCs did not express EpCAM, highlighting the limitations of using EpCAM-based approaches.
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Background

Securing tissue biopsy samples from metastatic tumors,
particularly from certain organ sites, is highly invasive
and complex. Alternative approaches include collection
of tumor material from more easily accessible bodily flu-
ids such as blood or urine to assess various phenotypic
and/or genotypic aspects of the tumor’s biology [1, 2].
The minimally invasive collection of blood, also referred
to as a liquid biopsy, offers the potential to character-
ize tumors at genetic, transcriptional and protein levels
and allows the opportunity to perform routine, repeated
characterizations for monitoring a patients’ disease status
and developing effective personalized treatments [3-6].

Circulating Tumor Cells (CTCs) are cells shed by solid
tumors that migrate into the blood stream and dissemi-
nate. CTCs may extravasate through the endothelial cell
layer into different tissues to form metastases in distant
organs [7-9]. It is well known that CTCs can be used
to predict disease progression and overall survival in
patients with metastatic breast cancer (MBC) [10-15]
and represent a reliable surrogate marker of treatment
response and a potential alternative form of non-invasive
monitoring of response to therapy [16, 17]. Deoxyribonu-
cleic acid (DNA), Ribonucleic acid (RNA) and proteins
can be obtained from viable CTCs isolated from periph-
eral blood, offering invaluable insights into the biology of
a cancer. Until recently, however, the process of isolating
CTCs from blood was very challenging, limiting their
routine use in the clinical setting [18—-20].

CTCs are rare, representing an extremely small fraction
of the cells present in a blood sample. Among the tech-
nologies developed to isolate CTCs, the CELLSEARCH®
System (Menarini Silicon BioSystems) [21] is Food and
Drug Administration (FDA)-cleared for CTC enumera-
tion only. This method involves immune-affinity separa-
tion using antibodies against the Epithelial Cell Adhesion
Molecule (EpCAM), leading to the selective isolation of
a particular CTC phenotype that is likely not completely
representative of all the cells being shed from the tumor
and can potentially impact outcomes of gene expression
analyses [22-25].

ANGLE developed the Parsortix® PC1 System, a
semi-automated device capable of capturing and har-
vesting CTCs from bodily fluids based on cell size and
lack of deformability. The isolation/capture mechanism
employed is purely physical, rather than epitope-depend-
ent, allowing the system to capture cells with a variety of
different phenotypes, such as epithelial or mesenchymal.
The system employs a separation cassette (GEN3P6.5)
containing a microfluidic structure comprising a series of
steps across which cells flow, leading to a smaller critical
gap. Most of the common blood cells and components
(i.e. red blood cells (RBCs), white blood cells (WBCs),
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and platelets) pass across the critical gap, while CTC are
retained in the separation cassette due to their size and
rigidity, together with a small number of residual WBCs
(26, 27].

The observational study reported in this manuscript,
referred to hereinafter as the ANG-008 study, was
designed to demonstrate that the Parsortix® PC1 Sys-
tem could capture and harvest CTCs from the peripheral
blood of patients with MBC and that the CTCs harvested
by the System could be used for subsequent downstream
evaluation with immunofluorescence (IF) and cytology
evaluations.

The following objectives defined in the ANG-008 clini-
cal study are detailed in this manuscript:

+ Determine the proportion of MBC patients and
female healthy volunteers (HVs or controls) that had
one or more observable epithelial CTCs (as deter-
mined by IF) harvested from their peripheral blood
using the Parsortix® PC1 System.

+ Determine the proportion of MBC patients and
female healthy volunteers (HVs or controls) that
had one or more observable CTCs (as determined
by cytomorphological review of the IF-stained
slides that have been Wright-Giemsa (W@G) stained)
harvested from their peripheral blood using the
Parsortix® PC1 System and compare these results to
the IF results.

The data generated from the ANG-008 study was
used to support a De Novo request (DEN200062) for re-
classification of the Parsortix® PC1 System as a Class II
prescription device for use in MBC patients to capture
and harvest CTCs for subsequent, user-validated, down-
stream evaluation, which was granted by the FDA on
May 24, 2022 [28].

Materials and methods
Ethical conduct of the study
The ANG-008 study was sponsored by ANGLE Europe
Ltd (ANGLE) and involved the collection of whole blood
samples from healthy women as well as from women with
metastatic breast cancer. The study was considered to be
exempt from the IDE (investigational device exemption)
regulations (21 Code of Federal Regulations (CFR) Part
812.2.c.3) due to the fact that the only procedure required
for participation in the study was the collection of blood
samples, which is considered to be non-invasive, as well
as the fact that none of the results of the research testing
were reported back to the subjects and/or the investiga-
tors, or used in the diagnosis, treatment and/or care of
the subjects.

This study was conducted in a manner consistent with:
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» United States (US) standards of Good Clinical Prac-
tice (GCP) as defined in US FDA CER, particularly 21
CER Part 812 (i.e. Sponsor & Investigator responsi-
bilities), Part 50 (Informed Consent Requirements),
Part 54 (Financial Disclosure), Part 56 (IRB Approval)
and Part 11 (Electronic Records);

+ International GCP standards using the International
Conference on Harmonization (ICH) guidelines on
GCP;

+ Applicable FDA regulations;

« Institutional Review Board(s) (IRB) requirements.

Sample size calculation

Based on the preliminary data and literature review, the
hypothesis that the Parsortix® PC1 System would be able
to harvest observable CTCs as identified by IF in>25%
of the MBC patients and in<3% of the HV control
group was used. Assuming an overall study failure rate
of ~5% (e.g., ineligible subjects, insufficient volume of
blood, processing failures, etc.), it was expected that ~ 80
HVs and ~ 80 MBC patients would need to be enrolled
to ensure a minimum of 75 HV subjects and 75 MBC
patients with evaluable IF results for evaluation of the
objective.

+ With a sample size of N="75 evaluable MBC patients,
a two-sided 95% confidence interval (CI) for a single
proportion, using the large sample normal approxi-
mation, will extend a maximum of+11.4% from the
actual proportion of MBC patients found to have
observable CTCs. With a sample size of N=75 evalu-
able HVs, a two-sided 95% CI for a single proportion,
using the large sample normal approximation, will
extend a maximum of + 3.9% from the actual propor-
tion of HVs with observable CTCs for an expected
proportion of <3%.

+ Additionally, with a sample size of 75 evaluable MBC
patients and 75 HVs, a two-group continuity cor-
rected chi-square test with a 0.05 two-sided signifi-
cance level (a) will have ~95% power (1—p) to detect
a difference between a proportion of >25% for MBC
patients with observable CTCs and a proportion
of <3% for HV subjects with observable CTCs.

Enrollment and sample collection

All study participants provided informed consent before
being enrolled in the study. Each subject was only entered
into the study once. All laboratory testing was performed
by operators blinded to the clinical status of the partici-
pants. A total of 76 female HVs and 85 MBC patients
were enrolled between July 2019 and November 2019 at
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the clinical study site (University of Rochester Medical
Center, Rochester, NY).
Inclusion criteria for the MBC patients were as follows:

+ Female >22 years of age;

+ Documented evidence of metastatic breast cancer
(i.e. primary tumor histopathology of breast cancer
and documented evidence of distant sites of metasta-
sis by imaging, biopsy, and/or other means);

+ Willing and able to provide informed consent and
agree to complete all aspects of the study.

The inclusion criteria for the HV subjects are detailed
below. The information obtained from the HVs was ‘self-
reported; as complete medical records were not available
at the enrolling site for these control subjects.

+ Females >22 years of age;

+ No known fever or active infections at the time of the
blood collection;

+ No known current diagnosis of acute inflammatory
disease or chronic inflammation;

+ No known current and/or prior history of malig-
nancy, excluding skin cancers (squamous cell or basal
cell);

+ Willing and able to provide informed consent and
agrees to complete all aspects of the study.

None (0%) of the 76 HVs were found to be ineligible. A
total of 9 (10.5%) of the 85 MBC patients enrolled were
found to be ineligible or not usable for the study, leaving
a total of 76 eligible MBC patients (Fig. 1).

Four tubes of blood (one 3 mL K, Ethylenediaminetet-
raacetic acid (EDTA) vacutainer for CBC with differen-
tial and erythrocyte sedimentation rate testing, two 10
mL K,EDTA vacutainers for processing on the Parsortix®
System, and one 7.5 mL Serum-separating tube (SST)
vacutainer for serum chemistry and lipid panel testing)
were collected by venipuncture (or, for MBC patients, if
applicable, through a venous port) from each HV sub-
ject and from each MBC patient, a minimum of seven
days after the administration of a cytotoxic therapy
(intravenously administered) and immediately prior to
the administration of any other type of therapy. For the
objectives detailed in this report, an average of 8.6 +1.2
mL of blood from one of the 10 mL K,EDTA vacutainers
was processed on Parsortix® PC1 Systems and the popu-
lation of cells harvested were deposited onto cytology
slides for cytopathological evaluation using IF and WG
staining.

A breakdown of the ages, demographics, and clini-
cal information for the eligible HV subjects and MBC
patients is provided in Table 1.



Ciccioli et al. J Exp Clin Cancer Res

(2024) 43:240

76 HVs & 85 MBC Patients Enrolled

0 HVs & 9 MBC Patients Ineligible for Study:
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study.

were withdrawn from the study.

* 2 MBC patients withdrew their consent prior to blood being collected.
* 1 MBC patient had previously been enrolled into the study.
* 1 MBC patient’s consent expired prior to collection of blood and subject declined to be re-consented.

* 1 MBC patient did not meet treatment washout period criteria on the day blood was to be collected
(minimum of 7 days after administration of a cytotoxic therapy and immediately prior to the administration
of any other type of therapy). As a result, no blood was collected and the subject was withdrawn from the

* 2 MBC patients consented to participate but the study was closed prior to blood being collected and they

* 1 MBC patient had blood drawn <7 days after administration of an intravenous chemotherapy.
* 1 MBC patient did not have their blood sample processed due to a laboratory issue.

76 Eligible 76 Eligible MBC Patients
Healthy [
Female els [ I
44 26
Volunteers Newly Stable/Responding Progressive/Recurrent
(HVS) Diagnosed Disease Disease

Fig. 1 CONSORT Diagram for ANG-008 Study Subject Eligibility. Diagram shows enrolled patients, reasons for ineligibility within the MBC group,
and breakdown of MBC patients in newly diagnosed, stable/responding diseases and progressive/recurrent disease groups

The demographics of the MBC patient population
was consistent with the demographics of MBC patients
described in the literature [29]. Approximately one-
third of the MBC patients enrolled had progressive /
recurrent metastatic disease (35.7%), 7.9% had newly
diagnosed disease, with the largest proportion having
stable/responding disease (57.9%). The race distribu-
tion is typical of most US based clinical trials, with the
majority of patients having a white background. The
breast cancer phenotype for most of the MBC patients
was Estrogen Receptor (ER) /Progesterone Recep-
tor (PR) positive and Human epidermal growth fac-
tor receptor-2 (HER2) negative, with approximately
89% being ER and/or PR positive and 21.1% having
HER?2 positive breast cancer. Bone was the most preva-
lent site of metastatic disease (67.1%), followed by the
lymph nodes (26.3%), the liver (19.7%) and/or the lungs
(18.4%), which are the most common sites of breast
cancer metastasis reported in the literature [30, 31].
There was a significant difference observed between
the age and menopausal status of the HV subjects com-
pared to the MBC patients, as the majority of the HV
subjects were much younger compared to the MBC
patients. This also led to significantly lower proportions
of HV subjects with comorbidities and those taking
medications compared to the MBC patients.

Blood processing on Parsortix® PC1 instrument

Blood separation was performed at the Targeted Thera-
peutics Laboratory at the Wilmot Cancer Institute
within eight hours from blood draw using Parsortix®
PC1 Systems. The Parsortix® PC1 System is a bench top
laboratory instrument consisting of inbuilt computer,
pneumatic and hydraulic components, and other elec-
tronics to control the instrument hardware and behavior.
The Parsortix® PC1’s proprietary application software
runs a series of encrypted Protocol Files (Clean, Prime,
Separate, and Harvest) to control the instrument flu-
idic and hydraulic components. The instrument utilizes
a single use, non-sterile Parsortix® GEN3 Cell separa-
tion cassette, containing precision molded separation
structures with ‘step’ configurations. Whole blood flows
along a series of channels under controlled and con-
stant pressure conditions (99 mbar) to enable separation.
The channel height progressively decreases at each step
toward the final ‘critical gap! As a result, in the case of
blood, cells are captured in the critical gap based on their
size and resistance to compression. The looped cassette
layout is designed to maximize the width of separating
steps, which is a key factor affecting separation capability
and capture capacity, providing fluid paths with minimal
resistance to liquid flow. The cassette layout is intention-
ally omni-directional such that during a separation, the
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Table 1 Summary of eligible participants’clinical characteristics. Table shows demographics in N=76 HV subjects and N=76 MBC
patients who were eligible for the study. The p-values for BSA, BMI and age are for the comparison of the medians for these parameters
between the HV subjects and the MBC patient groups and were calculated using a non-parametric chi-squared test for equality of the
medians (due to the non-normal distribution of the data), while the p-values for the comparison of the proportions of subjects in the
various clinical and demographical groupings between the HV subjects and MBC patient groups were determined using a Fisher's
exact test

Eligible Participants Healthy Volunteers MBC Patients p-value
# Of Eligible Participants 76 76 -
Age (Average + Standard Deviation (SD) [Median]) 39+ 12 [36] 64+ 11 [66] 0.000
Body Surface Area (BSA) (m?) [Avg % SD (Median)] 1.8+02[1.8] 1.8+0.2[1.8] 1.000
Body Mass Index (BMI) [Avg + SD (Median)] 282 +6.5[27.7] 286 +6.3[27.1] 0.516
Age at the time of the blood collection
<30 15 (19.7%) 0 (0.0%) 0.000
30-39 30 (39.5%) 2 (2.6%)
40-49 15 (19.7%) 7 (9.2%)
50-59 11 (14.5%) 13 (17.1%)
60 - 69 5 (6.6%) 26 (34.2%)
>70 0 (0.0%) 28 (36.8%)
Age at the time of the blood collection
<65 74 (97.4%) 37 (48.7%) 0.000
>65 2 (2.6%) 39 (51.3%)
Blood Collection Method
Venipuncture 76 (100.0%) 32 (42.1%) 0.000
Port 0(0.0%) 44 (57.9%)
Menopausal Status
Pre-Menopausal 56 (73.7%) 7 (9.2%) 0.000
Post-Menopausal 17 (22.4%) 66 (86.8%)
Unknown 3(3.9%) 3 (3.9%)
Race
White 69 (90.8%) 69 (90.8%) 0013
Black 1(1.3%) 7 (9.2%)
Hispanic 1(1.3%) 0 (0.0%)
Asian 3(3.9%) 0 (0.0%)
Mixed 2 (2.6%) 0(0.0%)
Smoking Status
Never Smoked 49 (64.5%) 35 (46.1%) 0.046
Previous Smoker 24 (31.6%) 36 (47.4%)
Current Smoker 2 (2.6%) 5 (6.6%)
Unknown 1(1.3%) 0 (0.0%)
Previous History of Cancer?
Yes 1(1.3%) 6 (7.9%) 0.116
No 75 (98.7%) 70(92.1%)
Current Dx of Hypertension?
Yes 4 (5.3%) 42 (55.3%) 0.000
No 72 (94.7%) 34 (44.7%)
Current Dx of High Cholesterol?
Yes 3(3.9%) 18 (23.7%) 0.001
No 73 (96.1%) 58 (76.3%)
Taking Growth Factors?
Yes 0 (0.0%) 3 (3.9%) 0.245

No 76 (100.0%) 73 (96.1%)
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Table 1 (continued)
Eligible Participants Healthy Volunteers MBC Patients p-value
Taking Anti-Coagulants?
Yes 1(1.3%) 13(17.1%) 0.001
No 75 (98.7%) 63 (82.9%)
Taking Anti-Inflammatories?
Yes 5 (6.6%) 36 (47.4%) 0.000
No 71 (93.4%) 40 (52.6%)
Taking Pain Medications?
Yes 3(3.9%) 49 (64.5%) 0.000
No 73 (96.1%) 27 (35.5%)
Receiving Cytotoxic Therapies?
Yes 0(0.0%) 33 (43.4%) 0.000
No 76 (100.0%) 43 (56.6%)
ER Status
Positive 66 (86.8%)
Negative 9(11.8%)
Unknown 1(1.3%)
PR Status
Positive 56 (73.7%)
Negative 19 (25.0%)
Unknown 1(1.3%)
HER2-neu Status
Positive - 16 (21.1%)
Equivocal 7 (9.2%)
Negative 45 (59.2%)
Unknown 8 (10.5%)
MBC Patient Disease Status
Newly Diagnosed 6 (7.9%)
Stable / Responding 44 (57.9%)
Progressive / Recurrent 26 (34.2%)
Sites of Metastasis (more than one may apply)
Abdomen (Abdominal Cavity) 0 (0.0%)
Adrenal Gland - 0 (0.0%)
Ascites 0 (0.0%)
Bone 60 (78.9%)
Brain 1(1.3%)
Chest Wall 3 (3.9%)
Kidney - 1(1.3%)
Liver - 15 (19.7%)
Lung - 14 (18.4%)
Lymph Nodes 20 (26.3%)
Other Site(s) 6 (7.9%)

sample always flows across the step structures and then  Cytology slide preparation

through the critical gap. To harvest cells captured in the =~ The Targeted Therapeutics Laboratory prepared the
cassette, this flow is intentionally reversed to release the  cytology slides for shipment to ANGLE Guildford central
cells from the critical gap and step structures and flush  laboratory where the IF evaluations were performed. Fol-
them out of the cassette into another receptacle using a  lowing separation and enrichment, captured cells were

small volume of buffer (~210 pL).

harvested into a 1.5 mL microfuge tube containing 60
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pL of fetal bovine serum (FBS). The harvested cells and
FBS mixture was pipetted into a Cytospin® 4 Cytofun-
nel™ assembly (Thermo Fisher Scientific) containing a
positively charged glass Shandon™ Single Cytoslides "
(Thermo Fisher Scientific). The slide assembly was cyto-
centrifuged at 800 rpm for 3 min on low acceleration, and
the slide was removed from the assembly and allowed to
air-dry at room temperature for 1 min. The air-dried slide
was then submersed in ice-cold 100% acetone for 5 min
at -20 °C and allowed to air-dry at room temperature for
30 min. The fixed slides were stored refrigerated (at+2-8
°C) and shipped weekly to the ANGLE Guildford central
laboratory for staining and evaluation.

Immunofluorescence staining and imaging

The development of the IF assay used in this study is
described in Additional Files 1, 2, 3, 4, 5 and 6. The pro-
cedure is summarized below.

Slides were kept refrigerated until IF staining was per-
formed. Before staining, each slide was re-hydrated with
1x Phosphate Buffered Saline (PBS) for 60 min. After
re-hydration, slides were blocked with 2.5% Normal
Horse Serum (S-2012 Vector Labs) and stained with an
antibody mixture against surface blood lineage markers
(CD45-Allophycocyanin (APC), CD16-APC, CD11b-
APC and CD61-APC diluted in 1xPBS) followed by
another antibody mixture against intracellular markers
(Cytokeratin (CK) 8-Alexa Fluor 488 (AF488), CK18-
AF488, CK19-AF488, EpCAM-Alexa Fluor 555 (AF555),
and 4’,6-diamidino-2-phenylindole (DAPI) diluted in
Inside Perm (Miltenyi Biotec)). Slides were mounted with
50 uL of 1xPBS, a 25 mmXx25 mm glass coverslip and
fixogum.

Slides were examined using a Leica LAS X fluorescence
microscope or a BioView Allegro Plus imaging system,
and the cells of interest (i.e. CTCs) were classified based
on their staining patterns as follows: 1) EpCAM +, CK+,
CD-, DAPI+; 2) EpCAM+, CK-, CD-, DAPI+; and 3)
EpCAM-, CK+, CD-, DAPI +.

Wright-Giemsa staining and cytological evaluation

Upon completion of the IF evaluation, the coverslips were
removed from each of the slides, and the slides were air
dried and stored at room temperature until shipment to
the Department of Hematopathology, Division of Pathol-
ogy and Laboratory Medicine, at MD Anderson Cancer
Center for WG staining and cytopathological evalua-
tion. The slides underwent Richard-Allen Scientific WG
staining on an automated stainer and examination by a
qualified pathologist with expertise in blood evaluation
and cytopathology (Dr. Joseph Khoury, JDK) using light
microscopy. CTCs were identified and enumerated using
conventional cytomorphologic criteria for malignancy,
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which included: size larger than peripheral WBCs, mod-
erate to abundant cytoplasm, cytoplasmic vacuoles
(micro or macro), irregular nuclear contours, nuclear
hyperchromasia and prominent nucleoli. A CTC cluster
was defined as 3 or more cohesive cells [32].

Results

Immunofluorescence samples evaluation

Four of the 76 eligible HV subjects and one of the 76 eli-
gible MBC patients had non-evaluable IF samples, leav-
ing a total of 72 HV subjects and 75 MBC patients with
evaluable IF stained slides. On the evaluable IF samples,
four nucleated cells’ populations were identified: leuko-
cytes ("Leukocytes” sect.), CTCs ("Circulating Tumor
Cells" sect.), a cell population defined as other non-typ-
ical circulating cells ("Other Non-Typical Circulating
Cells" sect.) and nucleated cells that remained unstained,
i.e. negative for the epithelial, mesenchymal and CD
markers included in the IF panel ("Unstained Cells" sect.).
The breakdown of each cell population is shown in Fig. 2.

Leukocytes

All cells that were nucleated, negative for CK/EpCAM,
positive for CD markers and smaller than 20 ym in diam-
eter were considered leukocytes. Since all four CD mark-
ers (CD45, CD16, CD11b and CD61) were combined
and detected under one fluorescence channel, it was not
possible to specify the subtypes of cells in this popula-
tion. While leukocytes represented 98% of the nucle-
ated cells identified on the MBC patients’ slides (mean:
1,908 cells per slide) and 99% of the cells identified on the
HVs’ slides (mean: 1,367 cells per slide), it is important to
note that the Parsortix® PC1 System was highly efficient
in enriching CTCs and eliminating the blood cells com-
ponent from the starting blood samples, with a purity
of >99%, calculated as a percentage of the mean WBC
difference before and after processing over the mean
WBC count before processing: (Fig. 3).

Circulating tumor cells

Only DAPI + cells that were also CD- were further eval-
uated for expression of CKs and/or EpCAM. CTCs were
defined as cells that were DAPI+, CD- and CK+ and/
or EpCAM +. The results of the IF evaluation are sum-
marized in Fig. 4. Out of the 75 MBC patients with
evaluable IF results, 41 (54.7%, Wilson 95% CI=43.5%
— 65.6%) had no cells classified as being epithelial
CTCs, whereas 34 (45.3%, Wilson 95% CI=34.5% -
56.6%) had one or more cells observed on their IF
slides that were DAPI+, EpCAM +and/or CK+, and
CD-, while 18 (24.0%, Wilson 95% CI=15.8% — 34.8%)
had five or more cells observed on their IF slides that
were DAPI+, EpCAM+ and/or CK+, and CD-. In the
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Fig. 2 Breakdown of cell populations present in the harvests of HV and MBC subjects. Histograms show mean + Standard Error of the Mean (SEM)
of the (A) percentage and (B) absolute number of cells in each population (Multiple Mann Whitney test, *P < 0.05, nd = discovery non-significant).

Mean number is noted on each column

A B
Before After
Number of values | 141 141
%k %k %k k

10°5 Minimum 16800000 | 366.0
10 25% Percentile 41700000 | 847.0
— 1074 Median 52250000 | 1259
S 10° 75% Percentile 67225000 | 2165
g 10°7 Maximum 171750000 | 8488
o 104 Range 154950000 | 8122

m 1034
= 1024 Mean 55528369 | 1651
107 Std. Deviation 24316295 | 1237
100- Std. Error of Mean | 2047801 104.2

Before After

Fig. 3 Performance of Parsortix® PC1 System in eliminating leukocytes from whole blood for CTCs enrichment. A Histogram shows mean +SEM
of the number of WBCs present in the blood samples before enrichment vs the number of harvested WBCs (p>0.0001, Paired t-test)
after enrichment for each donor. Graph includes all MBC and HV subjects with initial evaluable CBC count; B Table shows descriptive statistics

34 MBC patients with one or more epithelial CTCs
observed, 70.6% had only CK+, EpCAM- cells while
the remaining 29.4% had>1 CK+, EpCAM +cell. No
EpCAM+, CK- CTCs were identified in MBC patients.
Among the CTC-positive MBC patients, clusters of
CTCs, defined as two or more individual CTCs co-
aggregating with or without the presence of leukocytes,
were identified in 19 MBC patients (56%), with a range
of 1-8 clusters per patient and a range of 2-44 CTCs per
cluster. Of the 19 patients with CTCs clusters, 11 (58%)
had at least one heterogeneous cluster defined as an
aggregation of >2 CTCs and > 1 leukocyte.

In the 72 HV subjects with evaluable IF results, 67
(93.1%, Wilson 95% CI=84.9% — 97.1%) had no cells

classified as being CTCs whereas 5 (6.9%, Wilson 95%
CI=3.5% — 15.2%) had one or more cells observed
on their IF slides that were DAPI+, EpCAM +and/
or CK+, and CD-. One of the five CTC-positive HVs
had only CK+, EpCAM + cells, three had only CK+,
EPCAM- cells, while the remaining donor had a com-
bination of both. Among the five CTC-positive HV sub-
jects, one had 28 CTCs (this subject was identified as
being pregnant at the time of their blood collection),
one had 8 CTCs and the remaining three had <5 CTCs
on their IF stained slides.

Taken together, as shown in Fig. 4, a significantly
higher proportion of MBC patients were CTCs positive
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MBC .
Fisher’s Exact
N 72 75
Range 0-28 0-125 P-Value
Merged EpCAM
Median 0 0
MBC |_Average 1 Wilson 95% ClI 7 Wilson 95% Cl
No Cells 67 (93.1%) |84.9% — 97.1%|41 (54.7%)| 43.5% — 65.6%
>=1 Cell 5 (6.9%) | 3.0% — 15.2%|34 (45.3%)] 34.5% — 56.6% 0.000
>=2 Cells 5 (6.9%) | 3.0% — 15.2%|28 (37.3%)| 27.3% — 48.6% 0.000
|L_>=3Cells 4 (5.6%) | 2.3% — 13.5%]26 (34.7%)| 24.9% — 46.1% 0.000
HV >=4 Cells 2 (2.8%) 0.8% — 9.7% |21 (28.0%)] 19.1% — 39.1% 0.000
>=5 Cells 2 ((2.8%) 0.8% — 9.7% |18 (24.0%)| 15.8% — 34.8% 0.000
>=10 Cells 1 (1.4%) 0.3% — 7.5% |14 (18.7%)| 11.5% — 29.0% 0.001

Fig. 4 IF evaluation results. A Representative images of CK+, EpCAM +/- CTCs and CTCs clusters identified in MBC patients and HV subjects
(CKs-AF488) in green, EpCAM-AF555 in orange, Blood lineage markers (APC) in red, Nucleus (DAPI) in blue). B Dot plot shows median + 95% Cl

of the number of CTCs identified in each MBC and HV donor by IF. A statistically higher number of CTCs was found in MBC patients compared

to HVs (p>0.001, Median test). C Table shows number of donors included in each cohort (N), range, median and average number of CTCs identified
within each cohort, and, using CTC thresholds of 0, >1, >2, >3, >4, >5 and >10 CTCs identified, the number and percentage of donors within each
CTC category along with Wilson 95% Cl's for each proportion. The Fisher’s exact test p-values shown are for the comparison of the proportions

of HV subjects and MBC patients with less than vs. greater than or equal to varying numbers of CTCs observed on the IF slides, and in each instance,
a significantly higher proportion of MBC patients were CTC positive compared to the HV subjects

compared to the HV subjects using any cut off for
CTCs from>1 to>10.

Table 2 below summarizes the proportions of HV
subjects and MBC patients with cells observed on their
IF stained cytology slides that were classified as CTCs
within various demographical and clinical characteristic
subgroupings. Although the number of MBC patients
in this study was relatively small, it is interesting to note
that:

+ A significantly increased proportion of MBC patients
had one or more cells classified as epithelial CTCs
in port collected blood samples compared to venous
collected blood samples (>1 CTC: 60.5% vs. 25.0%,
respectively, p-value=0.003; >5 CTC: 34.9% vs. 9.4%,
respectively, p-value=0.014).

+ A significantly increased proportion of MBC
patients taking pain medications had one or more
cells classified as epithelial CTCs compared to

those not taking pain medications (>1 CTC: 56.3%
vs. 25.9%, respectively, p-value=0.016), however
this observation was not statistically significant
when using a CTC positivity cut off of >5 CTCs
(p-value=0.089).

Other non-typical circulating cells

A population of large DAPI+, CK+, CDtcells with
characteristic morphology was identified and classified
as “other non-typical circulating cells” When negative for
CD markers, these cells were distinguished from CTCs
based on their distinct morphology and CK staining pat-
tern. Non-typical circulating cells accounted on average
for 0.45% and 1.12% of all harvested cells in the HV and
MBC patient samples, respectively. Two cell populations
were identified in this group based on their distinct mor-

phology (Fig. 5):
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Table 2 Epithelial CTC Prevalence Rates from IF Stained Cytology Slides by Various Demographics and Clinical Characteristics. The
Fisher's exact test p-values shown (when applicable) are for the comparison of the proportions of either HV subjects or MBC patients
with and without one or more epithelial CTCs or five or more epithelial CTCs between the various clinical and demographical

groupings

Parameter and Categories Eligible Subjects with Evaluable IF Stained Cytology Slides
All HV Subjects All MBC Patients
N >=1CTC >=5CTC N >=1CTC >=5CTC
All Patients 72 5 (6.9%) 2(2.8%) 75 34 (45.3%) 18 (24.0%)
Age at the time of the blood collection
<30 14 1(7.1%) 0 (0.0%) 0 0 (0.0%) 0 (0.0%)
30—39 30 1(3.3%) 0 (0.0%) 2 2 (100.0%) 2 (100.0%)
40—49 14 2 (14.3%) 1(7.1%) 7 4(57.1%) 0 (0.0%)
50—59 10 1(10.0%) 1(10.0%) 13 7 (53.8%) 2(15.4%)
60—69 4 0 (0.0%) 0 (0.0%) 25 12 (48.0%) 9 (36.0%)
>=70 0 0 (0.0%) 0 (0.0%) 28 9(32.1%) 5(17.9%)
Fisher’s Exact Testp-value 0.610 0.307 0.288 0.034
Blood Collection Method
Venipuncture 72 5(6.9%) 2 (2.8%) 32 8 (25.0%) 3(9.4%)
Port 0 0 (0.0%) 0 (0.0%) 43 26 (60.5%) 15 (34.9%)
Fisher’s Exact Testp-value — — 0.003 0.014
Volume of Blood Processed
<8.0mL 21 0 (0.0%) 0 (0.0%) 17 4 (23.5%) 3(17.6%)
8.5—9.0mL 30 3(10.0%) 1(3.3%) 23 13 (56.5%) 8 (34.8%)
9.5mL 15 2(13.3%) 1(6.7%) 23 12 (52.2%) 5(21.7%)
>10.0 mL 6 0 (0.0%) 0 (0.0%) 12 5(41.7%) (16.7%)
Fisher’s Exact Testp-value 0.334 0.754 0.180 0.628
Menopausal Status
Pre-Menopausal 54 3(5.6%) 1(1.9%) 7 4(57.1%) 2 (28.6%)
Post-Menopausal 15 1(6.7%) 1(6.7%) 65 29 (44.6%) 16 (24.6%)
Unknown 3 1(33.3%) 0 (0.0%) 3 1(33.3%) 0(0.0%)
Fisher’s Exact Testp-value 0.249 0.440 0.874 1.000
Race
White 65 3 (4.6%) 1(1.5%) 68 30 (44.1%) 17 (25.0%)
Black 1 0 (0.0%) 0 (0.0%) 7 4(57.1%) 1(14.3%)
Other 6 2(33.3%) 1(16.7%) 0 0 (0.0%) 0 (0.0%)
Fisher’s Exact Testp-value 0.071 0.186 0.695 1.000
Smoking Status
Never Smoked 46 2 (4.3%) 0 (0.0%) 35 12 (34.3%) 6 (17.1%)
Previous Smoker 23 3(13.0%) 2 (8.7%) 35 18 (51.4%) 10 (28.6%)
Current Smoker 2 0 (0.0%) 0(0.0%) 5 4 (80.0%) 2 (40.0%)
Unknown 1 0 (0.0%) 0 (0.0%) 0 0 (0.0%) 0 (0.0%)
Fisher’s Exact Testp-value 0417 0.158 0.113 0.326
Previous History of Cancer?
Yes 1 0 (0.0%) 0 (0.0%) 6 4 (66.7%) 2 (33.3%)
No 71 5 (7.0%) 2 (2.8%) 69 30 (43.5%) 16 (23.2%)
Fisher’s Exact Testp-value 1.000 1.000 0401 0.626
Current Diagnosis of Hypertension?
Yes 4 0(0.0%) 0 (0.0%) 41 14 (34.1%) 8(19.5%)
No 68 5 (7.4%) 2 (2.9%) 34 20 (58.8%) 10 (29.4%)

Fisher’s Exact Testp-value 1.000 1.000 0.039 0417
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Table 2 (continued)

Parameter and Categories Eligible Subjects with Evaluable IF Stained Cytology Slides
Al HV Subjects All MBC Patients
N >=1CTC >=5CTC N >=1CTC >=5CTC

Current Diagnosis of High Cholesterol?

Yes 2 0 (0.0%) 0 (0.0%) 17 9 (52.9%) 7 (41.2%)
No 70 5(7.1%) 2 (2.9%) 58 25 (43.1%) 11 (19%)
Fisher’s Exact Testp-value 1.000 1.000 0.582 0.103
Current Taking Growth Factors?
Yes 0 0 (0.0%) 0 (0.0%) 3 1(33.3%) 0 (0.0%)
No 72 5 (6.9%) 2(2.8%) 72 33 (45.8%) 18 (25.0%)
Fisher’s Exact Testp-value - - 1.000 1.000
Current Taking Anti-Coagulants?
Yes 1 1 (100.0%) 1 (100.0%) 13 6 (46.2%) 2 (15.4%)
No 71 4 (5.6%) 1(1.4%) 62 28 (45.2%) 16 (25.8%)
Fisher’s Exact Testp-value 0.069 0.028 1.000 0.722
Current Taking Anti-Inflammatories?
Yes 4 1(25.0%) 1 (25.0%) 35 17 (48.6%) 9 (25.7%)
No 68 4 (5.9%) 1(1.5%) 40 17 (42.5%) 9(22.5%)
Fisher’s Exact Testp-value 0.255 0.109 0.647 0.791
Current Taking Pain Medications?
Yes 3 0 (0.0%) 0 (0.0%) 48 27 (56.3%) 15(31.3%)
No 69 5(7.2%) 2 (2.9%) 27 7 (25.9%) 3(11.1%)
Fisher’s Exact Testp-value 1.000 1.000 0.016 0.089
Current Taking Cytotoxic Therapies?
Yes 0 0(0.0%) 0 (0.0%) 32 17 (53.1%) 7 (21.9%)
No 72 5 (6.9%) 2(2.8%) 43 17 (39.5%) 11 (25.6%)
Fisher’s Exact Testp-value — — 0.348 0.789
Breast Cancer ER Status
Positive 0 0 (0.0%) 0 (0.0%) 65 29 (44.6%) 13 (20.0%
Negative 0 0(0.0%) 0 (0.0%) 9 4 (44.4%) 4 (44.4%)
Unknown 0 0 (0.0%) 0 (0.0%) 1 1(100.0%) 1 (100.0%)
Fisher’s Exact Testp-value — — 0.849 0.073
Breast Cancer PR Status
Positive 0 0 (0.0%) 0 (0.0%) 55 26 (47.3%) 10 (18.2%)
Negative 0 0 (0.0%) 0(0.0%) 19 7 (36.8%) 7 (36.8%)
Unknown 0 0 (0.0%) 0 (0.0%) 1 1 (100.0%) 1(100.0%)
Fisher’s Exact Testp-value - - 0427 0.051
Breast Cancer HER2-neu Status
Positive 0 0 (0.0%) 0 (0.0%) 16 8 (50.0%) 4(25.0%)
Equivocal 0 0 (0.0%) 0(0.0%) 7 4(57.1%) 4(57.1%)
Negative 0 0(0.0%) 0 (0.0%) 44 19 (43.2%) 9 (20.5%)
Unknown 0 0 (0.0%) 0(0.0%) 8 3(37.5%) 1(12.5%)
Fisher’s Exact Testp-value - - 0.880 0.194
MBC Patient Disease Status
Newly Diagnosed 0 0(0.0%) 0(0.0%) 6 2 (33.3%) 2(33.3%)
Stable / Responding 0 0 (0.0%) 0 (0.0%) 44 18 (40.9%) 10 (22.7%)
Progressive / Recurrent 0 0 (0.0%) 0 (0.0%) 25 14 (56.0%) 6 (24.0%)

Fisher’s Exact Test p-value — — 0453 0.770
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“Small” non-typical circulating cells: these cells pre-
sented with a low epithelial signal (CK+, EpCAM-
negative) and were either positive (~80%) or nega-
tive (~20%) for blood lineage markers. The average
diameter was ~ 30 pm, with a large nucleus and small
cytoplasmic area, and co-localization between the
epithelial and nuclear signals (Fig. 5.A). These cells
were found in both HVs and MBC patients at a simi-
lar rate. Small non-typical circulating cells accounted
for 85% and 53% of all non-typical circulating cells
found in the HVs and MBC patient samples in this
study, respectively (Fig. 5C).

“Large” non-typical circulating cells: these cells pre-
sented with a low positivity for epithelial markers
(CK+, EpCAM-) and were positive for blood lineage
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markers. These cells were between ~40 pm and ~ 80
pum in diameter and usually had a large nucleus and
a large cytoplasm (Fig. 5.B). They made up 15% and
47% of all non-typical circulating cells found in the
HVs and MBC patient samples in this study, respec-
tively. They were found in both HV and MBC patient
samples, but in statistically higher numbers in MBC
patient samples (»p<0.0001). Additionally, the per-
centage of donors presenting with large non-typical
circulating cells was 2.5-fold higher in MBC patients
(67%) compared to HV subjects (27%) (Fig. 5C-D).

Additionally, a statistically significantly higher num-
ber of non-typical circulating cells (small and large) were
present in MBC patients receiving cytotoxic therapy
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Fig. 5 Non-typical circulating cells. A Representative image of a small non-typical circulating cell. B Representative image of a large non-typical
circulating cell. Images were taken using a BioView Allegro Plus imaging system with a 10 x objective lens (CKs-AF488 in green, EpCAM-AF555

in orange, Blood lineage markers-APC in red/white in the merge image, nucleus-DAPI in blue). C Dot plot showing mean + SEM of the number

of non-typical circulating cells in each category in the harvest of 72 HV donors and 75 MBC (Two-Way ANOVA followed by Sidak’s multiple
comparison test, ***P <0.0001). D Table shows the percentage donors with > 1 non-typical blood cell. E Dot plot showing mean + SEM

of the number of non-typical circulating cells of each type in the harvest of 75 MBC (Two-Way ANOVA followed by Sidak’s multiple comparison test,
*P<0.05) divided in patients receiving or not cytotoxic therapy. F Table shows median and range numbers of graph E
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(Fig. 5E-F) and a weak positive correlation between the
number of megakaryocytes and the number of CTCs
(Spearman’s r = 0.28; p = 0.01) was observed.

Unstained cells

A small number of cells were found in both HV and MBC
subjects that were nucleated and not stained by any of
the epithelial or leukocyte markers used in this study.
They represented 0.37% of all cells in MBC samples
(mean=>5 cells per donor) and 0.44% of all cells in HV
samples (mean=>5 cells per donor), with no statistically
significant difference between HVs and MBCs (Fig. 2). In
both HV and MBC samples, 91.6% of these cells (0.34%—
0.41% of all cells) were smaller than 20 pm in diameter.
Based on the size, it is reasonable to assume that these
cells are likely to be leukocytes not expressing any of the
protein markers used in this study. In both HV and MBC
samples, 8.4% of the unstained cells (around 0.03% of
all cells) were larger than 40 um. Morphologically, these
cells looked similar to the non-typical circulating cells
population.

Wright-Giemsa samples evaluation
Seven of the 76 eligible HV subjects and six of the 76
eligible MBC patients had non-evaluable WG samples,
leaving a total of 69 HV subjects and 70 MBC patients
being evaluable for the WG evaluation.

The purpose of the WG evaluation was to determine
if the IF-stained slides containing the cells harvested by
the Parsortix® PC1 System could be re-stained using WG
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reagents and evaluated by a pathologist for the identifi-
cation of malignant cells (CTCs) and to determine the
proportions of MBC patients and HV subjects with one
or more malignant cells (CTCs) harvested from their
peripheral blood using the Parsortix® PC1 System as
determined by a pathologist.

The results of the WG evaluation are summarized in
Fig. 6. It was noted by the pathologist during the review
of the WG-stained IF cytology slides that there was sig-
nificant cellular damage observed on the majority of the
slides, particularly in the WBCs and RBCs. In the 70
MBC patients with evaluable results from the review of
their WG-stained slide, 40 (57.1%, Wilson 95% CI=45.4%
— 68.0%) had no cells classified as being CTCs whereas 30
(42.9%, Wilson 95% CI=31.9% — 54.5%) had one or more
cells observed that were classified as malignant, includ-
ing 15 (21.4%, Wilson 95% CI=13.4% — 32.3%) with five
or more cells observed that were classified as malignant.
In the 40 MBC patients with no malignant cells identified
on their WG-stained slides, 14 (35%) had one or more
cells classified as CTCs by IF analysis. In the 30 MBC
patients with malignant cells identified on their WG-
stained slides, 16 (53%) had one or more cells classified as
CTCs by IF analysis. In the 69 HV subjects with evaluable
results from the review of their WG-stained IF cytology
slides, 66 (95.7%, Wilson 95% CI=88.1% — 98.5%) had
no cells classified as being malignant whereas 3 (4.3%,
Wilson 95% CI=1.5% — 11.9%) had one or more cells
observed that were classified by the pathologist as being
malignant and 2 (2.9%, Wilson 95% CI=0.9% — 9.9%)
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Fig. 6 WG evaluation results. A Dot plot shows median +95% Cl of the number of malignant cells (CTCs) identified in each MBC and HV donor
by WG. A statistically higher number of CTCs were found in MBC patients compared to HVs (p>0.001, Median test). B Table shows number

of donors included in each cohort (N), range, median and average number of CTCs identified within each cohort, and, using CTC thresholds

of 0,>1,>2,>3,>4,>5 and > 10 CTCs identified, the number and percentage of donors within each CTC category along with Wilson 95%

ClI's for each proportion. The Fisher's exact test p-values shown are for the comparison of the proportions of HV subjects and MBC patients

with less than vs. greater than or equal to varying numbers of CTCs observed on the WG-slides, and in each instance up to>5 CTCs, a significantly
higher proportion of MBC patients were CTCs positive compared to the HV subjects
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had five or more cells observed that were classified as
malignant. In the 66 HV subjects with no malignant cells
identified by WG analysis, 4 (6%) had one or more cells
classified as CTCs by IF analysis. Of the 3 HV subjects
with malignant cells identified by WG analysis, none of
them had any cells classified as CTCs by IF analysis.

Taken together, as shown in Fig. 6, a significantly
higher proportion of MBC patients were CTCs positive
compared to the HV subjects using any cut off for CTCs
from>1to>5.

Table 3 below summarizes the proportions of HV sub-
jects and MBC patients with cells observed on their WG-
stained IF cytology slides that were classified as CTCs
within various demographical and clinical character-
istic subgroupings. Similar to what was observed in the
by IF analysis, a significantly higher proportion of MBC
patients with one or more cells classified as malignant
was observed in the port collected blood samples com-
pared to the venous blood samples (>1 CTC: 66.7% vs.
12.9%, respectively, p-value<0.001;>5 CTC: 38.5% vs.
0.0%, respectively, p-value <0.001). It was also found that
a significantly greater proportion of MBC patients who
reported being on a cytotoxic therapy had one or more
cells classified as malignant compared to those not on a
cytotoxic therapy (>1 CTC: 63.3% vs. 27.5%, respectively,
p-value=0.004;>5 CTC: 40.0% vs. 7.5%, respectively,
p-value=0.002).

Discussion

The ANG-008 study was designed to determine the pro-
portion of HV subjects and MBC patients that have one
or more CTCs harvested from a minimum of>5 mL
of blood using the Parsortix® PC1 System and identi-
fied using IF or cytology evaluations. Both downstream
assays used in this study require deposition of the har-
vested cells onto a slide. As previously reported in the
ANG-002 HOMING Clinical Study [27] and in Addi-
tional File 6, a substantial proportion of the cells har-
vested by the Parsortix® PC1 System are not retained
on the Cytospin' " slides when using cytocentrifugation.
Unfortunately, this cell loss is an unavoidable limitation
of any conventional centrifugation-based cytology slide
preparation method, including the optimized method
used in these studies. These observations must be kept in
mind when evaluating the proportion of donors that have
one or more observable tumor cells identified on their
cytology slides. Given this large cell loss, it is possible
that a larger proportion of MBC patients had CTCs pre-
sent in their Parsortix® PC1 System harvests, but these
cells were simply not retained on the cytology slides.
Other downstream analysis techniques (e.g. molecular
evaluations) may be able to utilize cells captured by the
Parsortix® PC1 System that are harvested directly into a
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tube without subsequent manipulations of the harvested
material that could potentially lead to cell losses.

Despite the significant cell losses caused by the cyto-
centrifugation method used for the preparation of the
cytology slides, a significantly larger proportion of MBC
patients had one or five or more cells identified as epi-
thelial CTCs by IF (DAPI+, CD- and EpCAM +and/or
CK+ cells) compared to HV subjects. These results dem-
onstrate that cells harvested by the Parsortix® PC1 Sys-
tem can be evaluated using IF staining techniques and
that only a very small proportion of the HV subjects had
cells harvested by the Parsortix® PC1 System that were
identified as epithelial cells using IF evaluation. Interest-
ingly, a high proportion of the CTCs identified did not
express EpCAM, highlighting the limitations of using
EpCAM-based approaches to capture CTCs. The signifi-
cance of the circulating epithelial cells in the HV subjects
is unknown, but other investigators using IF staining
with similar targets have also shown a small proportion
of subjects without disease having cells that appear to be
of epithelial origin identified in their bloodstream [33]. It
is interesting to note that the HV subject with 28 CTCs
identified on their IF-stained cytology slide was pregnant
at the time of their blood donation, with the intriguing
possibility that the isolated CKs expressing cells could
represent circulating fetal cells [34—36].

Epithelial CTC clusters were identified by IF in 56% of
the MBC patients that had at least one cell classified as
a CTC, indicating that the Parsortix® PC1 System cap-
turing process does not disrupt cells aggregates and bio-
logical adhesions, in contrast to other CTC detection
apparatuses [32, 37—39]. As clusters of CTCs and clusters
of CTCs with leukocytes are found to have differential
biological features [32, 39], such as an enhanced survival
and metastatic potential, the potential to harvest intact
CTC clusters further expands the possible applications
of the System for evaluation of prognosis, diagnosis and
therapy of the metastatic cancer.

Additionally, by IF staining, it was also possible to fur-
ther characterize the Parsortix® PC1 Systems’ harvests.
The filtration method used in the System was able to
eliminate > 99.99% of the leukocytes present in the blood
sample with a small number still retained. This is likely
due to the varying sizes of leukocytes, with the larger
and less compressible ones being captured in the criti-
cal gap of the separation cassette alongside CTCs, fur-
ther highlighting the importance of using sensitive and
specific downstream methods for discerning CTCs from
leukocytes. Other non-typical circulating cells of inter-
est were also identified. Based on their large size and a
review of the literature [40-45], it is hypothesized that
the smaller non-typical circulating cells are megakaryo-
cytes that have released their platelets and, therefore,
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Table 3 CTC Prevalence Rates from WG-Stained Cytology Slides by Various Demographics and Clinical Characteristics. The Fisher’s
exact test p-values shown (when applicable) are for the comparison of the proportions of either HV subjects or MBC patients with and
without one or more CTCs or five or more CTCs between the various clinical and demographical groupings

Parameter and Categories Eligible Subjects with Evaluable WG-Stained Slides
All HV Subjects All MBC Patients
N >=1CTC >=5CTC N >=1CTC >=5CTC
All Patients 69 3(4.3%) 2(2.9%) 70 30 (42.9%) 15 (21.4%)
Age at the time of the blood collection
<30 14 1(7.1%) 1(7.1%) 0 0(0.0%) 0 (0.0%)
30—39 30 1(3.3%) 1(3.3%) 2 1(50.0%) 1(50.0%)
40—49 13 0 (0.0%) 0(0.0%) 7 6 (85.7%) 3 (42.9%)
50—59 8 1(12.5%) 0 (0.0%) 12 2 (16.7%) 0 (0.0%)
60—69 0 (0.0%) 0(0.0%) 23 13 (56.5%) 6 (26.1%)
>=70 0 0 (0.0%) 0(0.0%) 26 8 (30.8%) 5(19.2%)
Fisher’s Exact Test p-value 0.528 0.815 0011 0.097
Blood Collection Method
Venipuncture 69 3 (4.3%) 2 (2.9%) 31 4 (12.9%) 0 (0.0%)
Port 0 0 (0.0%) 0(0.0%) 39 26 (66.7%) 15 (38.5%)
Fisher’s Exact Test p-value — - 0.000 0.000
Volume of Blood Processed
<8.0mL 19 1(5.3%) 0(0.0%) 16 4 (25.0%) 1(6.3%)
8.5—9.0 mL 30 2 (6.7%) 2(6.7%) 21 9 (42.9%) 2(9.5%)
9.5 mL 14 0 (0.0%) 0(0.0%) 21 13 (61.9%) 9 (42.9%)
>10.0 mL 6 0 (0.0%) 0(0.0%) 12 4(33.3%) 3(25.0%)
Fisher’s Exact Test p-value 1.000 0.757 0.134 0.023
Menopausal Status
Pre-Menopausal 54 2 (3.7%) 1(1.9%) 7 4 (57.1%) 3 (42.9%)
Post-Menopausal 12 0 (0.0%) 0 (0.0%) 60 26 (43.3%) 12 (20.0%)
Unknown 3 1(33.3%) 1(33.3%) 3 0 (0.0%) 0 (0.0%)
Fisher’s Exact Test p-value 0.199 0.114 0.367 0.263
Race
White 62 3 (4.8%) 2(3.2%) 64 26 (40.6%) 12 (18.8%)
Black 1 0 (0.0%) 0 (0.0%) 6 4 (66.7%) 3(50.0%)
Other 6 0 (0.0%) 0(0.0%) 0 0(0.0%) 0(0.0%)
Fisher’s Exact Test p-value 1.000 1.000 0.391 0.108
Smoking Status
Never Smoked 45 2 (4.4%) 2 (4.4%) 34 14 (41.2%) 6 (17.6%)
Previous Smoker 21 1(4.8%) 0(0.0%) 31 13 (41.9%) 9 (29.0%)
Current Smoker 2 0 (0.0%) 0(0.0%) 5 3 (60.0%) 0(0.0%)
Unknown 1 0 (0.0%) 0(0.0%) 0 0(0.0%) 0(0.0%)
Fisher’s Exact Test p-value 1.000 1.000 0.808 0.310
Previous History of Cancer?
Yes 1 0(0.0%) 0(0.0%) 4 1(25.0%) 0(0.0%)
No 68 3 (4.4%) 2(2.9%) 66 29 (43.9%) 15 (22.7%)
Fisher’s Exact Test p-value 1.000 1.000 0.630 0.571
Current Diagnosis of Hypertension?
Yes 4 0(0.0%) 0(0.0%) 38 20 (52.6%) 8(21.1%)
No 65 3 (4.6%) 2(3.1%) 32 10 (31.3%) 7(21.9%)
Fisher’s Exact Test p-value 1.000 1.000 0.092 1.000

Current Diagnosis of High Cholesterol?
Yes 2 0(0.0%) 0(0.0%) 15 7 (46.7%) 3(20.0%)




Ciccioli et al. J Exp Clin Cancer Res (2024) 43:240

Table 3 (continued)
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Parameter and Categories Eligible Subjects with Evaluable WG-Stained Slides

All HV Subjects

All MBC Patients

N >=1CTC >=5CTC N >=1CTC >=5CTC

No 67 3(4.5%) 2 (3%) 55 23 (41.8%) 12 (21.8%)

Fisher’s Exact Test p-value 1.000 1.000 0.775 1.000
Current Taking Growth Factors?

Yes 0 0(0.0%) 0(0.0%) 2 2 (100.0%) 1(50.0%)

No 69 3(4.3%) 2(2.9%) 68 28 (41.2%) 14 (20.6%)

Fisher’s Exact Test p-value - - 0.180 0.385
Current Taking Anti-Coagulants?

Yes 0 0(0.0%) 0(0.0%) 11 5 (45.5%) 4 (36.4%)

No 69 3(4.3%) 2(2.9%) 59 25 (42.4%) 11 (18.6%)

Fisher’s Exact Test p-value - - 1.000 0.233
Current Taking Anti-Inflammatories?

Yes 3 0(0.0%) 0(0.0%) 32 11 (34.4%) 6 (18.8%)

No 66 3(4.5%) 2 (3.0%) 38 19 (50.0%) 9 (23.7%)

Fisher’s Exact Test p-value 1.000 1.000 0.230 0.772
Current Taking Pain Medications?

Yes 3 0(0.0%) 0(0.0%) 46 20 (43.5%) 10 (21.7%)

No 66 3(4.5%) 2(3.0%) 24 10 (41.7%) 5(20.8%)

Fisher’s Exact Test p-value 1.000 1.000 1.000 1.000
Current Taking Cytotoxic Therapies?

Yes 0 0(0.0%) 0(0.0%) 30 19 (63.3%) 12 (40.0%)

No 69 3(4.3%) 2(2.9%) 40 11 (27.5%) 3(7.5%)

Fisher’s Exact Test p-value - - 0.004 0.002
Breast Cancer ER Status

Positive 0 0(0.0%) 0 (0.0%) 62 24 (38.7%) 12 (19.4%)

Negative 0 0(0.0%) 0(0.0%) 8 6 (75.0%) 3(37.5%)

Fisher’s Exact Test p-value - — 0.066 0.355
Breast Cancer PR Status

Positive 0 0 (0.0%) 0 (0.0%) 52 20 (38.5%) 10 (19.2%)

Negative 0 0 (0.0%) 0 (0.0%) 18 10 (55.6%) 5(27.8%)

Fisher’s Exact Test p-value - - 0.272 0.510
Breast Cancer HER2-neu Status

Positive 0 0(0.0%) 0 (0.0%) 16 10 (62.5%) 7 (43.8%)

Equivocal 0 0 (0.0%) 0 (0.0%) 6 1(16.7%) 0 (0.0%)

Negative 0 0(0.0%) 0 (0.0%) 41 15 (36.6%) 7(17.1%)

Unknown 0 0 (0.0%) 0 (0.0%) 7 4(57.1%) 1(14.3%)

Fisher’s Exact Test p-value — — 0.158 0.092
MBC Patient Disease Status

Newly Diagnosed 0 0 (0.0%) 0 (0.0%) 5 2 (40.0%) 0 (0.0%)

Stable / Responding 0 0(0.0%) 0 (0.0%) 42 21 (50.0%) 12 (28.6%)

Progressive / Recurrent 0 0(0.0%) 0 (0.0%) 23 7 (30.4%) 3(13.0%)

Fisher’s Exact Test p-value - - 0.345 0.217

appeared naked/cytoplasm free while the larger cells are
functioning megakaryocytes, which typically range up to
150 um in diameter. A recently published non-interven-
tional prospective study involving 59 patients with MBC

showed that megakaryocytes (confirmed by immunocy-
tochemistry staining with anti-CD61) were identified in
Parsortix® harvests of 52% of the MBC patients, corrobo-
rating the results presented in Additional File 4, showing
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that these cells are typically CD61+, a marker (platelet
glycoprotein IIIa) specific for the megakaryocytic lineage.
Additionally, a similar weak positive correlation, like the
one reported in our study, between the number of mega-
karyocytes and the number of CTCs (Pearson’s r=0.416
(95% CI 0.179-0.608); p=0.001) was reported in the lit-
erature [41]. Looking at correlations with demographic
information, it was found that a statistically higher num-
ber of non-typical blood cells (when combining small
and large) were present in donors receiving cytotoxic
therapy. While it is not possible to accurately point out
the cause of this increase, it was previously reported that
cytotoxic drugs can alter thrombopoiesis within the bone
marrow [46]. The clinical relevance of circulating mega-
karyocytes is still debated, with studies showing that high
number of megakaryocytes correlated with poor survival
in advanced prostate cancer [40]. This finding widens the
scope of use of the Parsortix® PC1 System, as the cap-
ture of megakaryocytes by the Parsortix® PC1 System
is justified by their large size, something not achievable
using epitope-based CTC detection methods. Isolation of
megakaryocytes by liquid biopsy may have a great impact
on future research as more is learned about their role in
cancer dissemination and correlation with CTCs, and
clusters.

It was also possible for a pathologist to identify malig-
nant cells (CTCs) by applying WG staining to the IF-
stained slides, with a significantly larger proportion of
MBC patients having one or five or more cells observed
as being malignant on the WG-stained slides gener-
ated from their Parsortix® PC1 System harvests com-
pared to the HV subjects. These results demonstrate
that cells harvested by the Parsortix® PC1 System can
be evaluated using another staining technique following
IF staining; however, the discordance between the cells
identified as epithelial CTCs by IF staining and the cells
identified as being malignant on the same slides by WG
staining should be noted. The cellular damage caused
by the IF staining procedure is the most likely cause for
the observed differences, but this needs to be investi-
gated further. Alternatively, it is possible the discordance
between the two methods is due to the lack of targeting
of mesenchymal CTCs in the IF assay. These cells are not
expected to express EpCAM and/or CK and would have
been classified as DAPI+cells only, whereas the cyto-
pathological review of the WG-stained cells would have
allowed for their identification based on morphology.

Additional correlation analyses between CTCs and
participants demographics showed that a significantly
increased proportion of MBC patients had one or more
cells classified as CTCs in port collected blood samples
compared to the venous blood samples. This correla-
tion was observed using both cytological evaluations and
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confirmed previously observed results obtained in the
ANG-002 clinical study [27], where it was speculated that
the increased CTC prevalence may be due to the fact that
blood from a central port comes directly from the tumor
without first filtering through additional capillary beds,
while peripheral blood drawn from antecubital veins has
likely circulated through both lung and peripheral capil-
laries after egressing from the tumor. Another possible
hypothesis for this finding is that patients with a central
port are usually receiving intravenous chemotherapy and,
thus, may have a more aggressive disease compared to
other MBC patients. The second correlation observed by
IF was related to the use of pain medications. Due to the
small sample size, nothing definitive can be concluded,
however, it may be another association with more aggres-
sive disease status. This correlation was not statistically
significant when using a CTC threshold of >5 CTCs.

In addition to the previously detailed limitation about
the use of cytocentrifugation, other limitations of this
study were:

Set Volume of Blood Not Used: The ANG-008 clinical
study specified that a minimum volume of blood needed
to be available (>5 mL) for the processing of each sam-
ple rather specifying that an exact volume of blood would
be used for each sample. The primary reason for this was
to reduce and minimize as much user intervention to the
blood as possible (for example, decanting or pipetting an
exact volume of blood into a separate vessel). Addition-
ally, because the aim was not the enumeration of cells,
but rather the capture and harvesting of cells for subse-
quent evaluation, it was felt that only a minimum volume
of blood should be specified to demonstrate the feasibil-
ity of using different types of downstream analyses on the
Parsortix® System harvests. We recognize that the use of
varying volumes of blood for each sample makes it more
difficult to directly compare results between samples that
used different volumes of blood. We also recognize that
there is variability in the numbers of cells between differ-
ent tubes (tube-to-tube variability).

Mesenchymal CTCs Not Assayed: The IF assay used
in this study only included markers to target epithelial
CTCs. However, it is known that tumor cells can undergo
epithelial-to-mesenchymal transition (EMT) when
entering the bloodstream to eventually establish distant
metastases. Therefore, the inclusion of antibodies to tar-
get mesenchymal markers in the IF panel would maxi-
mize the information that can be obtained from each
blood samples and potentially identify more clinically rel-
evant CTCs for analysis. Nevertheless, while mesenchy-
mal CTCs were not stained using the IF panel used in this
study, it is possible to assume that EMT cells, with low/
no expression of EpCAM and still retaining cytokeratins
expression, were indeed detected. Additionally, as shown
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in Fig. 2, the percentage/number of nucleated unstained
cells was comparable between HVs and MBC patients.
While it is not possible to decipher the exact nature of
these cells, the fact that comparable numbers are present
in the healthy and patients’ cohorts indicates that the
mesenchymal CTCs component was not very abundant
in the patients included in this study, as compared to the
already identified epithelial and EMT CTCs.

Clinical Utility Not Evaluated: The intention of the
ANG-008 clinical study was to demonstrate that the
Parsortix® PC1 System could capture and harvest CTCs
from the blood of metastatic breast cancer patients for
subsequent analysis using IF and WG staining. The clini-
cal utility of CTC enrichment in patients with MBC using
the Parsortix® PC1 System will need to be demonstrated
in follow-up studies using validated downstream evalua-
tion methods.

The IF staining process appeared to introduce a signifi-
cant amount of cellular damage, making the cytopatho-
logical review of the WG-stained slides more difficult.
Presumably this cellular damage was caused by the use
of acetone as the cellular fixative as well as the IF stain-
ing process which required permeabilization of the cells
due to the use of antibodies directed against intracellu-
lar targets. Fixation should be standardized to be able to
successfully combine alternative staining methods on the
same slide.

Conclusion

This study demonstrated that the population of cells cap-
tured and harvested using the Parsortix® PC1 System
could be evaluated using IF and WG staining, and that a
significantly larger proportion of MBC patients had one
or five or more cells defined as being malignant compared
to HV subjects. Interestingly, a majority of the cells clas-
sified as epithelial CTCs by IF did not express EpCAM,
further highlighting limitations of using EpCAM-based
approaches to capture CTCs. It was also possible to iden-
tify not only individual CTCs, but also clusters of CTCs
and other non-typical circulating cells of interest, demon-
strating that the Parsortix® PC1 System could potentially
be utilized to bridge the gap in CTC clusters analysis and
further expand the understanding of metastasis dissemi-
nation that can be obtained from a liquid biopsy.

Abbreviations

AF488 Alexa Fluor 488 dye

AF555 Alexa Fluor 555 dye

APC Allophycocyanin

BMI Body Mass Index

BSA Body surface area

CBC Complete Blood Count (CBC)
CFR Code of Federal Regulations
cl Confidence Interval

CTC Circulating tumor cell

CcK Cytokeratin
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DAPI 4’ 6-Diamidino-2-phenylindole

DNA Deoxyribonucleic acid

EDTA Ethylenediaminetetraacetic acid

EMT Epithelial-Mesenchymal Transition
EpCAM  Epithelial Cell Adhesion Molecule

ER Estrogen Receptor

FBS Fetal bovine serum

FDA Food and Drug Administration

GCP Good Clinical Practice

HER2 Human epidermal growth factor receptor-2
HV Healthy volunteer

ICH International Conference on Harmonization
IF Immunofluorescence

MBC Metastatic breast cancer

mL Milliliter

PBS Phosphate Buffered Saline

PR Progesterone Receptor

PC1 Parsortix® PC1 instrument designation
RBC(s) Red Blood Cell(s)

RNA Ribonucleic acid

SD Standard Deviation

SEM Standard Error of the Mean

SST Serum-separating tubes

us United States

WBC(s)  White blood cell(s)

WG Wright-Giemsa

uL Microliter

um Micron or micrometer
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Additional File 1. Mean analytical sensitivity and analytical specificity of
the CK8/CK18/CK19-AF488 panel. (A) Dot plot shows mean + SEM of the
percentage analytical sensitivity of the CK panel in SKBR3 cells harvested
from spiked blood of 20 healthy volunteers (N=20, mean=98%) separated
through Parsortix® instruments and percentage analytical specificity of
the CK panel in Hs 578T cells harvested from spiked blood of 12 healthy
donors (N=12, mean=100%) separated through Parsortix® instruments.
Only <1% (6/631) SKBR3 cells had a non-detectable CK signal indicating
an overall analytical sensitivity of 99%. No Hs 578T cells had detect-

able CK signal, indicating an overall analytical specificity of 100%. (B)
Representative image of a SKBR3 cell stained with the optimized panel.
(C) Representative image of a Hs 578T cell stained with the optimized
panel. Images were taken using a 10x objective on BioView Allegro Plus
automated imaging system and are shown with 4x post imaging zoom.
Merge colors: CD45/CD16/CD11b/CD61 (white), DAPI (blue), CK8/CK18/
CK19 (green). Micron bar= 30 ym

Additional File 2. Analytical sensitivity and analytical specificity of EpCAM-
AF555. (A) Dot plot shows mean + SEM of EpCAM MFI (normalized for
imaging exposure) in SKBR3, CaOV3, Hs 578T and WBCs. Line represents
MFI value indicating detectable signal. Data were obtained from cancer
cells harvested from spiked blood of healthy volunteers separated
through Parsortix® instruments. Analytical specificity was 100% as
detected by the absence of detectable signal in Hs 578T cells (0/13) and in
leukocytes (0/199). Analytical sensitivity was assessed in SKBR3 and CaOV3
cells with only 2/34 SKBR3 cells below the detectable threshold, indicating
analytical sensitivity of 94%, and 0/21 CaOV3 cells below the detectable
threshold, indicating analytical sensitivity of 100%. (B) Representative
images of EpCAM-AF555 staining in Hs 578T cells, CaOV3 cells, SKBR3 cells
and WBCs. Images taken using a 10x objective on BioView Allegro Plus
automated imaging system and are shown with 4x post imaging zoom.
Merge colors: CD45/CD16/CD11b/CD61 (white), DAPI (blue), CK8/CK18/
CK19 (green), EpCAM (red). Micron bar= 30 um

Additional File 3. (A) Dot plot shows mean + SEM of the percentage of
harvested cells (excluding spiked cancer cells) stained by CD45 in 12
healthy volunteers'harvests from Parsortix® instruments. An average
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of 96% of the leukocytes found in healthy volunteers’harvest samples
expressed CD45. (B) Representative image of leukocytes stained by CD45
(APC, red) and DAPI (blue) and negative for CK8/CK18/CK19 (AF488, green)
and EpCAM (AF555, orange). (C) Representative image of a SKBR3 cell
stained by CK8/CK18/CK19 (AF488, green), EpCAM (AF555, orange) and
DAPI (blue) and negative for CD45 (APC, red). Merge colors: CD45 (white),
DAPI (blue), CK8/CK18/CK19 (green), EpCAM (red). Images taken with
BioView Allegro Plus automated imaging system using a 10x objective
lens and shown with 4x post imaging zoom. Micron bar= 30 um

Additional File 4. (A) Dot plot shows mean + SEM of the absolute number
of CK+, EpCAM+/-, CDs- cells found when using CD45 alone, in combina-
tion with CD16/CD11b and in combination with CD16/CD11b/CD61,

with and without user morphological evaluation on the identified cells

in Parsortix® harvests of metastatic breast cancer and healthy volunteer
(HV) subjects. (B) Table shows percentage of samples with at least 1 CK+,
EpCAM+/-, CD- cell. (C) Histogram shows mean + SEM of the percent-
age of other non-typical circulating cells stained by CD61, CD16/CD11b
or unstained. Introduction of CD11b and CD16 into the CTCs exclusion
panel reduced the level of unidentified cells of epithelial origin in HV
samples from 70% to 50%, while no difference was observed in MBC
samples. The use of CD61 further reduced the proportion of cells that
were unidentified in HV subjects from 70% to 30%, while it did not affect
positivity rate in MBC patients. CD61 was expressed by a large percentage
of other non-typical blood cells, while no signal was observed in patients’
CTCs. Morphological evaluation further reduced unidentified epithelial
events in healthy subjects to 15%. (D) Representative image of a CTC (top)
and a non-typical circulating cell (bottom). Non-typical circulating cells
have diameter of 20 - 80 um and can be differentiated from CTCs based
on CKsignal distribution, cell size and nuclear/cytoplasmic ratio. Typically,
in CTCs, the CK signal is localized in the cytoskeleton, in a ring-like pattern.
CTCs are also characterized by misshapen nucleus, which appears brighter
and more condensed compared to leukocytes'nuclei. Non-typical blood
cells have a large nucleus (>20 pm in diameter) with no/limited cytoplasm
and present low CK expression localized as a diffused signal in the nuclear
area with an overlap between DAPI and CK signals. Slides were imaged
using a 10x objective on BioView Allegro Plus system and are shown with
4x post imaging zoom. Merge colors: CD61 (white), DAPI (blue), CK8/
CK18/CK19 (green), EpCAM (red). Micron bar = 30 um.

Additional File 5. Up to 15 contrived harvest sample slides containing
WBCs and SKBR3 cells were stained with the final optimized panel. MFI
(normalized for imaging exposure) of CK8/CK18/CK19 in AF488, EpCAM in
AF555 and CD45/CD16/CD11b/CD61 in APC was assessed in positive and
negative control cells to assess assay analytical sensitivity and specificity,
respectively. (A) Histogram shows mean + SEM of the MFI of each target in
positive and negative cells. Green, orange and red lines show MFI values
indicating detectable signal for CKs, EpCAM and CD45/CD16/CD11b/
CD61, respectively. Mann-Whitney test was applied for significance
between positive and negative cells, ****p<0.0001. Analytical specificity
and analytical sensitivity of CKs and CD markers was higher than 98%.
EpCAM expression in SKBR3 and WBCs varied with a positivity rate of 80%
and 6%, respectively. (B) Table shows number and percentage of SKBR3
cells (top row) and WBCs (bottom row) with detectable signal for CKs,
EpCAM or CD markers.

Additional File 6. CellTracker™ Orange prelabelled SKBR3 cells were
spiked into K,EDTA tubes from 16 healthy volunteer subjects and sepa-
rated through Parsortix® instruments within 8 hours from draw. Samples
were harvested into cytoslides and stained. Histogram shows mean +
SEM of the percentage of CellTracker™ Orange SKBR3 cells found in slide
before and after staining compared to the number of cells captured in
Parsortix® separation cassette. Approximately 4% cell loss was observed
following staining. Paired t-test applied; no statistically significant differ-
ence observed. The harvest processed combined with depositing cells
onto cytoslides caused a mean cell loss of 62.3%.

Acknowledgements

The authors would like to acknowledge and thank all the women who
participated in the clinical studies and provided their blood samples, as well
as the following individuals (previous employees of ANGLE Europe Limited,

Page 19 of 20

Study Sponsor) for their contribution to the conduct of the studies, processing
of samples, and evaluation of results: Natalia Bravo-Santano for the design of
Figure 4 and samples analysis, Victoria Hatton and Ofure Alenkhe for samples
staining and analysis.

Authors’ contributions

RM, MJC, DJO and MCM contributed to the conception and design of the
study. MC and ASPJ contributed to the development of the IF assay, staining,
imaging, and analysis of the IF data. MCM, MC and ASPJ contributed to the
statistical analysis and interpretation of the overall results. RM, KK, and NK
contributed to samples collection and processing on Parsortix® Systems. JDK
analyzed and interpreted the cytology data. MC collated the data and drafted
the final manuscript. All authors read and approved the final manuscript.

Funding
This work was fully funded by ANGLE Europe Limited.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

The ANG-008 study was approved by the University of Rochester’s Office for
Human Subject Protection Research Subject Review Board (FWA00009386,
IRB reference STUDY00003288, CTO# IBRS18143), and all participants provided
written informed consent prior to enrollment into the study. See Methods for
more details.

Consent for publication
Not applicable.

Competing interests

Authors MC, MJC, MCM and ASPJ are employees of ANGLE. DJO was an
employee at ANGLE. JDK has received honoraria as an ANGLE Scientific
Advisor.

Author details

' ANGLE Europe Limited, Guildford, UK. 2Division of Gynecologic Oncology,
Department of Obstetrics and Gynecology, Wilmot Cancer Institute, University
of Rochester Medical Center, Rochester, NY, USA. 3Department of Pathol-

ogy, Microbiology, and Immunology, University of Nebraska Medical Center,
Omaha, NE, USA. *ANGLE North America, Plymouth Meeting, PA, USA.

Received: 3 May 2024 Accepted: 3 August 2024
Published online: 21 August 2024

References

1. Poulet G, Massias J, Taly V. Liquid biopsy: general concepts. Acta Cytol.
2019;63:449-55. https://doi.org/10.1159/000499337.

2. Costa JL, Schmitt FC. Liquid biopsy: a new tool in oncology. Acta Cytol.
2019;63:448. https://doi.org/10.1159/000501355.

3. Alix-Panabiéres C, Pantel K. Liquid biopsy: from discovery to clinical
application. Cancer Discov. 2021;11:858-73. https://doi.org/10.1158/
2159-8290.CD-20-1311.

4. Alimirzaie S, Bagherzadeh M, Akbari MR. Liquid biopsy in breast cancer:
a comprehensive review. Clin Genet. 2019;95:643-60. https://doi.org/10.
1111/cge.13514.

5. Ignatiadis M, Sledge GW, Jeffrey SS. Liquid biopsy enters the clinic
— implementation issues and future challenges. Nat Rev Clin Oncol.
2021;18:297-312. https://doi.org/10.1038/541571-020-00457-x.

6. Alix-Panabiéres C, Pantel K. Clinical applications of circulating tumor cells
and circulating tumor DNA as liquid biopsy. Cancer Discov. 2016;6:479—
91. https://doi.org/10.1158/2159-8290.CD-15-1483.

7. Paoletti C, Hayes DF. Circulating tumor cells. Adv Exp Med Biol.
2016;882:235-58. https://doi.org/10.1007/978-3-319-22909-6_10.


https://doi.org/10.1159/000499337
https://doi.org/10.1159/000501355
https://doi.org/10.1158/2159-8290.CD-20-1311
https://doi.org/10.1158/2159-8290.CD-20-1311
https://doi.org/10.1111/cge.13514
https://doi.org/10.1111/cge.13514
https://doi.org/10.1038/s41571-020-00457-x
https://doi.org/10.1158/2159-8290.CD-15-1483
https://doi.org/10.1007/978-3-319-22909-6_10

Ciccioli et al. J Exp Clin Cancer Res

20.

21.

22.

23.

24.

25.

26.

27.

(2024) 43:240

Cherdyntseva NV, Litviakov NV, Denisov EV, Gervas PA, Cherdyntsev ES.
Circulating tumor cells in breast cancer: functional heterogeneity, patho-
genetic and clinical aspects. Exp Oncol. 2017,39:2-11. https://doi.org/10.
31768/2312-8852.2017.39(1):2-11.

Pantel K, Alix-Panabiéres C. Crucial roles of circulating tumor cells in the
metastatic cascade and tumor immune escape: biology and clinical transla-
tion. J Immunother Cancer. 2022;10: e005615. https://doi.org/10.1136/
jitc-2022-005615.

. Giuliano M, Giordano A, Jackson S, Hess KR, de Giorgi U, Mego M, et al.

Circulating tumor cells as prognostic and predictive markers in metastatic
breast cancer patients receiving first-line systemic treatment. Breast Cancer
Res. 2011;13:13. https.//doi.org/10.1186/bcr2907.

. MuZ,WangC,Ye Z Austin L, Civan J, Hyslop T, et al. Prospective assess-

ment of the prognostic value of circulating tumor cells and their clusters
in patients with advanced-stage breast cancer. Breast Cancer Res Treat.
2015;154:563-71. https://doi.org/10.1007/510549-015-3636-4.

. Harigopal M, Kowalski D, Vosoughi A. Enumeration and molecular charac-

terization of circulating tumor cells as an innovative tool for companion
diagnostics in breast cancer. Expert Rev Mol Diagn. 2020,20:815-28. https://
doi.org/10.1080/14737159.2020.1784009.

. Budd GT, Cristofanilli M, Ellis MJ, Stopeck A, Borden E, Miller MC, et al. Circu-

lating tumor cells versus imaging—predicting overall survival in metastatic
breast cancer. Clin Cancer Res. 2006;12:6403-9. https://doi.org/10.1158/
1078-0432.CCR-05-1769.

. Hayes DF, Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Miller MC, et al.

Circulating tumor cells at each follow-up time point during therapy of
metastatic breast cancer patients predict progression-free and overall sur-
vival. Clin Cancer Res. 2006;12:4218-24. https://doi.org/10.1158/1078-0432.
CCR-05-2821.

. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC, et al. Cir-

culating tumor cells, disease progression, and survival in metastatic breast
cancer. N EnglJ Med. 2004;351:781-91. https://doi.org/10.1056/NEJMO
A040766.

. de Freitas AJA, Causin RL, Varuzza MB, Calfa S, Hidalgo Filho CMT, Komoto TT,

et al. Liquid biopsy as a tool for the diagnosis, treatment, and monitoring of
breast cancer. Int J Mol Sci. 2022,23(17):9952. https://doi.org/10.3390/1JMS2
3179952.

. Zhang X, Ju S,Wang X, Cong H. Advances in liquid biopsy using circulating

tumor cells and circulating cell-free tumor DNA for detection and monitor-
ing of breast cancer. Clin Exp Med. 2019;19:271-9. https.//doi.org/10.1007/
$10238-019-00563-w.

. Lianidou ES, Markou A. Circulating tumor cells in breast cancer: detection

systems, molecular characterization, and future challenges. Clin Chem.
2011,57:1242-55. https://doi.org/10.1373/clinchem.2011.165068.

. Costa C, Davila-Ibariez AB. Methodology for the isolation and analysis

of CTCs. Adv Exp Med Biol. 2020;1220:45-59. https://doi.org/10.1007/
978-3-030-35805-1_4.

Hu X, Zang X, Lv Y. Detection of circulating tumor cells: advances and critical
concerns. Oncol Lett. 2021,21:422. https://doi.org/10.3892/01.2021.12683.
Riethdorf S, O'Flaherty L, Hille C, Pantel K. Clinical applications of the cell
search platform in cancer patients. Adv Drug Deliv Rev. 2018;125:102-21.
https://doi.org/10.1016/J.ADDR.2018.01.011.

Xu L, Mao X, Imrali A, Syed F, Mutsvangwa K, Berney D, et al. Optimization
and evaluation of a novel size based circulating tumor cell isolation system.
PLoS One. 2015;10(9):e0138032.

Andree KC, van Dalum G, Terstappen LWMM. Challenges in circulating
tumor cell detection by the cell search system. Mol Oncol. 2016;10:395-407.
https://doi.org/10.1016/JMOLONC.2015.12.002.

Topa J, Gre3ner P, Zaczek AJ, Markiewicz A. Breast cancer circulating tumor
cells with mesenchymal features-an unreachable target? Cell Mol Life Sci.
2022;79:79. https//doi.org/10.1007/500018-021-04064-6.

Gorges TM, Tinhofer |, Drosch M, Rése L, Zollner TM, Krahn T, et al. Circulating
tumour cells escape from EpCAM-based detection due to epithelial-to-
mesenchymal transition. BMC Cancer. 2012;12:12. https://doi.org/10.1186/
1471-2407-12-178.

Miller MC, Robinson PS, Wagner C, O'Shannessy DJ. The Parsortix cell sepa-
ration system-a versatile liquid biopsy platform. Cytometry A. 2018;93:1234—
9. https://doi.org/10.1002/CYTO.A23571.

Cohen EN, Jayachandran G, Moore RG, Cristofanilli M, Lang JE, Khoury JD,

et al. A multi-center clinical study to harvest and characterize circulating
tumor cells from patients with metastatic breast cancer using the Parsortix®

28.

29.

30.

31

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 20 of 20

PC1 system. Cancers (Basel). 2022;14: 5238. https://doi.org/10.3390/CANCE
RS14215238.

DEN200062 Trade/Device Name: Parsortix® PC1 Device Regulation Number:
21 CFR 866.6110 Regulation Name: Circulating tumor cell enrichment
device Regulatory Class: Class Il Product Code: QSA Dated: September 25,
2020 Received: September 28, 2020 n.d.

Breast cancer facts & figures 2019-2020. 2020. https://doi.org/10.1007/174_
2016_83.

Hess KR, Varadhachary GR, Taylor SH, Wei W, Raber MN, Lenzi R, et al. Meta-
static patterns in adenocarcinoma. Cancer. 2006;106:1624-33. https://doi.
org/10.1002/cncr.21778.

Soni A, Ren Z, Hameed O, Chanda D, Morgan CJ, Siegal GP, et al. Breast
cancer subtypes predispose the site of distant metastases. Am J Clin Pathol.
2015;143:471-8. https://doi.org/10.1309/AJCPYO5FSV3UPEXS.

Pifeiro R, Martinez-Pena |, Lopez-Lopez R. Relevance of CTC clusters in
breast cancer metastasis. Adv Exp Med Biol. 2020;1220:93-115. https://doi.
0rg/10.1007/978-3-030-35805-1_7.

JinL, Zhao W, Zhang J, Chen' W, Xie T, Wang L, et al. Evaluation of the diag-
nostic value of circulating tumor cells with CytoSorter® CTC capture system
in patients with breast cancer. Cancer Med. 2020;9:1638-47. https//doi.org/
10.1002/cam4.2825.

Seppo A, Frisova V, Ichetovkin I, Kim'Y, Evans MI, Antsaklis A, et al. Detec-
tion of circulating fetal cells utilizing automated microscopy: potential for
noninvasive prenatal diagnosis of chromosomal aneuploidies. Prenat Diagn.
2008;28:815-21. https://doi.org/10.1002/pd.1987.

Hatt L, Brinch M, Singh R, Maller K, Lauridsen RH, Schlttter JM, et al. A new
marker set that identifies fetal cells in maternal circulation with high speci-
ficity. Prenat Diagn. 2014;34:1066—72. https://doi.org/10.1002/PD.4429.
Mergenthaler S, Babochkina T, Kiefer V, Lapaire O, Holzgreve W, Hahn S. FISH
analysis of all fetal nucleated cells in maternal whole blood: Improved speci-
ficity by the use of two Y-chromosome probes. J Histochem Cytochem.
2005;53:319-22. https://doi.org/10.1369/jhc.4A6404.2005.

Amintas S, Bedel A, Moreau-Gaudry F, Boutin J, Buscail L, Merlio JP, et al.
Circulating tumor cell clusters: united we stand divided we fall. Int J Mol Sci.
2020;21:21. https://doi.org/10.3390/1JMS21072653.

Hong Y, Fang F, Zhang Q. Circulating tumor cell clusters: what we know and
what we expect (review). Int J Oncol. 2016;49:2206. https://doi.org/10.3892/
1J0.2016.3747.

Herath S, Razavi Bazaz S, Monkman J, Ebrahimi Warkiani M, Richard D,
O'Byrme K, et al. Circulating tumor cell clusters: insights into tumour dissemi-
nation and metastasis. Expert Rev Mol Diagn. 2020;20:1139-47. https://doi.
0rg/10.1080/14737159.2020.1846523.

Xu'L, Mao X, GuoT, Chan PY, Shaw G, Hines J, et al. The novel association of
circulating tumor cells and circulating megakaryocytes with prostate cancer
prognosis. Clin Cancer Res. 2017;23:5112-22. https://doi.org/10.1158/1078-
0432.CCR-16-3081.

Grasi¢ Kuhar C, Silvester J, Mencinger M, Ovéaricek T, Cemazar M, Miceska

S, et al. Association of circulating tumor cells, megakaryocytes and a high
immune-inflammatory environment in metastatic breast cancer. Cancers
(Basel). 2023;15:3397. https://doi.org/10.3390/CANCERS15133397/S1.
Kanikarla-Marie P, Lam M, Menter DG, Kopetz S. Platelets, circulating tumor
cells, and the circulome. Cancer Metastasis Rev. 2017;36:235-48. https://doi.
org/10.1007/510555-017-9681-1.

Machlus KR, Italiano JE. The incredible journey: from megakaryocyte devel-
opment to platelet formation. J Cell Biol. 2013;201:785-96. https://doi.org/
10.1083/jcb.201304054.

Thon JN, ltaliano JE. Platelets: production, morphology and ultrastruc-

ture. Handb Exp Pharmacol. 2012;210:3-22. https://doi.org/10.1007/
978-3-642-29423-5_1.

Scott GBD. Circulating megakaryocytes. Histopathology. 1982,6:467-75.
https://doi.org/10.1111/J.1365-2559.1982.TB02743 X.

Bakchoul T, Marini I. Drug-associated thrombocytopenia. Hematology.
2018;2018:576-83. https://doi.org/10.1182/ASHEDUCATION-2018.1.576.

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


https://doi.org/10.31768/2312-8852.2017.39(1):2-11
https://doi.org/10.31768/2312-8852.2017.39(1):2-11
https://doi.org/10.1136/jitc-2022-005615
https://doi.org/10.1136/jitc-2022-005615
https://doi.org/10.1186/bcr2907
https://doi.org/10.1007/s10549-015-3636-4
https://doi.org/10.1080/14737159.2020.1784009
https://doi.org/10.1080/14737159.2020.1784009
https://doi.org/10.1158/1078-0432.CCR-05-1769
https://doi.org/10.1158/1078-0432.CCR-05-1769
https://doi.org/10.1158/1078-0432.CCR-05-2821
https://doi.org/10.1158/1078-0432.CCR-05-2821
https://doi.org/10.1056/NEJMOA040766
https://doi.org/10.1056/NEJMOA040766
https://doi.org/10.3390/IJMS23179952
https://doi.org/10.3390/IJMS23179952
https://doi.org/10.1007/s10238-019-00563-w
https://doi.org/10.1007/s10238-019-00563-w
https://doi.org/10.1373/clinchem.2011.165068
https://doi.org/10.1007/978-3-030-35805-1_4
https://doi.org/10.1007/978-3-030-35805-1_4
https://doi.org/10.3892/ol.2021.12683
https://doi.org/10.1016/J.ADDR.2018.01.011
https://doi.org/10.1016/J.MOLONC.2015.12.002
https://doi.org/10.1007/S00018-021-04064-6
https://doi.org/10.1186/1471-2407-12-178
https://doi.org/10.1186/1471-2407-12-178
https://doi.org/10.1002/CYTO.A.23571
https://doi.org/10.3390/CANCERS14215238
https://doi.org/10.3390/CANCERS14215238
https://doi.org/10.1007/174_2016_83
https://doi.org/10.1007/174_2016_83
https://doi.org/10.1002/cncr.21778
https://doi.org/10.1002/cncr.21778
https://doi.org/10.1309/AJCPYO5FSV3UPEXS
https://doi.org/10.1007/978-3-030-35805-1_7
https://doi.org/10.1007/978-3-030-35805-1_7
https://doi.org/10.1002/cam4.2825
https://doi.org/10.1002/cam4.2825
https://doi.org/10.1002/pd.1987
https://doi.org/10.1002/PD.4429
https://doi.org/10.1369/jhc.4A6404.2005
https://doi.org/10.3390/IJMS21072653
https://doi.org/10.3892/IJO.2016.3747
https://doi.org/10.3892/IJO.2016.3747
https://doi.org/10.1080/14737159.2020.1846523
https://doi.org/10.1080/14737159.2020.1846523
https://doi.org/10.1158/1078-0432.CCR-16-3081
https://doi.org/10.1158/1078-0432.CCR-16-3081
https://doi.org/10.3390/CANCERS15133397/S1
https://doi.org/10.1007/S10555-017-9681-1
https://doi.org/10.1007/S10555-017-9681-1
https://doi.org/10.1083/jcb.201304054
https://doi.org/10.1083/jcb.201304054
https://doi.org/10.1007/978-3-642-29423-5_1
https://doi.org/10.1007/978-3-642-29423-5_1
https://doi.org/10.1111/J.1365-2559.1982.TB02743.X
https://doi.org/10.1182/ASHEDUCATION-2018.1.576

	Identification of circulating tumor cells captured by the FDA-cleared Parsortix® PC1 system from the peripheral blood of metastatic breast cancer patients using immunofluorescence and cytopathological evaluations
	Abstract 
	Background
	Materials and methods
	Ethical conduct of the study
	Sample size calculation
	Enrollment and sample collection
	Blood processing on Parsortix® PC1 instrument
	Cytology slide preparation
	Immunofluorescence staining and imaging
	Wright-Giemsa staining and cytological evaluation

	Results
	Immunofluorescence samples evaluation
	Leukocytes
	Circulating tumor cells
	Other non-typical circulating cells
	Unstained cells

	Wright-Giemsa samples evaluation

	Discussion
	Conclusion
	Acknowledgements
	References


