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Abstract

Context.——As circulating tumor cell (CTC) assays gain clinical relevance, it is essential to
address preanalytic variability and to develop standard operating procedures for sample handling
in order to successfully implement genomically informed, precision health care.

Objective.——To evaluate the effects of blood collection tube (BCT) type and time-to-assay
(TTA) on the enumeration and high-content characterization of CTCs by using the high-definition
single-cell assay (HD-SCA).

Design.——Blood samples of patients with early- and advanced-stage breast cancer were
collected into cell-free DNA (CfDNA), EDTA, acid-citrate-dextrose solution, and heparin BCTs.
Time-to-assay was evaluated at 24 and 72 hours, representing the fastest possible and more routine
domestic shipping intervals, respectively.

Results.——We detected the highest CTC levels and the lowest levels of negative events in
CfDNA BCT at 24 hours. At 72 hours in this BCT, all CTC subpopulations were decreased with
the larger effect observed in high-definition CTCs and cytokeratin-positive cells smaller than white
blood cells. Overall cell retention was also optimal in CFDNA BCT at 24 hours. Whole-genome
copy number variation profiles were generated from single cells isolated from all BCT types and
TTAs. Cells from CfDNA BCT at 24-hour TTA exhibited the least noise.

Conclusions.——Circulating tumor cells can be identified and characterized under a variety of
collection, handling, and processing conditions, but the highest quality can be achieved with
optimized conditions. We quantified performance differences of the HD-SCA for specific
preanalytic variables that may be used as a guide to develop best practices for implementation into
patient care and/or research biorepository processes.

Assessment of preanalytic variables is an important issue in diagnostic clinical laboratory
medicine. While technical assay validation for interassay and intra-assay variability is
routinely done, the conditions under which the sample is collected, the manner of
transportation from the patient to the laboratory bench, and the preanalytic sample
processing procedures are frequently insufficiently characterized and can lead to unstable
clinical interpretation.! Thus, assessing and controlling the preanalytic handling of
biospecimens is essential for their optimal and routine use. Preanalytic variables can
introduce in vitro modifications, either systematically or randomly, that adversely affect
interpretation of results, thus putting the associated clinical decision-making at risk. When
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test results deviate from the expected, the analytic integrity is often questioned rather than
the preanalytic integrity of the result. Yet, data show that most errors in a clinical chemistry
laboratory are due to preanalytic factors.2:3

Liquid or fluid biopsies are minimally invasive blood tests that detect rare circulating tumor
cells (CTCs) and circulating cell-free tumor nucleic acids. Thus, a blood sample is a
biospecimen providing a source of rare cellular and acellular analytes that are relevant to
various clinical contexts, and may be measured by using various platforms.

The utility of CTC and cellular or cell-free nucleic acid measurements rests on offering
increased precision and timeliness of information. Precision medicine for oncology relies on
the identification of the appropriate molecular tumor target, using validated assays.
Currently, bulk tumor tissue derived from a biopsy, generally from the primary tumor, is
used to determine molecular targets at a single time point, most often in treatment-naive
patients. Repeated biopsies cannot routinely be performed owing to the risks they pose for
patients; they are often painful, costly, and take time to obtain. In addition, a bulk tissue
sample may not accurately represent the complete, relevant molecular profile, owing to the
complexities of tumor heterogeneity, both within a tumor and between a primary tumor and
metastases.*® As a complementary assay, a single-cell-based liquid biopsy may better
capture the heterogeneity of the disseminated disease, and most importantly, it can be
repeated longitudinally to reflect the natural and treatment-induced evolution of the disease.
Naturally, the ability of a liquid biopsy to represent the disseminated disease heterogeneity
and its predictive value for specific therapeutic interventions has to be established for each
particular clinical case. However, all cases are dependent on delivery of a high-quality
sample to the analytic platform. Thus, characterization of the preanalytic variables of the
liquid biopsy is an important parameter for human-scale spatiotemporal research and for
companion diagnostic development. It is a prerequisite to allow for the clinical success of
the implementation of the fluid biopsy approach in the clinical management of patients with
cancer.5

The goal of this study was the evaluation of preanalytic variables on the identification of rare
cells in blood for high-content analysis. The approach was to use a previously developed and
technically validated high-definition single-cell analysis assay (HD-SCA)’~11 as a model
platform to investigate the differences between 4 commonly used blood collection tubes
(BCTs) and 2 time points from blood draw to assay. The effects of other preanalytic
variables were not explored. We compared the performance of the assay in terms of cell
enumeration and also evaluated the results of single-cell genomics, a downstream analysis
intrinsic to the HD-SCA platform.

High-definition SCA is one of the second-generation platforms for CTC detection. Itis a
direct-analysis approach to identify rare cells and characterize them at the cellular, protein,
and molecular level, developed at the Scripps Physics Oncology Center (San Diego,
California) and licensed to Epic Sciences (San Diego, California) for commercial
development.”~11 The HD-SCA directly converts a liquid sample to a cytology-type
preparation of all nucleated cells on a glass slide. Each tube of blood can produce
approximately 12 identical samples that are stored in a biorepository, hence allowing for
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repeated analyses. This direct-analysis assay has the advantage of enabling both enumeration
and high-content characterization of specific subclasses of rare cells at the single-cell level,
based on high-definition morphologic, genomic, and protein expression data for the
characterization of the disease across a wide range of scales and applications.

MATERIALS AND METHODS
Study Design

Women with breast cancer participated in the ongoing prospective Physical Sciences in
Oncology Study (PSOC-0068) entitled OPTICOLL (OPTImization of blood COL Lection).
A total of 100 patients were enrolled between April 2013 and June 2015 at 2 clinical sites in
the United States, namely, Billings Clinic (Billings, Montana) and Duke University
(Durham, North Carolina). Separate recruitment and study schedules for women with early-
stage disease and women with metastatic disease were established. Patients with early-stage
disease had 2 study-related blood draws: before any initial treatment and 3 to 8 weeks after
starting primary therapy. Patients with metastatic disease were eligible for participation at
the start of a new line of therapy, either as a first line of therapy or after experiencing
progression while receiving therapy for treatment of metastatic disease. These patients had a
potential for up to 12 study-related blood draws at intervals of 8 to 12 weeks, coordinated
with routine clinic visits. This collection scheme was designed for screening and
reproducible identification of circulating rare cells, and not intended for clinical outcome
correlation. An institutional review board at each site approved all procedures, and all study
participants provided written informed consent.

Study participants underwent phlebotomy of up to 40 mL of blood into a syringe, which was
then redistributed into 8 BCTs. Four types of BCTs were used: cell-free DNA (CfDNA; Cat
No. 218962, Streck Laboratories, Omaha, Nebraska), EDTA (Cat No. 367861, Becton,
Dickinson and Company, Franklin Lakes, New Jersey), acid-citrate-dextrose (Cat No.
VT4816, VWR, Radnor, Pennsylvania), and heparin (Cat No. 367884, Becton, Dickinson
and Company). Blood was drawn into 2 duplicate sets of 4 BCTs; each set included all tube
types. Tube brand and lot number were tracked throughout the study and between clinical
sites. Expiration dates on tubes were checked, as the vacuum in evacuated systems decreases
with tube age and can affect the blood draw and filling of the tube. Variables such as
anatomic draw location, needle gauge, and tube fill number were tracked but not controlled
for, with a standardized questionnaire.

Identification and Characterization of Rare Cells

Blood samples were shipped at an average temperature of 22°C to the central laboratory via
FedEx (Memphis, Tennessee) priority overnight. One set of 4 BCTs (1 CfDNA, 1 EDTA, 1
citrate, 1 heparin) was randomly selected and processed 24 hours after time of draw, that is,
time-to-analysis (TTA) was 24 hours. The remaining set of 4 BCTs was stored at room
temperature and processed 2 days later, producing a TTA of 72 hours.

All blood samples were processed as previously described.® White blood cells (WBCs) were
counted in whole blood by using the M series open vial sampling system analyzer (Cat No.
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1400073, Clinical Diagnostics Solutions, Plantation, Florida). Each sample was treated
independently regardless of tube type or TTA. The trained technologist processing the
sample was randomly selected, not controlled but tracked. The WBC count was used to
determine the volume of whole blood required to create slides, assuming a maximum
deposition of 3 million WBCs per slide. The active area of a slide had a capacity of 750 pL.
Red blood cells were lysed and nucleated cells were subsequently plated as a 750-pL
monolayer on custom-made cell adhesion slides (Cat No. 0909100091, Marienfeld, Lauda,
Germany). A minimum of 6 and as many as 12 replicate slides for rare cell identification and
characterization were prepared and stored at ~80°C until further analysis.®

For this study, we used a protocol based on the published high-definition circulating tumor
cell (HD-CTC) assay that included a cocktail of pan-cytokeratin (CK) (Cat No. C2562,
Sigma-Aldrich, St Louis, Missouri), CK19 (Cat No. M088801, Dako, Santa Clara,
California), CD45 (Cat No. MCA87A-647, Bio-Rad, Hercules, California), and DAPI (4,6-
diamidino-2-phenylindole, dihydrochloride; Cat No. D1306, Invitrogen, Waltham,
Massachusetts), plus antibody SP1 (Cat No. RM-9101-S, Thermo Scientific, Waltham,
Massachusetts) for the evaluation of estrogen receptor (Janett Stoer, MS, unpublished data,
2013). Secondary antibodies were goat anti-mouse 1gG1 Alexa Fluor 555 conjugate (Cat No.
A-21127) and goat anti-rabbit 1gG (H+L) Alexa Fluor 488 conjugate (Cat No. A-11034)
from Life Technologies (Waltham, Massachusetts). The number of total retained cells was
estimated by DAPI-stained nuclei counts. Cells that were CK*, CD45~, with intact DAPI
staining, and generally larger and morphologically distinct from surrounding WBCs
(annotated as “HD-CTCs”), as well as cells that only partially met these criteria (marginal
CTC populations), were recorded.1% Marginal populations included the following: (1) “CTC-
Small”: CK*, CD45™, intact DAPI-stained cells that were the same size or smaller than
neighboring WBCs; (2) “CTC-LowCK”: CK™ cells with CK levels lower than those of HD-
CTCs, CD457, and intact DAPI staining; and (3) “CTC-Ap”: CK* CD45™ cells with a DAPI
pattern of nuclear condensation and fragmentation and plasma membrane blebs that are
common features of apoptotic cells.1213

Positive events were defined as the total number of candidate cells (HD-CTC plus marginal
populations) detected per total number of retained cells. Other components of tumor-
produced material, or tumor-associated material, were not part of the scope of this work.
Negative events were defined as the total number of events not associated with DAPI nuclear
staining. Negative events are cellular and noncellular events that are identified by the system
can be used to assess sample deterioration; they essentially represent debris of various types
including cytoplasmic fragments, dust, and dye aggregates. These events were supplied to
the analyst by the classification algorithm based on the intensity of the fluorescent signals.
Once an event was classified as negative, it was removed from the cell classification
algorithm as part of the dynamic analysis process. As both positive and negative events are
expressed per total number of retained cells, we calculated the ratio of positive events to
negative events per test for each BCT.

Slides generated from BCTs processed at 24 hours that had at least 1 HD-CTC in a test of 2
slides took part in analysis | (BCT comparison). Slides from the tube type with best HD-
SCA performance at 24 hours and their matched slides from 72-hour TTA were then eligible
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for inclusion in analysis 1l (TTA comparison) with the goal of determining the best BCT and
TTA for the HD-SCA platform. Intraday assay reproducibility at different time intervals or
on multiple days was not addressed. Draws were excluded from analysis when fewer than 8
BCTSs were collected, if scheduled TTAs were not met, or if samples were incorrectly
processed.

All assay calculations were performed on a per test basis. One test corresponds to 2 slides
per blood sample evaluated.19 The technologists, microscopes, and analysis systems were
constant throughout this study.

Extraction of Single Cells and Whole-Genome Amplification

High-definition CTCs identified in the first draw of 1 patient with late-stage disease were
selected for single-cell next-generation sequencing. Sixteen to 20 cells identified in slides
generated from each BCT (CfDNA, EDTA, citrate, heparin) processed at 24-hour TTA and
from CfDNA BCT processed at 72-hour TTA were relocated on the glass slides and
reimaged at x40 magnification for detailed cytomorphometric analysis.? A total of 93 cells
were captured by micromanipulation!4 and subjected to whole-genome amplification
(WGA) and sequencing library construction.1® Whole-genome amplification was carried out
manually in a 96-well plate format with the WGA4 Genomeplex Single Cell Whole Genome
Amplification Kit (Sigma-Aldrich), followed by purification using a QlAquick 96 PCR
(polymerase chain reaction) Purification Kit (Qiagen, Hilden, Germany). Concentration of
eluted DNA was measured by using a Nanodrop 8000 (Thermo Scientific).

For each well, amplification was considered successful if the resulting DNA concentration
was 70 ng/uL or greater (elution volume of 50 uL), followed by further quality control to
confirm the appropriate sample size distribution with the Agilent 2100 Bioanalyzer (High-
Sensitivity DNA Assay and Kit, Agilent Technologies, Santa Clara, California). DNA
samples were also loaded into 1% agarose gels, electrophoresed, and subsequently
photographed under ultraviolet transillumination with a device camera. The GeneRuler DNA
Ladder Mix (Cat No. SM0334, Thermo Scientific) was included in all gels and used to
normalize band profiles between gels with the BioNumerics software (Applied Maths NV,
Sint-Martens-Latem, Belgium). This software identified bands in the same position in
different lanes of the gel and measured the intensity of the bands identified from digitized
images.

Sequencing and Bioinformatic Analysis

Low-depth sequencing was performed by multiplexing up to 50 amplified single copy DNAs
per lane of an Illumina HiSeq instrument (San Diego, California) and data were analyzed as
published.1516 The copy number variation (CNV) profiles in this work are based on 20 000
variable length genome bins, averaging a length of ~150 kilobase pairs each and counting
the total number of reads mapping in each bin. The bin count data were normalized for total
read count and guanine and cytosine (GC) content of each bin and converted into copy
number profiles by using the Circular Binary Segmentation algorithm. The data reported
here had a median count of 1.78 million uniquely mapping reads, with a range from 244 190
(minimum cutoff 200 000) to 5.33 million. The variances associated with the copy number
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profiles were calculated as the ratio of the normalized bin counts in each bin divided by the
mean ratio for the genome segment called by DNAcopy. To normalize this noise level by the
number of reads, we multiply it by the square root of the number of reads obtained for each
sample. For R = vector of normalized bin counts, S = vector of segment means computed by
DNAcopy, TR = total reads, the normalized variance score is variance (R/S)*sqrt(TR).
Cluster analysis and frequency analysis to define genomic alterations were performed as
described.1

Statistical Analysis

RESULTS

Graphic representation and statistical analyses were performed with GraphPad Prism
(GraphPad Software Inc, La Jolla, California). Friedman test was used to detect differences
in BCTs across patient samples, followed by post hoc analysis using Dunn tests to decide
which BCTs were significantly different from each other, based upon the mean rank
differences of the groups. Wilcoxon matched-pairs signed rank test was used to compare
TTA matched samples and to assess whether mean ranks were different.

DNA amplification success rates (dichotomous yes/no categorization) for single cells
analyzed from matched samples at each of the 5 conditions under comparison were
compared to detect any statistically significant differences by using XZ test. Kruskal-Wallis
test and Dunn multiple comparison tests were used to compare variance scores.

Multidimensional scaling of the WGA profiles was performed to visualize relationships in
the data sets under comparison, based on the relative band intensity and positions, using the
BioNumerics software.

Study Cohort

The experimental design of the study consisted of sample acquisition and 2 analyses (Figure
1). Analysis | consisted of various assay metrics for performance comparison among the 4
BCT types. Slides generated from BCTs processed at 24 hours that had 1 or more HD-CTCs
in a test of 2 slides were included in analysis | (BCT comparison). A total of 50 CTC-
positive draws were obtained from 119 complete sample sets of 4 BCTs. The positive draws
represented 38 unique subjects: 27 early-stage and 11 late-stage cases. The best performing
BCT was then the subject of analysis |1 comparing the 24-hour and 72-hour TTAsS.

Analysis I: Effect of Blood Collection Tube Type in Rare Cell Enumeration

Fifty sets of 4 BCTs were subjected to quantitative comparisons (Figure 2, A through D).
The highest numbers of CTC candidate cells (HD-CTCs and marginal populations) were
detected in the CFDNA BCT. No differences were found between EDTA, citrate, and heparin
BCTs. Citrate and heparin BCTs had comparable levels of total negative events detected per
test, whereas the CFDNA BCT had the lowest level. As a result, CFDNA BCT exhibited the
highest ratio of positive to negative events detected. Cell retention (million cells per test)
was not different between CFDNA (median, 4.33; interquartile range [IQR], 0.58), EDTA

Arch Pathol Lab Med. Author manuscript; available in PMC 2020 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez-Lee et al.

Page 8

(median, 4.42; IQR, 0.77), and citrate (median, 4.00; IQR, 0.85) BCTSs, whereas heparin
BCT (median, 3.40; IQR, 1.10) resulted in 21.4% fewer cells than CFDNA BCT.

Figure 3, A through D, shows the distribution across different subtypes of candidate cell
populations detected in the 4 BCT types. Higher numbers of HD-CTCs and CTC-LowCK
were detected in CFDNA BCT than in the other 3 BCTs. No differences between EDTA,
citrate, and heparin BCTs were observed. The CTC-LowCK subpopulation was mostly
detected in CFDNA BCT; its level was significantly reduced in the other 3 BCTs. CTC-Small
and CTC-Ap subpopulations exhibited less variation between BCTs. Citrate BCT had the
lowest levels of CTC-Small, whereas CFDNA, EDTA, and heparin BCTs had comparable
levels. Heparin BCT had the lowest levels of detected CTC-Ap, whereas CFDNA, EDTA,
and citrate BCTs had comparable levels.

The results of analysis | indicated that the CFDNA BCT showed the best performance at 24
hours. Therefore, we thawed and evaluated slides generated from 50 drawmatched CfDNA
BCTs that were processed at 72-hour TTA and included them in analysis I1.

Analysis Il: Effect of Time-To-Analysis in CTC Enumeration

Blood samples collected in CFDNA BCT exhibited differences in various assay metrics at
the 2 TTAs evaluated (Figure 4, A through D). The total number of candidate cells detected
was reduced at 72 hours. No differences between TTAs were found in the total number of
negative events detected but cell retention was decreased at 72 hours. The 24-hour TTA
exhibited a higher ratio of positive to negative events.

Figure 5, A through D, indicates the distribution across different subtypes of candidate cells
that were detected at 24-hour and 72-hour TTAs in matched CFDNA BCTs. At 72 hours,
reduced numbers of all CTC subpopulations were detected with the larger effect observed in
HD-CTC and CTC-Small subpopulations.

Single-Cell Next-Generation Sequencing and Copy Number Profiling

The HD-SCA platform has the ability to isolate single and grouped cells for further analysis
including single-cell genomics. Thus, we can then integrate phenotypic and genotypic data
to understand the alterations that occur in the tumor tissue as it evolves in the spatiotemporal
dimensions.1* We isolated HD-CTCs from 1 draw of 1 patient with late-stage disease. A
total of 93 HD-CTCs were selected from 5 evaluated slides, 1 slide from each of 5
conditions under comparison: 19 cells from CfDNA BCT, 24-hour TTA; 19 cells from
EDTA BCT, 24-hour TTA, 17 cells from citrate BCT, 24-hour TTA,; 20 cells from heparin
BCT, 24-hour TTA,; and 18 cells from CfDNA BCT, 72-hour TTA. All cells were subjected
to WGA. The fraction of cells that was successfully amplified ranged from 89% to 100%
and did not differ across the 5 conditions under comparison (P = .68, X2 test). Eighty-seven
single cells successfully underwent amplification: 17 cells from CfDNA BCT, 24-hour TTA,;
17 cells from EDTA BCT, 24-hour TTA; 17 cells from citrate BCT, 24-hour TTA; 19 cells
from heparin BCT, 24-hour TTA; and 17 cells from CfDNA BCT, 72-hour TTA. From each
successful amplification, a CNV profile was generated—uwith the exception of 1 HD-CTC
from citrate BCT, 24-hour TTA—resulting in 86 CNV profiles available.
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Processing of digitized images generated profiles for all lanes of the 5 different WGA gels.
Multidimensional scaling analysis was performed on the composite data set derived from the
combination of gel strips from successful WGA. This analysis indicated a specific clustering
pattern, depending on the BCT type and TTA. As the distance between 2 data points in the
3-dimensional multidimensional scaling plot is a visual representation of the difference in
the WGA composition of the different isolated cells, the multidimensional scaling analysis
indicated that WGA profiles from the cells isolated from the CFDNA BCT processed at 24-
hour TTA revealed the highest level of similarity, indicated by less distance, when compared
to the profiles from the other 4 conditions under comparison (Figure 6, A).

The noise associated with the copy number profiles was normalized to account for
differences in read depth, hence allowing sample-to-sample comparison. Samples with a
high noise would indicate a nonuniform distribution of reads stemming from uneven
amplification during WGA.. As this field is currently in development there is no historical
gold standard data for a calculation of this type. It is therefore impossible to predict a priori
the exact threshold for what would constitute a significant difference in these parameters. A
larger number of cells would probably be required for this analysis. However, we here show
that the CNV profiles from the cells isolated from the CFDNA BCT processed at 24-hour
TTA exhibited less noise with the lowest dispersion (interquartile) range when compared
with the other 4 sets of samples (Figure 6, B).

Complex patterns of genomic rearrangements were identified from 86 CNV profiles from all
5 conditions that were characterized by the presence of 3 different clonal lineages: clones 1,
2, and 3 (Figure 6, C). Clones 2 and 3 exhibited deletions on chromosomes 8 and 18, which
were absent in clone 1. Clone 1 exhibited an amplification on chromosome 11, which was
absent in clones 1 and 2.

Overall, these results suggest that these 4 BCT types when processed at 24 hours, and
CfDNA BCT when processed at 72 hours, enable single cell genomics. However, CFDNA
BCT at 24-hour TTA allows for the most robust and reproducible single-cell genomic
results.

DISCUSSION

The goal of the study was the evaluation of 2 preanalytic variables on the enumeration and
downstream characterization of CTCs as an essential step toward clinical implementation of
fluid or liquid biopsies that seek to recover and characterize whole cells. The approach was
to use the previously developed and validated HD-SCA as a model platform to investigate
the differences between 4 commonly used BCTs and 2 time points from blood draw to assay.

Anticoagulants are commonly added to collection tubes either to maintain blood in the fluid
state for hematologic testing or to obtain suitable plasma for coagulation and clinical
chemistry analyses. Depending on the expected downstream analyses, multiple collection
tube types involving different additives may be needed according to the anticipated
immediate and future analyses.}” The general recommendation is to follow a special order of
draw dependent on the additive in the tube to avoid cross-contamination among the tubes.18
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Historically, EDTA has been recommended as the anticoagulant of choice for hematologic
testing because it allows the best preservation of cellular components and morphology of
blood cells.1? Citrate has been the standard anticoagulant used by hematologists and blood
transfusion services for stored blood products and also as an extracorporeal anticoagulant for
centrifugal platelet and leucopheresis techniques and plasma exchange.20 Plasma isolated
from heparin BCTs is suitable for a wide range of determinations in chemistry. CFDNA BCT
is preferred for stabilization of cell-free plasma DNA. It contains EDTA as anticoagulant, a
formaldehyde-free preservative that may be selected from the group consisting of
diazolidinyl urea and imidazolidinyl urea, and a quenching agent for substantially abating
any free aldehyde from reacting with DNA within a sample. This cell-stabilizing reagent
mix has an advantage over aldehyde-based stabilizing agents because it prevents the release
of genomic DNA, thus allowing isolation of high-quality cell-free DNA and it has no
negative effect on DNA amplification by polymerase chain reaction.21:22 CfDNA BCT is
also known to stabilize cell-free RNA in blood during storage and transport at room
temperature for 3 days.23-2% Previous studies also found that CFDNA BCT preserves and
stabilizes spiked cancer cell lines in donor blood samples for at least 4 days at room
temperature.28

Results from analysis | indicated that the CFDNA BCT performs significantly better than the
other 3 (EDTA, citrate, heparin) with the highest detection levels of rare cells and the lowest
of total negative events. As the slides used by the HD-SCA are customized for retention of
intact cells, we hypothesize that cellular negative events resulting from the destabilization of
the cells within the tube over time may be washed away before plating, and are thus not
present on the slide. However, the excessive cellular negative events present in EDTA,
citrate, and heparin BCTs that lack the protective agent mix in CFDNA BCT may not have
been completely washed away. Noncellular negative events will be detected regardless of
BCT or TTA, as they include dust particles or dye aggregates.

Blood samples collected in CFDNA BCT exhibited differences in various assay metrics at
the 2 TTAs evaluated (analysis I1). Storage (sample age-related) artifacts can result in many
false changes in hematology results. When blood was collected in the same BCT, namely,
CfDNA BCT, but processed at 72 hours instead of at 24 hours, we detected fewer candidate
cells, with the larger effect observed in HD-CTC and CTC-Small, and lower total number of
cells retained on the slides. We hypothesize this is the result of the destabilization of the
cells within the tube over time, possibly due to a reduced effect of the protective agent mix.
No differences between TTAs were found in the total number of negative events detected
because the cellular negative events are equally washed away before plating at both TTAs.

It is known that aldehydes induce oxidative stress and apoptosis. The protective agent mix in
the CFDNA BCT claims to protect the CTCs by inhibiting all cellular metabolic activity in
CTCs in blood. As a result of metabolic inhibition, all apoptotic and necrotic pathways are
inhibited and CTCs are protected from cell degradation. Thus, we did not anticipate
increased levels of CTC-Ap at 72 hours. However, it should be noted that CTC-Ap, as
cataloged by the HD-SCA, comprises CK* CD45~ cells with cytoplasmic blebbing and/or
nuclear fragmentation. This categorization is based on coarse morphologic features rather
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than a biological characterization. Further investigation is needed to evaluate the expression
of specific apoptosis markers in this CTC-Ap population.

Low CTC incidence may limit the clinical utility of CTC assays. Therefore, increasing assay
sensitivity without increasing false-positive results in healthy controls is important. Here, we
have demonstrated that HD-SCA performance is optimized for high detection levels of rare
tumor cells when blood is collected into CFDNA BCT and processed within 24 hours of
collection. This BCT type and time from blood collection to assay also enabled robust
single-cell genomic downstream applications. Although other CTC platforms may have
specific features that require different collection methodologies, we argue that the basic
stability of the cells in the blood sample is a universal need, and that absent other specific
requirements, this work, using the HD-SCA platform as a model and surrogate for other
general CTC platforms, suggests an optimal blood collection tube, namely, CFDNA, and an
optimal time to assay, namely, 24 hours. Although we have demonstrated that both BCT type
and TTA significantly impact CTC detection, we cannot comment on whether and how these
variables may impact clinical utility. Ongoing studies aim to define the best analytic
approach to maximize clinical correlation. However, the results presented here provide an
important framework for understanding how preanalytic variables can impact the fluid
biopsy test results. The HD-SCA performance differences we have quantified may be used
as a best practices guide for site-specific implementation into patient care and/or research
biorepository processes.
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Patients with breast cancer

v
Blood collection in 8 BCTs

CfDNA CfDNA
EDTA EDTA
Citrate Citrate
Heparin Heparin
4 !
24-h TTA 72-h TTA
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Analysis I:
BCT
comparison
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performance in analysis |

'

Analysis Il:
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v

BCT and TTA with best HD-SCA
performance

Figurel.
Experimental design. Blood collected from patients with breast cancer was drawn into a

syringe and distributed among 4 different blood collection tube (BCT) types. All BCTs were
packaged and sent to University of Southern California (Los Angeles, California) on the
same day of collection. The 24-hour time-to-analysis (TTA) tubes were processed and stored
in the biorepository upon arrival. The 72-hour TTA tubes were stored at room temperature
and processed 72 hours after time of draw. Slides generated from BCTs processed at 24
hours that had 1 or more high-definition circulating tumor cells (HD-CTCs) in a test of 2
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slides were included in analysis | (BCT comparison). Slides from the tube type with best
HD-CTC assay performance at 24 hours and their matched slides from 72-hour TTA were
included in analysis Il (TTA comparison) with the goal of determining the best BCT and
TTA for the high-definition single-cell assay (HD-SCA) platform. Abbreviation: CFDNA,
cell-free DNA.
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Figure2.

Analysis I: blood collection tube (BCT) comparison. A, Circulating tumor cell (CTC)
candiaate cells enumerated per test included high-definition CTC and marginal CTC
populations as defined in Materials and Methods: CTC-Small, CTC-LowCK, and CTC-Ap.
P <.001: Cell-free DNA (CfDNA) BCT versus EDTA, citrate, or heparin BCTs. B, Total
negative events detected per test: total number of negative events per total number of
retained cells in 1 test of 2 slides per blood sample. P<.001: CIDNA BCT versus EDTA,
citrate, or heparin BCTs; EDTA BCT versus citrate BCT; EDTA BCT versus heparin BCT.
C, Number of total retained cells as estimated by the DAPI nuclear stain. P < .001: heparin
BCT versus CFDNA, EDTA, or citrate BCTs. D, Ratio of positive to negative events per test.
Positive events were defined as the total number of candidate cells detected per total number
of retained cells. P < .001: CfDNA BCT versus EDTA, citrate, or heparin BCTs. Friedman
test was used to detect differences in BCTs across patient samples, followed by post hoc
analysis using Dunn tests. Median and interquartile range are indicated. Abbreviation.
DAPI, 4°,6-diamidino-2-phenylindole, dihydrochloride.
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Figure 3.

Cell enumeration in analysis I. Circulating tumor cell (CTC) candidate cells identified
included high-definition circulating tumor cell (HD-CTC) (A) and marginal CTC
populations as defined in Materials and Methods: CTC-Small (B), CTC-LowCK (C), and
CTC-Ap (D). One test consisted of 2 slides per blood sample. Friedman test was used to
detect differences in blood collection tubes (BCTs) across patient samples, followed by post
hoc analysis using Dunn tests. P values: <.001 (A), .007 (B), <.001 (C), .001 (D). Median
and interquartile range are indicated. Abbreviation: CIDNA, cell-free DNA.
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Figure 4.

Analysis I1: time-to-assay comparison. A, Circulating tumor cell (CTC) candidate cells
enumerated per test included high-definition CTC and marginal CTC populations as defined
in Materials and Methods: CTC-Small, CTC-LowCK, and CTC-Ap. B, Total negative events
detected per test: total number of negative events per total number of retained cells in 1 test
of 2 slides per blood sample. C, Number of total retained cells as estimated by the DAPI
nuclear stain. D, Ratio of positive to negative events per test. Positive events were defined as
the total number of candidate cells detected per total number of retained cells. Wilcoxon
matched-pairs signed rank test was used to compare matched samples and to assess whether
mean ranks were differentP values.: <.001 (A), .61 (B), <.001 (C), .001 (D). Median and
interquartile range are indicated. Abbreviation: DAPI, 4°,6-diamidino-2-phenylindole,
dihydrochloride.
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Cell enumeration in analysis 1. Circulating tumor cell (CTC) candidate cells identified
included high-definition circulating tumor cell (HD-CTC) (A) and marginal CTC
populations as defined in Materials and Methods: CTC-Small (B), CTC-LowCK (C), and
CTC-Ap (D). One test consisted of 2 slides per blood sample. Wilcoxon matched-pairs
signed rank test was used to compare matched samples and to assess whether mean ranks
were different. P values: <.001 (A), <.001 (B), .04 (C), .009 (D). Median and interquartile
range are indicated.
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Figure 6.
Single-cell genomics. A, Three-dimensional multidimensional scaling analysis conducted on

the whole-genome amplification (WGA) profiles composite data set: yellow= cell-free DNA
(CfDNA) blood collection tube (BCT), 24 hours (17); blue= EDTA BCT, 24 hours (17);
purple=citrate BCT, 24 hours (16); green=heparin BCT, 24 hours (19), red= CFDNA BCT,
72 hours (17). Dimensions x, y, and z are arbitrary scales that represent the first, seconad, and
third components defined by the method to compare distances between entries of the
similarity matrix. Less distance indicates higher level of similarity. B, Variance of copy
number variation (CNV) profiles (n= 86). The noise associated with the copy number
profiles was calculated for each cell picked and amplified from each of the 5 conditions
under comparison as the variance of the ratio of the normalized bin counts in each bin
divided by the mean ratio for the genome segment called by DNAcopy as defined in
Materials and Methods. Kruskal-Wallis test and Dunn multiple comparison tests were used
to compare variance scores (P =.001). Median and interquartile range are indicated. C, Three
different clonal lineages, represented as clones 1, 2, and 3, were identified by comparison of
single-cell CNV profiles in an unsupervised hierarchical clustering (n= 86). The BCT and
time-to-analysis (TTA) from which each cell was isolated is indicated with colors as in (A).
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