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Abstract
Circulating tumor cells (CTCs) are indicative of metastatic disease in multiple types of solid tumors. Technologic advances in CTC enrichment have yielded 
profound variability in both quantity and phenotypic characteristics of CTCs. While size-based exclusion methods have improved the sensitivity of CTC capture, 
their diminished specificity requires subsequent robust cytopathologic identification of CTCs. In this study, we compared CTC counts from Isolation by Size 
of Epithelial/Trophoblastic Tumor cells (ISET®) filters sequentially stained by May-Grünwald/Giemsa (MGG), immunocytochemistry (ICC)/hematoxylin, and 
ICC/hematoxylin/eosin, followed by corresponding CTC criteria. An immune and endothelial cell cocktail of CD45/CD11b/CD31 antibodies adequately ruled 
out immune and endothelial cells, yet a substantial number of atypical morphologies with nuclear irregularity (i.e., circulating non-hematological/endothelial cells; 
CNHCs) were detected in both breast cancer cases and non-cancerous controls following hematoxylin nuclear counterstain. Cytoplasmic staining with eosin, 
significantly diminished CNHC counts. In conclusion, detection of CTCs from ISET filters using chromogenic ICC is feasible in conjunction with identification 
criteria of nuclear irregularity, negative reactivity to immune and endothelial cell markers, and presentation of visible cytoplasm. 
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Introduction
Breast cancer is the most commonly diagnosed malignancy as well 

as a leading cause of cancer-related mortality among women globally 
[1]. While prevention of recurrence is the primary goal for early-stage 
breast cancer, palliative care to alleviate symptoms and extension of 
survival time become the primary focus in metastatic disease. Therefore, 
accurate prediction of prognosis, as well as early detection of metastatic 
disease, are crucial for clinical management. 

Circulating tumor cells (CTCs) have been highlighted as a “liquid 
biopsy,” enabling non-invasive longitudinal disease monitoring [2,3]. 
CTCs are mediators of hematogenous metastasis, through which viable 
cancer cells from the primary tumor enter the circulation and infiltrate 
distant organs. Thus, the prevalence of CTCs is indicative of metastatic 
disease and associated with poorer clinical outcomes in multiple types 
of malignancies [4-6]. The first large, multi-institutional clinical study 
by Cristofanilli, et al. concluded that patients with ≥ 5 CTCs in 7.5 ml of 
pre-treatment blood have shorter progression-free survival compared 
to those with less than 5 CTCs [2]. Numerous studies have followed, 
investigating the clinical validity of CTCs in the prediction of prognosis 
[3,7-9] and therapy response [3,10,11]. Given the conceptual validity 
of CTCs as a prognostic marker, a number of new technologies for the 
detection of CTCs have emerged [12].

In circulation, CTCs represent only a minute fraction of a large 
number of circulating cells (immune, red blood, nontumoral epithelial 

cells, endothelial cells, and fibroblasts) [13-18]; therefore, high sensitivity 
and specificity are prerequisites for CTC isolation and characterization 
[13-15]. CellSearch® was the first FDA-approved semi-automated CTC 
detection system, in which CTCs are enriched based on the expression 
of epithelial marker (EpCAM), and subsequent identification based 
on positive expression of cytokeratins (CK), negative expression of 
immune cell marker (CD45), and a nuclear/cytosol ratio >50% [19]. 
While epithelial properties (i.e., EpCAM expression) are the broadly 
adopted basis for CTC enrichment strategies [19], loss of epithelial 
marker expression during epithelial-mesenchymal transition (EMT), 
presents a plausible concern for inadvertently lower CTC counts 
[20,21]. To address this, new enrichment strategies that exploit the 
differential physio-chemical properties of CTCs have emerged [22,23]. 
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Common morphologic abnormalities of carcinoma cells (e.g., enlarged 
nucleus and high nuclear density) compared to normal epithelial and 
immune cells provide the theoretic basis of physicochemical property-
based CTC enrichment strategies [24-27]. 

A size-based exclusion principle for CTC enrichment permits 
sensitive capture of CTCs on a porous filter (6.5 to 8.0 μm pores) with 
minimal biological bias (i.e., exclusion of EpCAM negative cells) [26,27]. 
Different technologies such as Isolation by Size of Tumor cells (ISET®) 
[28] and Screencells® substantially increase the detection sensitivity, 
yet a reduction in specificity demands cytopathologic identification 
of CTCs [25,29]. Previous works have used ISET (a size-based CTC 
enrichment method) to conduct blinded, multicenter studies evaluating 
the feasibility of CTC identification by May-Grünwald/Giemsa (MGG) 
staining and the following cytopathologic criteria: non-hematologic 
cells with visible cytoplasm having at least 4 of the following features– 
irregular nuclei, anisonucleosis (ratio>0.5), high nuclear/cytoplasmic 
ratio, nuclei larger than 24 μm, or the presence of tridimensional sheets 
[30,31]. Based on these criteria, CTCs were only detected in the blood 
of patients with malignant disease and were absent in healthy subjects 
[32]. Another study showed the superior sensitivity of CellSearch for 
the detection of CTCs in non-small cell lung cancer patients [33]. 
Despite the high sensitivity of ISET, CTC enumeration methods have 
not yet been standardized, yielding discordant results. In this study, 
we compared CTC counts through sequential staining of ISET filters 
with MGG, Immunocytochemistry (ICC)/hematoxylin and ICC/
hematoxylin/eosin, accompanied by corresponding cytomorphological 
criteria of CTCs to determine the optimal process for accurate CTC 
detection. 

Methods
Cases: Women newly diagnosed with breast cancer (Stage I-IV) 

from 2014 to 2016 (19 subjects) and non-cancerous individuals (5 
subjects) were enrolled (24 individuals total). Breast cancer patients 
with previous history of any malignancy or synchronous cancer were 
excluded from the study. All enrollees were consented for study as 
approved by the IRB committee of the University of Oklahoma Health 
Science Center and provided written informed consent. Peripheral 
blood (10 mL) was drawn before initiation of therapy. Blood was 
collected in a Vacutainer EDTA tube (BD Biosciences, Franklin Lakes, 
NJ, USA), delivered to the laboratory at ambient temperature, and 
processed within 2 hours of blood draw. 

CTC enrichment: CTCs were isolated from 10 mL of peripheral 
blood following the protocol described by ISET® (RareCells, Paris, 
France). Peripheral blood was mixed with formaldehyde and 
sodium hydroxide containing RareCells Buffer solution (pH 7.2) for 
simultaneous red blood cell rupture and formalin fixation for 10 min 
at room temperature under constant gentle reciprocal shaking and then 
filtered through a polycarbonate filter with a calibrated pore size of 8 μm 
under negative pressure (<10 kPa). The filter was gently washed with 
phosphate buffered saline (PBS) followed by DI water, then air-dried. 

May-Grünwald/Giemsa (MGG) staining of ISET filter: The 
stored filter was immersed in PBS for 1 hour to hydrate, then in a May-
Grünwald solution (Biolyon, France) for 5 min followed by 1:1 dilution 
of May-Grünwald solution for another 5 min at room temperature. The 
filter was then immersed in 1:10 dilution of Giemsa (Biolyon, France) 
for 40 min. After a brief wash with PBS and DI water, the dried filter was 
subjected to cytopathologic analysis under a light microscope. Filters 
with signs of hemolysis as well as clots were removed from the study. 

Immunocytochemistry (ICC): The MGG stained ISET filter was 
immersed in 0.5% acetic acid in 70% ethanol for 5 min. Antigen retrieval 
was performed at 60˚ C in Envision FLEX Target Retrieval Solution (high 
pH, Dako, Santa Clara, CA) for 10 min. The filter was then incubated for 
3 min to block endogenous peroxidase (Peroxidazed1, Biocare Medical, 
Concord, CA) followed by 2 min incubation in a blocking solution 
(Background Sniper, Biocare Medical). For enumeration of CTCs, the 
filter was incubated with an immune and endothelial cell [34] cocktail 
including anti-mouse monoclonal antibodies (BD Biosciences) for 
CD45 (1:150) , CD11b (1:100), and CD31 (1:100) overnight at room 
temperature. After a brief wash with PBS, the filter was incubated with 
secondary AP-polymer conjugated MACH2 anti-mouse IgG (Biocare 
Medical) for 30 min at room temperature, then visualized by Vulcan 
Fast Red (Biocare Medical) until the desired color appeared. Finally, 
the filter was counterstained with Harris Modified Hematoxylin (Fisher 
Chemical, Pittsburgh, PA), air-dried, and subjected to pathologic 
evaluation. The same filter was next subjected to further staining with 
Eosin (Ricca chemical, Arlington, TX). The filter was analyzed under 
a light microscope using Leica Application Suite Version 4.7 (Leica). For 
fluorescent staining, unstained filters were briefly immersed in PBS-Tween 
(0.01%) for 3 min, incubated with Hoechst 33342 for 5 min, and then eosin 
for 1 min. The cells were imaged by a fluorescent microscope (Leica).

CTC criteria: Circulating non-hematological/endothelial cells 
(CNHCs) with or without malignant features were enumerated from 8 
spots per subject, equivalent to 8 mL blood. CTC criteria for the MGG 
stained filter were visible cytoplasm with at least 4 of the following: 
nucleus/cytosol ratio >0.5, nuclei larger than a 3-calibrated pore size 
(>24 μm), irregular nuclei, the presence of tridimensional sheets, or 
anisonucleosis32. In ICC/hematoxylin, CTC criteria were adapted 
from previously reported studies as a CNHC with no reactivity to 
CD45/CD11b/CD31, with nuclear irregularity including nuclear/
cytoplasmic ratio >0.5, negative, and nuclear irregularities (size > 16 
µm, dense nucleus, nuclear indentation) [24,35]. CTC criteria for ICC/
hematoxylin/eosin was CNHCs with a nuclear/cytoplasmic ratio >0.5, 
and the presence of nuclear irregularities (size > 16 µm, dense nucleus, 
nuclear indentation) as well as intact plasma membrane. The longest 
diameter of the nucleus was measured using scale function. The term 
“malignant CNHCs” used in this study is equivalent to CTCs. 

Results
Consecutive CTC counting using different staining methods

To compare the accuracy of CTC detection, ISET filters were 
consecutively stained with 3 different methods– 1) MGG cytology 
staining, 2) ICC for CD45/CD11b/CD31 and hematoxylin staining, 
and 3) ICC for CD45/CD11b/CD31, hematoxylin, and cytoplasmic 
staining with eosin. CTCs were enumerated sequentially from the 
same filter according to previously reported CTC criteria [24,32,35]. 
A total of 19 invasive ductal breast carcinoma cases (Stage I-IV) and 
5 non-cancerous controls were included in the study. Whole blood 
(10 mL) was processed and filtered within 2 hours from the blood 
draw, and resulting ISET filters were used for consecutive staining and 
cytopathologic evaluation. 

Following filtration, MGG staining detected approximately 150 
cells remaining on each spot of the ISET filters (ranging from 50-
250 cells per spot). Two cases were removed from the study due to 
significant blood clots and hemolysis. Lymphocytes and neutrophils 
were the predominant cell populations; the majority of lymphocytes 
were normal in morphologic appearance (Supplementary Figure 1a). 
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Lymphocytes showed small rounded nuclei with uniform chromatin 
and scanty cytoplasm on the ISET filter. Although rare, lymphocytes 
with a slightly larger nucleus and increased cytoplasm indicate the 
presence of reactive ones (Supplementary Figure 1b). Various sizes of 
cells with indented nuclei, light chromatin, and an intermediate amount 
of cytoplasm with rare, small vacuoles were presumably monocytes 
(Supplementary Figure 1c and d). Eosinophils were also present, albeit 
fewer, and showed classic bi-lobed nucleus and intermediate cytoplasm 
with red granules (Supplementary Figure 1e). Neutrophils were multi-
lobed with an intermediate amount of cytoplasm and pale granules in 
our staining (Supplementary Figure 1f). Aggregated lobes of nuclei 
were slightly larger than the size of lymphocytes. No residual red blood 
cells were detected on the ISET filter. Apart from the aforementioned 
immune cells, abnormal cytomorphology was also noted as a single, 
duplet, triplet, or larger clusters (Figure 1g to k), whose sizes were at 
least 2-3 times the greatest dimension of lymphocytes. MGG staining 
and corresponding cytology [30,31] detected a total of 15 CNHCs 
of malignancy in 2 out of 19 cases, one of which had a cluster of 10 
malignant CNHCs. No abnormal morphology was noted in non-
cancerous cases (Table 1). 

MGG stained ISET filters were de-stained and heat retrieved for 
subsequent ICC with antibody cocktail including CD45/CD11b/CD31 
followed by hematoxylin staining for negative identification of CNHCs. 
Single staining of CD45 displayed a positive reaction in lymphocytes, 
monocytes, eosinophils, and neutrophils (Supplementary Figure 2a-d). 
Monocytes showed a range of reactivity to CD45. In contrast, CD11b 
was widely positive in myeloid cells; but displayed a range of reactivity 
in lymphocytes (Supplementary Figure 2e-h). Size of monocytes 
varied significantly, with the presentation of nuclear size >24 µm and 
nuclear indentation (Supplemental Figure 2i). Although rare, weakly 
positive reaction to CD31 was noted in a minor fraction of granulocytes 
and lymphocytes (Supplementary Figure 2j) as well as platelets 
(Supplementary Figure 2k). However, no atypical morphology was 
detected. Thus, the cocktail of CD45/CD11b/CD31 antibodies broadly 
covered both lymphoid, myeloid, and endothelial cells for negative 
identification of CNHCs in this study. The rate of cell detachment from 
the ISET filter throughout the ICC procedure was 4.3 % (ranging from 
0.93 % to 14.7%, n=7) when MGG stained ISET filters were subjected 
to mock ICC with heat retrieval at 90 °C for 40 min, and the retention 
of corresponding cells was counted (Supplementary Table 1). Thus, 
ICC of ISET filters is feasible with minor cell loss, and a CD45/CD11b/
CD31 cocktail successfully detects a broad range of circulating immune 
cells and endothelial cells, while leaving the remaining circulating cells 
(CNHCs) of malignancy and uncertainty of malignancy unstained. 

Among cells with no reactivity to CD45/CD11b/CD31, 
hematoxylin counterstaining visualized nuclear irregularities (dense 
nucleus, nuclear indentation, and rough nuclear surface) within a size 
range of 16-31 µm. According to CTC criteria [24,35], a total of 251 
atypical cells were detected from all breast cancer patients. Atypical 
cells were present across samples of all stage, tumor size, nodal status, 
histology grade, metastasis, and subtype groups. Consistent with 
previous reports [33], CNHCs were present in 3 out of 5 non-cancerous 
cases ranging from 0-12 (Table 1). Confirmatory eosin staining for 
cell integrity diminished the number of CNHCs detected from 251 
to 34; with over 200 CNHCs showing no cytoplasmic staining with 
eosin as depicted in representative images (Figure 1a and b). The 
resulting 34 CNHCs that displayed malignant features were found in 
stage IV (4/4), stage III (4/5), and stage II (1/7) cases; demonstrating 
a trend of higher prevalence in metastatic and more advanced cases. 

All CNHCs detected in non-cancerous controls were excluded due 
to a lack of cytoplasmic staining. Fluorescent staining also detected 
nuclear irregularities; some showed the positive cytoplasmic staining 
with eosin (red fluorescence; Supplementary Figure 3a-c), while it 
was absent in others (Supplementary Figure 3d and f). Of note, most 
of malignant CNHCs identified by ICC/hematoxylin/eosin staining 
had nuclei smaller than 24 µm. Therefore, CNHCs detected by ICC/
hematoxylin based negative staining and nuclear irregularity contains 
admixed populations, malignant CNHCs, CNHCs of the uncertainty 
of malignancy, and nucleus without intact cytoplasm. Thus, these 
data demonstrated that 1) 24 µm is not appropriate cutoff size for 
breast CTCs, and 2) negative ICC with CD markers and hematoxylin 
detects a large number of false positives without intact cytoplasm, 3) 

a b

Figure 1. CNHCs with or without positive staining for plasma membrane. CNHCs with no 
reactivity to CD45/CD11b/CD31 with nuclear irregularities with (a) or without (b) intact 
plasma membrane. ISET filters were ICC stained with CD45/CD11b/CD31 followed by 
hematoxylin. Following identification of atypical morphologies under microscope, the filter 
was further subjected to Eosin staining. Images were taken at a final magnification of ×630; 
scale bar indicates 10µm

Patient No. Stage Grade Subtype
CNHC Counts:

MGG IHC + HX IHC + HX 
+ Eosin

1 IV 3 TN 0 6 3
2 IIA 3 LumB 0 5 0
3 IIIA 3 LumB 0 0 0
4 IIIA 3 Her2  1* 21 3
5 IIA 3 TN 0 0 0
6 IA 2 LumA 0 20 0
7 IV 2 LumA 0 10 1
8 IIA 3 LumA 0 27 1
9 IIIC 3 LumA 5 25 6
10 IIA 2 LumA 0 22 0
11 IV 3 LumB 0 25 11
12 IIB 3 Her2 0 10 2
13 IIIA 3 Her2 0 12 1
14 IV 3 TN 0 5 2
15 IIIA 2 LumA 0 33 4
16 IIA 3 TN 0 16 0
17 IIA 3 TN 0 5 0

 18† 1 0
 19† 0 0
 20† 11 0
 21† 0 0
 22† 12 0

*denotes a circulating tumor microemboli (CTM), defined as a cluster of 2 or more cells
†non-cancerous control

Table 1. Differential CNHCs counts on ISET filter. CNHCs were counted on ISET filter 
sequentially by MGG cytology, ICC/hematoxylin, and ICC/hematoxylin/eosin in blood 
collected from invasive breast cancer and non-cancerous cases
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confirmatory cytoplasmic staining is essential to identify structurally 
intact malignant CNHCs.

Discussion
Identification of CTCs requires initial enrichment and subsequent 

validation. Two major differential CTC properties (biological and 
physiochemical) have been adopted for enrichment as well as detection 
strategies. Biological properties of CTCs, are primarily exploited for 
affinity-based capture through interaction between cell surface epithelial 
markers and their corresponding antibody [19]. Heterogeneity is a 
hallmark of cancer, and mounting evidence indicates both genetic and 
phenotypic heterogeneity in CTCs [36-38]. In particular, the loss of 
epithelial features and gain of mesenchymal properties (EMT) directly 
impacts CTC counts as well as their clinical significance. Physiochemical 
properties of CTCs (cell size, density, loss of elasticity, and surface 
charge) have been adopted as a less biologically biased CTC enrichment 
strategy [25]. Size-based exclusion methods enrich circulating cells 
on the porous filters, leaving cells larger than the pores. The main 
populations of residual cells are lymphocytes and myeloid cells, yet 
atypical cells including CTCs are also detected. The diversity of residual 
cell populations necessitates further robust identification of CTCs; thus, 
differential morphological (size, shape, and nuclear irregularity) or 
cytochemical (marker expression) characteristics of CTCs over normal 
counterparts were exploited [24,32,35,39]. Despite the sensitive capture 
of CTCs, subsequent enumeration remains a challenge, partly due to 
the lack of standardized and automatized methods. 

Regardless of enrichment principal (i.e., solid vs. liquid phase, 
fixation type, readout, etc.), the most broadly adopted CTC criteria 
are 1) negative reactivity to immune cell marker (CD45), 2) positive 
reactivity to cytokeratin and other cancer-related surface markers, and 
3) morphologic abnormality [19]. Most studies utilize a combination 
of at least two of the above. Studies have demonstrated that the CTC 
detection sensitivity of ISET is superior to CellSearch [24,33,35,39,40]. 
Concomitant comparison found that ISET detects a greater number 
of CTCs as well as CTC positive cases based on the following MGG 
cytology criteria in non-small cell lung cancer cases [non-hematologic 
with visible cytoplasm and at least 4 of the following: irregular nuclei, 
anisonucleosis (ratio>0.5), high nuclear/cytoplasmic ratio, nuclei larger 
than 24 μm, or the presence of tridimensional sheets] [32]. We used 
the previously established MGG cytology as well as ICC with CD45/
CD11b/CD31 followed by hematoxylin and eosin staining to detect 
malignant CNHCs < 24 µm. Currently, there is no consensus on the size 
of CTCs [35,39,41,42]. Park, et al. reported that the average diameter 
of CTCs isolated from 16 prostate cancer patients was 7.97 ± 1.81 
μm when using the CellSearch system [EpCAM+/PanCK+/CD45-/
DAPI+ and size larger than neighboring cells], which were half the size 
of prostate cancer cell lines (13.38 ± 2.54 µm) [42]. The size of CTC 
may vary depending on their origin; CTC cutoff size may need to be 
determined in a primary tumor dependent fashion. 

Consistent with a study published by Castle, et al. ICC/hematoxylin 
staining detected a large number of CNHCs in both breast cancer 
patients as well as non-cancerous individuals [35]. However, 90.4% and 
100% of CNHCs detected by ICC/hematoxylin staining alone in breast 
cancer patients and non-cancerous individuals, respectively, were 
excluded due to the absence of visible cytoplasm. The presence of such 
abnormal morphologies becomes apparent when CTCs are enriched 
by size, negatively differentiated by CD markers, and counterstained 
for nucleus; however, such abnormal morphology (naked-nuclei-like) 
unlikely interferes with the enumeration when CTCs are positively 

differentiated by surface marker expression such as EpCAM. The origin 
and cause of naked-nuclei-like structures remain unknown; however, it 
is unlikely such structures are related to malignancy due to their high 
prevalence among non-cancerous individuals. Damage to the plasma 
membrane may cause swelling of the nuclei due to free fluid or dye 
passage, in turn, yielding a structure resembling carcinomas with large, 
dense, irregularly shaped nuclei. Alternatively, positive staining may 
alleviate this issue [43]. In conclusion, size, nuclear irregularity, and 
negative reactivity to CD markers alone may not adequately identify 
CTCs. Additional confirmatory staining for plasma membrane integrity 
diminishes risk of counting false positives. 
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