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Abstract

Circulating tumor cells (CTC) play a central role in tumor dissemination and metastases, which 

are ultimately responsible for most cancer deaths. Technologies that allow for identification and 

enumeration of rare CTC from cancer patients’ blood have already established CTC as an 

important clinical biomarker for cancer diagnosis and prognosis. Indeed, current efforts to robustly 

characterize CTC as well as the associated cells of the tumor microenvironment such as circulating 

cancer associated fibroblasts (cCAF), are poised to unmask key insights into the metastatic 

process. Ultimately, the clinical utility of CTC will be fully realized once CTC can be reliably 

cultured and proliferated as a biospecimen for precision management of cancer patients, and for 

discovery of novel therapeutics. In this review, we highlight the latest CTC capture and analyses 

technologies, and discuss in vitro strategies for culturing and propagating CTC.
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Cancer remains among the most common causes of morbidity and mortality worldwide. 

Although screening methods and better systemic treatment have led to a decrease in cancer 

related mortality, patients with metastatic disease mostly remain incurable. With 

development of novel systemic treatment it may even become more crucial to detect early 

occult metastatic spread. While the phenomenon of lymphatic tumor spread is independent, 

*Corresponding author: Richard J. Cote, 1120 NW 14th Street, Suite 1416, Miami, FL 33136, RCote@med.miami.edu, Phone: (305) 
243-111, Fax: (305) 243-1115. 

HHS Public Access
Author manuscript
Cancer J. Author manuscript; available in PMC 2019 March 01.

Published in final edited form as:
Cancer J. 2018 ; 24(2): 70–77. doi:10.1097/PPO.0000000000000310.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and its clinical and prognostic significance a matter of long debate which is out of the 

current scope, hematogeneous spread is associated with occurrence of distance metastases. 

The focus of detection of occult tumor spread has been recently on peripheral blood, as 

opposite to previous studies on bone marrow dissemination. In peripheral blood either tumor 

cells (circulating tumor cells, CTC) or circulating tumor associated nucleic acids, (DNA, 

RNA, and of special importance microRNA) are detected. Latest capture platforms are 

reviewed in the next section, and placed in the light of technology improvements needed to 

detect and enumerate CTC.

CTC capture technologies

The greatest challenge for CTC detection in peripheral blood is their rarity. Only few CTC 

are detected even in patients with advanced metastatic disease. The frequency of CTC is 

often less than one CTC per ml of peripheral blood. Therefore, a variety of techniques for 

CTC enrichment has been established. These technologies make use of either biological 

and/or physical properties of tumor cells that help distinguish CTC from all the normal 

blood cells1–3. We have reviewed most common technologies elsewhere and here we provide 

only a brief summary4.

Affinity-based methods take advantage of antigens that are differentially expressed by CTC 

(positive enrichment, EpCAM is mostly used)5,6, or by blood cells (negative selection, e.g. 

CD45,)7,8. Most commonly, magnetic beads are armed with antibodies for positive or 

negative separation9. Also columns or cartridges can be used5,10 and most recently 

microchips have been coated with antibodies6,11. Through this methodology, only a subset 

of the CTCs are captured from the patient sample, namely the EpCAM positive cells12,13. 

However, as tumor cells exhibit heterogeneity and thus there is high variability of 

expression, resulting in some tumor cells having no or very low expression of EpCAM they 

evade capture14–18. Further, EpCAM being an epithelial cell biomarker, limits the ability to 

capture CTC from epithelial tumors that show low or no EpCAM expression (e.g. renal 

cancer), non-epithelial tumors such as melanomas and sarcomas, or CTC that have 

undergone epithelial-to-mesenchymal (EMT) transition to form cancer stem cells 

(CSC)13,19–21.Technologies in this category also work through the reverse process of using 

CD45 antibody based depletion of white blood cell to leave behind the CTC. Further 

hindrances are experienced when these platforms are microfluidic based systems as they 

have limitations on sample volumes they are able to process. And the small volumes that are 

processed require extended processing times; such as the CTC-iChip can process 8mL of 

whole blood/hour with and an additional 1 hour set-up time, thus only 8mL can be processed 

over a period of 2 hours22. It is important to note though, that there is only one FDA 

approved platform on the market for CTC capture at this time, which is CellSearch ® a 

technology based on magnetic EpCAM Ab based separation4,23.

Differences in cell density can be also used for enrichment, and the best known method 

based on density is Ficoll Hypaque separation24, which separates red blood cells from 

nucleated cells and tumor cells remain with the nucleated cells. As alternative property of 

tumor cells for enrichment, cell size is being used25, based on the fact that tumor cells are 

larger than most blood cells26. We have developed a size-based microfilter for enrichment 
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and detection of CTC27 (Figure 1), which is highly efficient and faster than affinity-based 

separation techniques and can be used for a wide range of molecular applications for 

additional characterization of CTCs28. This microfilter platform has the advantage of 

capturing CTC from a wide variety (nearly all) solid tumors (Figure 1D-I), including non-

epithelial, non-EMA expressing cells such as melanoma (Figure 1I). In addition, we have 

developed the ability to efficiently capture live cells (Figure 1B), and release fixed and live 

cells (Figure 1C), which makes possible a wide variety of downstream applications, 

including CTC propagation.

After enrichment, a variety of technologies can be used to distinguish CTC from the 

nonspecifically captured cells including cytomorphological characterization of CTC, 

immunohistochemical/immunofluorescent (IHC/IF) detection of tumor specific antigens, or 

various real time polymerase chain reaction (RT-PCR) approaches. Immunocytochemical 

detection of CTC relies on antibody based detection of cells using antibodies specific for 

epithelial cells. Most commonly used antibodies are cytokeratins29. It is now often combined 

with markers such as CD45 that identify the background blood (non-CTC) cells. Multiplex 

IHC/IF approaches enable simultaneous visualization of multiple markers on a single cell. 

Molecular characterization of CTC is carried out by various strategies that include 

fluorescent in situ hybridization (FISH), comparative genomic hybridization (CGH), PCR-

based techniques, RNA-seq, and immunofluorescence. These studies have shed light on the 

oncogenic profile and metastatic potential of CTC and have allowed the comparison of the 

genetic profile of tumor metastases and CTC to that of their primary tumor counterpart.

Gaps in imaging and image acquisition

More fundamentally, imaging based commercial technologies are still tied to the traditional 

microscopy imaging approach and as such still suffer from the same limitations that 

traditional microscopy has. These limitations are significant and ill-matched to the demands 

that CTC analysis imposes. First, traditional microscopy is highly susceptible to out-of-focus 

issues30. Well focused images are required for high quality downstream image analysis, 

which can only be achieved manually or through sophisticated optical and focusing 

instrumentation. The problem is further compounded if the sample of interest is presented on 

a platform that has even minor uneven height-varying distribution. In such a case, it would 

be impossible for a single microscopy snapshot to display all parts of the sample in focus. Z-

stacking, whereby multiple microscopy images taken at a sequence of focal plane, would be 

required in traditional microscopy leading to increased image acquisition times and a much 

increase data volume. The Fourier Ptychographic Microscopy (FPM) approach (Figure 2) 

addresses this issue as it uniquely enables post-image acquisition refocusing31. Second, it is 

desirable to view images using different light sources, phase contrast, bright-field and 

fluorescent. For example, phase contrast image data is very useful in helping to delineate 

cell boundaries and enhance the visibility of internal organelles, and fluorescent data is used 

to establish marker status and distinguish cell types; these different light sources generally 

require switching in a different set of optics into a traditional microscope to acquire the 

image. The FPM addresses this gab by providing this data automatically without additional 

optics31, thereby allowing fluorescence, bright field and phase imaging to be performed 

without swapping of optics. Finally, a traditional microscope is bounded in the number of 
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resolvable pixel information it can deliver – if a user wants high resolution, the field-of-view 

would have to commensurately decrease, and vice versa. This relationship is fundamentally 

tied to the physical optics aberration limitations. This image information bound forces most 

wide field of view imaging system to perform mechanical image scanning, which leads to a 

host of engineering challenges and difficulties, such as scan uniformity, vibrational control 

and scan speed limitations. The FPM approach breaks this bound – in prior work, Yang et al. 

have demonstrated FPM imaging system that provides orders of magnitude more resolvable 

pixel information through the same optical column32. FPM can perform wide field of view 

imaging without mechanical actuations.

Given the body of evidence that CTC hold prognostic value, properties of an optimal capture 

and analysis platform are clear. It is clearly desirable to achieve a high capture efficiency 

without use of affinity tags. The technology needs to be robust, efficient and able to 

accommodate the ability to capture fixed cells, live cells, clusters as well as TME cells such 

as CAFs. The platform should be able to accommodate a variety of blood volumes, 

including large volumes that may be important in evaluating patients with early stage cancer. 

While the evaluation of cells depends on visualization of cells and their targets for CTC/

liquid biopsy to be a clinical test, there will be a requirement to incorporate robust and high-

quality image acquisition and automated image analysis that is capable of characterizing 

complex cell features, including morphology and target expression. In addition, there is a 

necessity to have the platform in a form factor that allows implementation into a reference 

lab setting, requiring minimal user interaction while having medium to high throughput 

capabilities.

Global Genomic Profiling of CTC

The greatest advances in the treatment of cancer have been made with combinations of 

targeted therapies. The identification of important pathways and their components as well as 

the characterization of the predictive value of specific molecular changes have led to an 

improvement in individualization of the treatment of cancer patients. With increasing 

knowledge of molecular targets and biomarkers, it may become necessary to perform 

genomic profiling of a large number of genomic changes in cancer tissue, metastatic sites, 

and CTC prior to the implementation of anticancer therapies. Once multi-targeted drugs or 

combinations of targeted therapies become clinically applicable, genomic profiling may help 

to optimize treatment. Such profiling may require next-generation sequencing of a larger 

number and combination of genes, or profiling of many translational products. Currently, the 

technologies are limited. For example, the number of markers that can be analyzed is 

limited, regardless of their structures (i.e., proteins, mRNA, DNA, etc.). Whereas global 

profiling may add substantial information to the understanding of metastasis, heterogeneity 

of tumors, and the biology of disease, the current analyses are largely experimental. 

Analyses of specific changes, for now, may have a more specific clinical role in determining 

treatment strategies. The development of technologies capable of determining a large 

number of clinically relevant biomarkers is exigent.

Although in recent years tumor-specific genomic changes like copy number alterations or 

mutations have mostly been analyzed on cell free plasma DNA, many efforts have been 
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undertaken to profile CTC. Information expected from both sources may be different, since 

the information generated from CTC is more targeted. However, technical limitations of 

CTC isolation efficiency and the difficulties of performing whole-genome analyses on rare 

cells have limited the number of CTC genomic profile studies. In an early study, Paris et al. 

demonstrated that copy number profiles of CTC can distinguish them from remaining 

depleted mononuclear blood cells after EpCAM enrichment of CTC. CTC profiles detected 

in castration resistant prostate cancer patients were similar to their paired solid tumor 

DNA33. Magbanua et al.34 delineated genomic alterations specific to CTC by comparative 

analysis between the CTC CGH dataset and a previously published dataset of primary tumor 

CGH35 and focused on an important therapeutic target, focusing on potential gaing of HER2 

in CTCs.

Mutation Analyses of CTC

Mutation analysis of genetic alterations predictive of response to targeted therapies in 

metastatic-stage cancer patients is currently performed on primary tumors. It would be 

appealing, however, to analyse actual disease, and CTC may provide one source for such 

analyses. Examples of mutations associated with therapy selection are RAS (KRAS and 

NRAS) or BRAF mutations in colocrectal cancer or EGFR in lung adenocarcinoma, 

respectively36,37. Punnoose et al have demonstrated the ability to detect KRAS mutations in 

captured CTC to predict response to targeted therapies38. Maheswaran et al. successfully 

detected EGFR mutations in CTC of metastatic lung cancer patients11. Yang et al.39 and 

Mostert et al.40 were also able to detect KRAS mutations in CTC in the peripheral blood of 

colorectal cancer patients. Androgen receptor mutation is a mechanisms leading to castration 

resistance in advanced prostate cancer41. Jiang et al.42 have established an approach to 

detect such mutations in CTC prostate cancer patients. Technological advances in CTC 

enrichment and also in targeted sequencing have made it possible to perform genomic 

profiling also on CTC.

CTC Profiling beyond mutations

A variety of studies have now shown that CTC profiling can be performed on transcriptional 

level, but even greater interest focused on epigenomic and miRNA profiling. Smirnov et al. 

were one of the first to attempt global gene expression profiling of CTC in colorectal, 

prostate, and breast cancer patients43. The authors were able to differentiate the expression 

level of a set of CTC specific genes in patients compared to normal controls.

Since epigenetic events are fundamental to regulate development and differentiation, 

assessment of epigenomic alterations in CTC is regarded as crucial to understand the 

biology of cancer metastasis. So far, only few studies have evaluated DNA methylation in 

CTC, attempting to correlate CTC occurrence with the methylation status of circulating 

DNA44–46. We have recently shown, that we were able to successfully analyze CTC for a 

selection of methylated markers, and identified candidates for prognostic selection of breast 

cancer patients47.
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Cancer Stem Cells (CSC)

Experimental evidence in support of a “cancer stem cell model” in various malignancies is 

mounting48. The CSC model assumes the presence of a small proportion of cancer cells on 

top of a hierarchy of tumor cells; these CSC exhibit the capability to sustain tumor formation 

and growth, self-renewal and differentiation. Several markers of CSC have been identified, 

including a CD44+CD24–/low phenotype and ALDH expression in breast and other 

cancers49,50, and CD133 expression in non-small-cell lung cancer and brain tumors51,52.

In breast cancer, and presumably other cancers, as well, the identification of distinct 

properties and molecular biomarkers of CSC may help in the development of more effective 

treatment and novel therapeutic targets53. In general, the presence of occult micrometastases 

is the rationale behind the use of systemic adjuvant chemotherapy following a definitive 

local treatment of a primary tumor54. The occult dissemination of CSC in bone marrow may 

be responsible for the failure of adjuvant chemotherapies in a proportion of early-stage 

breast cancer patients55. Several in vitro studies have demonstrated that putative breast CSC 

are resistant to conventional treatment strategies, including radiation and chemotherapy56–58. 

Consequently, the identification of breast CSC among CTC may be a promising strategy to 

assess their malignant potential and identify novel therapeutic targets. A major hurdle for 

such an approach is the hereto limited available knowledge regarding CTC phenotypes and 

the fact that CSC represent only a proportion of enriched CTC.

CSC in Dissemination

Pooled analysis of data from nine prior breast cancer studies which included a large number 

of early-stage patients revealed that the presence of disseminated tumor cells (DTC) in bone 

marrow is associated with a poor prognosis. Surprisingly, a significant proportion of patients 

with DTC had a favorable survival outcome 10 years or more following the diagnosis59. One 

potential reason for such an outcome could be the ability of DTC to remain dormant in 

distant organs. Based on the prior observations, we hypothesized that CSC not only exist 

within the primary tumor but may represent the most potent and virulent cells metastasizing 

from primary breast cancer to distant locations. In order to test our hypothesis, we 

performed a study analyzing DTC from breast cancer patients enrolled in the ACOS-OG 

Z-00010 trial for the putative breast CSC phenotype CD44+CD24–/low. The large majority of 

DTC in examined patients had the putative CSC phenotype55. This study provided the first 

demonstration that DTC/CTC are primarily composed of CSC, in contrast to primary and 

metastatic tumors in which fewer than 10% of cells have a CSC phenotype55,60. This finding 

has significant biologic implications, as it suggests that there is an enrichment for breast 

CSCs in the process of metastasis61. The fact that the ACOS-OG Z-00010 trial patients were 

early-stage I and II breast cancer patients in whom only 3% of BM samples were positive for 

DTC, made the finding even more significant62.

Several studies have since confirmed these findings. In a prospective analysis of bone 

marrow aspirates from high-risk breast cancer patients, using cell sorting by flow cytometry, 

Reuben et al.44 were able to show a high percentage of CSC in DTC. Using a similar 

approach, Theodoropoulos et al. demonstrated the presence of CTC in 67% of patients with 
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metastatic disease, with 35% of CTC displaying the CD44+/CD24low CSC phenotype45. In 

another flow cytometry study, evaluating peripheral blood from breast cancer patients at 

variable stages, Wang et al. showed an increasing percentage of putative CSC in correlation 

with higher tumor stage46. The above findings further emphasize the need for reliable CTC 

enrichment methods allowing for detailed molecular characterization.

Epithelial–Mesenchymal Transition (EMT)

Progression to an EMT phenotype is widely accepted as a contributing factor to tumor 

metastasis and the ability of tumor cells to undergo EMT is crucial for local invasion and 

gaining access to the blood stream through intravasation63. EMT is associated with a 

specific set of genetic changes that lead to increased tumor cell motility and an invasive 

phenotype. These changes are typically characterized by loss of E-Cadherin expression and 

subsequent translocalization of β-catenin from the cell membrane into the nucleus, increased 

expression of vimentin, production of matrix metalloproteinase enzymes, and upregulation 

of various EMT-inducing transcription factors such as Twist, Snail, and Slug64. Thus, EMT 

provides a potential mechanistic basis for how CTC intravasate in primary tumors to reach 

the circulation, and subsequently extravasate from the circulation to seed tumor implants at 

distant secondary sites. Several studies have evaluated the expression of EMT associated 

markers in CTC. In a study involving metastatic breast cancer patients, Aktas et al. revealed 

at least one of three EMT markers (Akt2, PI3K, and Twist1), assessed by RT-PCR, to be 

expressed by the CTC population in 62% of patients harboring CTC. Patients with CTC who 

were positive for EMT were more likely to fail to respond to palliative chemotherapy, 

antibody or hormonal therapy65. Evaluating CTC expression of EMT markers Twist and 

vimentin by immunofluorescence, Kallergi et al. found vimentin/Twist expressing CTC in 

77% of early-stage breast cancer patients compared to 100% of patients with metastatic 

disease66. In a recent study involving 11 breast cancer patients who were serially monitored 

for CTC phenotype, mesenchymal phenotype CTC were more likely to be associated with 

disease progression. In one index patient, the authors were able to demonstrate a reversible 

shift between the epithelial and mesenchymal phenotype corresponding to response to 

treatment and disease progression, respectively67.

Recently, there has been described overlap between the EMT phenotype and the CSC 

phenotype. Overexpression of EMT transcription factors increases CSCs68–70, such that 

EMT may thus drive both tumor dissemination and increase CSC self-renewal to facilitate 

tumor metastasis. Alternatively or additionally, the plasticity of tumor cells and their 

capability to transform and acquire mesenchymal characteristics may be derived from 

CSC71. To further complicate the link between EMT and the CSC phenotypes, we recently 

found that the CSC compartment can be epithelial and distinct from the mesenchymal 

compartment in a primary lung cancer cell culture we developed from a patient with primary 

resistant disease72.

The CTC microenvironment

Recent studies show CTCs are not the only tumor elements that reach the peripheral blood. 

An accumulating body of evidence has demonstrated the pivotal role of stromal cells in 
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promoting cancer progression73–76, metastasis and poor clinical outcome77. Cancer 

Associated Fibroblasts (CAFs), an essential component of the tumor microenvironment 

(TME)78 in many cancers, comprise the majority of BC stromal cells. Stromal cells such as 

CAFs are not only present in the TME of the primary tumor, but exist in pre-metastatic and 

metastatic niches, and mouse metastasis models demonstrate that cancer cells take their 

CAFs with them to metastatic sites, and the survival and establishment of these CAFs 

promotes metastatic seeding and growth of the cancer cells79. Since successful metastatic 

seeding by CTCs is dependent on a productive interactive relationship with their 

environment as well as avoidance of immune surveillance, elucidation of interactions 

between CTCs and their microenvironment is critical. Such studies have been hindered 

primarily due to lack of a suitable platform to interrogate multiple cell types simultaneously; 

our unique microfilter platform enables such multicellular analyses as well as the capture 

and release of live circulating cells from patient blood. Using this platform, we discovered 

that non-cancer, non-immune cells were being isolated in association with CTCs and 

identified these as circulating CAFs (cCAFs)80 (Figure 1J); we have also detected other cells 

of the tumor microenvironment in circulation, such as MDSC (Figure 1L). In a pilot study in 

which cCAFs and CTCs were enumerated in the blood of breast cancer patients, we found 

cCAFs present in patients with Stage IV (metastatic) breast cancer but not in blood from 

patients with likely cured Stage I disease, while CTCs were detected in both80. Jones et al. 

also found circulating fibroblast-like cells, identified as CK-/CD45-/vimentin+, in the blood 

of metastatic prostate cancer patients81. More recently, we have used this platform to capture 

and enumerate CTCs and cCAFs from mouse blood in mouse xenograft models (Figure 1K).

In addition to CAFs, tumor associated macrophages (TAMs) have also been identified in 

circulation82. Circulating immune cells such as cytotoxic T cells (Tcyt) play important roles 

in tumor suppression and other immune cells such as myelo-derived suppressor cells 

(MDSCs), regulatory T cells (Tregs), and TAMs play important roles in tumor enhancement 

(reviewed in83). MDSCs are recruited to tumors and metastases and actively suppress Tcyt 

and this suppression of immune response results in enhanced tumor growth and metastasis 

(reviewed in84). Depletion of MDSCs in mouse breast cancer models results in reduced 

tumor growth and inhibition of metastasis85. Using the MDSC marker S100A885, we have 

been able to demonstrate the presence of S100A8+ cells in blood from mice with metastatic 

syngeneic breast tumors with our platform.

CTC Clusters

Additional potential mechanisms that could facilitate tumor cell dissemination include 

ameboid motility and collective migration of cell clusters86. In mouse breast cancer models, 

CTC clusters exhibit higher metastatic capacity compared with individual or single CTCs87. 

Additionally, it was demonstrated that polyclonal breast cancer metastasis resulted from 

CTC clusters composed of Keratin 14+ CTCs88. Recently, CTC cluster enumeration in 

breast cancer patients have demonstrated that like CTC number, the presence of CTC 

clusters correlates with reduced progression-free survival and poor outcome88–91. Recent 

data suggests that CTC clusters that are composed of CSCs, thus CSC clusters, are more 

metastatic than CTC clusters composed of none-CSC CTCs; these studies have also 

demonstrated the presence of CSC clusters in patient blood92. Interestingly, in these studies 
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the CSCs exhibited a hybrid epithelial/mesenchymal phenotype. The occurrence of 

circulating tumor micro-emboli (CTM) in metastatic lung cancer patients was demonstrated 

by Hou et al.93. In this study, the authors showed that single CTC expressed apoptosis 

related markers at a higher rate than CTM. These findings suggest that collective migration 

of tumor cells in circulation may offer a survival advantage to the tumor.

We demonstrated that cCAFs can cluster with CTCs as well as with each other. In mouse 

models of both human breast cancer xenografts as well as genetically engineered 

spontaneous breast cancer, both individual CTCs and cCAFs as well as abundant cCAF/CTC 

clusters can be captured and enumerated from 100 ul of mouse blood using our microfilter 

platform. We have established in vitro cluster assays and can also capture these clusters 

using our platform. These mouse blood and in vitro cluster assay CTC and cCAF capture 

were all performed using the automated version of our platform, FaCTChecker.

Thus, it may be that it not solely CTC clusters that are responsible for metastatic seeding, 

but rather it is clusters comprised of CTCs along with their tumor microenvironment, 

including cCAFs that are the metastasis-driving factors. Given the recent evidence that at 

least a portion of CTCs are cells transitioning between the epithelial and mesenchymal 

state67 that possess stem cell-like properties and the ability of reversible modulation94, the 

functional characterization of these processes in CTCs, and in these CTC/stromal cell 

clusters is crucial. Development of new technologies that will enhance sensitivity and 

efficiency of CTC and CTC cluster detection will facilitate functional characterization of 

CTC invasiveness, aggressiveness, plasticity, and tumorigenic potential. Functional 

characterization will, in turn, help further clarify the mechanisms of tumor cell 

dissemination.

CTC Propagation

Although many CTC are shed from the primary tumor, only a few will survive and 

successfully colonize in distant organs, and develop into distal metastasis. The ability to 

expand these elusive cells in vitro would create a new class of biospecimen, available for 

detailed precision analyses. It would deliver a major new tool that supports hypothesis 

driven questions related to the cascade of events leading to metastasis, serve as a high 

throughput platform for screening novel therapies that may arrest this process, and a critical 

advance in precision cancer management. CTC have notoriously heterogeneous inherent 

proliferative capacity, as revealed by variations in Ki67 expression (antigen expressed in 

proliferating cells but absent in quiescent cells)95,96, and stem-cell markers97–100. It is 

imperative that the methods to recover the captured CTC are agnostic to presence of specific 

molecular targets, so that CTC heterogeneity is not artificially diminished. Building upon 

our very successful size-based strategy for CTCs28, and its variation employing slot-shaped 

pores for viable CTC capture and long term maintenance,27,101–103, we reported capture and 

thermoresponsive release of viable cancer cells from our microfilter surface104. Poly(N-iso-

propylacrylamide) (PIPAAm) is a polymer that undergoes a reversible lower critical solution 

temperature (LCST) phase transition at a solution temperature of 32 °C. In our formulation, 

CTC capture is performed at room temperature (below 32 °C) on PIPAAm coated 

microfilters, and cell release is enabled by placing the filter in culture media maintained at 
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37 °C (Figure 1C). At this temperature, the PIPAAm polymer layer becomes hydrophobic, 

thereby releasing the electrostatically bound cells. After demonstrating that the release was 

feasible with cultured cancer cells, we continued to evaluate the impact of thermal release on 

conditionally reprogrammed cells established from a non-small cell lung cancer patient. 

Even when spiked to blood, these cells could be captured using our slot filter, thermically 

released, and successfully cultured again. Capture and subsequent release had no impact on 

the viability and functionality of cells, thus demonstrating the procedure is applicable to 

human cancer cells104.

With these advances in place, we are evaluating tissue engineered microenvironments that 

recapitulate the metastatic niche (such as bone), and might be instructive in maintaining 

CTC cultures, and even propagating them. CTC from various malignancies are attracted to 

bone marrow given the fertile environment it provides to establish secondary metastatic 

tumors. The process of metastasis to bone requires a close interaction of invading CTC with 

local stromal cells of mesenchymal phenotype, situated at the perivascular niche, and the 

parenchyma, as well as with MSC-derived secretory osteoblasts105. The interaction and 

resulting intercellular cross-talk has been implicated in determining the fate of the metastatic 

tumors. Therefore, in vitro recapitulation of the target tissue microenvironment could 

provide “natural” habitats for CTC to thrive.

In the last three years, a few reports have been published on propagating CTC with the goal 

of creating CTC cultures from breast, colon, lung and prostate cancers87,106–111. All studies 

that attempt to propagate CTC share the following features: (a) requirement of high starting 

numbers of CTC in the blood (3-3000 cells/10-20ml blood), (b) low culture efficiency, (c) 

use of non- or low adherent culturing conditions, and (d) development of initial cultures in 

small volumes. The reported successful cultures include development of 1 colon cancer CTC 

cell line (out of 30 patients)106, 1 prostate cancer cell line (out of 17 patients)108, and 6 

breast cancer cell lines (out of 36 patients)107,110. Recent studies have reported greater 

success in developing short-term cultures using smaller starting numbers of CTC co-cultured 

with fibroblasts109, CTC clusters87,111, and successful xenograft propagation of lung cancer 

CTC112. While limited, the success of these approaches strongly indicates that the 

microenvironment may be critical to successful CTC culture113.

Conclusion

CTC provide unique opportunities for real-time monitoring of disease progression and 

treatment response. Development of increasingly more sensitive technologies, particularly 

EpCAM-independent approaches, as well as techniques for robust molecular and functional 

characterization of these cells will offer clues to the mechanisms of how cancer develop 

resistance to therapies, and how they spread to distant organs. In parallel, development of 

integrated culture and interrogation platform for CTCs will be an exceptionally powerful 

oncology toolset for discovery of new therapeutics, and precision cancer management.
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Figure 1. Membrane microfilter technology for CTC capture and release
(A) 8 μm diameter round pore microfilters are used to capture fixed cells for CTC 

enumeration and characterization. Also shown is a scanning electron micrograph of fixed 

tumor cells captured by the round pore microfilter. (B) Slot pore microfilters (6 μm × 40 μm) 

are used for viable CTC capture, with a Scanning electron micrographs of fixed tumor cells 

captured by slot pore microfilter. (D-I): Microfilter technology is versatile for clinical 
samples from several different malignancies. Single CTC from (D) Breast cancer, (E) 

Colorectal cancer, (F) Prostate cancer captured, immunostained, and enumerated as a part of 

Cleveland Clinic collaborative study. CTC clusters from (G) Prostate cancer and (H) Lung 

cancer patients captured on the microfilter. (I) Detection of non-epithelial CTC from 

Melanoma samples shows the important distinction of microfilter technology from other 

(mostly EpCAM-binding dependent) commercially available platforms. Green: cytokeratin; 

Blue: DAPI; (in I) Red: Anti-melanoma antibody cocktail. (J-L): Microfilter device 
captures intact clusters of CTCs with cCAFs and other tumor microenvironment cells. 
(J) CTC+cCAF cluster from human patient with metastatic breast cancer. (K) CTC+cCAF 

cluster from xenograft model of breast cancer metastasis. Green: cytokeratin; Red: FAP; 

Blue: DAPI. (L) S100A8-positive MDSC cells (Yellow) clustering with breast cancer cells 

from murine syngeneic metastatic breast cancer model (4T1 cells, Green).
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Figure 2. FPM applied to imaging CTC microfilter
(A) Schematic of FPM + fluorescence imaging system. FPM images are captured with the 

LED matrix illumination. Fluorescence images of multiple channels are captured by 

switching to different fluorescence filter cubes in the filter turret and using the epi-

illumination provided by a mercury lamp. The slide is scanned laterally for a full field-of-

view image. (B) Series of low resolution images of the slide is acquired with different 

illumination angle. The ptychographic algorithm then stitches the data together in spatial 

frequency space and titrate a final image that has both phase and amplitude information and 

improved resolution. (C) A typical FPM raw image and the corresponding FPM titrated 

image, showing a resolution improvement of 5 times. The field of view of the entire area is 

preserved in the process. (D) FPM rendered images of CTCs trapped on filter. Between 

image d1 and d3, there is a height difference of 150 microns; FPM, unlike conventional 

microscopes, did not have to refocus during image acquisition. (E) More example images of 

CTCs trapped on the filter. The FPM approach provides a rich set of image data that we can 

use to render phase and bright-field images that can then be superimposed with fluorescence 

images taken with the same optical system.
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