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Abstract
Cancer cell spheroids are used for drug screening as these three-dimensional (3D) assemblies recapitulate tumors more
realistic than the widely employed 2D in vitro cultures. Limited drug diffusion and gradients of oxygen and nutrients in
spheroids represent avascular tumor regions containing quiescent and hypoxic tumor cells with high drug resistance.
Circulating tumor cells (CTCs) effect metastatic spread and are present in high numbers in malignant diseases such
as small-cell lung cancer (SCLC) and in other cancer patients with high tumor load. CTCs are heterogeneous and only
a small fraction of these cells survive in the circulation and cause distal lesions. CTCs may circulate as single cells but
small CTC clusters or CTC spheroids have been detected in cancer patients and demonstrated to possess increased
metastatic potential. At our lab we have obtained 9 permanent SCLC CTC cell lines (BHGc7, BHGc10, BHGc16, BHGc26,
BHGc27, BHGc50, BHGc59, BHGc71, and UHGc5) of distinct patients exhibiting similar characteristics and spontaneous
formation of large spheroids, termed tumorospheres. These aggregates were shown to exhibit high drug resistance
compared to the corresponding single cell suspensions. The increased metastatic capability of small circulating tumor
clusters/spheroids may be explained by their role as putative precursors of tumorospheres eventually trapped in
capillaries. Limited drug penetration and the presence of hypoxic/quiescent cells can readily account for the global drug
resistance of advanced SCLC which has resulted in clinical failure of a wide range of chemotherapeutics and low survival.
Furthermore, we have detected such tumorospheres in non-small-cell lung cancer (NSCLC) patients progressing under
EGFR-directed tyrosine kinase inhibitor therapy which had undergone NSCLC-SCLC transformation.
Keywords: Cancer, spheroid, circulating tumor cells, small cell lung cancer, non-small-cell lung cancer, transformation,
dormancy
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INTRODUCTION

Cancer still remains as one of the diseases with highest mortality affecting the worldwide population[1].
Since many patients present with metastatic disease or the tumors progress to a disseminated stage despite
treatment, cytotoxic or targeted chemotherapy is essential for further care. However, drug resistance limits
the efficacy of chemotherapeutics in cancer and, eventually, results in treatment failures and a dismal
prognosis. Mechanisms of chemoresistance work at the single cell level but also as a result of the formation
of multicellular clusters and at the tumor tissue/tumor microenvironment interphase[2]. For individual cells,
reduced drug uptake, increased drug efflux, drug inactivation as well as target modifications and impaired
execution of cell death are the most important mechanisms whereas at the tumor level limited drug diffusion,
high interstitial pressure, extracellular acidosis, cell contact-mediated mechanisms and irregular vessel
supply contribute to refractoriness to treatment[3]. Avascular tumors or metastases often display a gradient
in oxygen levels leading to a proliferative zone and a hypoxic core with quiescent cells that are more resistant
to chemotherapy, immunotherapy and irradiation[4].
For successful preclinical drug development, the compounds need to be tested using model systems
recapitulating the features of native tumors accurately. Historically, simple two-dimensional (2D) cultures
of permanent cancer cell lines and animal models were employed which resulted in a high attrition rate
in subsequent clinical trials due to a lack of predictive power[5]. Up to 95% of anticancer drugs in clinical
trials failed due to inefficacy and toxicity despite showing efficacy during preclinical testing[6]. To achieve
better predictive tests, three-dimensional (3D) cell culture systems were developed because they promised
to resemble the in vivo tissue environment more precisely than 2D systems[7,8]. Of the various 3D tumor
models under investigation, the most common are the spheroids which can be prepared by a range of
techniques relying simply on the prevention of cancer cell attachment to substrates[9]. Spheroids are scaffoldfree globular self-assembled aggregates of cancer cells which exhibit an intermediate complexity between
2D in vitro cell cultures and in vivo solid tumors[10]. Advanced 3D models include cocultures of tumor
cells with cancer-associated fibroblasts (CAFs) and immune cells, as well as tumor ECM components[9].
Comparison of spheroids with conventional 2D cell monolayers has revealed marked differences in the
response to anticancer drugs[11]. In dependence of their size, spheroids display higher chemoresistance due
to contact-mediated resistance, exclusion of drugs and their content of quiescent and hypoxic cells as a result
of gradients of nutrients and oxygen[10]. In large spheroids, a necrotic core is present when the innermost
cells are located beyond the diffusion limit of oxygen approximately 200 μm from the surface of the cellular
aggregate[12-14]. This mimics solid tumors because delivery of oxygen to the cells present in the inner regions
of the tumor mass is frequently reduced due to the increased oxygen diffusion distances[15,16]. In summary,
on the one hand, spheroids represent an important tool for in vitro drug screening and on the other hand,
specific multicellular assemblies of cancer cells possibly present in patients may be an important mechanism
of resistance to chemotherapy.

TUMOR SPHEROIDS AS AN IN VITRO DRUG SCREENING TOOL

Tumor spheroids seem to provide a better representation of real malignant tissues and are used in drug
screening in different forms, depending on the method of preparation. In principle, spheroids can be
generated using the hanging drop technique, suspension/spinner flasks, ultra-low attachment plates, micropatterned plates or microfluidics devices, to mention a few procedures[17]. Most cell lines form spheroids
under the appropriate non-adherent conditions but properties of these structures vary widely in respect
to size, surface density, gradients of nutrients and oxygen as well as homogeneity of the preparations.
The transport of oxygen, nutrients and metabolic wastes through the layers of the spheroid is decelerated
such creating specific gradients which mimic a physical barrier [Figure 1A]. Drug transport into cells is
tightly controlled by hurdles including the plasma membrane, transport proteins, cellular efflux pumps,
cell adhesion molecules and gap junctions[18]. The ability to cross these barriers in vivo determines drug
absorption, distribution, metabolism, excretion, and toxicity (ADME-Tox).
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Figure 1. A: Depicts a poorly vascularized tumor region showing gradients of oxygen, nutrients and waste; B: shows an overlay of a large
tumorosphere of a patient which has transformed from NSCLC under Osimertinib treatment to SCLC. The corresponding gradients are
shown for the tumorosphere. NSCLC: non-small-cell lung cancer; SCLC: small-cell lung cancer

Large spheroids (~ 400-500 μm diameter) display a layered cell distribution analogous to that observed in
solid tumors[19]. Accordingly, well-nourished cells in the outer layer exhibit high proliferation whereas the
middle layer is characterized by quiescent cells and the depleted core may contain necrotic cells and acellular
regions. The presence of diffusive gradients across the spheroids account for the impaired cytotoxicity of
various anticancer drugs and of irradiation. Cells in the hypoxic region are resistant to drugs or irradiation
which kill cells through reactive oxygen species, while quiescent cells are all less sensitive to drugs requiring
active cell cycling. Furthermore, spheroids possess a network of structural and adhesive ECM proteins which
regulate response to growth factors, cell proliferation and differentiation[20]. In addition, spheroids closely
mimic the physical barriers found in real solid tumors, which obstruct the free penetration of drugs through
the whole mass. However, a limiting fact of spheroids is the lack of relevant features of real tumors such
as the supporting vasculature, effector cells of the immune system and the fluid dynamics. Furthermore,
ECM components expressed in spheroids are of different cellular origin compared to the range of proteins
supplied by CAFs in vivo.
The response of spheroids to cytotoxic drugs can be assessed by variation of morphometric parameters such
as their diameter, volume and circularity from bright field microscopy by image analysis. Other methods
rely on measurements of membrane integrity (i.e., LDH assay), intracellular mitochondrial activity (e.g.,
formazan dyes MTT, WTS-1, resazurin dye AlamarBlue) or ATP content. Alternatively, the effect of drugs
on spheroids can be analyzed using immunofluorescence staining, expression of fluorescent proteins and
fluorescent probes for checking the state of the constituting cells[21]. However, assays such as formazan or
resazurin reduction assays may not be efficient with spheroids because of the incomplete probe penetration.
Distinct cancer cell lines and techniques for generating spheroids produce a wide variety of such multicellular
aggregates with an extreme range of molecular and physical properties. Exclusion of probes or drugs by
spheroids are an important test to confirm the presence of a tight physical surface barrier and to prove the
actual representation of an avascular tumor region. Still, the majority of spheroids for drug screening uses
permanent cell lines which has been adapted to tissue culture conditions for prolonged times and have lost
the lower proliferation rates and various characteristics of primary tumor cells. Most of these spheroids are
loose assembly of cancer cells and provide no significant barrier to drug penetration and cytotoxicity[22]. The
production of large spheroids is difficult since cells tend to adopt irregular shapes and are not any longer
suitable for screen drugs in a reproducible manner. Inclusion of CAFs and immune cells in scaffold-embedded
structures are technically demanding and significantly increase costs and effort for screening. Additionally,
the proof that advanced 3D models show superior predictive power for the selection of promising drugs is
largely lacking. The spheroid models are relatively simple with respect to clinical tumors and, therefore, the
reliability of their drug-response prediction capacity should not be overestimated[23].
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OVARIAN AND LUNG CANCER SPHEROIDS

Spheroids can be easily generated in vitro by different methods but such aggregates are found similarly
in vivo under special conditions, namely in ascitic fluid and pleural effusions in ovarian and lung cancer
among others, respectively. Epithelial ovarian cancer (EOC) is the most lethal gynecological cancer, with
a 5-year survival rate below 30% because the current chemotherapeutic regimes for EOC are unable to
achieve sustained remission[24]. EOC exhibits local invasion and this peritoneal carcinomatosis is present in
a third of patients at diagnosis and in almost all patients at recurrence. For EOC, in vitro cultured spheroids
are capable of tumorigenesis in vivo and display a reduced response to chemotherapeutic drugs when
compared to monolayers[25]. Therefore, spheroid formation promotes chemoresistance and represents a key
component of platinum- and taxane-sensitive recurrence in EOC. Spheroids of EOC arise from collective
detachment, rather than aggregation and are more resistant to anoikis than single cells[26]. Subsequently,
spheroids can reattach to the mesothelium and invade the ECM during dissemination. In patients, a wide
range of sizes of spheroids were observed comprising clusters ranging from less than 20 cells to over 100 cells
with approximately 40% of cells positive for the proliferation marker Ki67[27]. The EOC spheroid generates a
metabolite gradient that inhibits access of chemotherapy agents to the internal cells and the resulting slowly
cycling and/or quiescent cellular states are resistant to therapies involving platinum drugs and taxanes that
specifically hit proliferating cells[28].
Lung cancer is the most common cause of cancer deaths worldwide. The two broad histological subtypes of
lung cancer are small-cell lung cancer (SCLC), which is the cause of 15% of cases, and non-small-cell lung
cancer (NSCLC), which accounts for 85% of cases and includes adenocarcinoma, squamous-cell carcinoma,
and large-cell carcinoma[29]. In advanced stage, malignant pleural effusions (MPEs) are frequently present
and constitute an excellent source to culture a wide variety of cancer cells, in particular NSCLC classified as
adenocarcinomas[30,31]. In contrast to pleural cells, establishment of cancer cell lines from solid tumor tissue
is frequently inefficient, because of loss of growth after a few passages. MPE is caused by a combination
of processes such as inflammation, enhanced angiogenesis and vascular leakage. Withdrawal of ascites or
pleural effusions is often performed to relieve symptoms and is less invasive than tumor biopsies. These
patients have a poor prognosis with median survival times ranging from 2.5 months in lung cancer to
approximately 17 months for mesothelioma[32]. Such MPE gave rise to in vitro cultures both in adherent and/
or in spheroid conditions in almost all cases. These cultures form large irregular spheroids in non-adherent
regular medium or smaller and very compact spheres in serum-free sphere medium and, furthermore,
exhibit efficient tumor engraftment in immunocompromised mice.
In general, pleural lung cancer spheroids are less than 200 µm in diameter and, in our experience, these
aggregates tend to disperse and to grow as monolayers[22,33]. Generation of cultures from these tumor cells
has a high success rate, thereby amenable for sensitivity tests and selection of therapy[34]. For example, single
multicellular spheroids from malignant pleural mesothelioma were trapped and tested for chemotherapeutic
drug response on a microfluidic platform[35]. Adenocarcinoma MPEs of NSCLC resulted in in vitro cultures
both in adherent and/or in spheroid conditions but the ability of such preparations to induce xenografts
appeared to correlate with the production of large spheres and not with a particular expression of known
surface markers[36]. In conclusion, spheroids are present in malignant peritoneal fluid and pleural effusions but
these aggregates tend to exhibit smaller sizes without the hypoxic and necrotic regions observed in larger 3D
structures. In these cases, chemoresistance seem to be produced by cell-cell contact, altered gene expression
and concurrent resistance to anoikis-induced cell death. Cell-cell interactions in spheroids can control cell
signaling, survival, proliferation, and drug sensitivity, in particular under control of E-cadherins[37].

CIRCULATING TUMOR CELL CLUSTERS

The major cause of cancer-associated mortality is tumor metastasis which is mediated by circulating tumor
cells (CTCs) detached from the primary lesion. CTCs have been detected in variable numbers in almost all
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tumors with highest numbers in SCLC and inflammatory breast cancer (IBC)[38]. The number of CTCs has
predictive power and their variation in response to therapy indicates the efficacy of treatment. Only a minor
fraction of CTCs survives in the circulation, extravasates and is able to establish metastases. Many studies
have monitored CTCs in patients’ blood and the investigations showed that, in contrast to single cells, CTC
clusters have a high metastastic potential[39,40]. These structures have been described as circulating tumor
microemboli, circulating micrometastases or circulating tumor aggregates and are defined as groups of
tumor cells that travel together in the bloodstream[41]. Thus, CTCs can exist as single cells or clusters, ranging
from two cells to dozens of cells but this number of cells is too low to constitute spheroids with hypoxic
cores. Several mechanisms are supposed to account for the higher metastatic potential of CTC clusters and
a correspondingly poor prognosis such as an increased lodging in small blood vessels in various organs,
increased resistance to cell death after homing in distal organs and acquisition of stem cell signatures within
the cell assemblies[42,43].
CTC clusters are expected to have a very short life span in the circulation due to a faster removal by filtration
in the circulation compared to single cells[44]. Studies showed that the formation of metastases partially
depended on the size and concentration of CTC clusters[45,46]. In patients with metastatic breast and cervical
carcinomas, tumor cell emboli entrapped in vessels in were proved in the microvasculature of the lungs[47].
The size distribution of vessels was an important determinant of the distribution and survival of CTC
clusters[45]. However, a delayed aggregation of CTCs at inflammatory sites or after entrapment in small vessels
could not be ruled out[48]. In SCLC, the presence of CTC cluster was reported to be associated with shorter
progression-free and overall survival[41]. Although the metastatic process cannot be monitored in patients,
CTC clusters may be the precursors of large spheroids in small vessels in advance of extravasation and
growth of secondary lesions. Cardiac glycosides were found to disintegrate CTC cluster and were proposed
as antimetastatic agents[42]. However, the actual tumor dissemination via CTCs may occur at a time when
the initial tumor is of small size and has not been detected clinically thus making a late CTC-directed
intervention a futile effort[49].

SMALL CELL LUNG CANCER SPHEROIDS

SCLC is a highly aggressive malignancy with a dismal prognosis found mostly associated with heavy tobacco
consumption[50]. This tumor is disseminated in most cases at first presentation and while exhibiting high initial
response rates to first-line platinum-based chemotherapy the disease relapses invariably within approximately
1 year and second-line treatments with either topotecan or epirubicin-based regimens yield low response rates
of short duration. Except a minor extension of survival by novel checkpoint immunotherapy, no progress has
been made for the last decades with no new drugs approved[51,52]. There is no lack of clinical trials - the NIH
clinical trial registry counts over 800 investigations comprising new diagnostic methods, novel drugs, new
combinations of drugs and alternating treatment regimens. The therapeutics tested clinically target a host
of pathways and effectors ranging from novel platinum compounds, camptothecines, cell cycle inhibitors,
PARP inhibitors, modulators of apoptosis and many others. So far, no definite mechanisms of resistance
were reported for advanced SCLC which could have been exploited for novel therapeutic strategies. Instead,
numerous therapeutics with anticancer activities shown in other malignancies have been administered to
SCLC patients and largely demonstrated to be more or less tolerated but to fail to yield significant responses.
Genomics has demonstrated inactivation of tumor suppressor proteins p53 and RB1 with broad alterations
in the regulation of transcription and putative drugable modifications in small subpopulations of patients.
The rapid dissemination of SCLC is associated with excessive numbers of CTCs in many patients exceeding
the numbers of this cell type detectable in colorectal and breast cancers by orders of magnitude. EpCAMpositive SCLC CTCs have been counted using the CellSearch system and other techniques and correlated with
prognosis and response to therapy in a range of studies. Furthermore, enriched SCLC CTC fractions were
demonstrated to be tumorigenic in immunocompromised mice. In general, CTCs are highly heterogeneous
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and only a small fraction is competent in inducing metastases. At our institution we were able to initiate 9
permanent SCLC CTC lines (BHGc7, BHGc10, BHGc16, BHGc26, BHGc27, BHGc50, BHGc59, BHGc71, and
UHGc5) from SCLC patients with a higher tumor load. This panel of SCLC CTC cell lines exhibit the typical
SCLC markers, such as chromogranin A, enolase-2, synaptophysin and specific p53 mutations. Upon growth
in tissue culture, all CTCs derived from the different patients developed spontaneously large multicellular
aggregates up to 1 mm, termed tumorospheres according to a nomenclature proposed by Weiswald et al.[53].
In contrast to clusters and spheroids found in pleura and ascites, tumorospheres consist of 104-106 tumor
cells. Proliferation marker Ki67 or PCNA as well as carbonic anhydrase IX (CAIX) staining of tumorosphere
sections revealed a rim of proliferating cells and a layer of quiescent and hypoxic cells surrounding a necrotic
core region, respectively. Accordingly, comparison of the chemosensitivity of CTC single cell suspensions
with tumorospheres demonstrated markedly increased resistance of the clusters against chemotherapeutics
commonly used for treatment of SCLC[54]. Therefore, global chemoresistance of relapsing SCLC seems to
rely on formation of large tumorospheres which reveal limited accessibility for drugs, lower growth fraction
and a hypoxic inner microenvironment. The same spheroid-forming ability of SCLC CTCs derived from
blood samples of 9 different patients and their similarity of chemosensitivities and molecular markers point
to an important role in relapsed SCLC patients[54-56]. Actually, all SCLC CTC lines were established from
patients with extended metastatic disease and a high tumor load after 2nd line therapy with poor prognosis,
such suggesting an important role of these spheroids in chemoresistance and fatal tumor progression. The
CTC tumorospheres show a rather uniform size distribution, depending on the specific CTC line, and
may be expanded to large spheroid numbers which are suitable for advanced drug screening. SCLC seems
to represent a unique tumor model to study the association of CTCs, metastasis and drug resistance. Of
course, tumorospheres cannot exist in the circulation for long but SCLC CTCs or SCLC CTC clusters may be
released by primary tumors after first-line chemotherapy or may grow to these large spheroids from smaller
aggregates after entrapment in the microvasculature as observed under tissue culture conditions.
SCLC was designated as “graveyard of drug development” since a host of drugs with different targets failed
clinically and over 800 studies registered by the US clinical trials site brought little progress in therapeutic
modalities with the single exception of a minor prolongation of survival in response to immunotherapy[52].
However, SCLC seems to constitute an example of the failure of drug screening that is confined simply to
2D cell line models and loose aggregates of cancer cell lines in suspension. Although SCLC in vivo exhibits
aggressive proliferation which results in avascular regions and necrotic areas, drug screening was invariably
performed without attempts to use 3D models. Tumorospheres with quiescent cells and hypoxic/necrotic
regions are physically resistant to a host of drugs without requiring special molecular mechanisms of drug
resistance. In conclusion, CTC tumorospheres represent natural grown and large spheroids which are
expected to be involved in tumor dissemination and drug resistance in SCLC and provide a suitable source
for 3D testing of drugs. To overcome this type of resistance means to disintegrate spheroids in vivo would
be required.

HISTOLOGICAL TRANSFORMATION OF NSCLC TO SCLC

In 3%-15% of patients with NSCLC tumors, transformation to SCLC can occur, preferentially during
progression under tyrosine kinase inhibitor (TKI) or rarely under immune checkpoint therapy[57-60].
Concurrent development of adenocarcinoma and SCLC was noted in EGFR-mutant tumors before treatment
with an EGFR inhibitor[61]. Approximately after one year of EGFR-directed TKI therapy, resistance develops
comprising several distinct mechanisms including the most common EGFR T790M mutation in 50%60% of tumor samples[62]. Resistance mechanisms that bypass EGFR signaling, such as MET and HER2
amplification account for another 15%-20% of resistance to EGFR inhibitors and a less common mechanism
is the histological transformation of EGFR-mutant adenocarcinoma to SCLC[63,64]. This process was first
described in 2006 in a patient originally diagnosed with adenocarcinoma revealing SCLC with the original
EGFR exon 19 deletion mutation in a repeat biopsy[65]. Since then, several other case series have been
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reported and these SCLCs were identified by morphology and positive immunohistochemical staining for
synaptophysin, chromogranin, or NCAM[65-67].
Switch from NSCLC to SCLC is a mechanism of resistance in EGFR-mutant tumors which retain the specific
mutation[68]. This suggests that these SCLCs were not independent de-novo cancers, but a transformed
phenotype[63]. SCLC transformation occurs earlier in EGFR-mutant patients but both groups were responsive
to platinum/etoposide regimens with approximately 40% response rate. Transformation to SCLC suggests that
both adenocarcinoma and SCLC arise from a common cell type[63,64,69]. The initial response to chemotherapy
is much greater for patients with advanced SCLC than patients with metastatic NSCLC which suggests
inherent differences in tumor biology. Two large case series have investigated the frequency of tumors with
combined SCLC and NSCLC histology and reported 2%-10% of such tumors[70,71]. Although EGFR mutations
are identified in SCLC, these patients have had mixed responses to EGFR inhibitors[72].
After transformation to SCLC, the median OS was 9-10 months with significant lower OS in the non–EGFRmutant group. Once the tumor is transformed its survival and response to treatment seems comparable
to that of classical SCLC. For example, in 39 patients the median time from diagnosis of NSCLC to the
transformation to SCLC was 19 months and the median survival after SCLC diagnosis 6 months[73]. Thus,
atypical SCLC features are visible after transformation and a lower response rate to etoposide/carboplatin EC
treatment than classical SCLC is detected. At our institution we have established two cell lines from NSCLC
patients progressing after osimertinib TKI treatment which have transformed to SCLC as proved by detection
of the typical markers. Single transformed SCLC cells of these lines proved to be highly chemosensitive to
cisplatin and topotecan but in tissue culture large spheroids similar to the SCLC CTC tumorospheres were
detected and may be held responsible for chemoresistance and a dismal prognosis after a NSCLC-SCLC
switch [Figure 1B].

SPHEROIDS AS HYPOXIC NICHE

Tumor cells may reside in a protected environment and recur after prolonged times upon reactivation. For
tumor like breast cancer this niche is located at less vascularized and partially hypoxic regions within the
bone marrow[74]. This tumor dormancy is classically defined as the arrest of tumor growth in the primary
site or in metastatic dissemination. In cellular dormancy, cancer cells are in a quiescent state characterized
by minimum proliferation, minimum death and reversibility. Dormant cancer cells are likely resistant to
conventional therapies which target actively proliferating cells. This may be a property common to all cell
lines since cancer tissue-originated spheroids could be reversibly held dormant for at least 7 days in hypoxia
without growth factor stimulation[75]. Under hypoxic conditions, tumor cells adapt a more aggressive tumor
phenotype including the activation of DNA damage repair proteins, altered metabolism, and decreased
proliferation[76].
Tumorospheres seem to fulfil the preconditions for a protected niche for dormant tumor cells: hypoxic
conditions, quiescent cells and a protective cover by outer layers which exhibits continuous shedding of
tumor cells and fragments (unpublished observation). Thus, in SCLC cells may not seek protection as single
cells in the bone marrow but seem to be able to form a hypoxic niche themselves that is not amenable to
eradication by chemotherapy[77].

RELATION OF SCLC CTCS TO CANCER STEM CELLS AND EPITHELIAL-MESENCHYMAL
TRNSITION PHENOTYPES

Spheroids are small multicellular aggregates formed in vitro by cells from most cancers. Diverse methods
have been used to demonstrate cancer small cell clusters/spheroids consisting of up to 10 cells in the blood
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of metastatic cancer patients but filtration/image analyses of unprocessed blood showed a size range of up
to 30-60 µm obviously assembled by a larger number of tumor cells[78]. SCLC CTC tumorospheres reach
sizes exceeding 500-1000 µm and, in vivo, may be the product of the smaller spheroids trapped in the
microvasculature. Spheroid-forming potential has been ascribed to cancer stem cells (CSCs) as reported for
neurospheres, mammospheres and structures observed in other cancers[79]. The possibility that the spheroids
enclose and protect (CSCs) expressing the characteristic SOX2, NANOG and OCT4 markers have bee raised
but in the case of the SCLC CTC cell lines no CSC features were found[55].
Besides SCLC, the other cancer that is distinguished by extremely high numbers of CTCs is the highly
aggressive IBC which can metastasize via clusters[80]. In this case, the formation of clusters has been linked to
a hybrid epithelial/mesenchymal (E/M) phenotype of cells. In IBC, CTC clusters are launched as aggregates
of up to 20 cells into the bloodstream which are able to traverse capillary constrictions as single-file
chains[81]. Cells in a hybrid E/M phenotype retain at least some levels of E-cadherin and co-express epithelial
and mesenchymal markers. However, at least two of the SCLC CTC cell lines exhibit high expression of
cadherin and low expression of vimentin constituting a transition epithelial-mesenchymal transition (EMT)
phenotype at most that ultimately is not compatible with formation of the tumorospheres[55]. EMT has been
found to be dispensable for metastasis in experimental animal models and, so far, clinical attempts to target
CSCs were not effective to prolong survival[82,83].

CONCLUSION

SCLC CTC spheroids seem not to rely on features of EMT or CSCs phenotypes for drug resistance. The
circulating SCLC clusters/small spheroids may grow to large tumorospheres after entrapment in capillaries
and start the process of extravasation with help of proteolytic enzymes. In addition to the overexpression of
matrix metalloproteinase-9, SCLC CTC lines release cathepsin S which has been involved in brain metastasis
which is frequently observed for this tumor type[84]. Assembly of SCLC cells into tumorospheres seem to be
sufficient for broad-range chemoresistance and, unfortunately, the clinical strategies to attack and eliminate
such aggregates in vivo are not available yet. Patient-derived xenograft models employing CTCs should assist
in the development of new therapeutic modalities directed to spheroids[85].

DECLARATIONS

Authors’ contributions

Drafting, discussion and drawing of the figures: Hamilton G, Rath B
Availability of data and materials

Not applicable.

Financial support and sponsorship

None.

Conflicts of interest

Both authors declared that there are no conflicts of interest.
Ethical approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Page 770

Hamilton et al . Cancer Drug Resist 2019;2:762-72 I http://dx.doi.org/10.20517/cdr.2019.47

Copyright

© The Author(s) 2019.

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin 2018;68:7-30.
Housman G, Byler S, Heerboth S, Lapinska K, Longacre M, et al. Drug resistance in cancer: an overview. Cancers (Basel) 2014;6:176992.
Jo Y, Choi N, Kim K, Koo HJ, Choi J, et al. Chemoresistance of cancer cells: requirements of tumor microenvironment-mimicking in
vitro models in anti-cancer drug development. Theranostics 2018;8:5259-75.
O’Connor JP, Rose CJ, Waterton JC, Carano RA, Parker GJ, et al. Imaging intratumor heterogeneity: role in therapy response,
resistance, and clinical outcome. Clin Cancer Res 2015;21:249-57.
Stock K, Estrada MF, Vidic S, Gjerde K, Rudisch A, et al. Capturing tumor complexity in vitro: comparative analysis of 2D and 3D
tumor models for drug discovery. Sci Rep 2016;6:28951.
Moreno L, Pearson AD. How can attrition rates be reduced in cancer drug discovery? Expert Opin Drug Discov 2013;8:363-8.
Carragher N, Piccinini F, Tesei A, Trask OJ Jr, Bickle M, et al. Concerns, challenges and promises of high-content analysis of 3D
cellular models. Nat Rev Drug Discov 2018;17:606.
Nunes AS, Barros AS, Costa EC, Moreira AF, Correia IJ. 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors
resistance to therapeutic drugs. Biotechnol Bioeng 2019;116:206-26.
Ferreira LP, Gaspar VM, Mano JF. Design of spherically structured 3D in vitro tumor models - advances and prospects. Acta Biomater
2018;75:11-34.
Sutherland RM. Cell and environment interactions in tumor microregions: the multicell spheroid model. Science 1988;240:177-84.
Nath S, Devi GR. Three-dimensional culture systems in cancer research: focus on tumor spheroid model. Pharmacol Ther 2016;163:94108.
Grimes DR, Kelly C, Bloch K, Partridge M. A method for estimating the oxygen consumption rate in multicellular tumor spheroids. J R
Soc Interface 2014;11:20131124.
Groebe K, Mueller-Klieser W. On the relation between size of necrosis a diameter of tumor spheroids. Int J Radiat Oncol Biol Phys
1996;34:395-401.
Friedrich J, Seidel C, Ebner R, Kunz-Schughart LA. Spheroid-based drug screen: considerations and practical approach. Nat Protoc
2009;4:309-24.
Höckel M, Vaupel P. Biological consequences of tumor hypoxia. Semin Oncol 2001;28:36-41.
Minchinton AI, Tannock IF. Drug penetration in solid tumours. Nat Rev Cancer 2006;6:583-92.
Rodrigues T, Kundu B, Silva-Correia J, Kundu SC, Oliveira JM, et al. Emerging tumor spheroids technologies for 3D in vitro cancer
modeling. Pharmacol Ther 2018;184:201-11.
Achilli TM, McCalla S, Meyer J, Tripathi A, Morgan JR. Multilayer spheroids to quantify drug uptake and diffusion in 3D. Mol Pharm
2014;11:2071-81.
Lazzari G, Nicolas V, Matsusaki M, Akashi M, Couvreur P, et al. Multicellular spheroid based on a triple co-culture: a novel 3D model
to mimic pancreatic tumor complexity. Acta Biomater 2018;78:296-307.
Benton G, Arnaoutova I, George J, Kleinman HK, Koblinski J. Matrigel: from discovery and ECM mimicry to assays and models for
cancer research. Adv Drug Deliv Rev 2014;79-80:3-18.
Mittler F, Obeïd P, Rulina AV, Haguet V, Gidrol X, et al. High-content monitoring of drug effects in a 3D spheroid model. Front Oncol
2017;7:293.
Hamilton G, Rath B. Applicability of tumor spheroids for in vitro chemosensitivity assays. Expert Opin Drug Metab Toxicol
2019;15:15-23.
Zanoni M, Pignatta S, Arienti C, Bonafè M, Tesei A. Anticancer drug discovery using multicellular tumor spheroid models. Expert Opin
Drug Discov 2019;14:289-301.
Lheureux S, Gourley C, Vergote I, Oza AM. Epithelial ovarian cancer. Lancet 2019;393:1240-53.
Shield K, Ackland ML, Ahmed N, Rice GE. Multicellular spheroids in ovarian cancer metastases: biology and pathology. Gynecol
Oncol 2009;113:143-8.
Al Habyan S, Kalos C, Szymborski J, McCaffrey L. Multicellular detachment generates metastatic spheroids during intra-abdominal
dissemination in epithelial ovarian cancer. Oncogene 2018;37:5127-35.
Casey RC, Burleson KM, Skubitz KM, Pambuccian SE, Oegema TR Jr, et al. Beta 1-integrins regulate the formation and adhesion of
ovarian carcinoma multicellular spheroids. Am J Pathol 2001;159:2071-80.
Raghavan S, Mehta P, Ward MR, Bregenzer ME, Fleck EMA, et al. Personalized medicine-based approach to model patterns of
chemoresistance and tumor recurrence using ovarian cancer stem cell spheroids. Clin Cancer Res 2017;23:6934-45.
Gouvinhas C, De Mello RA, Oliveira D, Castro-Lopes JM, Castelo-Branco P, et al. Lung cancer: a brief review of epidemiology and
screening. Future Oncol 2018;14:567-75.
Mancini R, Giarnieri E, De Vitis C, Malanga D, Roscilli G, et al. Spheres derived from lung adenocarcinoma pleural effusions:
molecular characterization and tumor engraftment. PLoS One 2011;6:e21320.
Meijer TG, Naipal K, Jager A, van Gent DC. Ex vivo tumor culture systems for functional drug testing and therapy response prediction.
Future Sci OA 2017;3:FSO190.
Bielsa S, Salud A, Martínez M, Esquerda A, Martín A, et al. Prognostic significance of pleural fluid data in patients with malignant
effusion. Eur J Intern Med 2008;19:334-9.
Endo H, Okami J, Okuyama H, Kumagai T, Uchida J, et al. Spheroid culture of primary lung cancer cells with neuregulin 1/HER3
pathway activation. J Thorac Oncol 2013;8:131-9.
Hamilton G, Rath B, Plangger A, Hochmair M. Implementation of functional precision medicine for anaplastic lymphoma kinasearranged non-small cell lung cancer. Precis Cancer Med 2019; doi: 10.21037/pcm.2019.05.03.
Ruppen J, Cortes-Dericks L, Marconi E, Karoubi G, Schmid RA, et al. A microfluidic platform for chemoresistive testing of

Hamilton et al . Cancer Drug Resist 2019;2:762-72 I http://dx.doi.org/10.20517/cdr.2019.47

Page 771

multicellular pleural cancer spheroids. Lab Chip 2014;14:1198-205.
36. Grimshaw MJ, Cooper L, Papazisis K, Coleman JA, Bohnenkamp HR, et al. Mammosphere culture of metastatic breast cancer cells
enriches for tumorigenic breast cancer cells. Breast Cancer Res 2008;10:R52.
37. Jeanes A, Gottardi CJ, Yap AS. Cadherins and cancer: how does cadherin dysfunction promote tumor progression? Oncogene
2008;27:6920-9.
38. Aggarwal C, Wang X, Ranganathan A, Torigian D, Troxel A, et al. Circulating tumor cells as a predictive biomarker in patients with
small cell lung cancer undergoing chemotherapy. Lung Cancer 2017;112:118-25.
39. Aceto N, Bardia A, Miyamoto DT, Donaldson MC, Wittner BS, et al. Circulating tumor cell clusters are oligoclonal precursors of breast
cancer metastasis. Cell 2014;158:1110-22.
40. Hong Y, Fang F, Zhang Q. Circulating tumor cell clusters: What we know and what we expect (Review). Int J Oncol 2016;49:2206-16.
41. Hou JM, Krebs MG, Lancashire L, Sloane R, Backen A, et al. Clinical significance and molecular characteristics of circulating tumor
cells and circulating tumor microemboli in patients with small-cell lung cancer. J Clin Oncol 2012;30:525-32.
42. Gkountela S, Castro-Giner F, Szczerba BM, Vetter M, Landin J, et al. Circulating tumor cell clustering shapes DNA methylation to
enable metastasis seeding. Cell 2019;176:98-112.e14.
43. Yu M. Metastasis stemming from circulating tumor cell clusters. Trends Cell Biol 2019;29:275-6.
44. Meng S, Tripathy D, Frenkel EP, Shete S, Naftalis EZ, et al. Circulating tumor cells in patients with breast cancer dormancy. Clin
Cancer Res 2004;10:8152-62.
45. Liotta LA, Kleinerman J, Saidel GM. Quantitative relationships of intravascular tumor cells, tumor vessels, and pulmonary metastases
following tumor implantation. Cancer Res 1974;34:997-1004.
46. Knisely WH, Mahaley MS Jr. Relationship between size and distribution of spontaneous metastases and three sizes of intravenously
injected particles of VX2 carcinoma. Cancer Res 1958;18:900-5.
47. Peeters DJ, Brouwer A, Van den Eynden GG, Rutten A, Onstenk W, et al. Circulating tumour cells and lung microvascular tumour cell
retention in patients with metastatic breast and cervical cancer. Cancer Lett 2015;356:872-9.
48. Liotta LA, Saidel MG, Kleinerman J. The significance of hematogenous tumor cell clumps in the metastatic process. Cancer Res
1976;36:889-94.
49. Hamilton G, Rath B. Circulating tumor cells in the parallel invasion model supporting early metastasis. Oncomedicine 2018;3:15-27.
50. Semenova EA, Nagel R, Berns A. Origins, genetic landscape, and emerging therapies of small cell lung cancer. Genes Dev
2015;29:1447-62.
51. Hamilton G, Rath B. Immunotherapy for small cell lung cancer: mechanisms of resistance. Expert Opin Biol Ther 2019;19:423-32.
52. Koinis F, Kotsakis A, Georgoulias V. Small cell lung cancer (SCLC): no treatment advances in recent years. Transl Lung Cancer Res
2016;5:39-50.
53. Weiswald LB, Bellet D, Dangles-Marie V. Spherical cancer models in tumor biology. Neoplasia 2015;17:1-15.
54. Klameth L, Rath B, Hochmaier M, Moser D, Redl M, et al. Small cell lung cancer: model of circulating tumor cell tumorospheres in
chemoresistance. Sci Rep 2017;7:5337.
55. Hamilton G, Hochmair M, Rath B, Klameth L, Zeillinger R. Small cell lung cancer: circulating tumor cells of extended stage patients
express a mesenchymal-epithelial transition phenotype. Cell Adh Migr 2016;10:360-7.
56. Rath B, Klameth L, Plangger A, Hochmair M, Ulsperger E, et al. Expression of proteolytic enzymes by small cell lung cancer
circulating tumor cell lines. Cancers (Basel) 2019;11:pii:E114.
57. Dorantes-Heredia R, Ruiz-Morales JM, Cano-García F. Histopathological transformation to small-cell lung carcinoma in non-small cell
lung carcinoma tumors. Transl Lung Cancer Res 2016;5:401-12.
58. Roca E, Gurizzan C, Amoroso V, Vermi W, Ferrari V, et al. Outcome of patients with lung adenocarcinoma with transformation to smallcell lung cancer following tyrosine kinase inhibitors treatment: a systematic review and pooled analysis. Cancer Treat Rev 2017;59:117-22.
59. Ahn S, Hwang SH, Han J, Choi YL, Lee SH, et al. Transformation to small cell lung cancer of pulmonary adenocarcinoma:
clinicopathologic analysis of six cases. J Pathol Transl Med 2016;50:258-63.
60. Abdallah N, Nagasaka M, Abdulfatah E, Shi D, Wozniak AJ, et al. Non-small cell to small cell lung cancer on PD-1 inhibitors: two
cases on potential histologic transformation. Lung Cancer (Auckl) 2018;9:85-90.
61. Norkowski E, Ghigna MR, Lacroix L, Le Chevalier T, Fadel É, et al. Small-cell carcinoma in the setting of pulmonary adenocarcinoma:
new insights in the era of molecular pathology. J Thorac Oncol 2013;8:1265-71.
62. Attili I, Karachaliou N, Conte P, Bonanno L, Rosell R. Therapeutic approaches for T790M mutation positive non-small-cell lung cancer.
Expert Rev Anticancer Ther 2018;18:1021-30.
63. Sequist LV, Waltman BA, Dias-Santagata D, Digumarthy S, Turke AB, et al. Genotypic and histological evolution of lung cancers
acquiring resistance to EGFR inhibitors. Sci Transl Med 2011;3:75ra26.
64. Yu HA, Arcila ME, Rekhtman N, Sima CS, Zakowski MF, et al. Analysis of tumor specimens at the time of acquired resistance to
EGFR-TKI therapy in 155 patients with EGFR-mutant lung cancers. Clin Cancer Res 2013;19:2240-7.
65. Zakowski MF, Ladanyi M, Kris MG; Memorial Sloan-Kettering Cancer Center Lung Cancer OncoGenome Group. EGFR mutations in
small-cell lung cancers in patients who have never smoked. N Engl J Med 2006;355:213-5.
66. van Riel S, Thunnissen E, Heideman D, Smit EF, Biesma B. A patient with simultaneously appearing adenocarcinoma and small-cell
lung carcinoma harbouring an identical EGFR exon 19 mutation. Ann Oncol 2012;23:3188-9.
67. Watanabe S, Sone T, Matsui T, Yamamura K, Tani M, et al. Transformation to small-cell lung cancer following treatment with EGFR
tyrosine kinase inhibitors in a patient with lung adenocarcinoma. Lung Cancer 2013;82:370-2.
68. Ferrer L, Giaj Levra M, Brevet M, Antoine M, Mazieres J, et al. A brief report of transformation from NSCLC to SCLC: molecular and
therapeutic characteristics. J Thorac Oncol 2019;14:130-4.
69. Oser MG, Niederst MJ, Sequist LV, Engelman JA. Transformation from non-small-cell lung cancer to small-cell lung cancer: molecular
drivers and cells of origin. Lancet Oncol 2015;16:e165-72.
70. Adelstein DJ, Tomashefski JF Jr, Snow NJ, Horrigan TP, Hines JD. Mixed small cell and non-small cell lung cancer. Chest 1986;89:699704.
71. Mangum MD, Greco FA, Hainsworth JD, Hande KR, Johnson DH. Combined small-cell and non-small-cell lung cancer. J Clin Oncol
1989;7:607-12.
72. Shiao TH, Chang YL, Yu CJ, Chang YC, Hsu YC, et al. Epidermal growth factor receptor mutations in small cell lung cancer: a brief
report. J Thorac Oncol 2011;6:195-8.

Page 772

Hamilton et al . Cancer Drug Resist 2019;2:762-72 I http://dx.doi.org/10.20517/cdr.2019.47

73. Yang H, Liu L, Zhou C, Xiong Y, Hu Y, et al. The clinicopathologic of pulmonary adenocarcinoma transformation to small cell lung
cancer. Medicine (Baltimore) 2019;98:e14893.
74. Zhang W, Bado I, Wang H, Lo HC, Zhang XH. Bone metastasis: find your niche and fit in. Trends Cancer 2019;5:95-110.
75. Endo H, Inoue M. Dormancy in cancer. Cancer Sci 2019;110:474-80.
76. Riffle S, Hegde RS. Modeling tumor cell adaptations to hypoxia in multicellular tumor spheroids. J Exp Clin Cancer Res 2017;36:102.
77. Hamilton G, Moser D, Hochmair M. Metastasis: Circulating tumor cells in small cell lung cancer. Trends Cancer 2016;2:159-60.
78. Denes V, Lakk M, Makarovskiy A, Jakso P, Szappanos S, et al. Metastasis blood test by flow cytometry: in vivo cancer spheroids and
the role of hypoxia. Int J Cancer 2015;136:1528-36.
79. Ishiguro T, Ohata H, Sato A, Yamawaki K, Enomoto T, et al. Tumor-derived spheroids: relevance to cancer stem cells and clinical
applications. Cancer Sci 2017;108:283-9.
80. Jolly MK, Boareto M, Debeb BG, Aceto N, Farach-Carson MC, et al. Inflammatory breast cancer: a model for investigating clusterbased dissemination. NPJ Breast Cancer 2017;3:21.
81. Au SH, Storey BD, Moore JC, Tang Q, Chen YL, et al. Clusters of circulating tumor cells traverse capillary-sized vessels. Proc Natl
Acad Sci U S A 2016;113:4947-52.
82. Zheng X, Carstens JL, Kim J, Scheible M, Kaye J, et al. Epithelial-to-mesenchymal transition is dispensable for metastasis but induces
chemoresistance in pancreatic cancer. Nature 2015;527:525-30.
83. Lu W, Kang Y. Epithelial-mesenchymal plasticity in cancer progression and metastasis. Dev Cell 2019;49:361-74.
84. Rath B, Klameth L, Plangger A, Hochmair M, Ulsperger E, et al. Expression of proteolytic enzymes by small cell lung cancer
circulating tumor cell lines. Cancers (Basel) 2019;11:pii:E114.
85. Tellez-Gabriel M, Cochonneau D, Cadé M, Jubellin C, Heymann MF, et al. Circulating tumor cell-derived pre-clinical models for
personalized medicine. Cancers (Basel) 2018;11:pii:E19.

