
Abstract. Background/Aim: Chemo-radiation currently serves
as first-line therapy of advanced and recurrent head and neck
cancer, while new chemotherapy regimens are emerging.
However, response rates to any treatment are difficult to predict
and underlie broad variation. This study shows the
development of a standardized, high-throughput in vitro assay
to assess patients’ individual response to therapy regimens as
a future tool for personalized tumor therapy. Materials and
Methods: Viability and proliferation analyses after chemo 
+/- radiation treatment of single spheroids (low adhesion
plates/Hanging Drop (HD)) were generated from head and
neck squamous cell carcinoma (HNSCC) cell lines and primary
human cells from fresh tumor specimens. Results: All cell lines
showed reliable growth in all cell culture methods. The
spheroids showed significant delay of growth and/or necrosis
compared to control groups when exposed to current standard
chemotherapeutic regimens. Single 3D spheroids ready for
therapy susceptibility testing could be generated from actual
tumor specimens after enzymatic and mechanical separation.
Conclusion: In its current form, this single spheroid-based in
vitro assay was able to test individual therapy susceptibility to
current standard therapy regimens or, potentially, for testing

new targeted drugs in HNSCC treatment. With recent
discoveries regarding tumor heterogeneity and individual
mutation status, a reliable assay is a prerequisite for
personalized therapy in head and neck cancer.

Head and neck squamous cell carcinoma (HNSCC) is the
sixth most common cancer worldwide and predominantly
caused by excessive nicotine and alcohol consumption (1, 2).
A smaller, however, emerging number of cancers are caused
by permanent mucosal infection with high-risk types of
human papillomavirus (HPV) (3). There have been few
advances in improving overall and disease-free survival rates
in the past decades for advanced, recurrent and metastatic
disease (4-6). Surgical and conservative options are often
limited in these cases, as certain cancers show significant
resistance to chemo- and radiotherapy (7-11). While targeted
therapy has been successful in other oncologic entities, there
has been only one approval in HNSCC for cetuximab, a
therapeutic antibody against epidermal growth factor-
receptor (EGFR) (4, 5). Other targeted therapy drugs like
checkpoint inhibitors have only recently made transition
from trial to approval (12, 13).

Mechanisms of resistance to radio- and chemotherapy are
insufficiently understood and response rates are more or less
unpredictable, making decisions for appropriate treatment
modalities difficult for doctors and patients. Thus, in HNSCC,
there is rather a choice of treatments than a treatment of
choice. Moreover, ineffective radio- and chemotherapy comes
at a high cost of significant patient morbidity without
significant tumor regression. There have been implications for
differences in response rates between HPV-negative and HPV-
associated head and neck cancers; however, these indicators
have not yet led to a change in therapy guidelines (14-17).
Recent ground-breaking studies have identified a large variety
of inter-individual and intra-individual heterogeneity as a key
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reason for treatment resistance (18-21). Several cancer cell
clones with unique sets of driver mutations can be found
within a single tumor (22). Nonetheless, detailed analyses of
genetic alterations occurring in an individual cancer are cost-
and time-expensive. Moreover, knowledge of genotype does
not necessarily allow for reliable prediction of phenotype and
its treatment response.

Current experimental approaches for therapy studies make
use of in vivo and in vitro techniques, with animal models being
the most challenging and cost-intensive approaches. None of
the techniques copies the variability in terms of genetic
alterations and cell heterogeneity in the same way as the real
cancer does as they often comprise the use of heavily altered
and aged cell lines with few reliable matching characteristics to
actual human tumor cells.  To address this problem, we were
recently able to generate a new cell line referred to as “PiCa”
derived from fresh human cancer biopsies without enzymatic
degradation and with tumor-forming capacity in animal models
(23). With limited passages and characterization confirming
conserved cellular markers on the cell surface, on the road to
future trials with primary human cells, this cell line was our
main focus in the development of the following model. 

To date, several approaches of 3D tumor models like
spheroids and embedded matrix cultures have been followed,
usually in the context of identifying subsets of tumor stem
cells and their migratory capacities (24-28). It has been
shown that cells in three-dimensional (3D) cultures react
differently and more in vivo-like to administration of cancer
drugs than in monolayers (29-33). We intended to generate
a three-dimensional spheroid-based model to test individual
tumor therapy susceptibility, with the long-term goal of using
cells from freshly taken tumor biopsies that would allow us
to determine the ideal therapy regimen and identify patient-
specific mutation status and therapy targets (Figure 1A).
Here, we report the process of generating such a
standardized model to its current form. 

Materials and Methods
Cell lines and cell culture. Four different cell lines and human
primary cancer cells were used. FaDu and Cal27 (both human, from
hypopharyngeal and tongue cancer, respectively) were obtained
from ATCC (Manassas, VA, USA). The UPCI-SCC-154 cell line
from oropharyngeal HPV-associated cancer was obtained by U.
Schoetz (Department of Radiation Oncology, Munich, Germany).
The intermediate cell line PiCa originated from our associated
workgroup at Großhadern campus (23). Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Biochrom, Berlin,
Germany) supplemented with 10% fetal bovine serum (Gibco Life
Technologies, Paisley, UK), 1% penicillin/streptomycin (Biochrom),
1% sodium pyruvate (Biochrom), 1% non-essential amino acids
(Biochrom) and 1% L-Glutamine (Gibco Life Technologies). Cell
splitting was performed according to standard cell culture protocols.
Primary human tumor cells were harvested from tumor biopsies
incubated with Liberase (Roche Life Sciences, Basel, Switzerland)

and sieved before cultivating them in FCS-free medium to suppress
overwhelming fibrocyte growth. A further characterization of the
cells was performed, though not subject of this particular study. 

Spheroid cell culture. Different methods were used throughout the
process of establishing the most promising spheroid cell culture
generation. For the generation of Hanging Drops (HDs), a cell
suspension of 1,000 (FaDu) or 2,000 cells (Cal27) was used in the
GravityPLUS™ 3D Culture and Assay Platform (InSphero, Schlieren,
Switzerland). The platform was then incubated as described
previously (34). Depending on cell line, 3 (FaDu) to 5 (Cal27) days
turned out to yield the best results in terms of morphology. The
harvesting process is induced by transferring the GravityPLUS™ 3D
Culture and Assay Platform on a GravityTRAP™ plate. Subsequently,
the spheroids are harvested by pipetting 70 μl of DMEM into the
wells of the GravityPLUS™ plate that drives the spheroids to drop
into the wells of the GravityTRAP™ plate, allowing long-term
culture and imaging. Ultra-low attachment (ULA) culture plates were
used for the tested cell lines (96-well spheroid microplates with ULA
surface; Corning, Corning, NY, USA) at a cell suspension containing
1,000 PiCa, 1,000 FaDu, 2,000 Cal27 and 2,000-5,000 cells/ml UPCI
SCC154 cells, respectively, depending on the trial. 

Multimodal therapy testing. For evaluating effects of chemo -
therapeutic and radiation treatment on cell lines in 3D models, two
treatment regimes were created. The first approach comprised
radiation treatment of 2 Gy one day after harvesting and an additional
chemotherapeutic treatment with cisplatin (2.5/5/10 μM) for 24 h. In
the second approach, chemotherapeutics were given alone without
simultaneous radiation. After 24 hours, the medium was aspirated and
replaced through a 50/50 mixture of DMEM and airway epithelial cell
growth medium (Promocell, Heidelberg, Germany) supplemented
with 0.2 % amphotericin B (Biochrom), 5% gentamicin (Promocell)
and the airway epithelial cell growth medium supplement mix
(Promocell). The spheroids were then cultured for 15 days under the
same conditions as stated before, with medium exchange on every
second day. All experiments were performed in, at least, 5
independent replicates. Cells were starved in FCS-free medium for
24 h before the beginning of any experimental incubation. 

Planimetric assessment and proliferation testing. The development
of the spheroids was observed and documented every day of the
culture period via light microscopy and photography. Pictures were
analyzed with ImageJ (public software distributed by the National
Institutes of Health) by measuring area and diameter of the
spheroids. To assess proliferation and, therefore, viability at the end
of the experiment, a standard commercially available colorimetric
WST-8 test (PromoCell, Heidelberg, Germany) was performed and
analyzed by ELISA. 

Statistical analysis. Statistical analyses were performed with SPSS
(IBM, Armonk, NY, USA). A p-value <0.05 (two-tailed) was
considered statistically significant.

Results
Comparing spheroids from Hanging Drop (HD) and ultra-
low attachment (ULA) assays. Although several spheroid
studies have been performed by numerous working groups
in the context of tumor cell lines, limited information was
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Figure 1. General concept of pre-therapy susceptibility testing and comparison of methods. A: Scheme of theoretical preclinical therapy and
mutation testing. B: Growth rates of head and neck squamous cell carcinoma (HNSCC) cell lines in both spheroid cell culture models. Cal27,
FaDu and PiCa cells were seeded into either Hanging Drop (HD) arrays or ultra-low attachment (ULA) plates. While PiCa and FaDu spheroids
required 1,000 cells per well, a number of 2,000 Cal27 cells was necessary to obtain comparable spheroid formation after 14 days. ULA-generated
spheroids were significantly larger compared to HD spheroids. C: Comparison of growth speed with increased number of cells (PiCa cells on
ULA). The linear pattern remains unchanged. D: Ki67 immunochemistry staining of a spheroid slice. The periphery of the culture shows much
higher proliferation rates than central cells, mimicking nutrient distribution in solid mucosal tumors that often show necrotic cores (PiCa cells
on ULA plates). 



available regarding how cells from squamous cell carcinoma
from the head and neck would perform in such assays and,
also, which assay would be best suitable for potential therapy
studies. We have been working with, namely, two common
spheroid cell culture assays in our group, the HD assay and
an assay based on ULA plates. 

The HD model belongs to the methods of liquid-based
suspension cultures that maintain culture cells in suspension
to ease self-assembly of the tumor cells into spheroids (33).
Thus, the spheroids arise due to gravity-induced aggregation
of the cells without coating the surface of the plate,

preventing interactions and effects of cells with the
substratum (29, 31). ULA plates consist of non-adherent
polystyrene surfaces with opaque sides and a round-shaped
well bottom that lead to reproducible homogenous formation
of single multicellular tumor spheroids (MCTS) per well
without any fixation on the culture plate (35, 36). After
seeding variable cell numbers, a spheroid remains within the
same well and does not need to be transferred before further
treatment. Due to the bigger diameter of the well, the
spheroids obtain bigger sizes compared to the HD model.
Depending on the cell line, a stable, round and uniform
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Figure 2. Microscopy of spheroids from different cell lines and primary tumor cells. All cell lines could generate reliable spheroids; differences in size
and time of read-out are according to Figure 1. In preliminary experiments, primary cells did not form reproducible spheroids in Hanging Drop (HD)
but ultra-low attachment (ULA) plates (bottom left). Further studies are to be undertaken to evaluate spheroid growth characteristics from primary cells. 
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Figure 3. Therapy studies. A: PiCa cells were cultivated to generate spheroids (n=12 per group) in ultra-low attachment (ULA) plates and Hanging
Drop (HD). Cells were stimulated according to the protocol (see Materials and Methods) with either H2O as control, cisplatin at 5 μM or 
5-fluorouracil (5-FU) at 30 μM. Sizes of the spheroids were determined at day 6, 10 and 16 according to standard protocols. Cisplatin and 5-FU
treatment led to a significant decrease in size (p-values are given at left bottom under section C). HD spheroids were significantly smaller than ULA
spheroids. Due to handling difficulties and subsequent loss of cells, this technique was not suitable for manual testing in high numbers. B: Identical
experimental design as in A (n=12), but with additional radiation of 2Gy. According to the p-values given in C, previous radiation with 2 Gy led to
a significant decrease in spheroid size in the control group, imitating radiation therapy and showing radiation sensitivity of PiCa cells. Radiation in
combination with cisplatin treatment did not lead to a further significant decrease in size of the spheroid (p>0.05). C: calculated p-values from 
2-way ANOVA analysis from experiments A and B. D: WST8 assay performed on day 16 as an alternative for planimetric analysis of the spheroids.
WST8 analyses were able to detect a significant decrease in living cells after chemo-radiation (2Gy radiation and cispatin) compared to cisplatin
only (p=0.017), hence showing the advantage of combining both planimetric analysis and WST8 colorimetric assay at the time of assay read-out.



morphology of the spheroids allows further high-throughput
screening (35, 37). Table I shows a synopsis of both
techniques’ characteristics. 

We have been working with several established cell lines
throughout the process of finding a feasible protocol for the
pre-clinical therapy testing. To obtain comparable spheroids
with adequate morphology and size, individual numbers of
cells had to be seeded for each cell line. We further compared
the individual growth rates of PiCa, FaDu and Cal27 spheroids
for a period of 14 and 16 days, respectively and for each
model. The growth rates were nearly linear in both models,
with the average growth rate, however, being approximately
twice as high in ULA plates compared to HD (Figure 1B). A
change in cell number at the beginning of the experiment did
not change the linear growth pattern but led simply to an
increase in surface area (Figure 1C). Both models revealed
reproducible spheroids with stable cell-cell adherence leading
to dense and round clusters. After 7 days of cultivation, light
microscopy showed spheroid morphology with a dense core
and brightened outer cell layer (Figure 2). To check for a more
distinct spheroid anatomy and obtain more information about
the growth pattern and cell viability, we performed
immunochemistry on spheroids with the proliferation marker
Ki-67. The experiment revealed differences between the fast
proliferating tumor rim of about 500 μm thickness and the
spheroid core with only slow proliferating cells as shown for
other small, not vascularized solid tumors (Figure 1D). This
is most likely caused by a gradient of nutrients and oxygen
supplied by the cell culture media causing a decrease from the
periphery to the center of the tumor. Overall, spheroid
formation with primary tumor cells previously obtained from
biopsies was more reliable and reproducible in ULA plates
than in HD, which supported our decision to proceed
preferably with ULA plates for future trials. 

Treatment studies with first-line radio-chemotherapy. For
patients unsuitable for surgery due to excessive local tumor
growth and metastatic spread, the current first-line therapy
recommendations enclose fractionated radiation, usually at
single doses of 2 Gy/day and simultaneous chemotherapy

with at least one platinum-derived drug. Similar treatment
regimens are also given for adjuvant therapy after successful
surgical removal of the tumor. Before being able to establish
the assay for therapy susceptibility testing, we had to check
whether our analysis methods were able to detect decreases
in spheroid size after incubation with chemotherapeutic
drugs or exposure to radiation. Figure 3 shows the results of
our therapy studies with PiCa cells; testing with the other
three cells lines revealed similar results (data not shown). 
Incubation of cells with cisplatin or 5-fluorouracil (5-FU) led
to a significant decrease of spheroid growth over time in
both models (Figure 3A). Radiation of 2 Gy also
significantly reduced spheroid growth (Figure 3C). In
planimetric analysis of the spheroid size, combination of
both radiation and cisplatin treatment did not show a
significant decrease in spheroid size; however, the WST8
analysis, to assess the proportion of viable cells at day 16,
showed a significant added negative impact of radiation +
cisplatin compared to cisplatin alone (Figure 3D). 

Discussion

We could successfully implement a standardized method to,
first, generate multicellular spheroids from different
HNSCC cell lines and, subsequently, establish a reliable
protocol to measure spheroid size and viability. The
experiments performed on this issue were also conducted
preliminarily with primary tumor cells originating from
fresh tumor biopsies confirming feasibility. This is the first
step towards an assay that can be used to assess (i) tumor
heterogeneity using cells originating from different parts of
tumor or primary vs. metastatic cells and (ii) individual
susceptibility to common first- or second-line therapy
protocols (chemo-reagents, radiation) and experimental
drugs. Our experiments confirmed current data regarding
superiority of cisplatin with radiation versus radiation alone
(p=0.017) on cell lines; however, a multimodal assay read-
out with both planimetric analysis and survival assay seems
mandatory to increase the assay’s sensitivity for reliable
detection of small variations.
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Table I. Synopsis of Hanging Drop (HD) and ultra-low attachment (ULA) model’s characteristics (28, 33).

Spheroid model                    Advantage                                                                                 Limitations

Hanging Drop method         Uniform morphology and size of spheroids                            Difficult handling, risk of dissolving spheroids
                                             Single spheroid per drop                                                          Not compatible with most plate readers
                                             High throughput possible
                                             Automation possible (robotics)
ULA plates                          Easy-to-handle                                                                          Morphology and size of spheroids may vary
                                             High throughput possible                                                         Slight tendency towards multiple spheroids 
                                             Automation possible (robotics and plate readers)                   per well depending on cell type



In general, there is an urgent need to re-think and re-
evaluate existing and previous techniques used to measure
therapy response in an experimental setting. Many of the
preliminary studies were performed with cancer cell lines
originating from decades earlier, either in in vitro or in animal
models. Therefore, several genetic alterations during the
numerous passages in vitro, compared to the original cell line,
are assumed causing different behavior  when exposed to
radiation and/or chemotherapy. Cell lines that are able to grow
in vitro differ genetically from the primary cancer cell
population. Selective pressure in vitro may predominantly
maintain their increased growth stimulation in terms of
autocrine secretion of growth factors. Hence, results of therapy
susceptibility testing in non-primary tumor cells indicate rather
an overall, i.e. qualitative, effect of a treatment regime but
there is no evidence of the same effect applied in patients (38,
39). The reality of treating HNSCC has been more difficult
than experimental studies suggested earlier with high numbers
of therapy resistance mechanisms and, virtually, no way of
predicting effectiveness. To our knowledge, there is no other
experimental or clinical in vitro assay that comprises of
primary tumor cells. We confirmed feasibility with primary
cells in regards to reliable spheroid formation in small
preliminary numbers; however, to date, further and larger
experiments have to be performed before being able to
establish the method as a clinical assay, which is the goal of
these efforts. 

With our new intermediate cell line PiCa from our group,
we were able to conduct treatment experiments at a larger
scale and confirmed current therapy expectations (23). While
this might seem like a circumstantial fact, it supports our
theory that PiCa cells reflect actual human tumor behavior
better than other, more aged and passaged cell lines that
underwent numerous passages. Cells that may undergo non-
physiological selection due to long-term in vitro conditions
might bias chemo-radiation sensitivity. In this respect, FaDu
cells, derived from a tumor biopsy taken in 1968, may not be
suitable for the prediction of treatment response of individual
carcinomas In general, none of the available cancer model
systems (2D cell cultures, animal models) could come out on
top in regards of drug discovery as, even in animal studies,
some of formerly promising preclinical drugs failed to be
reproducible in patient treatment (40). Many animal models
include the use of immune incompetent mice; however, in the
light of recent drug discoveries; we know that the immune
system is a key player influencing therapy mechanisms and
nowadays a target of therapy itself. Therefore, such a notion
should not be generally excluded in therapy assays (41). 

Current emerging approaches towards personalized
therapy in HNSCC patients enclose tumor cell-DNA
sequencing and histopathological evaluation of certain
markers. Evaluation of cell surface markers is not new in the
context of HNSCC. While earlier testing for EGFR density

on tumor cell surface was not useful to predict the
effectiveness of cetuximab, there seems to be a certain
correlation between the extent of presentation of PD1 ligand
on tumor cells and the effectiveness of now emerging
checkpoint inhibitors in head and neck cancer (42-44). DNA
sequencing approaches are aiming towards identification of
future therapy targets, i.e. for monoclonal antibodies, but
HNSCC remains difficult to generalize between individual
patients due to a high rate of mutation quantity and
variability. These instruments are also easy to be integrated
in our 3D spheroid approach, as single spheroids could be
analyzed as described above from their ULA plate, i.e. to test
for medication prerequisites right away after failure of
current standard therapy regimens. While delivering a
maximum of information, new emerging methods like
sequencing and proteomics remain a financial challenge and,
therefore, hard to implement into clinical routine. With our
assay up-front, they could be used specifically in cases
showing resistance to other common treatment regimens. 

A main precondition for high-throughput screening is the
reproducibility of uniform spheroids as size and heterogeneity
may influence the validity of end-point assays (45). We showed
that spheroids grow in a linear pattern with higher proliferation
rates in ULA plates resulting in significant increased spheroid
sizes compared to HD. This finding was independent of the
initial amount of seeded cells. Light microscopy revealed regular
spheroids of all cell lines with dense cores and brightened outer
cell layers on day 7 of cultivation. This contrasts the theory of a
typically biphasic growth behavior as a result of the spheroid
morphology of a rising necrotic core, a quiescent cell layer with
cell-cycle arrest and a thin outer proliferative cell layer (30, 31,
46). Little is known about the assessment of the individual ideal
spheroid size and time point to start treatment and/or read-out
slight differences with high sensitivity. In general, on the one
hand, cell incubation should not be initiated unless spheroid
morphology is present; on the other hand, the effect of treatment
seems to shrink when spheroids gain excessively extended sizes.
From our experience, we regard the 16-day culturing time as
maximum until spheroids show tendencies towards growth
stagnation, dissociation and infection. In this trial, 1,000-2,000
cells proved to be sensitive to detect differences after treatment.
It was shown that multicellular tumor spheroids reach sizes of 1
to 3 mm in diameter, depending on the cell line and the 3D
model (29, 47). Typical spheroid architecture, consisting of a
an inner layer of quiescent cells and an outer layer of
proliferating cells, respectively, was detected in MCTS lager
than 500 μm in diameter, an indication of nutrition, oxygen
and, thus, proliferation gradients responsible for cell
heterogeneity (29, 32, 47). These limited diffusion gradients of
oxygen, nutrients, metabolic waste products and soluble
factors, such as cytokines and growth factors, were shown to
be similar to micro-metastases and avascular tumors measuring
0.5-1.0 mm3 (37, 45, 48).
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Why do 3D tumor cell cultures make sense in preclinical
use? Several studies have shown that 2D and 3D cultures
simply react differently to anticancer drugs and radiation.
Not all studies are comparable, as they work with different
assays and cell types, but could generate significant results
when comparing 2 and 3D culture assays.  The variability of
drug susceptibility is usually explained by different
“microenvironments” and gene expression profiles, apart
from nutrient and oxygen gradients and diffusion capacity of
the drug (29, 49, 50). Pickl et al. recently pointed out a good
example for the role of such microenvironments in which
trastuzumab was tested in 2D and 3D environments of breast
cancer cells (51). Cells in 3D spheroids where much more
vulnerable to the antibody as they depended significantly
more on their physiological human epidermal growth factor
receptor 2 (HER2) signaling in the spheroid formation, the
target of the antibody (45). Therefore, predicting clinical
response of new agents tested in 2D cellular assays is limited
(32).  Although 3D cell culture models are commonly seen
to be superior to monolayer cultures as a more reliable drug
screening tool, there are only a few studies that deal with
spheroids in head and neck cancers (27, 33, 52-54). 

In this work, we discuss spheroid models that may close
the gap between the basic and less physiological monolayer
models, on one hand and, even more sophisticated, likely
unpractical for routine 3D models harboring co-cultures like
stromal cells and immune cells, on the other hand (29).
Among a wide range of different 3D models with variable
complexity, it seems important to focus on scaffold-free
MCTS like the HD and the ULA method, respectively, as
they represent an auspicious tradeoff between easy handling
for high-throughput screening and enhanced reflection of
tumor physiology (32, 45). One of the major limitations that
2D  and 3D cultures have in common is the lack of
examining migration and invasion of the malignant cells. As
spheroids consist of a distinct construction (hypoxic core
enriched with a quiescent viable central zone with tendency
to necrosis, as well as the outer proliferating zone) the rates
of proliferation of several tumor cell lines might be reduced
compared to its behavior in a 2D model (45). The underlying
mechanisms include different oxygen/nutrient/growth factor
gradients, stromal cell and extracellular matrix influence (30,
55-58). However, 3D models represent the most promising
tumor model before moving to expensive animal models that
remain the most predicting models for preclinical drug
testing (59).

Drug resistance has been brought-up repeatedly in the
context of spheroid cell culture models. Several treatments
have been found to be less effective in 3D
pathophysiological environment indicating either different
rates of drug resistance or, actually, a more realistic
effectiveness compared to clinical use (39, 50). This might
be due to drug concentration gradient from the outer cell

layers to the inner core, mimicking a more physiological
drug delivery within the tumor due to reduced permeability
(33, 60, 61). Furthermore, in 3D models, cells seem to
express distinct genes usually associated with drug
resistance that were also found in in vivo animal studies
(58). Factors, such as alteration of chromatin structure,
apoptosis inhibition, cell cycle and permeability, make the
MCTS a more reliable and predictable drug testing in vitro
model compared to 2D monolayer models (29, 37, 62-64).
Radiation resistance has also been linked to spheroid models
in the past. Kadletz et al. could not detect any radiation-
related cytotoxicity for a variation of dosages in different
HNSCC cell lines (52). However, sensitivity and resistance
to irradiation is mainly influenced by effectiveness of DNA
repair, apoptosis, oxygen supply and cell-cell contacts,
features that, in spheroid cell culture, are similar to tumors
in vivo (29, 65, 66). In conclusion, it is plausible that the
so-called chemo- and radiation resistance, in the context of
spheroid cell culture, is actually the result of more in vivo-
like cell functionality. Actual drug effectiveness and the
complex mechanisms behind drug resistance could be
understood in spheroid cell culture models much better
even, possibly, in a preclinical setting. 
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