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Fluorescence-Based Quantitative
and Spatial Analysis of Tumour
Spheroids: A Proposed Tool to
Predict Patient-Specific Therapy
Response

Loredana Spoerri*, Gency Gunasingh and Nikolas K. Haass*

The University of Queensland Diamantina Institute, The University of Queensland, Brisbane, QLD, Australia

Tumour spheroids are widely used to pre-clinically assess anti-cancer treatments. They
are an excellent compromise between the lack of microenvironment encountered in
adherent cell culture conditions and the great complexity of in vivo animal models.
Spheroids recapitulate intra-tumour microenvironment-driven heterogeneity, a pivotal
aspect for therapy outcome that is, however, often overlooked. Likely due to their ease,
most assays measure overall spheroid size and/or cell death as a readout. However, as
different tumour cell subpopulations may show a different biology and therapy response,
it is paramount to obtain information from these distinct regions within the spheroid. We
describe here a methodology to quantitatively and spatially assess fluorescence-based
microscopy spheroid images by semi-automated software-based analysis. This provides
a fast assay that accounts for spatial biological differences that are driven by the tumour
microenvironment. We outline the methodology using detection of hypoxia, cell death
and PBMC infiltration as examples, and we propose this procedure as an exploratory
approach to assist therapy response prediction for personalised medicine.

Keywords: tumour spheroid, tumour micro-environment, spatial analysis, intra-tumoural heterogeneity,
anti-cancer drug response, hypoxia, cell death, immune cell infiltration

INTRODUCTION

Cancer treatment can be primarily subdivided into two main approaches: targeted therapy, where
cancer cells are killed directly by a cytotoxic drug, and immune therapy, where cancer cell death is
achieved via reactivation of the patient’s immune system. Each therapy type has its own advantages
and disadvantages, but an important limitation they have in common is frequent drug insensitivity
and disease relapse (1).

Primary and acquired resistance to targeted therapy depends on both cancer type and cytotoxic
effector. In addition to the substantial development of acquired resistance, there is primary
resistance. For instance, more than 40% BRCA1/2-deficient ovarian cancer patients fail to respond
to PARP inhibitors from the start of the treatment (2). Conversely, while the vast majority of
patients with BRAF-mutant melanoma has objective responses or temporary stable disease when
treated with a BRAF inhibitor, they inevitably relapse, almost always in the first 1-2 years of therapy
due to acquired resistance (3). Inter- and intra-tumoural heterogeneity are considered amongst the
main culprits of resistance to cytotoxic targeted therapy.
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FIGURE 5 | Effect of “IdentifyPrimaryObjects” parameters on object identification accuracy. Spheroid nuclei identification results from automatically (auto) and
manually (manual) set threshold strategy (A), size of smoothing filter for declumping (B) and minimum allowed distance between local maxima (C). Magenta outlines
indicate identified objects. Orange and green arrows indicate false negative and false object identification, respectively.

f.

Additional modules

Modules such as “ClassifyObjects,” “OverlayOutlines;,” and
“Savelmages” can be combined and added after steps
of objects identification and feature measurements to
generate images for visual analysis and illustration purposes
(Figures 3B,D-G).

. “ExportToSpreadsheet” module

This module will convert the measurements to a comma-, tab-,
or other character-delimited text format and save them. These
data are used for further analysis, such as data plotting and
statistical analysis.

CellProfiler Analysis of DRAQ7™ Fluorescence Signal

A WM983B melanoma spheroid was formed and cultured in
medium supplemented with 3uM DRAQ7™ then fixed and
cleared. A central optical section acquired with a confocal
microscope is used here as an example to outline this image
analysis (Figure 11).

a. Identify the cell nuclei as explained for hypoxia analysis

step a.

In the absence of a nuclear staining image, other nuclear
signals such as that from expressed fluorescent proteins
can be used. This is shown in the example illustrated in
Figure 11 where mAG (FUCCI sensor), mKO2 (FUCCI
sensor) and DRAQ7™ images were merged to generate

a comprehensive image of the cell nuclei in the spheroid
(Figure 11A). The Fluorescence Ubiquitination-based
Cell Cycle Indicator (FUCCI) is a fluorescent reporter
used for monitoring cell-cycle progression where mAG
(monomeric Azami Green) and mKO2 (monomeric Kusabira
Orange 2) fluorescent proteins are expressed in different
phases of the cell cycle, ie., G2/M phase and G1 phase,
respectively (19).

b. Measure DRAQ7™ fluorescent signal intensity
As explained for hypoxia analysis in step c. but using the
identified nuclei instead of cells (DRAQ7™ signal is nuclear).

c. Identify the spheroid
As explained for hypoxia analysis step d.

d. Measure distance of nuclei from the spheroid surface
As explained for hypoxia analysis step e. (using the identified
nuclei instead of cells).

e. Other modules
Add and combine “ClassifyObjects,” “OverlayOutlines,” and
“SaveImages” modules to generate images for visual analysis
and illustration purposes (Figures 11B,D-G).

f. Export measurements and save them as a file
(“ExportToSpreadsheet” module)

CellProfiler Analysis of Spheroid-Infiltrating

Fluorescent PBMCs

A C8161 melanoma spheroid was incubated for 24h with
1 x 10° PBMCs isolated from a healthy individual and
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FIGURE 6 | CellProfiler “IdentifyPrimaryObjects” module interface. Parameters used to identify spheroid nuclei for analysis shown in Figure 3.

fluorescently stained, fixed and cryosectioned. A central
cryosection was used as an example to outline this image analysis
(Figure 12).

a. Identify the PBMCs
“IdentifyPrimaryObjects” module
As explained for hypoxia analysis step a. but using the PBMC
image as input (Figure 12A).

. Identify the spheroid
“IdentifyPrimaryObjects” module
As explained for hypoxia analysis step d. In the example
illustrated in Figure 12 mAG (FUCCI sensor), mKO2
(FUCCI sensor) and PBMC images were merged to generate
an image (Figure 12C) that would have allowed identification
of the spheroid outline (Figure 12D).

c. Measure the distance of PBMCs from the spheroid surface
As explained for hypoxia analysis step e. (using the identified
PBMC:s instead of cells).

. Additional modules

using the

using the

Add and combine “ClassifyObjects,” “OverlayOutlines,” and
“Savelmages” modules to generate images for visual analysis
and illustration purposes (Figures 12B,D,E).

e. Export measurements and save them as
(“ExportToSpreadsheet” module)

a file

Application Example: Detection of Cell Killing by
Bortezomib
We provide an example of a C8161 melanoma spheroid treated
with bortezomib, a 26S proteasome inhibitor approved for
treatment of multiple myeloma and mantel cell lymphoma (20,
21). Bortezomib primarily acts on proliferating melanoma cells
via a mechanism involving G2/M arrest and apoptosis (22-24),
while G1-arrested cells appear to be protected from this cytotoxic
effect (25), providing the necessity of cell cycle-tailored targeting
of melanoma (26).

In this example a FUCCI-transduced C8161 melanoma
spheroid was incubated with 50 nM bortezomib for 48h and
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FIGURE 7 | CellProfiler “IdentifySecondaryObjects” module interface. Parameters used to identify spheroid cells (cytoplasm included) for analysis shown in Figure 3.
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FIGURE 8 | CellProfiler “MeasureObjectintensity” module interface. Parameters used to measure cell pimonidazole fluorescence signal for analysis shown in Figure 3.

confocal fluorescence images were taken at 0, 24, and 48h.  actively cycling cells. Lack of DRAQ?7 signal in the spheroid core
DRAQ7 was added to the culture medium 24h prior to  at thistime point is in agreement with our previous observations,
bortezomib addition to a final concentration of 3 wM. FUCCI-  whereby while DRAQ7 efficiently marks dying and recently
C8161 spheroids incubated with DRAQ7 can be imaged without  died cells, its fluorescence signal is lost over time by these
clearing to assess cell death. In fact, FUCCI-C8161 spheroids  cells. After 48h the spheroid periphery shows strong DRAQ7
exhibit low light scattering (acceptable image quality) and express  positivity while mAG™ cells are barely present (Figures 13C,EL),
the FUCCI cell cycle indicator, while DRAQ7 is a permeable  supporting the killing of actively cycling cells by bortezomib.
non-toxic compound that becomes fluorescence only when In turn, the inner part of the spheroid shows mKO2 positive
intercalated with double-stranded DNA. cells (Figures 13C,I), which due to their Gl-arrested status are
At 0h the signal of the FUCCI fluorescent proteins shows the  expected to be protected from bortezomib G2-arresting and
typical pattern observed in spheroids (Figure 13A), where the  cytotoxic effects.
percentage of the mAG™ cells decreases from the surface toward
the centre of the spheroid (Figures 13A,D). This, as explained DISCUSSION
earlier, is indicative of an actively cycling spheroid periphery and
a Gl-arrest that increases moving inwards toward the spheroid  Inter-patient, intra-patient and intra-tumour genetic and
centre. DRAQ7 fluorescence signal mainly localises in the centre  microenvironment-driven heterogeneity makes personalised
of the spheroids (Figures 13A,]) where a necrotic core lacking  medicine a crucial requirement for the successful cancer
FUCCI signal is expected (Figures 13A,D,G). After 24h an  treatment (27). The ability of spheroids to model solid tumours
increase in mAG™ and DRAQ7™ cell percentages is noticeable  and to mimic multiple aspects of tumour cell biology and
in the spheroid periphery (Figures 13B,E,K), as expected from  microenvironment in vitro makes them a useful tool to predict
the G2-arresting and cytotoxic effect caused by bortezomib on  treatment response and could assist in therapy selection for best
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FIGURE 9 | CellProfiler “IdentifyPrimaryObjects” module. Parameters used to detect spheroid outline for analysis shown in Figure 3.
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FIGURE 10 | CellProfiler “RelateObject” module. Parameters used to measure cell-to-spheroid-surface distance for analysis shown in Figure 3.

patient outcome. A major strength of in vitro models is that they
allow functional, as opposed to only observational, examination.

Here we describe three methods of quantitative and spatial
fluorescence analysis of spheroids. Location-dependent data
are fundamental because they account for intra-tumoural
heterogeneity, a common feature of solid cancers that is regarded
as one of the principal causes of therapy resistance.

Spheroids are usually round and symmetrical and so is their
intra-spheroid environment-driven heterogeneity (e.g., oxygen
concentration presents as a gradient radially decreasing from

the surface toward the core). Based on this symmetry, findings
obtained from equatorial sections are comprehensive for the
whole spheroid as they allow to extrapolate information for any
orientation of the spheroid.

However, spatial localisation of different types of cells
(e.g., cancer and endothelial cells, fibroblasts, etc.) in spheroid
co-cultures may not reflect symmetry, if independent from
the microenvironment-driven heterogeneity. In this case,
other types of CellProfiler measurements can be used. The
“MeasureObjectNeighbors” module determines how many
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FIGURE 11 | Main steps of CellProfiler DRAQ7 image analysis. The Merge image (A) is used to identify the nuclei as primary objects (B) which together with the
DRAQ? image (C) are exploited to quantify DRAQY fluorescent signal for each nucleus and identify DRAQ7 positive nuclei (D). The Merge image (A) is also used to
determine the spheroid outline (E) which is in turn employed to measure the distance of each nucleus from the spheroid surface (F). The data obtained from the
CellProfiler analysis can be used to generate a distribution of the DRAQY positive cells at different depths in the spheroid (G,H). The colour-coded scale (F) indicates
the distance from the spheroid surface in wm. In (G) the numbers labelling the depth curves indicate the distance from the spheroid surface in um.

neighbours each object (cells) has, whereby the distance for We described here two main spheroid preparations for
which objects should be considered neighbours can be specified.  fluorescence imaging, spheroid cryosectioning and spheroid
This can be applied in the study PBMC infiltration in a fibroblast ~ clearing, each with their own advantages and disadvantages.
and melanoma cell co-culture spheroid, where fibroblasts and  Spheroid clearing provides a faster and less labour-intense
melanoma cells are not evenly distributed but rather form  method to achieve high quality spheroid imaging than
clusters enriched of one or the other cell type (28). Identifying  cryosectioning. However, cryosectioning presents three
the number of neighbouring fibroblasts of each cancer cell in  advantages over spheroid clearing. First, the ability to perform
the spheroid can describe the cell type distribution, i.e,, even  staining without potential limitations of the staining agent
or clustered. Applying the same analysis to each infiltrating  diffusion throughout the spheroids, which would vary with
PBMC, can provide insight into whether PBMCs preferentially  sterical and chemical characteristics of the staining agent itself
localise close to a specific type of cells. Furthermore, in  and those of the tumour microenvironment. Second, imaging
case of asymmetrical spheroids, analysis of spheroid three-  of cleared spheroids requires confocal microscopes, which may
dimensional reconstruction is necessary to accurately describe  not be as accessible as wide-field fluorescence microscopes.
cell localisation. This requires imaging of all optical (confocal =~ Thirdly, serial sections around the spheroid equator, while not
microscopy) or physical (cryosections) spheroid sections. containing the same individual cells, are comparable in terms of

Article 668390
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FIGURE 12 | Main steps of CellProfiler PBMC infiltration image analysis. The PBMC image (A) is used to identify the PBMC as primary objects (B). The Merge image
(C) is used to determine the spheroid outline (D) which in turn is employed to measure the distance of each PMBC from the spheroid surface (E). The data obtained
from the CellProfiler analysis can be used to generate a PBMC infiltration profile at different depths in the spheroid (F). The colour-coded scale (E) indicates the
distance from the spheroid’s surface in wm. In (E) the numbers labelling the depth curves indicate the distance from the spheroid’s surface in wm.

spatial heterogeneity and can be used for separate staining and
comparison of different features (e.g., overlap of G1l-arrested and
poorly PBMC-infiltrated area). Imaging of uncleared spheroids
via confocal microscopy mainly often results in insufficient
image quality for CellProfiler analysis, with particularly weak
signal from cells located in the spheroid centre. Improved image
quality may be achieved with more specialised microscopy
equipment such as selective plane illumination microscopy
(SPIM). Conclusively, while spheroid clearing is a suitable
technique when using highly permeable, small fluorescent
compounds (e.g., DRAQ7) and confocal microscopy, spheroid
cryosectioning is the optimal method for protocol involving
staining with antibodies (e.g., pimonidazole hypoxia detection)
and the use of wide-field fluorescence microscopes.

High image quality is of particular importance for software-
based quantitative and spatial analysis as it facilitates accurate
feature recognition and allows batch processing for high
throughput studies. For this we use the open-source image-
analysis software CellProfiler because of its approachability as
it does not require programming skills and help resources are
abundant and easily accessible (detailed manuals, user forums,
and pipelines created by other users).

We outline the application of this method for the detection
of three important features in anti-cancer therapy assessment:
hypoxia, cell death and PBMC infiltration. Low oxygen detection
is important as hypoxia presents heterogeneously in virtually all
solid cancers, has a strong role in prognosis and therapy response
and constitutes a selective target. Cell death measurement lays
at the base of anti-cancer drug assessment and verification of

CTLs and NK cells infiltration is a pillar to ascertain effective
immunotherapy. Nevertheless, the general concepts of this
protocol can be applied to any other spheroid feature that can
be visualised using microscopy. While fluorescence represents
an ideal signal for software-based image analysis, visible light
signal could also be exploited if optimum background contrast
is achieved.

Hypoxia detection in patient-derived spheroids via
fluorescent pimonidazole staining not only could assist in
assessing tumour hypoxia status, but also to determine whether
cells would be effectively targeted by specific hypoxia-activated
prodrugs. Determinants of tumour sensitivity to hypoxia-
activated prodrugs are multifactorial and while hypoxia is a
necessary prerequisite, it is not sufficient to guarantee drug
activation. Currently available biomarkers, such as the presence
of specific reducing enzymes, have only partial prediction power.
Multiple spheroids generated with the same tumour-derived
cells using the methodology outlined here, are expected to be
highly comparable in size and shape, and so is the distribution
and intensity of their hypoxic zone. Therefore, while hypoxia
is examined in a set of untreated spheroids via pimonidazole
staining, hypoxia-activated prodrugs cytotoxicity can be assessed
through DRAQ7™ staining in the other set of spheroids and
spatially compared.

DRAQ7™ fluorescent staining of patient-derived spheroids
is a straightforward method to predict cytotoxic drug effects.
Compared to general cytotoxicity tests, like LDH assay, it
presents the advantage of providing spatial information. This can
be pivotal if any response heterogeneity is detected throughout

Frontiers in Digital Health | www.frontiersin.org

May 2021 | Volume 3 | Article 668390


https://www.frontiersin.org/journals/digital-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/digital-health#articles

Spoerri et al. Quantitative Spatial Analysis of Tumour Spheroids

100+ 100
80 80 80
2 2 2
® ] ]
O 60+ O 60+ O 60+
. - + +
2 2 2
£ 40+ £ 40+ £ 40+
X ES B
20+ 20 204
| .10
L S S R W W W B LU U S L M M W B B LU W S R R M W B B
n ©o v ©o v o v o v o N ©o v ©o v o w o uw o N © v o v o v o nw o
O NN ©O € N - ¥ 0 - 0 O NN ©O N - € 0 - 0 O NN ©O T N - € 0 - 0
o W N W T QY4 QR oQ oWy N T N QoD P N U S L S S
=M o uw o nw o w o w Mmoo v o nw o w o w =M o nuw o nw o w o wu
= K o ¥ N v ¥ © v = K O ¥ N v ¥ 0 v = K O ¥ N v ¥ 0 v
=S = = 2 N R S I = = = R R S ) = = = 2 N R S N
distance from spheroid's surface im] distance from spheroid's surface jum] distance from spheroid's surface jim]
|
100 100 100
80 80+ 80
2 K K
3 3 3
L 60 L 60+ L. 60
N N N
g g g
40 40+ 40
£ £ £
X S X
20 H U 20 20 H |:|
0- i 0 0- L
o h @ bohh o b o 9 b o o B S b @9 v &g @ b o
MO N © ¥ N v ¥ 0 - 0 T N - < O N ©O T N v € 0 - 0
P B T S S L R P BN S L S Y
M o nu O W o w o wu N © v o M o L o nw o w o wu
N O T N T ¥ 0 v S ¥ N~ ™ N O T N T ¥ 0 v
= = = . N XA A A b= = = > ) = = = N N A 8
distance from spheroid's surface im] distance from spheroid's surface fim] distance from spheroid's surface jim]
K L
100 100 100
) 80 P 80+ P 80 [
] ] ]
o o o
+ 60 + 60 + 60
~ ~ ~
(¢} [«} = |
g 40 I 40 g 40
(a] [a] (a]
(d o (d
S 204 & 2o-|-| S 204 |—I
L AL L L ‘"’.LI;_.IE.LI.'_..LL.L.L.L.L R P s s s
N ©O L o v O vw o uw o n ©o L ©o v o v o uvw o N O v O v O v ©o uw o
O N ©O T N v ¥ 0 - 0 O N O € N T ¥ ©0 v W O N © € N T ¥ 0 - 0
S W N N T NG QD S W N T RN QgD e W N N HT Qg Qo
-t 2 S L O v o W o w b 2 S VW o W O v o w Ll 2 o L O nw O w o w
EEZ=E88853 E2EZcEs88853 EEZcEs888 53
distance from spheroid’s surface m] distance from spheroid's surface fim] distance from spheroid's surface jim]
FIGURE 13 | Application example: detection of cell killing by bortezomib. A FUCCI-C8161 melanoma spheroid was incubated with 50 nM bortezomib for 48 h and a
central confocal fluorescence image was taken at Oh (A), 24 h (B), and 48 h (C). DRAQ7 was added to the culture medium 24 h prior to bortezomib addition to a final
concentration of 3 WM. Percentages of mAG* (D-F), mKO2* (G-I) and DRAQ7* (J-L) cells were calculated using an image analysis similar to that applied for the
example depicted in Figure 11 and plotted as a function of the distance from the spheroid surface.
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FIGURE 14 | Example of application of fluorescent spheroid-infiltrating PBMC spatial detection analysis. (A) FUCCI fluorescence image of the same spheroid section
as in Figure 12 with the same distance rings. A mixture of mMAG and mKO2 positive cells designates areas of proliferation whereas G1-arrest occurs in zones with
increased proportion of mMKO2 positive cells. (B) Ratio of mKO2 positive cells to mAG positive cells plotted as a function of the distance from the spheroid surface.
When this ratio is low it indicates proliferation and when it increases it implies occurrence of G1-arrest. Bar colours were assigned based on visual inspection of (A).
Green, proliferation; magenta, G1-arrest; and grey, cell death. Decreased ratio in the necrotic core may be an artefact due to dead cells loosing FUCCI fluorescence.
(C) Same PBMC infiltration profile as in Figure 12F where bars (spatial bins) have been colour-coded according to the heterogeneous cell populations identified in
(A,B).

the spheroid. In fact, identification and characterisation of less  distribution, it can be extrapolated that PBMCs preferentially
responsive areas would provide precious insight on alternative  infiltrated and accumulated in the proliferating and necrotic
potential therapies to combine for best patient outcome. zones and less so in the Gl-arrested zone (Figure 14C). Spatial
In the case of fluorescent spheroid-infiltrating PBMC spatial ~ correlation between PBMC localisation and cell cycle could be
detection, the obtained information can be used to generate a  exploited to improve therapy outcome. In this case combination
profile of the number of infiltrating PBMCs at different depths  of immunotherapy with a drug targeting G1-arrested cells could
in the spheroid. In the example used here, the profile of the  achieve a more comprehensive killing of the cells composing
distance-classified PBMCs (Figure 12), shows that the presence  the tumour. The example used here illustrates global detection
of these cells within the spheroid is moderately frequent in the ~ of PBMCs, however additional immunofluorescence staining
spheroid periphery, decreases in deeper areas and then increases ~ of spheroid sections can inform on the presence of specific
again in the deepest zone. This information provides insight on ~ immune cells and cytokines that characterise hot tumours
the ability of the patient’s PBMCs to penetrate and move through  (e.g., CTLs and NKs). Furthermore, spatial comparison and
a cancer mass with specific chemical and mechanical properties  correlation with relevant features for therapy outcome, such
that mimic those of the patient’s tumour. While this information ~ as cancer cell killing, are expected to enhance the therapy
is per se clinically relevant, comparison of the PBMC infiltration =~ outcome predictability of this procedure and could be achieved
profile with other spatially heterogeneous features of the cancer by additional DRAQ7™ staining.
mass can provide additional insight of preferentially targeted A model is a compromise between reality and feasibility
tumour areas. The image in Figure 14A shows Fluorescent and as such presents some limitations. Considering the
Ubiquitinated Cell Cycle indicator [FUCCI (19)] signals (mAG  enormous impact that immunotherapy is having on cancer
in green for G2/M cells and mKO2 in magenta for G1 cells)  treatment, the main caveat of the tool that we have proposed
acquired from the same spheroid as the one used to obtain  here is perhaps the unavailability of a complete immune
the PBMC infiltration profile shown in Figure 12. From this  system. While this model does not provide a comprehensive
image, we can visually extrapolate that cell proliferation (mixture =~ immune response as that provided by in vivo models,
of mAG positive and mKO2 positive cells) primarily occurs  supplementation of patient-derived immune cells delivers a
in the spheroid periphery, while the cells are Gl-arrested number of important players and aspects that are targeted by
(increased presence of mKO2 positive cells) in deeper zones  immunotherapy. Similar limitations apply to any therapy that
(10). The absence of FUCCI signal close to the spheroid centre  exploits features that are not included in this system, such as
indicates cell death (necrotic core). This is confirmed by the antiangiogenic agents, due to the lack of vasculature, or drugs
mKO21/mAG™ cell ratio at different depths (Figure 14B). Based  targeting stromal cells, e.g., antibodies directed against CAFs
on the distance bins used to build the PBMC infiltration profile,  expressing prolyl endopeptidase FAP. More complex spheroid
these three biologically heterogeneous zones fall approximately = models including these additional components could be used
in the range of 0-70 pm, 70-175pum, and 175-280 um from  for assessment of these therapies but may be more time-
the spheroid surface, respectively. Based on this heterogeneity =~ and resource-consuming.
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Quantitative Spatial Analysis of Tumour Spheroids

In conclusion, we describe a protocol where spheroids are
used as fast, inexpensive and reproducible in vitro tumour model
to quantitatively and spatially examine biological events that are
important for cancer prognosis and therapy outcome. We outline
this procedure for tumour hypoxia, cell death and immune
cell infiltration. Detection of these processes via fluorescence
microscopy in spheroid cryosections produces excellent image
quality for accurate and automated analysis employing user-
friendly, open-source Fiji-Image] and CellProfiler software. We
propose an explorative application of these techniques to assist
personalised medicine based on functional assessment and
therefore independently form biomarkers.
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