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Abstract

Background Glioblastoma is an extremely aggressive malignant tumor with a very poor prognosis. Due

to the increased proliferation rate of glioblastoma, there is the development of hypoxic regions, characterized

by an increased concentration of copper (Cu). Considering this, 4Cu has attracted attention as a possible theranostic
radionuclide for glioblastoma. In particular, [64Cu]CuC|2 accumulates in glioblastoma, being considered a suitable
agent for positron emission tomography. Here, we explore further the theranostic potential of [**CulCuCl,, by study-
ing its therapeutic effects in advanced three-dimensional glioblastoma cellular models. First, we established spheroids
from three glioblastoma (T98G, U373, and U87) and a non-tumoral astrocytic cell line. Then, we evaluated the thera-
peutic responses of spheroids to [**Cu]CuCl, exposure by analyzing spheroids’ growth, viability, and cells' proliferative
capacity. Afterward, we studied possible mechanisms responsible for the therapeutic outcomes, including the uptake
of #*Cu, the expression levels of a copper transporter (CTR1), the presence of a cancer stem cell population,

and the production of reactive oxygen species (ROS).

Results Results revealed that [**CulCuCl, is able to significantly reduce spheroids’' growth and viability,

while also affecting cells’ proliferation capacity. The uptake of **Cu, the presence of cancer stem-like cells and the pro-
duction of ROS were in accordance with the therapeutic response. However, expression levels of CTR1 were

not in agreement with uptake levels, revealing that other mechanisms could be involved in the uptake of ®*Cu.

Conclusions Overall, our results further support [64Cu]CuC|2 potential as a theranostic agent for glioblastoma, unveil-
ing potential mechanisms that could be involved in the therapeutic response.
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Background
Glioblastoma is the most common primary brain can-
cer in adults, arising within the central nervous system.
It belongs to a heterogeneous family of brain tumors
known as gliomas, which derive from glial cells or their
precursors [1].

Glioblastoma is classified as a grade IV tumor by the
World Health Organization (WHO), being a highly
aggressive subtype of glioma with high rates of cell divi-
sion, abnormal blood vessel growth and central necrotic
areas [1]. It is considered incurable, having a very poor
median survival of only 14—16 months, even following
the combination of several therapeutic strategies includ-
ing surgical resection, adjuvant radiation therapy (RT)
and temozolomide (TMZ) treatment [2].

Additionally, glioblastoma is known to have increased
cell proliferation associated with an erratic tumor neo-
vascularization that leads to poor oxygen diffusion, and
thus hypoxia [3]. The occurrence of hypoxic regions (<2%
0O,) leads to the secretion of vascular endothelial growth
factor, and, consequently, to angiogenesis, increasing
the concentration of several signaling factors in these
areas, including copper (Cu) [4]. Indeed, Turecky and
colleagues have shown that serum concentrations of Cu
were significantly higher in patients with brain tumors
than in healthy subjects, being even more increased in
patients with more malignant tumors, such as glioblas-
toma [5].

Copper is a transition metal that is the main building
block in more than 30 metalloenzymes and takes part in
angiogenesis, a vital process for tumor progression [6].
Furthermore, it alternates between two oxidation states,
Cu* and Cu’", generating reactive oxygen species (ROS).
When ROS are in excess, these can induce cancer cell
cycle arrest, senescence, and apoptosis [4, 7].

Chemically, Cu offers a wide variety of isotopes, such as
61Cu, ®2Cu, ®*Cu, and ¢’Cu, which can be incorporated in
radiopharmaceuticals, being useful for nuclear medicine.
Among the isotopes, ®*Cu has attracted more interest
due to its advantageous characteristics [8]. Specifically,
®4Cu isotope decays to **Zn by B~ (electron) emission,
or to ®*Ni by BT (positron) emission or electron capture,
which stimulates the emission of Auger electrons [9].
This means that *Cu, a theranostic radioisotope, has the
potential to be used for diagnostic purposes, as a Posi-
tron Emission Tomography (PET) tracer, and for thera-
peutic purposes, due to the emission of both B~ particles
and Auger electrons [10].

®Cu labeled diacetyl-2,3-bis(N4-methyl-3-thiosemi-
carbazone) ([**Cu]Cu-ATSM) is a probe that has been
successfully used for PET imaging of hypoxic regions
of tumors in humans, including glioblastoma [11, 12].
Evidence suggests that high uptake of [**Cu]Cu-ATSM
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correlates with the treatment response and poor prog-
nosis [13]. Additionally, Pérés and colleagues have shown
that both [**Cu]Cu-ATSM and [**Cu]CuCl, accumulate
in glioblastoma tumors, not only in hypoxic areas but
also in invasive areas closer to the tumor periphery [14].
[%*Cu]CuCl, is the simplest chemical form of ®*Cu, being
easily available, highly stable, and not requiring compl-
exation with targeting [9, 15].

Both %Cu-based molecules, [**Cu]Cu-ATSM and
[**Cu]CuCl,, have been shown to be strongly retained in
hypoxic cells of glioblastoma. These are also associated
with increased expression of Cu transporters, not only in
hypoxic cells but also in non-hypoxic cells [14].

Clinical studies have reported a selective accumulation
of [#*Cu]CuCl, in glioblastoma (within 1 h after intra-
venous injection) with no adverse or clinically detect-
able pharmacological effects, supporting the potential
of [**Cu]CuCl, as a PET imaging agent [16]. Therapeuti-
cally, preclinical studies using xenografts of glioblastoma
cells implanted in mouse models have shown that admin-
istration of a therapeutic dose of [**Cu]CuCl, led to a sig-
nificant tumor decrease (in some cases, complete tumor
regression), with a concomitant survival rate increase in
treated mice [9].

In the present work, we explored further the potential
of [**Cu]CuCl, as a theranostic agent for glioblastoma,
making use of advanced culture systems, namely multi-
cellular tumor spheroids. Spheroids are a three-dimen-
sional (3D) culture system that can better replicate the
in vivo environment of tumor cells. Through the promo-
tion of cell-to-cell and cell-to-extracellular matrix (ECM)
interactions, spheroids can re-establish the morphologi-
cal, functional, and mass-transport properties observed
in in vivo tumors [17]. Furthermore, advanced culture
models, such as spheroids, are known to replicate the
existence of a cancer stem cell (CSC) population that is
able to self-renew and differentiate. CSCs are reported to
be resistant to conventional chemotherapy and/or radia-
tion therapy, playing an important role in cancer relapse
and metastasis formation [15]. The aim of our work was
to assess the therapeutic effect of [**Cu]CuCl, on growth,
viability, and survival capacity of glioblastoma spheroids
while trying to elucidate some of the cellular mechanisms
involved.

Methods

Cell lines and media

Human glioblastoma cell lines T98G and U87 were
obtained from the America Type Culture Collection,
while U373 was obtained from the European Collection
of Authenticated Cell Cultures. Rat Astrocytes (RA) were
obtained from Cell Applications, Inc.. T98G and U87
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cell lines were cultured in Minimum Essential Medium
(MEM) with GlutaMAX"™" (Gibco, Thermo Fisher Scien-
tific) supplemented with 10% fetal bovine serum (FBS)
(Gibco, Thermo Fisher Scientific). U373 cell line was cul-
tured in the same culture medium further supplemented
with 1% non-essential amino acids (Gibco, Thermo
Fisher Scientific) and 1% sodium pyruvate (Gibco,
Thermo Fisher Scientific). RA cell line was cultured in
RA growth medium (Cell Applications, Inc.). All cell
lines were grown at 37 °C in a humidified atmosphere of
5% CO, and tested for mycoplasma using the LookOut®
mycoplasma Polymerase Chain Reaction (PCR) Detec-
tion kit (Sigma-Aldrich, Merk).

Spheroid culture

Cells were cultured on T25 or T75 culture flasks (Thermo
Fisher Scientific). After reaching 80—90% confluence, cell
suspensions with the desired cell density were prepared.
Two hundred pl of each cell suspension were seeded on
Nunclon™ Sphera™ ultra-low attachment 96-well plates
(Thermo Fisher Scientific). Cell density per well was
4000, 2000, 1250, and 7000 for T98G, U373, U87, and RA
cell lines, respectively. Plates were centrifuged at 405 g
for 5 min and incubated at 37 °C in a humidified atmos-
phere of 5% CO,.

[5*Cu]CuCl, solution preparation

64Cu was produced by irradiation of a ®*Ni target in a
medical cyclotron as previously described [18, 19] and
supplied as a solution of [**Cu]CuCl, in 0.1 M HCL
Prior to the biological studies, the pH of the solution was
adjusted to ~ 7 by adding appropriate volumes of sterile
0.1 M phosphate buffer pH 7.2.

Spheroids’ viability, growth, and circularity determination
Three-day-old spheroids were exposed to 0.56, 1.11,
and 2.76 MBq of [**Cu]CuCl,, by incubation with the
[®*Cu]CuCl, solutions prepared in culture medium and
grown for 8 additional days. In the control condition,
spheroids were incubated with regular culture medium
(0 MBq). Four days after exposure to [**Cu]CuCl,, half
of the exhausted medium was replaced by fresh culture
medium, and on the 8th day following exposure, the via-
bility of the spheroids was evaluated using the acid phos-
phatase (APH) assay, as previously described [15]. Two to
four independent assays were performed.

Spheroid growth was monitored over the culture period
using a Primovert Inverted ZEISS Microscope, under a total
magnification of 40X, with an integrated HDcam camera
and using the ZEN 3.5 (blue edition) software. The spheroid
area was measured using the software SpheroidSizer [20],
and the circularity was calculated according to [1].
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Circularity = (47 x Area)/Perimeter? (1)

Colony formation assay

As described above, three-day-old spheroids were
exposed to 0.56 and 2.76 MBq of [**Cu]CuCl,. In the
control condition, spheroids were incubated with regu-
lar culture medium (0 MBq). After 3 h of exposure, three
spheroids per condition were pooled in a microtube,
spun down, and the supernatant was discarded. Sphe-
roids were then washed with 500 pl of phosphate saline
buffer (PBS) and incubated with 1X TrypLE (Gibco,
Thermo Fisher Scientific) at 37 °C for 5 min. Dissociated
cells were counted and seeded in 6-well plates (Thermo
Fisher Scientific). For T98G and U373 cell lines, 200 cells
were seeded for the control conditions and 600 cells
for [**Cu]CuCly-exposed cells. For the remaining U87
and RA cell lines, 400 cells were seeded for the control
conditions and 800 cells for [**Cu]CuCl,-exposed cells.
After an incubation period of 14 days at 37 °C, cells were
fixed with a solution of 3:1 methanol:acetic acid (Carlo
Erba Reagents and PanReac Quimica CA) at — 20 °C for
20 min. Following washing, fixed cells were stained with
4% Giemsa (Sigma-Aldrich, Merk) in PBS for 10 min.
Colonies with more than 50 cells were counted. Results
are expressed as the fraction of cellular survival upon
treatment compared to the untreated control. Three to
five independent assays were performed.

[%*Cu]Cucl, cellular uptake assay

Cellular uptake studies were performed with three-day-
old spheroids. A volume of 100 pl of culture medium was
removed from each well, and 100 pl of 0.93 MBq/ml of
[**Cu]CuCl, in culture medium was added to the sphe-
roids. Spheroids were incubated for 1, 2, and 3 h, at 37 °C.
At every time point, 7 spheroids of each cell line were
pooled in a microtube, spun down, and the supernatant
was removed. Spheroids were then washed with 500 ul
of PBS and lysed with 500 pl of 1 M NaOH solution, at
37 °C for 10 min. Radioactivity present in lysed cells was
measured using a Hidex AMG Automatic Gamma Coun-
ter. The uptake was calculated as the percentage of total
activity normalized to spheroid mean area of each cell
line and to the uptake of U87 spheroids measured at 1 h.
Three to five independent assays were performed.

Protein extraction and western blot analysis

To determine the basal expression of copper transporter
1 (CTR1), 24 three-day-old spheroids of each cell line
were collected and lysed in ice-cold CelLytic" M Cell
Lysis reagent (Sigma-Aldrich, Saint Louis, MO, USA),
containing a cocktail of protease inhibitors (Roche
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Applied Science, Penzberg, Germany). Cellular suspen-
sions were centrifuged at 15,000 g for 15 min and the
resultant supernatant was collected. Protein concentra-
tion was determined using the DC"" Protein Assay (Bio-
rad, Hercules, CA, USA).

Western blot analysis was performed as previously
described [21].

Immunophenotypic characterization

Immunophenotypic characterization was performed
on cells harvested from spheroids. Three-day-old
spheroids of each tumor cell line were pooled together
and dissociated with Tryple. After washing with PBS,
cells were resuspended in FACS buffer (PBS supple-
mented with 2% FBS) and distributed at a density of
approximately 1 x 10° cells/tube. Cells were first incu-
bated with Far Red LIVE/DEAD Fixable Dead Cell
Stain Kit (Thermo Fisher Scientific), according to the
manufacturer’s instructions, to assess cell viability.
Following a washing step with FACS bulffer, cells were
incubated with CD44 PE (clone BJ18, Biolegend) or
CD117 PE (clone 104D2, Biolegend) anti-human anti-
bodies, at room temperature for 15 min. After wash-
ing, cells were fixed with 100 pl of 2% formaldehyde
at 4 °C for 15 min, washed, and resuspended in Flu-
orescence-Activated Cell Sorting (FACS) buffer. Cells
were acquired on a FACSCalibur flow cytometer (BD
Biosciences) and data was analyzed using FlowJo v10
software (FlowJo LLC).

ROS determination

To evaluate the production of ROS after exposure to
[**Cu]CuCl,, three-day-old spheroids were pre-incu-
bated with Fluorobrite™ Dulbecco’s modified eagle’s
medium (DMEM) (Gibco®, Waltham, MA, USA) con-
taining 20 pM 2,7-dichlorodihydrofluorescein diacetate
(H,DCE-DA) (Invitrogen, Thermo Fisher Scientific) for
1 h at 37 °C. H,DCEF-DA is a fluorogenic dye (capable
of cell membrane permeability) that is converted into
2,7-dichlorodihydrofluorescein (DCF), in the presence
of ROS. After incubation, the probe that did not enter
cells was discarded and spheroids were then exposed to
0.56, 1.11, and 2.76 MBq of **CuCl,. The fluorescent sig-
nal of DCF was measured at specific timepoints, using
a Varioskan Lux multimode microplate reader (Ther-
moFisher Scientific, Waltham, MA, USA), at 492 nm
excitation and 517 nm emission. The signal of blank wells
(with no cells) was subtracted from spheroids’ fluores-
cence signals obtained and the results were expressed
as the fold change to the control condition (no exposure
to [64Cu]CuC12). Two to three independent assays were
performed.
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Statistical analysis

GraphPad Prism 9 software was used to perform statis-
tical analysis. Data are shown as mean values * stand-
ard error of the mean (S.E.M.). Statistically significant
differences were evaluated considering a threshold of
p-value=0.05. One-way analysis of variance (ANOVA),
followed by Dunnett’s test, was used to determine differ-
ences between groups under study.

Results

Effects of [**Cu]CuCl, exposure on the growth of
glioblastoma spheroids

Three glioblastoma cell lines were selected to establish
spheroids, including two cell lines that are known to be
tumorigenic in nude mice, U373 and U87, and a non-
tumorigenic line, T98G. RA were used as a non-tumoral
control. All the cell lines were able to form compact cell
aggregates with a spherical form (Additional file 1: Fig.
S1). Spheroids derived from the U87 cell line were the
only ones that grew in size throughout the eleven-day
culture period. On the other hand, spheroids derived
from the other cell lines decreased in size in the initial
4 days and then their mean area stabilized throughout
the culture period. On the third day of culture, all sphe-
roids were completely formed, with a compact appear-
ance and a mean diameter ranging from 350 to 450 pm.
Considering this, the third day of culture was chosen to
start all studies performed in the following sections.

First, as an initial approach to evaluate the potential ther-
apeutic effect of [**Cu]CuCl, on glioblastoma spheroids,
we tested if spheroids’ growth was affected by exposure
to different doses of **Cu. The results obtained revealed
that the three cell lines tested had different behaviors after
exposure to the radionuclide (Fig. 1). Interestingly, only
one of the glioblastoma cell lines—U87—displayed a sta-
tistically significant reduction in growth when compared
to the non-exposed control (Fig. 1A). In U87 spheroids,
growth impairment was independent of the ®Cu dose
to which spheroids were exposed, being observed after
more than 24 h of exposure. On the other hand, sphe-
roids derived from U373 and T98G exhibited no signifi-
cant changes in their growth behavior when exposed to
[®*Cu]CuCl,, in comparison to control conditions (Fig. 1B,
C). Nonetheless, the presence of small cellular debris sur-
rounding the spheroids was detectable for all glioblastoma
spheroids exposed to the **Cu. This could possibly be the
result of partial spheroid disaggregation and cell death,
suggesting that **Cu exposure affected spheroids’ integrity.
In the case of spheroids derived from the non-tumoral cell
line (Fig. 1D), exposure to the radioactive compound led
to a small decrease in their growth, suggesting that non-
tumoral cells can also be damaged by [**Cu]CuCl,.
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Fig. 1 Fffects of [**CulCuCl, exposure on three-day old spheroids. A-D Representative microscope images of eleven-day old spheroids exposed
100,06, 1.1,and 2.8 MBg. Growth curves represented by the mean spheroid area (um?) of U87, U373, T98G, and RA spheroids, respectively,

as a function of the number of days in culture are also shown. Scale bar: 500 um. Data are presented as mean values+S.E.M. of 2 to 4 independent
assays. *p <0.05, ****p <0.0001
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To further study the damage caused by **Cu expo-
sure, spheroids’ circularity was evaluated (Additional
file 1: Fig. S2). While exposure to ®*Cu led to small
changes in their circularity, particularly in the case of
U87 and RA spheroids (Additional file 1: Fig. S2A and
D, respectively), circularity values remained very close to
1, meaning that all spheroids presented a circular shape
throughout time.

Effects of [**Cu]CuCl, exposure on spheroids’ viability and
the clonogenic capacity of spheroid-derived cells

To further study the effects of [**Cu]CuCl, exposure
on glioblastoma spheroids, we evaluated their viability.
Spheroid viability was determined eight days after [**Cu]
CuCl, exposure, using the APH assay (Fig. 2A). In agree-
ment with the abovementioned results, the viability of
U87 spheroids was severely affected by exposure to [**Cu]
CuCl,. The decrease in viability (of about 60%) was inde-
pendent of the dose to which spheroids were exposed.
The viability of T98G spheroids was also affected after
exposure to [**Cu]CuCl,, leading to, approximately, a
40% decrease when spheroids were incubated with 0.6
and 1.1 MBq. In the case of U373 and RA spheroids,
our results revealed that their viability was less affected
by exposure to the radionuclide, suggesting an increased
resistance of both cell lines to the treatment.

Assessment of the survival fraction using the clo-
nogenic assay is an established standard assay to
determine cell radiosensitivity. Thus, we performed a
clonogenic assay to assess the proliferation capacity of
cells derived from three-day-old spheroids that were
exposed to ®*Cu for 3 h (Fig. 2B). For cells derived from
U87 spheroids, results showed that [**Cu]CuCl, expo-
sure affected their proliferative capacity, in comparison
to the untreated control condition, demonstrating a
high sensitivity towards ®*Cu exposure. In particular, a
correlation was shown between the dose to which sphe-
roids were exposed and the extent to which cell clono-
genic capacity was affected. Similarly to U87 cells, T98G
cells derived from spheroids exposed to [**Cu]CuCl,
also had their proliferative capacity severely impaired,
in comparison to the untreated control condition. Inter-
estingly, the clonogenic ability of U373 cells was only
affected when spheroids were exposed to the high-
est dose, highlighting an increased resistance to [**Cu]
CuCl, exposure at lower doses, unlike the other tumor
cell lines. In what concerns the non-tumoral cells, RA,
it was possible to see that their proliferative capacity
was affected by [**Cu]CuCl, exposure. Nonetheless, it is
important to notice that from all cell lines exposed to
the highest dose, RA cells were the ones with the high-
est survival fraction.
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Cellular uptake of [**Cu]CuCl, in glioblastoma spheroids
After assessing the possible therapeutic potential of
[64Cu]CuC12y we proceeded with mechanistic assays
in an attempt to explain the effects observed. As a first
approach, studies of cellular uptake were performed
with spheroids from all cell lines (Fig. 3), to examine if
the damages caused in spheroids could be related with
[**Cu]CuCl, presence in the cells. Spheroids derived
from U87 had the highest uptake, showing increasing
values throughout the exposure period. These results
further support the abovementioned results of decreased
spheroid growth, viability, and proliferative capacity. An
identical uptake behavior was seen for T98G spheroids.
On the other hand, spheroids derived from U373 had the
lowest [**Cu]CuCl, uptake throughout the time points.
A stable uptake profile was maintained, which can also
be associated with the previously observed spheroids’
increased resistance. Spheroids derived from the non-
tumoral cell line, RA, had the second highest uptake at
the two initial time points but maintained a stable uptake
profile throughout time.

Expression of the copper transporter CTR1 in glioblastoma
spheroids

We also studied protein expression of one of the trans-
porters responsible for Cu uptake, CTR1, by western
blot analysis (Fig. 4 and Additional file 1: Fig. S3). Higher
levels of expression of CTR1 were seen in glioblastoma
spheroids, in comparison to the non-tumoral cell line,
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Fig. 4 Expression of the copper transporter, CTR1, in T98G, U373, U87 and RA spheroids. A Western blot analysis performed to study basal
expression levels of CTR1 in spheroids derived from the panel of cell lines selected. Actin was used as a loading control, and detected after stripping
of the membrane. B Quantification of CTR1 relative expression in comparison to actin expression

suggesting that ®*Cu uptake in RA spheroids might be
due to alternative mechanisms. Interestingly, among the
glioblastoma cell lines, U373 had the lowest expression of
CTR1, which might partially explain why spheroids from
this cell line had the lowest **Cu uptake under the condi-
tions of our study.

Expression of cancer stem-like cell markers in glioblastoma
spheroids

To further understand the underlying mechanisms
involved in the therapeutic response of glioblastoma
spheroids to [**Cu]CuCl,, we tried to evaluate the possi-
ble existence of a CSC population in spheroids. We per-
formed an immunophenotypic characterization, through
flow cytometry (Additional file 1: Fig. S4), to evaluate
the expression of two surface markers commonly used
to characterize the CSC population in glioblastoma,
CD44 and CD117 [22, 23]. A clear difference between
CD44 and CD117 expression was observed for the three
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glioblastoma cell lines (Fig. 5). Specifically, nearly all cells
in spheroids, derived from every cell line tested, expressed
CD44, while expression of CD117 was neglectable in U87
and U373 spheroids. Remarkably, spheroids derived from
T98G had a small population of CD1177 cells.

Evaluation of ROS production in glioblastoma spheroids
exposed to [**Cu]CuCl,

Ionizing radiation, such as the one resulting from ®*Cu
decay, is known to directly interact with water, gener-
ating ROS that can cause cellular damage, ultimately
leading to apoptosis. Considering this known effect, we
tried to understand if the damage caused in spheroids by
[**Cu]CuCl, was related to ROS production. The results
obtained (Fig. 6) unveiled that exposure to high doses of
[**Cu]CuCl, triggered increased generation of ROS in
spheroids derived from the U87 cell line. Interestingly,
ROS production was not significantly increased in the
other cell lines exposed to [**Cu]CuCl,.

100 —
S 80
ry
o 60—
(3]
~
= 40 —
8
20 10.9
00 mmm
0 T T
>
Q‘b 0'{’\ q‘bo

Fig.5 Expression of A CD44 and B CD117 in three-day old spheroids derived from U87, U373, and T98G cell lines, gated on live cells
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Discussion
The use of [**Cu]CuCl, for glioblastoma has been gath-
ering interest among the scientific and medical commu-
nities in recent years. Several interesting studies were
conducted not only in animal models but also in humans.
Most of these studies were focused on the application of
this radiopharmaceutical for glioblastoma diagnosis [16,
14]. Nonetheless, despite the recent advances, there are
still some pitfalls in the knowledge acquired concerning
the mode of action of [64Cu]CuC12, mainly when the tar-
get application is therapy. To better understand the cel-
lular and molecular mechanisms underlying the action
of this compound, we studied the theranostic potential
of [**Cu]CuCl, for glioblastoma in 3D culture models,
namely spheroids. These are a robust alternative to per-
forming cellular studies prior to using animal models,
having a much higher predictive value than monolayer
cultures, which were once the go-to models for these
types of studies [24].

Initially, spheroids were successfully established for
all lines selected. These were completely formed by the
third day of culture, with a mean diameter ranging from

350 to 450 um. According to simulations, this size range
allows for the establishment of a hypoxic core in sphe-
roids, while avoiding the development of a necrotic core
[24, 25]. The presence of a hypoxic core, in which cells
are oxygen and nutrient-deprived, is an important char-
acteristic of in vivo tumors that favors angiogenesis.
Furthermore, hypoxia (<2% O,) has also been related to
enhanced cell invasion capacity, development of metas-
tasis, as well as tumor progression and subsequent
increased resistance to treatment [26]. On the other
hand, in our case, the presence of a necrotic core (in
which cells die due to starvation) is undesirable, consid-
ering that it might interfere with [**Cu]CuCl, cytotoxic
evaluation [27].

We then aimed at assessing if exposure to the radio-
nuclide would affect spheroids, not only in terms of
growth but also their viability and proliferation capac-
ity. In parallel, these studies were also conducted in a
non-tumoral cell line derived from astrocytes, in an
attempt to determine if there was a contrast in the
response to ®*Cu-exposure between tumoral and non-
tumoral cells found in the same environment. This
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is particularly relevant in the case of this compound
since the emission of B~ particles and Auger Electrons
provide an extra radiation burden to the patient [28].
For that comparison, we used readily available corti-
cal astrocytes from neonatal rat origin. While sharing
some traits with human astrocytes, rat astrocytes are
generally smaller and structurally less complex and
diverse. Therefore, direct comparison with the human
glioblastoma cell lines under study should be evaluated
with caution [29]. Our results revealed that U87 sphe-
roids were the most sensitive to **Cu exposure, namely
they presented the lowest viability and cell proliferation
capacity and were the only ones having their growth
compromised after exposure. On the other hand, sphe-
roids derived from the U373 cell line were the ones that
showed the most resistance to radionuclide exposure,
only being significantly affected in their proliferative
capacity when exposed to the highest dose. In the case
of the non-tumoral cell line, even though the spheroids’
viability was not severely affected upon ®*Cu expo-
sure, the clonogenic capacity of spheroid-derived cells
decreased, meaning that [**Cu]CuCl, might also affect
healthy tissues.

In the second phase of this work, we investigated
potential mechanisms that could be involved in the
response of spheroids to [**Cu]CuCl,. First, we carried
out an uptake study in spheroids derived from all cell
lines. The results obtained revealed an increased ®Cu
uptake in spheroids derived from the most sensitive cell
line, while spheroids derived from the most resistant cell
line had the lowest uptake. This further supports previ-
ous results and suggests that ®*Cu interaction with cells
is related to increased cellular damage. Interestingly, the
cell line with the highest uptake was not the one with the
highest expression of CTR1, suggesting that there might
be other key players involved in **Cu interaction with
cells, such as the divalent metal transporter 1 (DMT1)
also expressed in glioblastoma cell lines [14, 30, 31].
Even though CTR1 expression was lower in astrocytes,
there was a high ®*Cu uptake by spheroids derived from
this cell line. This could be explained by the role astro-
cytes play as regulators of copper homeostasis in the
brain, being described as having increased uptake of Cu™,
mainly mediated by CTR1 and DTM1 [32].

Next, we tried to understand if the presence of cells
with stem-like properties was correlated with spheroids’
sensitivity to [**Cu]CuCl,, considering the role of CSCs
in tumors’ resistance [33]. In an attempt to identify these
populations in glioblastoma spheroids, we selected two
markers previously used to identify CSCs in this type
of tumor, CD44 and CD117 [34, 35]. CD44 is a trans-
membrane receptor for glycosaminoglycan hyaluronan,
found in healthy tissues but also in glioblastoma [34].
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The interaction between CD44 and its ligand is reported
to potentially mediate invasion, migration, and chem-
oresistance in several tumor types [36]. It is known that
populations that express this marker are able to generate
new tumors similar to the original one, in animal mod-
els, while populations that do not express CD44 cannot
[34]. Furthermore, Breyer and colleagues have shown
that CD44 inhibition affected glioblastoma progression
in animal models [37]. In accordance with our results,
CD44 expression in U87, U373, and T98G cells was
close to 100% in previous studies [37—39], being larger
in U373, followed by U87 and T98G cell lines [40]. The
other CSC marker selected, CD117, also known as c-kit,
the receptor tyrosine kinase for stem cell factor (SCF),
is involved in neural stem cell survival and stimulation
of cell growth in gliomas [41]. To our knowledge, only
one study has detected the presence of CD117" cells in
one of the three selected glioblastoma cell lines, U87.
Specifically, authors detected a very small population
in spheroids derived from this cell line (<1%), similar to
our findings [23]. Interestingly, the relative expression of
CD117 ligand, SCE, was found to be considerably higher
in T98G (measured by quantitative real-time RT-PCR)
than in other glioblastoma cell lines [42], which could
be related to a larger population of CD117" cells found
in this study. As anticipated, cell lines having the highest
stemness potential, T98G and U373, were the ones found
to be less affected by [**Cu]CuCl, exposure. Nonetheless,
it is important to notice that CSC identification in tumors
is still an evolving field and a consensus has not yet been
established concerning which markers should be used to
identify this cell population. Other cell surface markers,
such as CD133, CD15, integrin a6, LICAM, and A2B5
have been used to identify CSCs populations in glioblas-
toma [43]. In the future, a more accurate identification
of stem-like cell populations in our glioblastoma sphe-
roids is planned, as well as the identification of possible
changes in these populations after [**Cu]CuCl, exposure.

An important hallmark of ionizing radiation effects,
like the one originated by **Cu decay, is ROS generation.
ROS are highly reactive to several cellular macromol-
ecules, such as DNA, being involved in genetic insta-
bility induction [44]. Moreover, Cu is a potent oxidant,
further contributing to ROS generation [45]. Consider-
ing this, and aiming to further understand the damages
caused by [**Cu]CuCl,, we assessed whether exposure to
[**Cu]CuCl, would lead to ROS generation in glioblas-
toma spheroids. Unlike what was theoretically expected,
[**Cu]CuCl, did not drastically increase ROS production
in all cell lines. Instead, our results revealed that only
exposure to higher doses led to ROS production, being
this effect more pronounced in spheroids derived from
U87. Bearing in mind that increased intracellular ROS
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levels lead to apoptosis and senescence [46], the higher
ROS generation in U87 spheroids might be one of the key
mechanisms involved in the largest decrease of cellular
viability and proliferative capacity observed after expo-
sure to [**Cu]CuCl,.

Importantly, besides the mechanisms here evaluated,
there might be other key factors playing a role in the
response of glioblastoma spheroids to ®*Cu. For exam-
ple, TP53 status might influence tumor cells’ resistance
to treatment. The TP53 gene encodes a transcription fac-
tor (p53) involved in processes such as cellular homeo-
stasis, cell proliferation, and survival, among other
functions. When the gene is not mutated, under stress
conditions, p53 will promote cell cycle arrest, senescence,
and apoptosis, avoiding damaged cell propagation [47].
Interestingly, the most sensitive cell line to **Cu expo-
sure under the conditions of our study, U87, has been
described as having a wild-type TP53, while the most
resistant cell lines (U373 and T98G) present mutations
in this gene [48]. Furthermore, other pathways might
also be involved in the decrease of cellular viability and
proliferation capacity of glioblastoma cells exposed to
[®*Cu]CuCl,, considering that cell lines with a mutant
p53 also present sensitivity to the radiopharmaceutical.
It has also been reported that the PTEN gene, involved
in tumor suppression and regulation of cell growth and
survival, is mutated in U373 and T98G, which might also
be associated with an increased treatment resistance [49,
50]. In what concerns mutations in DNA repair genes, it
is reported that the U87 cell line presents a larger num-
ber of single nucleotide variations in genes involved in
homologous recombination and non-homologous end
joining, important to repair DNA damages caused by
radiation, in particular those caused by Auger Electrons
[21, 50].

Overall, our results reinforce the potential of [**Cu]
CuCl, as a theranostic agent for glioblastoma, unveil-
ing an increased therapeutic component that could help
improve the prognosis of glioblastoma patients.

Conclusions

Altogether, our results further support the poten-
tial of [**Cu]CuCl, as a theranostic agent for glioblas-
toma. Diagnosis of this type of tumor is possible when
lower doses of the radionuclide are administered, while
larger doses also cause damage to tumor cells. None-
theless, there are still some questions that need to be
further clarified. For instance, the impact of potential del-
eterious effects on non-tumoral tissues surrounding the
tumors should be evaluated. Novel cellular models with
increased robustness concerning the simulation of the
brain/tumor environment are under development. These
will allow to better investigate the glioblastoma biology
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inserted in a primitive human brain environment and
would majorly increase the value of this type of research
[51]. Additionally, it would be important to analyze **Cu
distribution within the spheroids and, most relevantly,
within the cells, as the range of Auger Electrons is very
short and proximity to the nucleus is crucial to achieve
a high therapeutic efficacy. Acknowledging these pitfalls,
we plan on further developing new studies to elucidate
®4Cu distribution in spheroids, and also in more com-
plex models that include co-culture with non-tumoral
human brain cells. Afterward, animal studies should be
conducted to better elucidate the translational potential
of this simple radiopharmaceutical.

To our knowledge, this is the first study to explore the
radiobiological effects of [**Cu]CuCl, exposure in glio-
blastoma spheroids while also exploring the mechanisms
responsible for the therapeutic responses observed. With
this study, we reinforced the promising potential of **Cu
as a theranostic agent with evidence that demonstrates
its therapeutic purpose in advanced culture models with
a high predictive value. Overall, the present study pro-
vides important insights toward a better understanding
concerning the therapeutic effect and mode of action of
®4Cu in the context of glioblastoma.
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