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An immunogenic anti-cancer stem cell bi-nuclear
copper(in)-flufenamic acid complext
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Kogularamanan Suntharalingam = *

An asymmetric bi-nuclear copper(i) complex with both cytotoxic and immunogenic activity towards
breast cancer stem cells (CSCs) is reported. The bi-nuclear copper(i) complex comprises of two copper(i)
centres bound to flufenamic acid and 3,4,7,8-tetramethyl-1,10-phenanthroline. The bi-nuclear copper(i)
complex exhibits sub-micromolar potency towards breast CSCs grown in monolayers and three-dimen-
sional cultures. Remarkably, the bi-nuclear copper(i) complex is up to 25-fold more potent toward breast
CSC mammospheres than salinomycin (a gold standard anti-breast CSC agent) and cisplatin (a clinically
administered metallodrug). Mechanistic studies showed that the bi-nuclear copper(i) complex readily
enters breast CSCs, elevates intracellular reactive oxygen species levels, induces apoptosis, and promotes
damage-associated molecular pattern release. The latter triggers phagocytosis of breast CSCs by macro-
phages. As far as we are aware, this is the first report of a bi-nuclear copper(i) complex to induce engulf-
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Introduction

Metastasis and relapse, the major causes of cancer-related
deaths, are heavily linked to the existence of a sub-set of
tumour cells called cancer stem cells (CSCs)." CSCs display
both cancer and stem cell-like properties, the latter enables
them to differentiate, self-renew, and reform tumours.?> CSCs
are able to survive conventional oncology treatments.’ Their
slow cell cycle profile allows them to overcome therapies that
target fast growing cells such as chemotherapy and radiation.*
The fact that CSCs tend to reside in hard-to-reach pockets
means that they are often missed by surgical interventions.’
Despite the time and resources invested into the development
of clinically viable anti-CSC agents over the last few decades,
none have been approved for human use.® Most small mole-
cule anti-CSC agents undergoing (pre-)clinical investigation
are fully organic in nature.® We and others have developed a
number of metal complexes with promising anti-CSC activities,
both in in vitro and in vivo models.”

The redox status in CSCs is finely controlled, more so than
in bulk cancer cells and non-proliferating cells. Therefore any
downstream effects of reactive oxygen species (ROS) elevation
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ment of breast CSCs by immune cells.

is exacerbated in CSCs.® This provides an opportunity to elicit
selective CSC death by ROS modulation. Redox active metal
complexes have been used to successfully perturb the ROS
status in CSCs and thereby induce selective CSC death
(through oxidative stress).” A number of copper(u)-phenanthro-
line and -Schiff base complexes containing auxiliary non-
steroidal anti-inflammatory drugs (NSAIDs) have been reported
to kill CSCs in the sub-micromolar to micromolar range.'®"*
Detailed mechanistic studies suggest that the copper(u)-NSAID
complexes induce CSC cytotoxicity by elevating ROS levels
through the copper(n)-phenanthroline or -Schiff base motifs
(by Fenton-like redox chemistry) and inhibiting the inducible
cyclooxygenase isoenzyme, COX-2 through the NSAID
moieties."”"! NSAIDs are established, clinically used inhibitors
of COX-2."* COX-2 is an enzyme that catalyses the production
of the inflammation mediator prostaglandin. COX-2 is over-
expressed in certain CSCs and thought to be vital to their regu-
lation and maintenance."

An emerging approach to durable therapeutic outcomes is
activation of the immune system to recognise and remove bulk
cancer cells and CSCs."* Immune cells can be stimulated by
bulk cancer cells and CSCs that have undergone immunogenic
cell death (ICD) through the release of damage-associated
molecular patterns (DAMPs)."> ICD can be blocked by inhibi-
tory DAMPs (iDAMPs) such as prostaglandin.'® Therefore, the
reduction of prostaglandin levels through the inhibition of
COX-2 is envisaged to enhance DAMP release. The reduction
of iDAMPs by ROS-generating copper(u)-NSAID complexes to
prompt ICD in CSCs has not been attempted before. Here we

This journal is © The Royal Society of Chemistry 2024
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have sought to use copper(u)-phenanthroline complexes con-
taining flufenamic acid to trigger a cytotoxic and immuno-
genic response against breast CSCs. The flufenamic acid
moiety is expected to enhance immunogenicity by facilitating
DAMP release (through COX-2 downregulation).

Results and discussion

Synthesis and characterisation of copper(u)-flufenamic acid
complexes

The mono- and bi-nuclear copper(i) complexes 1 and 2 investi-
gated in this study are depicted in Fig. 1A. Reaction of 1,10-
phenanthroline or 3,4,7,8-tetramethyl-1,10-phenanthroline
with CuCl,-2H,0 and two equivalents of flufenamic acid in
methanol, under basic conditions, yielded the mono-nuclear
complex 1 and the bi-nuclear complex 2, respectively. Both
copper(u) complexes were isolated as green solids in good
yields (57-59%) and were characterised by infra-red spec-
troscopy, high-resolution mass spectrometry, and elemental
analysis (Fig. S1-S3t). According to the ATR-FTIR spectra of 1
and 2, the difference between the vqem(CO,) and vem(CO,)
stretching bands for 1 and 2 were 200 cm™ and 258 cm™*
(Fig. S17), indicative of a monodentate and a mixed monoden-
tate-bridging binding mode, respectively, for the carboxylate
group on flufenamic acid to the respective copper(u) centres.
Distinctive molecular ion peaks corresponding to 1 and 2 with
the appropriate isotopic pattern were observed in the positive
mode of the corresponding HR-ESI mass spectra (Fig. S2 and
S31). The purity and composition of 1 and 2 were confirmed
by elemental analysis.

Single crystals of 1 and 2 suitable for X-ray diffraction
studies were obtained by slow evaporation of a methanolic
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Fig. 1 (A) Chemical structures of copper(i)-flufenamic acid complexes
1 and 2. (B) X-ray structures of 1 and 2. Ellipsoids are shown at 50%
probability, H atoms and the counter anion for 2 have been omitted for
clarity. Symmetry operation to generate equivalent atoms in1: i =1 — x,
+y. 3/2 - z.
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solution of 1 and 2 (CCDC 2324436-2324437, Fig. 1B and
Table S17). Selected bond distances and bond angles are pre-
sented in Tables S2 and S3.f The mono-nuclear copper(u)
complex 1 exhibits a distorted square planar geometry with
the copper centre coordinated to 1,10-phenanthroline
(forming a five-membered chelated ring) and two flufenamato
moieties (via one of the carboxylato oxygen atoms). The Cu
atom resides on the N,O, plane and the average angle between
atoms cis to one another around the Cu atom is 90.12°, con-
sistent with a distorted square planar geometry. The structure
of 1 is in line with a previously reported structure of the same
complex.'” The cationic component of the bi-nuclear copper(1)
complex 2 contains two copper(u) centres with different coordi-
nating environments. Cu(1) exhibits a five coordinate, dis-
torted square-based pyramidal structure (z5 = 0.04) with bonds
to 3,4,7,8-tetramethyl-1,10-phenanthroline, a bridging hydroxyl
ligand, and a terminal and bridging flufenamato moiety. Cu(2)
displays a five coordinate, distorted square-based pyramidal
structure (75 = 0.02) with bonds to 3,4,7,8-tetramethyl-1,10-phe-
nanthroline, methanol, a bridging hydroxyl ligand, and a brid-
ging flufenamato moiety. The average Cu-N and Cu-O bond
lengths found in 1 and 2 are consistent with bond parameters
for related copper(u) complexes.'”>°

Stability of the copper(u) complexes in solution

The experimentally determined log P value for 1 and 2 was
0.29 + 0.01 and 0.70 + 0.04, respectively. This suggests that
both 1 and 2 are amphiphilic and thus should be readily
soluble in aqueous solutions. The stability of 1 and 2 in solu-
tions relevant for cell-based studies was probed using time-
course UV-vis spectroscopy and mass spectrometry studies. In
DMSO and mammary epithelial cell growth medium
(MEGM):DMSO (95:5) the bands associated to 1 and 2
(25 pM) remained largely unchanged over the course of 24 h,
indicative of stability (Fig. S4-S7t). In PBS: DMSO (95: 5) with
the added presence of ascorbic acid or glutathione (10 equiva-
lence), the absorbance associated to 1 and 2 remained largely
unaltered over 24 h, suggesting that 1 and 2 are stable under
biologically reducing conditions (Fig. S8-S11%). In the pres-
ence of bathocuproine disulfonate (2 equivalents), a strong
copper(1) chelator, and ascorbic acid or glutathione (10 equiva-
lence), in PBS:DMSO (95:5), the UV-vis traces for 1 and 2
(25 pM) both displayed a distinctive absorbance band at
480 nm corresponding to [Cu'(BCS),]>~ (Fig. $12-S157). This
suggests that the copper centres in 1 and 2 undergo reduction
to the copper(i) form in the presence of cellular reductants.
The presence of BCS allows the Cu(r) form of 1 and 2 to be
trapped as [Cu'(BCS),]*~ and detected by UV-vis spectroscopy.
Therefore, the data presented in Fig. S12-S157 does not imply
that 1 and 2 are unstable in the presence of ascorbic acid or
glutathione but merely that they undergo reduction. The ESI
(positive) mass spectrum of 1 (500 pM) in the presence of
ascorbic acid or glutathione (10 equivalents), in H,O: DMSO
(10:1) after 24 h incubation, was dominated by a distinctive
molecular ion  peak corresponding to  [Cu'(1,10-
phenanthroline),]" (423 m/z), with the appropriate isotopic
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pattern (Fig. S16 and 17f). This suggests that the copper(n)
centre in 1 undergoes reduction to copper(i), by ascorbic acid
or glutathione, and subsequent ligand exchange. The ESI
(positive) mass spectrum of 2 (500 uM) under identical con-
ditions displayed a molecular ion peak corresponding to
[Cu"(3,4,7,8-tetramethyl-1,10-phenanthroline)(flufenamato)]*
(580 m/z) as well as [Cu'(3,4,7,8tetramethyl-1,10-
phenanthroline),]" (535 m/z) (Fig. S16 and 177). This suggests
that 2 is less prone to liberating the flufenamato moiety upon
reduction compared to 1. Next, the ability of 1 and 2 to
undergo reduction by glutathione and subsequent oxidation
by air was determined. UV-vis spectroscopy studies showed
that upon incubation of 1 or 2 (1 mM) with glutathione
(1 mM) in DMSO at 37 °C, the d-d transition band associated
to the copper(u) centre disappeared rapidly within minutes
implicative of reduction to copper(1) (Fig. S18 and S197). The
disappearance of the d-d band does not indicate structural
instability, only that 1 and 2 have been reduced to the Cu()
form. Exposure of the same sample to air for 24 h led to the
reappearance of the d-d transition band suggesting oxidation
to the copper(u) form (Fig. S18 and S197). Further addition of
glutathione (1 mM) followed by exposure to air for 24 h led to
the disappearance and subsequent re-appearance of the d-d
transition band (Fig. S18 and S197). Collectively, this shows
that 1 and 2 have the potential to redox cycle between the
copper(u) and copper() states by undergoing reduction by glu-
tathione and oxidation by air (multiple times) while maintain-
ing a suitable coordination structure.

Potency of the copper(u) complexes towards breast cancer stem
cells

The antiproliferative potential of 1 and 2 against bulk breast
cancer cells (HMLER) and breast CSC-enriched cells (HMLER-
shEcad) grown in monolayer systems was determined using
the MTT assay. The IC5, values were determined from dose-
response curves (Fig. S20 and S21f) and are summarised in
Table 1. The mono-nuclear complex 1 was equipotent towards
HMLER and HMLER-shEcad cells within the micromolar
range. The bi-nuclear complex 2 was also equipotent towards
HMLER and HMLER-shEcad cells but within the sub-micro-
molar range. Notably, 2 was 11-fold and 15-fold more potent
towards breast CSCs than salinomycin (the most advanced
anti-breast CSC agent to date) and cisplatin (a clinically used

Table 1 [Csq values of the copper(i) complexes 1 and 2, flufenamic
acid, cisplatin, and salinomycin against HMLER cells, HMLER-shEcad
cells, and HMLER-shEcad mammospheres

HMLER HMLER-shEcad Breast CSC
Compound ICs5¢/pM IC5¢/pM spheroid IC5o/pM
1 3.57 £0.03 3.04 £ 0.09 9.17 +2.47
2 0.31 £ 0.01 0.38 £ 0.17 0.74 £ 0.11
Flufenamic acid  7.32 + 1.04 30.86 + 2.65 >133
Cisplatin” 2.57 £ 0.02 5.65 +0.30 13.50 £ 2.34
Salinomycin“ 11.43 £0.42 4.23+0.35 18.50 £ 1.50

“Reported in ref. 10, 11, 21 and 22.
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metallodrug), respectively (Table 1).'%?" Flufenamic acid was
up to 24-fold and 81-fold less toxicity towards HMLER and
HMLER-shEcad cells than 1 and 2 (Fig. S22} and Table 1),
implying that the copper(u)-phenathroline motif in 1 and 2 is
responsible for its potency. To gauge therapeutic potential, the
cytotoxicity of 1 and 2 towards non-cancerous bronchial epi-
thelial BEAS-2B cells was determined. The complexes 1 and 2
displayed similar toxicity to BEAS-2B cells compared to
HMLER and HMLER-shEcad cells (IC5, = 1.68 + 0.07 pM for 1
and 0.18 + 0.01 uM for 2) (Fig. S231). Therefore, according to
the cytotoxicity studies in monolayer systems, 1 and 2 kill
breast CSCs, bulk breast cancer cells, and non-cancerous bron-
chial epithelial cells to a comparable extent.

The ability of 1 and 2 to inhibit breast CSC spheroid (mam-
mosphere) formation and viability was also determined. The
addition of 1 and 2 (IC,, value for 5 days) to single cell suspen-
sions of HMLER-shEcad cells markedly reduced the number
and size of mammospheres formed (Fig. 2A and B), to a
similar or better extent than salinomycin and cisplatin (Fig. 2A
and S247%). Dosage with flufenamic acid (IC,, value for 5 days)
did not significantly change the number or size of mammo-
spheres formed (Fig. 2A and B). The colorimetric resazurin-
based reagent, TOX8 was used to probe mammosphere viabi-
lity. The ICs, value for 1 and 2 was in the micromolar to sub-
micromolar range. Strikingly, the ICs, value of 2 was 25-fold
and 18-fold lower than salinomycin and cisplatin, respectively
(Fig. $251 and Table 1).""** Flufenamic acid did not display
any observable mammosphere potency (ICs, > 133 pM).>?
Taken together the breast CSC spheroid studies show that 2 is
effectively able to reduce mammosphere formation and viabi-
lity, and that its capacity to do so is greater or comparable to
salinomycin and cisplatin.

Modulation of reactive oxygen species and cyclooxygenase-2
levels in breast cancer stem cells

Further cell-based studies were conducted to shed light on the
mechanism of action of the most effective copper(u) complex
2. Cellular uptake studies showed that 2 (1 pM) was readily
taken up by HMLER-shEcad cells upon incubation for 24 h
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Fig. 2 (A) Quantification of mammosphere formation with HMLER-
shEcad cells untreated and treated with 1, 2, flufenamic acid, cisplatin,
or salinomycin (at their IC,q values, 5 days) (B) representative bright-field
images (x10) of HMLER-shEcad mammospheres in the absence and
presence of 1, 2 or flufenamic acid (at their IC,q values, 5 days).

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt00384e

Open Access Article. Published on 07 March 2024. Downloaded on 12/5/2025 1:03:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

(88.6 = 1.1 ng of Cu per million cells). The majority of interna-
lised 2 was detected in the cytoplasm (75%) with little present
in the nucleus and membrane (Fig. S261). The copper(u)
complex 2 was, in part, envisaged to kill breast CSCs by
increasing intracellular ROS levels. To determine the ability of
2 to produce ROS in HMLER-shEcad cells, 6-carboxy-2’,7'-
dichlorodihydrofluorescein diacetate was used. HMLER-
shEcad cells treated with 2 (2 x ICs, value) displayed a signifi-
cant increase in ROS levels compared to untreated control cells
after short (0.5 h) and long exposure times (6-24 h) (Fig. S277).
Cytotoxicity studies in the presence of N-acetylcysteine (2 mM,
72 h) showed that the potency of 2 towards breast CSCs
decreased significantly (ICs, value = 3.18 + 0.01 pM, 8-fold, p <
0.05) (Fig. S28%). Taken together, this suggests that 2-induced
breast CSC death is related to intracellular ROS generation.
Intracellular ROS production can lead to activation of p38 MAP
kinase (MAPK) or Jun-amino-terminal kinase (JNK) pathways.>*
HMLER-shEcad cells treated with 2 (0.5-2 pM for 48 h) exhibi-
ted enhanced phosphorylation of p38 and its respective down-
stream effector MAP kinase-activated protein kinase 2
(MAPKAPK-2) (Fig. S297). Although 2 induced phosphorylation
of JNK, the downstream effector c-Jun was not phosphorylated
(Fig. S297). Activation of the p38 and JNK pathways can lead to
apoptosis.>®> Apoptosis can lead to changes in cell morphology,
where the cell membrane becomes compromised and phos-
phatidylserine residues are translocated from the membrane
interior to the exterior. According to the FITC Annexin
V-propidium iodide flow cytometry assay, treatment of
HMLER-shEcad cells with 2 (2 x IC5, value and 4 x ICs, value
for 72 h) induced a sizeable population of cells to expose phos-
phatidylserine on the cell membrane exterior and take up pro-
pidium iodide, indicative of early- and late-stage apoptosis
(Fig. S307). This was comparable to treatment with cisplatin
(25 pM for 72 h), an established apoptosis inducer (Fig. S307).
Cytotoxicity studies in the presence of z-VAD-FMK (5 uM), a
peptide-based caspase-dependent apoptosis inhibitor showed
that the potency of 2 towards HMLER-shEcad cells decreased
significantly (ICs, value = 0.76 + 0.02 puM, 2-fold, p < 0.05)
(Fig. S317). This confirms that 2 induces apoptotic breast CSC
death.

Given that the copper(u) complex 2 contains three flufena-
mato moieties, flow cytometric studies were conducted to
determine if 2 could downregulate COX-2. HMLER-shEcad
cells pre-treated with lipopolysaccharide (LPS) (2.5 pM for
24 h), to increase basal COX-2 levels, were treated with 2 (2 x
IC5, value for 48 h) and flufenamic acid (20 pM for 48 h), and
the COX-2 expression was determined. COX-2 expression
decreased significantly upon treatment with 2 and flufenamic
acid (Fig. S3271). To determine if 2 induces COX-2-dependent
breast CSC death, cytotoxicity studies were performed with
HMLER-shEcad cells co-treated with prostaglandin E2 (20 pM).
The potency of 2 towards HMLER-shEcad cells decreased sig-
nificantly (ICs, value = 0.75 + 0.01 pM, 2-fold, p < 0.05) under
these conditions (Fig. S33t). Collectively, the flow cytometric
and cytotoxicity studies suggest that the mechanism of action
of 2 could be related to COX-2 downregulation.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

Copper(n)-flufenamic acid complex induced immunogenic cell
death and phagocytosis

COX-2 inhibition and subsequent prostaglandin reduction has
been shown to effect ICD in bulk cancer cells and CSCs.'*?** As 2
is able to downregulate COX-2 in breast CSCs, we investigated
whether it can induce DAMP release from breast CSCs. The three
major DAMPs linked to ICD, calreticulin (CRT), adenosine tripho-
sphate (ATP), and nuclear high mobility group box 1 (HMGB-1)"
were monitored in breast CSCs upon treatment with 2. HMLER-
shEcad cells dosed with 2 (3 uM or 6 pM for 24 h) displayed notice-
ably higher levels of CRT on their cell membrane than untreated
control cells (Fig. 3A). As expected, HMLER-shEcad cells dosed
with cisplatin (150 pM for 24 h) and thapsigargin (7 uM for 24 h)
also displayed an increase in CRT on their cell membrane
(Fig. 3B). A luciferase-based assay was used to determine the
release of ATP from HMLER-shEcad cells treated with 2. HMLER-
shEcad cells treated with 2 (ICs, value, 2 x ICs, value or 4 x ICs,
value for 24 h) released ATP in a dose-dependent manner (up to
1.9-fold more than untreated cells) (Fig. 3C). As expected, cisplatin
(50 uM for 24 h) also induced significant ATP release (2.3-fold
more than untreated cells) (Fig. 3C). Immunoblotting studies
showed that the relative amount of HMGB-1 in HMLER-shEcad
cells markedly decreased upon treatment with 2 (0.5-2 uM for
48 h) (Fig. S347). Overall, the DAMP detection studies suggest that
the mode of cell death induced by 2 is consistent with ICD.
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Fig. 3 Representative histograms displaying the green fluorescence
emitted by anti-CRT Alexa Fluor 488 nm antibody-stained HMLER-
shEcad cells (A) untreated (red), and treated with 2 (3 pM) (green) or 2
(6 uM) (orange) for 24 h and (B) HMLER-shEcad cells untreated (red) and
treated with cisplatin (150 pM) and thapsigargin (7 pM) (blue) for 24 h.
(C) Normalised extracellular ATP released from HMLER-shEcad cells
untreated and treated with 2 (ICsq value, 2 X ICsq value, and 4 X ICsq
value) or cisplatin (50 pM) for 24 h.
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Fig. 4 Representative two-dimensional scatter plots of CellTracker
Green-stained HMLER-shEcad cells (A) untreated and treated with (B) 2
(5 uM) or (C) flufenamic acid (20 pM) or (D) cisplatin (150 pM) and thapsi-
gargin (7 uM) for 24 h and then co-cultured with CellTracker Orange-
stained THP-1 macrophages for 2 h.

Next, we determined the ability of breast CSCs treated with
2 to be engulfed by macrophages using an in vitro phagocytosis
assay. HMLER-shEcad cells pre-stained with CellTracker Green
were treated with 2 (5 pM for 24 h) and then incubated with
macrophages pre-stained with CellTracker Orange for 2 h. The
population of double-stained macrophages and engulfed
HMLER-shEcad cells is indicated in the two-dimensional
scatter plots shown in Fig. 4. This analysis showed that 2
(5 pM for 24 h) was able to significantly enhance phagocytosis
of HMLER-shEcad cells by macrophages (15-fold increase com-
pared to untreated cells, Fig. 4). HMLER-shEcad cells treated
with flufenamic acid (20 uM for 24 h) did not prompt phagocy-
tosis by macrophages (Fig. 4). As expected, cisplatin (150 pM
for 24 h) and thapsigargin (7 uM for 24 h) hugely enhanced
phagocytosis of HMLER-shEcad cells by macrophages (Fig. 4).

Conclusions

In summary, we report a bi-nuclear copper(i) complex 2 that
kills breast CSCs in a manner that instigates engulfment by
immune cells. The bi-nuclear copper(un) complex 2 displayed
sub-micromolar potency towards breast CSCs grown in mono-
layers, 11-fold and 15-fold greater than salinomycin and cispla-
tin, respectively. The bi-nuclear copper(n) complex 2 also dis-
played up to 25-fold greater potency towards breast CSC mam-
mospheres than salinomycin and cisplatin. Cell-based
mechanistic studies indicated that 2 is able enter breast CSCs,
localise in the cytoplasm, increase intracellular ROS levels,
and prompt caspase-dependent apoptosis. The bi-nuclear
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copper(n) complex 2 was also shown to downregulate COX-2
expression in breast CSCs using flow cytometric studies.
Moreover, cytotoxicity studies in the presence of prostaglandin
E2 indicated that the mechanism of cytotoxicity of 2 could be
related to COX-2 downregulation. COX-2 downregulation (or
reduction in prostaglandin E2 levels) can promote ICD, there-
fore the ability of 2 to promote DAMP release from breast CSCs
was probed. Breast CSCs treated with the bi-nuclear copper(u)
complex 2 displayed typical DAMP signals, indicative of ICD.
Phagocytosis studies showed that breast CSCs treated with 2
were effectively engulfed by macrophages, highlighting the
promising immunogenic potential of 2. To the best of our
knowledge this is first report of a bi-nuclear copper(u)-NSAID
complex to induce ICD of breast CSCs and promote their
engulfment by macrophages. This study reinforces the thera-
peutic potential of copper complexes and opens the door for
the development of other bi-nuclear metal complexes with
NSAIDs as immunotherapeutic agents.
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