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A platinum(i) complex containing an aminophosphonate ligand pre-
ferentially accumulates in the endoplamic reticulum (ER) in association
with potent ER stress and reactive oxygen species generation, followed
by the activation of damage-associated molecular pattern signals and
immune responses. Importantly, the Pt complex exhibits potent anti-
tumour activities in two independent mouse models via an immuno-
genic cell death pathway.

Cisplatin and its derivatives have received worldwide attention
in clinical cancer treatment.'* Their mechanisms of action are
considered to involve DNA binding via forming Pt-guanine
adducts in association with downstream DNA damage and strand
break-mediated apoptosis.>® Besides directly killing cancer cells,
oxaliplatin, the third-generation cisplatin analogue, has been
reported to induce immunogenic cell death (ICD) by activating
innate and adaptive immune responses, which is likely caused by
targets other than DNA.”® The tumour-specific immune responses
evoked by ICD inducers endow a “second hit” to the residual cancer
cells which were not killed by the original drug cytotoxicity.” ™"
As a result, a long-term therapeutic benefit from ICD may be
possible.”>™® This has inspired a growing interest to develop more
promising ICD-inducing complexes.'®"® Unfortunately, the last
10 years witnessed very slow advances in developing novel ICD
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complexes. Only a handful of metal-based ICD compounds
have been reported, including a luminescent cyclometallated
Pt complex,'® KP1019,”° and a Pt(iv) prodrug containing an
oxaliplatin framework.>'

Many calcium storage proteins, including calreticulin (CRT), are
localized in the ER which thus carries a high concentration of Ca®";
disruption of calcium homeostasis has been reported to cause ER
stress and to promote CRT exposure to the cell membrane, which
serves as an “eat me” signal to be recognized by phagocytic dendritic
cells, subsequently eliciting other immune cells to respond.**>*
Phosphate/phosphonate-containing compounds are known to pos-
sess mineral calcium-targeting properties*> >’ and are able to alter
calcium trafficking in cells.”® As many labile Pt(i) complexes are able
to induce ROS,***° we assume that the Pt(n) complexes bearing an
aminophosphonate ligand could potentially trigger ICD through
ER targeting and ROS generation.*"*> Herein we report a novel
platinum() complex containing an aminophosphonate ester ligand
displaying a lipophilicity amenable to bioactivity and inducing
potent ER stress accompanied by ROS generation, subsequently
triggering immunogenic responses that kill cancer cells. Importantly,
the Pt complex displays a low acute toxicity while effectively suppres-
sing tumour growth in a vaccination mouse model and a tumour-
bearing mouse model.

We synthesized 12 novel aminophosphonate-platinum(u)
complexes (Fig. 1) with full characterization by "H NMR,
ESI-MS and elemental analysis (see details in the synthesis
section and Fig. S1 and S2, ESIt). We also performed X-ray
crystallography on 9 complexes (Fig. S3 and Table S1 in ESIf).
The three types of complexes differ in the number of CH, units
between the benzene ring and the imide that coordinates to the
Pt center. These Pt complexes are well dissolved in common
organic solvents such as DMF and DMSO and are soluble in
PBS after dilution from DMSO stock solution (1% DMSO unless
otherwise stated®®). The stability test by HPLC demonstrated
that the Pt complexes are stable for 48 h at room temperature
under physiological conditions (Tris-KCl-HCI buffer, pH 7.35,
Fig. S4, ESI¥).

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 chemical structures of the Pt(1) complexes. The racemic mixtures
were used for biological studies.

The complexes generally display cytotoxicity against different
cancer cells, including urinary bladder transitional cell carcinoma
(T-24), bone osteosarcoma (MG-63), hepatocellular carcinoma
(HepG2), and ovarian cancer (SK-OV-3), with ICs, ranging from
0.25-88.7 uM in a 48 h treatment (Table S2, ESIT). These values are
generally smaller than that in normal human liver cells (HL-7702).
As shown in Table S2 (ESIt), the cytotoxicity is decreased by
lowering the lipophilicity from —Cl, to -H to -OMe substituents
for the same type of complexes. Additionally, the electron-inductive
effects play a rather important role: the presence of an electron-
withdrawing —Cl moiety at the para-position of aniline (Pt-1, 1) or
pyridine (Pt-1, 3) significantly improves the cytotoxicity whereas the
electron-donating -OMe moiety adversely decreases the cytotoxicity
(2, 3). Complex Pt-1, in which the aminophosphonate-pyridine
ligand contains two Cl atoms that are most electron-withdrawing
and are most lipophilic, exhibits the highest cytotoxicity against
cancer cells and the largest fold-difference (> 50-fold) compared to
normal cells. For comparison, the aminophosphonate-pyridine
ligand displays a much lower cytotoxicity (Fig. S5, ESIt). Since
the Pt complexes display strong cytotoxicity against bladder transi-
tional cell carcinoma that are also suitable to establish immune
tumour models, bladder cancer cells were used in the following
biological activity studies.

To examine whether the phosphonate ester is hydrolysed
in vitro, we incubated T-24 cells with Pt-1 for 24 h. The ESI-MS
analysis of the supernatant after ethanol precipitation of cell
lysates showed the presence of mono- and bi-hydrolyzed phos-
phonate with one Pt-Cl bond hydrolysis (Fig. S6, ESIT). The ICP-
MS of subcellular fractions from Pt-1-treated T-24 cells after
24 h (Fig. S7, ESIT) shows a major localization of the complex to
the ER (2.20 £ 0.18 ng Pt per million cells) over the mitochon-
dria (0.80 £ 0.26) and nucleus (0.94 + 0.15). This ER accumula-
tion may be attributed to the ER’s high concentration of Ca*",
which has a high affinity for phosphonate.>® By Western blot
analysis, we observed a protein profile characteristic of ER
stress, including the expression of phosphorylated protein
kinase RNA-like endoplasmic reticulum kinase (PERK), phos-
phorylated eukaryotic initiation factor 2o (eIF2a), and C/EBP
homologous protein (CHOP), in T-24 cells treated at an ICs,
concentration (0.5 pM) of Pt-1 for 48 h (Fig. S8, ESIt). This
treatment is also associated with a time-dependent increase in
ROS, as indicated by 2',7'-dichlorodihydro-fluorescein diacetate
(DCFH) staining (Fig. S9, ESIt).
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Fig. 2 The activation of DAMPs in T-24 cells after Pt-1 treatment. (a) Flow
cytometry analysis of CRT on the surface of T-24 cells treated with solvent
control or 0.5 uM Pt-1 for 2 h. (b) The ATP concentration in culture
medium after treating T-24 cells with 0.5 pM of Pt-1 as measured by
luciferase assay. (c) Levels of HMGBL1 in culture medium (S-HMGB1) and in
cells (C-HMGBY) after incubating T-24 cells with 0.5 uM of Pt-1.

Conditions of stress can stimulate damage-associated mole-
cular patterns (DAMPs) that recruit immune cells.'® We treated
T-24 cells with 0.5 pM Pt-1 and labelled non-permeabilized cells
with an anti-CRT antibody. Fluorescence microscopy revealed
an intense immunofluorescence distributed in uneven clusters
on the undamaged cell surface after 2 h (Fig. S10, ESIT), while
in the control group without Pt-1 treatment, no immunofluor-
escence was detected. This elevated surface immunofluores-
cence intensity is confirmed by flow cytometry experiments, in
which 43.1% of treated cells displayed a higher fluorescence
intensity than the control group (Fig. 2a). As anticipated, secre-
tion of HMGB1 and ATP, another two DAMP signals, was clearly
evident (Fig. 2b and c). A firefly luciferase assay reveals a time-
dependent ATP secretion of up to 72.1 nM in the culture medium
after 12 h treatment with Pt-1. Also, a gradual increase in secreted
HMGB1 (S-HMGB1) was found by Western blot analysis in the
culture medium after treating T-24 cells with 0.5 M Pt-1 for 24 h.
This was accompanied by a time-dependent reduction in cellular
HMGB1 (C-HMGB1). While under similar conditions, cisplatin
did not obviously elicit these DAMP signals (Fig. S11, ESI}).

To study the effects of Pt-1-induced DAMPs on immune
activity, we treated T-24 cancer cells with 0.5 uM Pt-1 for 48 h,
and used the cell-conditioned-culture medium (supernatant) to
test its effects on immune cells.'® We first examined the activity
on the maturation of dendritic cells, since mature dendritic cells
(mDCs) are one of the major antigen presenting cells.** The
imDCs isolated from human peripheral blood mononuclear cells
(PBMCs) were incubated with Pt-1-treated cell-conditioned culture
medium. Western blot analysis (Fig. 3a) revealed an increased
expression of the DC maturation marker, CD83, on the surface of
non-permeabilized DCs after 4 h, which gradually increased after
12 and 24 h. The surface expression of CD80, another important
DC maturation marker, exhibited a similar trend.'> We next
assessed the extracellular levels of the proinflammatory cytokines
IFN-y and TNF-o, both of which are critical for innate and
adaptive immunity."* As shown in Fig. 3b and c, the Pt-1-treated
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Fig. 3 The induction of immune responses in PBMCs: (a) Expression of
CD80 and CD83 on the surface of imDCs incubated with Pt-1-treated
T-24 cell-conditioned culture supernatant for the indicated time. (b and c)
Secretion of (b) IFN-y and (c) TNF-a from human primary PBMCs after
incubation with Pt-1-treated T-24 cell-conditioned culture supernatants
for the indicated time. (d) The average cell viability (%) of T-24 cells after
treating with the activated PBMCs for the indicated time.

cell-conditioned culture medium boosted the IFN-y secretion
from 2.1 pg at 0 h to 74.5 pg at 24 h per 10° PBMC cells (35-fold)
and the TNF-o from 350 pg at 0 h to 1700 pg at 24 h per 10°
PBMC cells (4.8-fold). However, incubating PBMCs with cell-
conditioned culture medium without Pt-1 treatment only led to
the basal cytokine secretion (data not shown). Then the cytotoxi-
city of activated PBMCs was tested by MTT assay according to the
literature procedure.*® PBMCs pre-treated with the conditioned
culture supernatants suppressed the tumour cell viability to
72.5% after 24 h and further decreased to 54.6% and 37.1%
after 48 h and 72 h treatment, respectively (Fig. 3d); while the
control group, which was co-incubated for 72 h with PBMCs
treated with cancer cell-conditioned medium without drug treat-
ment, showed a basal cytotoxicity with a mean cell viability of
85.6%. These results collectively indicate that the Pt-1-treated
conditioned culture medium activates an immune response in
PBMC:s to kill cancer cells.

To examine the putative immunogenicity of exposed DAMPs
from Pt-1 in vivo, a syngenetic MB-49 mouse urothelial carcinoma
tumour vaccination model was established.>® The ICD inducer,
oxaliplatin, which has been shown to be effective in urothelial
cancer patients,>” was used as a control. In general, MB-49 cells
were treated with Pt-1 (0.5 pM) or oxaliplatin (1.3 puM), or with
solvent only for 48 h, and then the treated cells were injected (s.c.)
into the left flanks of C57BL/6 mice (n = 10 in each group) as a
tumour vaccine. After 7 days, these mice were re-challenged in the
opposite flanks by inoculation with untreated MB-49 cells (Fig. 4).
The formation of tumours in the right flanks was then monitored
every day for 35 days. In the solvent control group, tumours were
found in 20% of mice 7 days after re-challenging, and 90% of
mice in this group were detected with a tumour in the right flank
after 10 days. While in the oxaliplatin and Pt-1 treatment group,
tumour development was significantly delayed from the second
inoculation (Fig. 4). One mouse was found to carry a tumour at
day 11 in the oxaliplatin group and the first mouse with a tumour
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Fig. 4 Anti-tumour vaccination. MB-49 cells were firstly treated with Pt-1
(0.5 uM), oxaliplatin (1.3 uM) or solvent control for 48 h; then the treated
MB-49 cells were subcutaneously injected into the left flanks of C57BL/6
mice (n = 10), which were then re-challenged in the right flanks with
untreated MB-49 cells 7 days later. Percentage of tumour-free mice after
re-challenging with MB-49 cells was shown.

in the Pt-1 group was identified at day 12. Gradually more tumour-
bearing mice were identified by oxaliplatin treatment and reached
a stable stage of 20% tumour-free mice after 22 days. Complex
Pt-1 displayed a slightly slower rate of tumour formation than
oxaliplatin with a stable stage of 30% tumour-free mice after 23
days. The significantly delayed tumour formation suggests an
activation of immunity to prevent tumour formation at a distant
site.”°

We further tested the ability of Pt-1 to inhibit tumour growth
in an immunocompetent mouse model. We initially examined
the acute toxicity in C57BL/6 mice. Pt-1 or oxaliplatin was
administered (i.v.) at the doses shown in Table S3 (ESIT). In the
oxaliplatin treatment group, one of the three mice died at 20 pmol
kg (8 mg kg™ "), and the rest of the mice were found dead at
doses higher than 30 pmol kg~ (12 mg kg™"). In contrast, all
mice survived Pt-1 doses of 30 pmol kg™ * (20 mg kg "), demon-
strating a significantly lower acute toxicity of Pt-1 than oxaliplatin.

When the tumour volumes of C57BL/6 mice inoculated with
MB-49 cells reached ~60 mm?® (n = 5 per group), an equimolar
concentration of oxaliplatin (6 mg kg™*) or Pt-1 (9.8 mg kg™ ') was
administered (i.v.) once every two days. As shown in Fig. 5a, Pt-1
significantly suppressestumour growth with a 59.6% inhibition
compared to the solvent control (p < 0.001) after 18 days. The
inhibition by Pt-1 is more potent than oxaliplatin which elicited a
49.2% inhibition after 18 days (p < 0.01). No death or body weight
loss was detected during the treatment (Fig. S12, ESIt).

b
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Fig. 5 The induction of anti-tumour immune responses in vivo: (a)
Tumour volumes of C57BL/6 mice bearing MB-49 cells (n = 5) after
treatment with 9.8 mg kg~* Pt-1 or 6 mg kg~ oxaliplatin. (b) Percentage
of cytotoxic CD3*CD8" T lymphocytes in the total cells isolated from
peripheral blood, spleen, and tumours of C57BL/6 mice treated with Pt-1
or oxaliplatin. *p < 0.05, **p < 0.01, ***p < 0.001.
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Then the amounts of CD3" T cells and CD3'CD8" T cells in
the peripheral blood, spleen and tumours of C57BL/6 mice after
18 day treatment were determined.'® We observed no change in
the total CD3" proportions in peripheral blood, while a slight
increase in the spleen and tumours was detected compared to
the solvent control (Fig. S13, ESI{). The number of CD3'CD8" T
lymphocytes in the peripheral blood and spleen slightly increases
after treatment (Fig. 5b); notably, the proportions of CD3'CD8"
cytotoxic T lymphocytes in tumour tissues were significantly
increased from 6.5% of total cells in the solvent group to
20.7% in the Pt-1 treatment group, which is higher than that
of the oxaliplatin group (16.4%). These results provide further
support that Pt-1 can activate the immune system to alleviate
cancer, with a higher activity than oxaliplatin.

In summary, platinum(u) complexes containing phospho-
nate esters were found to preferentially accumulate in the ER
followed by ROS-associated ER stress, which triggers the expo-
sure CRT on the cell membrane and the secretion of ATP and
release of HMGB1. These DAMP signals primed the immune
cells and cause cytotoxicity towards cancer cells. The gold-
standard in vivo vaccination assay verified that Pt-1-treated
cancer cells are immunogenic by showing a significantly
delayed generation of tumours in the treatment group. Further
in vivo study revealed that Pt-1 displayed a lower acute toxicity
and stronger anti-tumour activity than oxaliplatin in the
tumour-bearing immunocompetent mouse model in a manner
associated with the activation of tumour immunity, rendering
the Pt-aminophosphonate class of complexes a new scaffold for
developing chemotherapeutics capable of triggering immune
responses against solid tumours.
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