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Abstract: There is compelling evidence suggesting that the
immune-modulating effects of many conventional chemother-
apeutics, including platinum-based agents, play a crucial role in
achieving clinical response. One way in which chemothera-
peutics can engage a tumor-specific immune response is by
triggering an immunogenic mode of tumor cell death (ICD),
which then acts as an “anticancer vaccine”. In spite of being
a mainstay of chemotherapy, there has not been a systematic
attempt to screen both existing and upcoming Pt agents for
their ICD ability. A library of chemotherapeutically active Pt
agents was evaluated in an in vitro phagocytosis assay, and no
correlation between cytotoxicity and phagocytosis was
observed. A Pt" N-heterocyclic carbene complex was found
to display the characteristic hallmarks of a type Il ICD inducer,
namely focused oxidative endoplasmic reticulum (ER) stress,
calreticulin exposure, and both HM GBI and ATP release, and
thus identified as the first small-molecule immuno-chemo-
therapeutic agent.

Growing evidence suggests that conventional chemother-
apeutics can modulate the immune system and trigger an
immune response that sustains a long-term durable thera-
peutic outcome."! Tt has been proposed that the therapeutic
efficacy of certain agents (e.g., anthracyclines, taxanes, and
gemcitabine) depends, at least partially, on such off-target
immune effects."™? Accordingly, higher densities of tumor-
infiltrating lymphocytes following chemotherapy have been
correlated with significantly better survival outcomes in
colorectal and breast cancers.”) One of several ways in
which chemotherapeutics engage a tumor-specific immune
response is by triggering immunogenic cell death (ICD),
whereby the dying cancer cells initiate a robust immune
response, acting as an “anticancer vaccine”.[* Thus, immuno-
competent (but not immunodeficient) mice vaccinated with
dying cancer cells that had been pre-treated with ICD
inducers (e.g., anthracyclines, shikonin, and hypericin-PDT)
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are protected against subsequent challenges with live cancer
cells.’! Retrospective analysis of multiple cancers suggests
that human patients treated with chemotherapy together with
digoxin, an ICD-promoting agent, had an improved overall
survival rate, especially when the chemotherapy cocktail did
not already contain an ICD inducer.!

The ICD-inducing capacity of anticancer drugs has been
tied with their capacity to elicit endoplasmic reticulum (ER)
stress and the associated production of reactive oxygen
species (ROS; Figure 1).*7 It is believed that cancer cells
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Figure 1. Schematic representation of drug-induced immunogenic cell
death (ICD).

that dye in response to ROS-mediated ER stress emit
a combination of three distinct spatiotemporally defined
“danger” signals, which are recognized by the immune system
and required for ICD.”! These signals, which are now
established as the biochemical hallmarks of ICD, are:
1) translocation of ER-resident calreticulin (CRT) to the
cell surface during early apoptosis, 2) active secretion of ATP,
and 3) extracellular secretion of nuclear high-mobility group
box 1 protein (HMGB1) during late-stage apoptosis. Cell-
surface CRT, the dominant pro-phagocytic “eat me” signal,”
promotes the engulfment of cancer cells by professional
macrophages, such as dendritic cells (DCs), for tumor antigen
presentation.”! Secreted ATP acts as a “find me” signal and
stimulates purinergic P2ZRX7 receptors on DCs, triggering the
production of IL-1f, a pro-inflammatory cytokine that is
required for IFN-y production by tumor-specific cytotoxic
T cells.*” Finally, HMGB1 binds to toll-like receptor 4
(TLR4) on DCs, triggering a myeloid differentiation primary
response gene 88 (MYDB88) dependent signaling cascade,
which promotes antigen processing and presentation to
T cells.*” Thus, a dysfunctional P2RX7 or TLR4 has been
correlated with negative therapeutic outcomes in both mice
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and human studies with ICD-inducing chemotherapeutics,
such as doxorubicin, highlighting the immune component as
an essential contribution to the efficacy of these agents.*”!

Although they have been a mainstay of chemotherapy,
there has not been a systematic attempt to screen both
existing and upcoming Pt agents for ICD. It has been reported
that oxaliplatin, but not cisplatin, could induce ICD.”) We
evaluated a library of Pt-based compounds (Figure 2) that are

nor ER ROS (Supporting Information, Figure S1).” None-
theless, there was a certain concentration dependence
observed with cisplatin (50 and 100 um) and Pt-NHC (1 and
5 um), which correlated well with qualitative measurements of
ER ROS (Figure S1). The addition of 2 axial acetato ligands
to JM118 elevated phagocytosis in satraplatin, which could
reflect differences in subcellular localization or accumulation.
Phagocytosis was corroborated by fluorescence microscopy,

which showed cytosolic
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Figure 2. Structures of Pt agents used in this study.

either clinically relevant or of upcoming interest as well as
structurally related analogues. The library includes cisplatin,
oxaliplatin, and carboplatin, all of which are in clinical use.!"
[Pt(1R,2R-DACH)CL,] is a structural analogue of oxaliplatin.
Picoplatin, satraplatin, and phenantriplatin are examples of
novel Pt compounds either in clinical trials or pre-clinical
development whereas JM118 is the active Pt" species of
satraplatin.'¥ Pt-NHC is a unique cyclometalated complex
that selectively localizes in the ER and induces ER stress.["’]
The remaining complexes are Pt" prodrugs of cisplatin and
oxaliplatin.

As a critical step for ICD is the engulfment of dying
cancer cells by professional macrophages,” we first applied an
in vitro phagocytosis assay!"! to identify possible ICD induc-
ers. Briefly, murine CT-26 tumor cells (pre-stained with
CellTracker Orange) were treated (4 h) before co-incubation
(2h) with murine J774 macrophages (pre-stained with
CellTracker Green). Double-stained macrophages indicated
phagocytosis (Figure 3b). With the exception of Pt-NHC,
which was both very cytotoxic and fluorescent at concen-
trations above 10 uMm, all other Pt agents were screened at
50 um. Pt-NHC (5 um) sharply increased tumor-cell phagocy-
tosis compared with non-treated controls (38.2+3.5% vs.
12.8 £0.2%, p <0.0001) followed distantly by phenantripla-
tin (20.1+3.6%), cisplatin (20.0+1.0% at 100 um only),
satraplatin (18.84+0.9%), and picoplatin (17.6 +2.8%; Fig-
ure 3a). In contrast, none of the clinically used Pt drugs nor
their related analogues promoted phagocytosis at 50 um. Our
results diverged from a recent study where oxaliplatin could
induce ICD as we observed neither increased phagocytosis
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ER, would be translocated

to the outer surface of the

plasma membrane in

response to ER stress.[
This would then be recognized by low-density lipoprotein-
related protein (LRP) receptors on the macrophages. Coating
the cell surface with recombinant murine CRT to CT-26
without drug or with 50 um cisplatin resulted in a significant
increase in tumor-cell phagocytosis over basal levels (Fig-
ure 3¢). On the other hand, blocking the CRT-LRP inter-
actions with a CRT blocking peptide abolished phagocytosis
of Pt-NHC-treated CT-26 (Figure 3¢). Hence, these results
underscored the requirement of ecto-CRT on tumor cells for
inducing phagocytosis in our screening method.

We proceeded to evaluate the capacity of Pt-NHC to elicit
the distinct biochemical hallmarks of ICD, namely CRT
exposure, ATP secretion, and extracellular HMGBI release.
Surface immunostaining under non cell-permeabilizing con-
ditions indicated that CRT exposure with Pt-NHC (5 um) was
a rapid process, detectable as quickly as one hour after drug-
exposure (Figure 3d,e). Furthermore, surface CRT was
detected on treated cells with intact membrane integrity
and also before exposure to phosphatidylserine, implying that
the translocation occurred at an early stage of apoptosis
(Figure 3¢). Under identical conditions, no immuno-detect-
able CRT was observed on the surface of non-treated cells.
Confocal microscopy analysis of cells treated with either Pt-
NHC (5 pm) or cisplatin (100 pm) revealed that ecto-CRT was
distributed in uneven clusters, which was consistent with prior
studies on other ICD inducers (Figure 3d)."1* It was
proposed that the uneven distribution reflected the segrega-
tion of CRT away from CD47 (the “don’t-eat-me” signal) and
thus promoted phagocytosis.'”! The release of both ATP and
HMGBL1 was also clearly evident with Pt-NHC treatment
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Figure 3. Phagocytosis screening. a) Orange-stained CT-26 cells were drug-treated (4 h) before co-incubating (2 h) with green-stained J774
macrophages and analyzed by flow cytometry. The percentage of phagocytosis was calculated from the number of double-stained macrophages
over the total number of macrophages. Inset: Fluorescence microscopy of |774 macrophages (green) engulfing CT-26 (red) as evident by mixing
of the dyes. b) Representative flow cytometry scatter plots showing increased phagocytosis (top right quadrant) with Pt-NHC over control.

c) Coating CT-26 with rCRT enabled phagocytosis whereas co-incubation with a CRT blocking peptide abolished phagocytosis. Mean - SEM

(* p<0.05, ** p<0.01,

#3% p < 0.0001; Student’s t test; SEM = standard error of the mean). ICD indicators: d) Left: Rapid patch-like surface

exposure of CRT observed by confocal microscopy after drug treatment (1 h) of CT-26 followed by surface immuno-fluorescence staining with
anti-CRT mAb. Right: HMGB1 release from the nuclei of CT-26 after 24 h drug exposure (permeabilized and stained with both anti-HMGB1-Dy488

mAb and PI).

e) Pt-NHC enhanced ecto-CRT exposure in live cells (red-shaded) compared to non-treated control (dotted line). CT26 cells were

treated for one hour (gated against Pl cells) and four hours (gated against Annexin V cells) and surface-stained with an anti-CRT-PE mAb.
f) Extracellular release of ATP (left) and HMGB1 (right) of CT-26 after exposure for 24 hours. Mean £ SEM (* p <0.05, ** p < 0.01; Student’s

t test).

(5 um). ATP secretion into the supernatant 24 hours after the
treatment was measured in a luciferase-based assay (Fig-
ure 3 f). The extracellular release of nuclear HMGB1 was
detected as an absence of nuclear fluorescence after staining
(with Triton-X permeabilization) of treated cells (24 h) with
an anti-HMGB1-Dy488 antibody and subsequent analysis by
both confocal microscopy (Figure 3d) and flow cytometry
(Figure 3 f). In contrast, the presence of nuclear HMGB1 was
clearly evident in non-drug-treated controls. Thus, Pt-NHC
fulfilled all three molecular hallmarks of ICD, a feature
unique to all other validated ICD inducers, such as UVC
irradiation, anthracyclines, and cardiac glycosides.**!

It is believed that ER stress, either in tandem with or in
parallel to an over-generation of ROS, plays a prominent role

Angew. Chem. 2015, 127, 65836587
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in ICD. The ER stress response elicited by ICD inducers
would ignite a cascade of danger signaling pathways, includ-
ing the activation of protein-kinase-like ER kinase (PERK),
which is mandatory for CRT exposure and possibly ATP
secretion.*” ¥l Nonetheless, not all ER stressors (e.g., tuni-
camycin) are ICD inducers but the converse was a pre-
requisite.l’” ICD inducers have been classified into two
categories: Type I inducers trigger ER stress through off-
target secondary mechanisms whereas type II inducers selec-
tively trigger focused ROS-mediated ER stress and were
shown to be more efficient in emitting danger signals.[*>!7-1"]
Type II ICD inducers are believed to be superior to the more
common type I inducers, which only induce collateral ER
stress.[**!"l To date, only a handful of type IT ICD inducers
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have been identified (e.g., photodynamic therapy with hyper-
icin, an ER-specific photosensitizer, and certain oncolytic
viruses).*®! Pt-NHC, which has a minimal DNA binding
affinity, was previously reported to specifically localize in the
ER and induce an ER stress response through PERK
activation.!¥

In this context, we sought to demonstrate that the ER
stress response was in fact ROS-mediated, qualifying Pt-NHC
as a Type II ICD inducer. ROS production was tracked after
short-term drug exposure (4 h) using 2',7-dichlorodihydro-
fluorescein diacetate (H,DCFDA) as a general ROS indica-
tor,” and the ER was visualized with ER Tracker Red, which
bind to the sulfonylurea receptors on ER. In MDA-MB-231,
there was a clear colocalization of ROS with the ER (89.2%
as determined by the Costes method)®"! with Pt-NHC (1 um;
Figure S1). At 5Sum Pt-NHC, the ER exhibited severe
deformation, and ROS were correspondingly more diffuse
and less colocalized, possibly as a consequence of increased
ER membrane permeability associated with ER-stress-
induced apoptosis.’?! In CT-26, ROS was only observed with
5 um Pt-NHC, but not at 1 um. In keeping with MDA-MB-
231, the observed ROS were relatively diffuse. The absence of
ROS with Pt-NHC at a lower concentration (1 um) corre-
sponded to significantly lower phagocytosis, ATP secretion,
and HMGBI release, implying that the ROS played a key role
in Pt-NHC associated ICD. Likewise, phagocytosis was only
observed with cisplatin at 100 um (where intense formation of
ROS was observed in a subpopulation of cells), but not at
50 um (a concentration where ROS were not observed). In
general, all Pt compounds that promoted phagocytosis had
measurable ROS production (Figure S1). Phagocytosis
induced by Pt-NHC was significantly reduced when tumor
cells were co-incubated with trolox, an antioxidant that
quenches ROS (Figure 4). Thus, oxidative ER stress triggered
by Pt-NHC plays a crucial role in ICD.
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Figure 4. The anti-oxidant trolox quenches cellular ROS, which in turn
inhibits phagocytosis. CT-26 was pre-treated with trolox (30 min) prior
to drug exposure and later co-treated with trolox and Pt-NHC (4 h).

a) Trolox quenched Pt-NHC induced ROS as analyzed by flow cytom-
etry. b) Co-incubation of Pt-NHC with trolox significantly inhibited
tumor-cell phagocytosis. Mean £+ SEM (* p <0.05, ** p <0.01; Stu-
dent’s t test).
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Traditionally, new platinum agents have been evaluated
primarily by studying their direct cytotoxicity against cancer
cell lines. We observed no correlation between the propensity
of Pt agents to trigger tumor-cell phagocytosis and cytotox-
icity (Figure 5, evaluated in an Annexin V assay), suggesting
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Figure 5. Cytotoxicity of Pt agents in an Annexin V apoptosis assay. CT-
26 cells were treated for 24 hours and stained with Annexin V/eGFP
and propidium iodide. Mean 4 SEM.

that ICD is independent of cytotoxicity. It was demonstrated
that the therapeutic efficacy of anthracyclines (an ICD
inducer) was negated in mice models when the host
immune system was compromised.>?! This observation
suggests that, at least in some models of cancer, it was the
immune-modulating capacity of the chemotherapeutics and
not the cytotoxicity that was important. In keeping with this
strategy, we recently reported platinum(IV)—peptide agents
that directly activated macrophages as another pathway of
eliciting an anticancer immune response.”"

Over the last decade, there has been substantial evidence
supporting the pivotal role of the immune system in inducing
tumor regression following conventional chemotherapy.! It is
probable that many highly promising immunogenic and/or
immune-stimulating Pt candidates might have been
neglected. This work, which represents one of the very first
attempts to exploit the immune-modulating properties of Pt
agents, could pave the way for the development of combined
Pt-based immuno-chemotherapeutics.

Keywords: antitumor agents - immuno-chemotherapy -
immunogenic cell death - oxidative stress - platinum
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