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Immunogenic cell death (ICD) is a way of reengaging the tumor-specific immune system. ICD can
be induced by treatment with chemotherapeutics. However, only a limited number of drugs and
other treatment modalities have been shown to elicit the biomarker responses characteristic of ICD
and to provide an anticancer benefit in vivo. Here, we report a rationally designed redox-active
Au(l) bis-N-heterocyclic carbene that induces ICD both in vitro and in vivo. This work benefits
from a synthetic pathway that allows for the facile preparation of asymmetric redox-active Au(l)
bis-N-heterocyclic carbenes.

Recent decades have borne witness to a paradigm shift in cancer care wherein the immune
system is exploited to control and eradicate tumors.1=3 These benefits have been propelled
by a better comprehension of cancer biology and have spawned important discoveries
involving targeted therapy.#— Traditionally, cancer chemotherapeutics were thought to
suppress the immune system.”:8 However, recent studies have shown that certain anticancer
drugs stimulate tumor-specific immune responses and reinstate immunosurveillance.®
Immunogenic cell death (ICD) is a unique cell death mechanism, by which rejuvenation
of the tumor-specific immune system occurs after treatment with certain therapeutic
modalities.1%-13 Anticancer agents that induce ICD are expected to provide important
complements to immune checkpoint inhibitors and may emerge as mainstays of cancer
treatment in the years to come. Unfortunately, fewer than 1% of known anticancer agents
have been documented as inducing ICD; thus, developing small molecules that elicit ICD
would address a critical need.1

The concept of ICD was established in 2005 upon observation of tumor regression and
effective treatment of mice injected with tumor cells that were pretreated in vitro with
doxorubicin.” Recently, several platinum,15-22 ruthenium,23 and copper?4 complexes were
reported as potential ICD inducers. ICD inducers are categorized into Type | and Type

I1. Type I inducers trigger ICD through endoplasmic reticulum (ER) stress via off-target
secondary mechanisms, whereas Type |l inducers trigger ICD directly via reactive oxygen
species (ROS)-mediated ER stress and are generally more efficient.2> Gold complexes,
although studied for their antitumor potential, have not to our knowledge been investigated
as potential ICD inducers.2® Here, we report a rationally designed gold complex (1;

Figure 1) that exhibits characteristic signatures of ICD induction in cancer cells and which
inhibits tumor establishment in a mouse model under initial inoculation followed by cancer
challenge conditions. We believe our strategy provides a new approach to the design of
ICD inducers that promote tumor apoptosis and stimulate a tumor cell-specific immune
response.2/-29

Currently, structure—activity relationships that can guide the design of new ICD agents

are lacking. We postulated that dual targeting of the cancer antioxidant network and
promotion of ER stress could provide a rational approach to ICD induction. In this

context, redox-active N-heterocyclic carbene (NHC) gold(l) complexes appeared attractive.
The antitumor activity of cationic Au(l) bis-NHC complexes stems primarily from their
selective interaction with the selenium-containing enzyme, thioredoxin reductase 2 (TrxR2),
in mitochondria.2%:30 However, the resiliency of the highly networked antioxidant pathway
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prevents effective tumor growth inhibition in vivo when only TrxR2 is targeted.3! To
overcome this limitation, we recently reported novel redox-active Au(l) bis-N-heterocyclic
carbenes, containing ferrocene or quinone moieties appended to the NHC, exhibiting a

dual mode of action against the cancer antioxidant network.32:33 These complexes display
anticancer activity in vitro as the result of combining TrxR2 inhibition (leading to a
reduction in biological antioxidants) with increased oxidative stress (via redox cycling).
These biochemical processes contribute to ROS generation and mitochondrial and ER stress
in cancer cells,32:33 which is a known prerequisite for ICD induction.2> As detailed below,
we have now found that the redox-active Au(l) bis-NHC (1) promotes ICD in vitro and in
vivo as inferred from immunization experiments.

Figure 1 summarizes the preparation of complex 1. In brief, NQ-IPrAu-CI3* was converted
into the redox-active ketonyl complex NQ-IPrAu-acetonyl (for details, see the Supporting
Information). Reaction of NQ-IPrAu-acetonyl with a hydroxyethyl imidazolium derivative
gave 1in 71% yield. This protocol provides an approach to asymmetric redox-active Au(l)
bis-NHC complexes. X-ray diffraction quality single crystals of NQ-IPrAu-acetonyl and 1
were grown via slow diffusion of diethyl ether into saturated dichloromethane solutions of
the respective complexes (Figures 1B and S1). The redox features of 1 were probed via
cyclic and differential pulse voltammetry (DPV) (cf. Supporting Information). Half-wave
reduction potentials for NQ-1PrAu-acetonyl and 1, obtained from DPV measurements, are
summarized (Table S2, Figures S6 and S7). According to the literature,35-37 the redox
potential of 1 makes it thermodynamically competent to accept electrons from electron-rich
species such as NADH present in cells. The associated reduction leads to production of the
semiquinone radical form, which undergoes autoxidation to regenerate the initial quinone
with concomitant formation of ROS.

Several naphthoquinone-containing redox-active gold(l)-NHC complexes have been shown
to induce apoptosis in cancer cells via two different modes of action (ROS level accentuation
and a decrease in TrxR redox cycling-based ROS deactivation).32 These features were
expected to be recapitulated in the case of 1. In fact, low 1Csq values (Table 1)

were observed against three test cell lines (A549 (human lung cancer), CT26 (mouse

colon carcinoma), and HCT116 (human colon cancer)) 72 h post treatment as inferred

from standard 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays
(Figures S8-S10). Under analogous conditions, auranofin, an FDA-approved Au(l) complex
known to exhibit antiproliferative activity, exerts weaker cytotoxicity (cf. Table 1).

Evidence for ROS generation came from confocal microscopic studies using A549 cells
treated with 1.6 M of 1 along with the ROS marker CM-H,DCFDA. From that study;, it
was inferred that cells treated with 1 give rise to a marked increase in intracellular ROS
levels compared to cells treated with vehicle alone (Figure 2). Furthermore, merged images
involving coincubation with Mitotracker Red and the Hoechst stain revealed mitochondria
to be the subcellular site of ROS accentuation. To quantify the increase in ROS levels, flow
cytometric studies were carried out where A549 and CT26 cells were treated with 1 and
auranofin in a dose-dependent manner. A significant increase in ROS level was observed

in the case of both A549 and CT26 cells treated with 1 as compared to those treated with
auranofin (Figures S11 and S12). Flow cytometry studies with annexin-V staining were
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also carried out on CT26 cells; these revealed a dose-dependent increase in apoptotic cell
death 4 h post incubation with 1 (Figure S13).32 Redox-active Au(l) bis-NHC complexes
have previously been reported to upregulate genes responsible for ER stress.33 This coupled
with the finding that incubation with 1 leads to increased intracellular ROS levels led us to
suggest that it would act as a type Il ICD inducer.2> Evidence in support of this contention is
provided below.

ICD can be characterized by three main biochemical hallmarks or damage-associated
molecular patterns (DAMPs):10:38:39 (j) relocation of the ER-resident chaperon protein
calreticulin (CRT) to the outer cell membrane of early apoptotic cells (“eat me” signal),

(ii) autophagy-dependent active secretion of adenosine triphosphate (ATP) as a result of
apoptosis (“find me” signal) and, (iii) extracellular secretion of high mobility group box 1
(HMGB1) protein as a result of cell membrane permeabilization during late-stage apoptosis
(“danger” signal). When observed in concert, these DAMPs are considered indicative of ICD
induction in vitro.

We first tested whether 1 would promote CRT translocation via confocal microscopy. As
inferred from the merged images, colocalization of emission signals from CRT antibody
with the cell membrane immunostaining wheat-germ agglutinin (WGA) antibody suggests
CRT translocation to the cell membrane occurs upon incubation with 1 (Figure 3A). To
quantify the CRT translocation, dose dependent flow cytometry studies were performed on
nonpermeabilized CT26 cells. Cells undergoing early apoptosis showed a significant level
of CRT release after treatment with 1 at 2.5 4 for 24 h (Figure S14 and Figure 3B).
Oxaliplatin, a known ICD inducer,>:16 was also included as a control for comparison.
Importantly, cells treated with 2.5 M of 1 displayed cell membrane CRT translocation to a
similar level as cells treated with 300 zM of oxaliplatin.

Next, we assessed the release of ATP in CT26 cells in the presence of 1 and compared it
with oxaliplatin (Figure 3C and Figure S15). The amount of released ATP in supernatants
1 h and 4 h post-treatment of both complexes was measured using a luciferin-based assay.
Complex 1 at 5 ¢M was found to be effective in inducing ATP secretion at a level analogous
to that produced by 150 M of oxaliplatin, as determined 4 h post-treatment (Figure 3C).
Finally, an ELISA assay was performed (Figure 3D) to determine whether incubation

with 1 led to the presence of HMGBL1 in the supernatant of treated CT26 cells. Again,

1 proved more effective than oxaliplatin, as determined 4 h post-treatment. Considered

in concert, these findings prompted us to test the activity of 1 in vivo. Such tests were
deemed necessary because a number of anticancer agents or therapies are known to trigger
ICD-associated biomarkers in vitro but have yet to show antitumor immunity effects in
vivo.16:23.24 However, in the absence of demonstrated tumor establishment inhibition when
an animal is subject to a tumor challenge, the promise of these species as ICD inducers
remains uncertain.23:25

To test whether 1 could be used to promote ICD-mediated tumor eradication in vivo, studies
on syngeneic immunocompetent mice were performed (Figure 4A). Oxaliplatin, which has
been shown to elicit ICD in several rodent models of colon cancer,® was used as a positive
control. In a first study, a group of BALB/c mice (7= 10; data are pooled from two
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independent repeat experiments with 7= 5 each) were subcutaneously injected on the right
flank with CT26 cells (3 x 10°) that were pretreated with varying concentrations (5, 10,

or 100 M) of 1 or 150 xM of oxaliplatin for 4 h (to induce the desired ICD biomarkers

and create a potential anticancer immune response). Untreated CT26 cells subjected to three
freeze—thaw cycles to induce necrosis were injected as a negative control. Seven days later,
the mice were challenged subcutaneously in the left flank with naive, live CT26 cells (5 x
10%), and the tumor growth was monitored over time. All mice treated with freeze—thawed
CT26 cells developed measurable tumors on the left (challenge) flank after 6 days, whereas
some mice implanted with CT26 cells pretreated with 1 at 5, 10, or 100 &M or oxaliplatin
at 150 £M experienced delayed or no tumor development. This delay was found to be
statistically significant in all groups except the group involving 100 xM of 1 (Figure 4B),
where it is assumed the high levels of initial cytotoxicity precluded an ICD response. While
these data provide support for our initial hypothesis that 1 would prove effective at inducing
ICD, it should be noted that for both 1 (at 5 and 10 M doses) and oxaliplatin, drug-treated
tumor cell inoculation resulted in tumor growth (Figure S16) on the original treatment flank
(i.e., the right flank). Due to this, the study was ended early.

To overcome the limitations associated with growth of the original tumor, an in vivo strategy
was developed that involved resecting the initial treatment (right flank) tumors before they
reached 200 mm3 in size (Figure 4A). This allowed us to determine the potential of both 1
and oxaliplatin to induce an immune response and effect tumor-growth inhibition (challenge
flank). Also, this strategy provides a test of whether the presumed ICD-induced immune
response would remain active even after removal of the original drug-treated tumor. As

in the initial study, the benefits of 1 were not apparent at the highest 100 M dose level.
However, for the CT26 tumor cells treated with 1 at 5 and 10 xM doses, the development

of the challenge tumors was inhibited relative to the group treated with only freeze—thawed
cells (Figure 4C). This result continued 42 days postchallenge. The data also revealed that
CT26 cells treated with 1 at 10 M were more effective at delaying challenge tumor growth
than oxaliplatin used at a much higher dose (150 £M; 15x higher). These in vivo studies thus
support the notion that 1 induces CT26 tumor cells to undergo ICD and that pretreatment of
tumor cells resulted in inhibiting or delaying the growth of tumors on the challenge flank.

In summary, the rationally designed Au(l) bis-NHC complex 1 proved to be efficacious

as an ICD inducer. Its efficacy in triggering ICD is ascribed to its ability to target the

cancer antioxidant network via two modes of action. We believe this work highlights a new
approach to preparing ICD inducers that involves controlling oxidative and ER stress via
redox modulation. This work also highlights a novel strategy that can be used to prepare
asymmetric redox-active Au(l) bis-NHC complexes. This should allow ready access to

a library of redox-active Au(l) bis-NHC complexes and permit detailed explorations of
structure—activity relationships as they relate to ICD induction. Studies along these lines are
in progress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A) Synthetic scheme for 1. (a) NaOH (7.5 equiv), amyl alcohol (cat.), #butyl alcohol

(cat.), THF, RT, 24 h. (b) Acetone, RT, 4 h. c) toluene, 90 °C, 24 h. (B) ORTEP

representation of 1 rendered using POV-Ray. Thermal ellipsoids are at the 50% probability

level.
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Mitotracker Red CM-H,DCFDA Hoechst

Compound 1

Vehicle

Figure 2.
Confocal microscopy images showing ROS generation in A549 cells 4 h post treatment with

1.6 M of 1. In the case of 1, the merged image of Mitotracker Red and CM-H,DCFDA
provides evidence for ROS production in the mitochondria.
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Figure 3.
(A) Confocal microscopy images showing calreticulin (CRT) translocation in CT26 cells 4

h post-treatment with 5 4M of 1. No CRT release was seen in the case of vehicle alone. (B)
Flow cytometry showing dose dependent CRT release in CT26 cells 24 h post treatment with
1 or oxaliplatin. (C) Dose dependent ATP release in CT26 cells 4 h post-treatment with 1 or
oxaliplatin. (D) Dose dependent release of HMGBL1 protein in CT26 cells 4 h post-treatment
with 1 or oxaliplatin (one-way ANOVA with Tukey’s multiple comparison). Data are mean
+ SD and p< 0.05 is significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Figure 4.
(A) Schematic diagram illustrating in vivo strategies. (B) Percent tumor-free mice (i.e.,

left flank tumor) injected with pretreated CT26 cells with varying doses of 1 or 150 t/M
oxaliplatin in the right flank and then inoculated (i.e., challenged) with CT26 cells in the
left flank when right flank tumors were not resected (n= 10, data were combined from

two independent experiments). (C) Percent tumor-free mice (i.e., left flank tumor) when
right flank tumors were resected before they reached >200 mm? in size. Mice (17 = 10)
were censored (i.e., removed from the study) if they reached an end point for euthanasia
before developing a left flank tumor (for details, see Supporting Information). (Mantel-Cox
Log-rank test, p < 0.005 (Bonferroni-corrected) was considered significant, * indicates
difference from freeze—thaw.)
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Table 1.
ICsq Values (1M) for 1 and Auranofin against Various Cancer Cells, as Inferred from 72 h MTT Assays

cell Lines A549 HCT116 CT26
1 0.030+0.001  0.030+0.002 0.405+0.007
auranofin ~ 2.181+0.147 1.348£0.103 0.821 +0.030
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