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ABSTRACT: Clinical chemotherapeutic drugs have occasionally been
observed to induce antitumor immune responses beyond the direct
cytotoxicity. Such effects are coined as immunogenic cell death (ICD),
representing a “second hit” from the host immune system to tumor cells.
Although chemo-immunotherapy is highly promising, ICD inducers remain
sparse with vague drug—target mechanisms. Here, we report an endoplasmic
reticulum stress-inducing cyclometalated Ir(III)—bisNHC complex (1a) as a
new ICD inducer, and based on this compound, a clickable photoaffinity
probe was designed for target identification, which unveiled the engagement of
the master regulator protein BiP (binding immunoglobulin protein)/GRP78
of the unfolded protein response pathway. This has been confirmed by a series
of cellular and biochemical studies including fluorescence microscopy, cellular
thermal shift assay, enzymatic assays, and so forth, showing the capability of 1a
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for BiP destabilization. Notably, besides 1a, the previously reported ICD inducers including KP1339, mitoxantrone, and oxaliplatin
were also found to engage BiP interaction, suggesting the important role of BiP in eliciting anticancer immunity. We believe that the
ICD-related target information in this work will help to understand the mode of action of ICD that is beneficial to designing new

ICD agents with high specificity and improved efficacy.

B INTRODUCTION

investigation also pointed out that the ICD agents, cyclo-

Immunogenic cell death (ICD) is a unique response pattern of
cell death that can provoke long-lasting antitumor immunity by
inducing damage-associated molecular pattern (DAMP)
signals such as surface exposure of calreticulin (CRT), release
of ATP, and secretion of HMGBI1." For cancer cells, the
released immunostimulatory signals during the ICD process
lead to the enhanced engulfment of cancer cells by dendritic
cells (DCs)," the most efficient antigen-presenting cells in the
immune system.2 Then, the cancer-specific antigens will be
presented by DCs to the relevant T cells, resulting in the
activation of a global anticancer immune response. After
decades of endeavors, ICD was found inducible by diverse
death types including necroptosis,” pyroptosis,” and some
kinds of apoptosis.” Correspondingly, various ICD-inducing
factors have been identified such as microbial components,
irradiation, and particularly chemotherapy.’®
Chemotherapeutic drugs with antitumor immunity can bring
in a great bonus: a “first hit” by their cytotoxicity on the fast-
growing cancer cells and a “second hit” from the host immune
system to elicit tumor-specific immune responses.” Of note,
studies have proven promising synergistic effects on the
combined use of clinic-related ICD inducers (e.g, oxaliplatin
and doxorubicin) with PD-1/PD-L1 inhibitors.® """ A recent
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phosphamide and oxaliplatin, powered CAR-T cells toward
immunosuppressing solid tumors by altering the tumor
microenvironment.'' Related clinical trials are in process
globally.'”"? It is thus envisioned that ICD-based chemo-
therapy will play more important roles in immunotherapies in
the future.

Beginning with doxorubicin, the first well-characterized ICD
agent,'* increasing examples were found to elicit ICD
activities.">'® Of particular attention is the fast growth of
metal-based ICD inducers in the past decade,'”'® including the
complexes of platinum,lg_30 ruthenium,®' ~* gold,‘?’s"?’6 iri-
manganese,”’ and copper.”’ While these com-
pounds display intriguing antitumor immunity, the ICD
response is usually tumor-type-limited, exemplified by the
fact that oxaliplatin induced potent ICD in colorectal cancer
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but failed in non-small cell lung cancer; " also, the structure—
activity relationship for these ICD-provoking compounds
appears unclear. In the literature, despite that endoplasmic
reticulum (ER) stress is known as a prerequisite to eliciting
ICD, not all ER stress could trigger immune responses.43 In
fact, the specific biotargets responsible for stimulating and
maintaining the ICD-related ER stress are not yet well
understood. Therefore, it is of urgent need in elucidating the
mode of action of ICD at the molecular target level.

In this work, we aimed to understand the molecular
mechanism of ICD based on a newly identified ICD inducer.
In view of the fact that the constantly induced ER stress is a
key feature of ICD, we examined a series of cyclometalated
iridium(III) complexes and successfully unveiled the ICD
activity of an ER-targeting Ir(III) complex (la) containing a
bis-N-heterocyclic carbene (bisNHC) ligand. The complex is
capable of inducing all hallmarks of ICD and displays a
vaccination effect similar to that of oxaliplatin in the mouse
model. As the NHC ligand is easy to be functionalized, a
homologue probe containing benzophenone and alkyne
moieties was designed. The following target profiling and
validation experiments emphasized the engagement of the
binding immunoglobulin protein (BiP), a crucial protein that
controls ER hemostasis with close relation to the ICD-resisting
ability of the tumor. Further studies using clinic-related ICD
agents suggested a universal engagement of the BiP target. To
the best of our knowledge, it is the first time that the direct
target information of ICD is obtained by a chemical biology
approach, which, as we believe, will help to understand the
molecular basis behind ICD and benefit the design of new
inducers with better performance.

B RESULTS AND DISCUSSION

Induction of ICD Activity by 1a. In the literature, the
tight cross talk between ER stress and ICD has been
proposed,” and many metal compounds were shown to be
ER-targeting.** Our group also developed a platinum-amino-
phosphonate-based ICD inducer with ER stress induction.'’
These clues lead us to evaluate the ICD potential of 1a, an ER-
localizing compound (Figure 1a).*>* To verify such potential,
we picked HCT116 cells and its paralogue mouse-derived
CT26 cells for the following assays.

We first performed fluorescence microscopy to check the
subcellular localization of la in HCT116 cells utilizing its
intrinsic phosphorescence. As the images show (Figure 2a), the
green emission of la colocalized with ER Tracker Red with
Pearson’s correlation coefficient of 91%, calculated by Fiji
software.”” Such a result was consistent with a previous
observation of la in HeLa cells.*® Next, we chose the
immunofluorescence staining of cell surface-exposed CRT
protein (ectoCRT) as a readout to check ICD activity, as
ectoCRT is a dominant and early DAMP signal of ICD.>***
For comparison, three analogues Ir-DMSO, Ir-NH,, and Ir-
bpy, were examined as well (Figure 1a). We observed that 1a
treatment (12 #M, 3 h) led to a potent ectoCRT expression in
HCT116 cells, but the other three complexes did not show
similar activity (Figure 2b). The dose-dependent induction of
ectoCRT by la was then confirmed (Figure Sla). The other
two markers, the increased ATP release and HMGBI1
secretion, were also observed by la treatment as anticipated
(Figure S1b,c). In addition, the SerS1 site phosphorylation of
elF2a (P-elF2ar) was significantly boosted by 1la in a dose-
dependent manner (Figure S2), suggesting the possible global
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Figure 1. Chemical structures of Ir(III) complexes used in this study.
(a) Examples of Ir(IIl) complexes for ectoCRT screening. (b)
Photoaflinity probe of 1a for target profiling.
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Figure 2. Induction of ICD by 1a. (a) Subcellular localization of 1a.
HCT116 cells were stained by ER Tracker after 1a treatment (12 uM,
15 min). The green fluorescence of 1a was merged with the red signal
of ER Tracker. (b) ectoCRT detection under the treatments of
indicated Ir(III) complexes (12 M, 3 h). (c) Mouse vaccination
assay of la using the mouse CT26 colon cancer cell line. Treated
CT26 cells were injected into the left flank of the mouse. After 7 days,
the untreated cells were injected into the right flank. The tumor-free
mice percentage after rechallenging was shown at indicated
treatments.
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translation inhibition that has been identified as an ICD
hallmark by varied chemotherapeutic agents.””>" In addition,
the kinase responsible for such phosphorylation was irregularly
located upon 1la treatment (Figure S3), indicating a certain
degree of dysfunction. All the biomarkers identified above
implied that 1a is a promising ICD candidate.

Then, a vaccination experiment on the mouse model, the
gold standard assay for ICD evaluation,™>® was thereby
performed. CT26 cells were first treated with 1a (1 M) or
oxaliplatin (25 uM). The total administered amount of 1a per
mouse was no more than 0.7 mg/kg, far below its LDs, of 29
mg/kg (Figure S4). Then, the drug-treated cells were injected
into the left side of the mice, and the same cell line (untreated)
was rechallenged to the right flanks of the mouse body 7 days
later. Subsequently, tumor formation in the right was examined
every day (Figure 2c). Mice that did not carry the tumor in
their right flanks were recorded as tumor-free mice. The
percentage of tumor-free mice decreased to zero on the 11th
day after rechallenging in the solvent group while retaining
around 90% in the la-treated group (Figure 2c). Tumor
developments were delayed to a similar degree in la- and
oxaliplatin-treated groups. Thus, complex 1a is truly an ICD
inducer.

Development of a Clickable Photoaffinity Probe.
After identifying 1a as a new ICD agent, we sought to dig out
its targets by developing a chemical biology probe for an
advanced understanding of its mechanism. In this regard,
benzophenone and alkyne were introduced on the bisNHC
ligand for photoaffinity labeling and click reactions.”*™>* Initial
attempts to make benzophenone- and alkyne-functionalized
bis-imidazolium react with [Ir(ppy),Cl], could not generate
the desired products, possibly due to the high reactivity of the
terminal alkyne. Then, we tried to prepare benzophenone- and
hydroxyl-functionalized imidazolium and successfully obtained
[Ir(ppy)bisNHC™©"] that was further reacted with 3-
bromoprop-1-yne to generate Probe-Ir (Figure 1b) with a
good yield. The detailed synthesis and characterization are
shown in Supporting Information (Scheme S1 and Figures SS
and S6).

Target Profiling. Then, we examined whether the
functionalization of benzophenone and alkyne moieties will
influence the binding interactions of the Ir(IlI) complex with
protein targets by using a competition assay. Briefly, the cells
were treated with 10 uM of Probe-Ir with or without onefold
1a for 2 h, followed by irradiation of 365 nm light for 1S min
on ice. Then, the cells were lysed and the lysates were collected
for the click reaction and streptavidin—horseradish peroxidase
blotting. As shown in Figure S7ab, the addition of la
successfully attenuated the blotting signals of Probe-Ir,
suggesting that the modification does have little influence on
the bindings of the parent compound. Then, we performed
Probe-Ir treatment on living HCT116 cells, following similar
cross-linking and labeling steps; then, the biotinylated
proteomes were isolated by streptavidin pull-down assays.
Subsequently, we performed the LC—MS/MS analysis on the
enriched peptides to profile the targets (Figure 3a). Proteins
not found in the control group while showing a high
abundance in the probe treatment group were identified as
the possible targets. Finally, 11 proteins were consistently
found in repeated experiments (Table S1), which are mainly
composed of ATP-related enzymes (such as BiP, HSPD1, and
SLC25A4/SLC2SAS) and protein chaperones (including
P4HB, HSPD1, and BiP).
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Figure 3. Target profiling using a la-derived photoaffinity probe,
Probe-Ir. (a) Workflow of target protein capturing and identification.
(b) Protein association network was analyzed by a Web server
STRING. The lines represent the experimentally verified interactions,
and the thickness reflects the strength of the data support. Three
protein dots that belong to “protein processing in ER” by the KEGG
pathway analysis were labeled red and highlighted. (c) Pull-down
western blot verification of BiP as the ER target of Probe-Ir. The
“input” image indicated the BiP amount in the lysates.

As ER stress plays a vital role in ICD," we applied the
STRING analysis, an online server for mapping the protein
association network,”” to identify the ER-associated proteins.
In the result shown in Figure 3b, three proteins——P4HB
(protein disulfide isomerase), BiP (also known as GRP78, 78
kDa glucose-regulated protein, or HSPAS), and HSP90AB1
(heat shock protein HSP90-f)——were categorized into the
“protein processing in ER” by the KEGG pathway analysis in
STRING. In the literature, it is known that the chemical
disturbance of proteostasis facilitates the occurrence of ICD via
increased ER stress level. However, the outcome might differ
because the following unfolded protein response (UPR) can
lead to either cell death (ICD-favored) or stress adaptation
(cell survival, ICD-unfavored).”’ In this regard, BiP has been
known as the sole regulator of UPR by sensing the stress
intensity and interacting with the whole three downstream
pathways: PERK, IRE1, and ATF6.°" Excessive unfolded
protein over the BiP binding capacity is a key signal for
proteotox1c1ty, constant ER stress, and defective cell
adaptation.”” Of the three ER-related proteins in our data,
BiP also possesses a central role over other potential targets
(Figure 3b). Based on the immunoblotting assay, BiP was
successfully enriched in pull-down proteins by a BiP-specific
antibody (Figure 3c). All prompted us to examine BiP in the
following study.

Validation of BiP Targeting by 1a. In light of the
emission property of la, we conducted fluorescence micros-
copy to evaluate its colocalization with BiP. HCT116 cells
were transiently transfected with a BiP—mCherry plasmid
expressing the mCherry-fused BiP protein with red emission,*®
followed by 1la treatment for a short time (15 min). Results
showed that the green emission from la was found to be
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largely overlaid with the red signal of the fused proteins
(Figure 4a), suggestive of good colocalization in living cells
(Pearson’s correlation coefficient at 89%).
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Figure 4. Validation of BiP engagement with 1a. (a) Colocalization of
BiP and la. HCT116 cells were transfected with BiP—mCherry
plasmid to overexpress the fluorescence-labeled BiP. (b) Western blot
image of CETSA of BiP under the indicated temperatures. (c) ITDR
assay in HCT116 cells at 60 °C of BiP under 1a treatment. GAPDH
protein was detected as a loading control. (d) ATPase activity of BiP
upon the indicated concentrations of la or HAILS. Data represent
mean + SD (unpaired two-sided Student’s f test; n = 3 total data
points from three independent experiments). *p < 0.05, **p < 0.01,
#ikkp < 0,001. (e) la-induced solubility reduction of BiP. The soluble
fractions represent the soluble BiP in the supernatant after
centrifugation. 0.25 yM BiP was used for each incubation, with the
indicated concentrations of 1a. The samples of “total” were acquired
without centrifugation.

Then, we conducted the cellular thermal shift assay
(CETSA).** The change of thermal stability of proteins
could reveal the binding interactions by either enhancing®®®®
or destabilizing®®®” the thermal stability of target proteins. In
our case, HCT116 cells were treated with 2X ICs, of 1a, and
then the freeze—thaw lysate was heated at the indicated
temperatures, followed by centrifugation to remove the
insoluble fraction, leaving the soluble ones for immunoblotting.
As depicted in Figure 4b, 1a significantly destabilized BiP at
~60 °C. In the meantime, the isothermal dose—response
(ITDR) assay by treating HCT116 cells with different
concentrations of la at a fixed 60 °C was also performed,
showing a dose-dependent destabilization of BiP by la
treatment (Figure 4c). ITDR results also indicated the
selectivity of 1a toward BiP, compared with GAPDH. These
results indicated that 1a intracellularly binds to and destabilizes
BiP.

Next, we investigated the BiP—la engagement at the
biochemical level by measuring the ATPase activity of the
recombinant BiP. Such activity is generated by the nucleotide-
binding domain of BiP and plays a vital role in the allosteric

cycles of its binding to client or signal proteins.”*® As
expected, 1a dramatically dampened the ATPase activity of BiP
(Figure 4d) at concentrations >10 yM. The inhibition ability
of 1a is much stronger than the known BiP inhibitor HA15™" at
the same concentrations (Figure 4d). Interestingly, at a low
concentration (<10 gM), 1a conferred weak inhibitory effects
toward BiP that is similar to HA1S.

However, a dramatic decrease in ATP hydrolysis was seen
when the concentration of la was over 10 uM. Complete
suppression was found at 75 #M of 1a, while HA1S at 100 uM
only resulted in an inhibition of less than 70%. Together with
the CETSA data which indicated BiP destabilization, we then
checked the integrity of BiP. After 1a treatment, a part of the
sample was centrifuged to remove the insoluble protein pellet,
while the uncentrifuged portion reflects the integrity of BiP.
The centrifuge condition was set equal to that used in CETSA.
Interestingly, 1a did not alter the total BiP amount or induce
shearing bands reflecting degradation. Instead, a large
reduction of its soluble form was observed (Figure 4e) from
12.5 to 100 M of la treatment, indicating the formation of
insoluble proteins. The dose-dependent behavior was similar
to that of the former ATPase assays. In addition, the result
based on native polyacrylamide gel electrophoresis (PAGE)
gels was in support of the observations above. Upon 1la
treatment, denatured BiP failed to run into the gels, suggesting
protein aggregation that is possibly caused by la-induced BiP
destabilization (Figure S8). Then, the binding affinity of la
was estimated by measuring the tryptophan fluorescence (ex:
280 nm; em: 350 nm). The dissociation constant (Kp) of la
was calculated to be 5.6 X 1077 M (Figure S9), indicating a
strong interaction at the submicromolar level. Taken together,
la deactivated BiP activity by direct binding and destabiliza-
tion.

BiP Engagement by Other ICD Inducers. To examine if
BiP is generally engaged in ICD, we attempted to test other
ICD agents. So far, the only connection between ICD and BiP
inhibition is a ruthenium-based KP1339 (also known as IT-
139), a clinic drug candidate”' that was known to down-
regulate BiP expression’” and induce ER stress and
apoptosis.””’* A recent study also unveiled its ICD activity
in the HCT116 colon cancer cell line,>" but no direct BiP—
KP1339 relationship was suggested.”” The target profiling
using KP1339—human serum albumin revealed the engage-
ment of a transcription regulator that controls the BiP
expression.”” The lack of evidence for direct interaction
drove us to check its inhibitory effect on the enzymatic activity
of BiP. As shown in Figure S5a, at the same 100 uM
concentration, KP1339 suppressed the ATP hydrolysis of
BiP by a degree slightly lower than 1a while still much higher
than HA1S (Figure Sa). Next, we evaluated the solubility of
BiP, revealing that KP1339 also induced BiP aggregation
(Figure Sb). Thus, in addition to the previously reported
suppression of BiP at the transcriptional level, our data
suggested that KP1339 can also confer a direct targeting
toward BiP in a way similar to la.

In addition to KP1339, we chose mitoxantrone (MTX) and
oxaliplatin (OXP) as the representatives of clinical ICD agents
to check the commonality of BiP engagement. Nevertheless,
the ATPase assay showed no inhibitory effect for MTX and a
very weak effect for OXP (less than 30% inhibition) at 100
uM. Instead, CETSA curves revealed intracellular thermal
shifts that occurred under MIX and OXP treatments for 2 h at
their 2X ICy, respectively (Figure Sc). The thermal stability
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Figure S. BiP association with other ICD-inducing agents. (a)
KP1339 conferred inhibition on the BiP ATPase activity. The
inhibition ratios were calculated by normalizing to the cognate solvent
control of each compound. Data represent mean + SD (unpaired two-
sided Student’s t test; data points from at least three independent
experiments). Significance to the HAI1S group was marked by
asterisks, ***p < 0.001. (b) Solubility of BiP decreased upon KP1339
treatment. (c) CETSA curves comparing ICD agents MTX, OXP, and
la. The band intensity of the western blot at indicated temperatures
was normalized to that at 58 °C. Each data point is the mean value of
three independent assays. (d) Level of BiP in HCT116 cells under the
indicated treatment. The image is representative of repeated
experiments.

GAPDH BIiP

curves of MTX and OXP resembled that of 1a, suggesting that
BiP is directly destabilized in living cells. Importantly, ICD
phenomena induced by MTX, OXP, KP1339, and 1a all share
the phosphorylation of elF2a as a biomarker,*"° indicating
the common activation of the ICD-promoting PERK branch
after affecting BiP. In addition, we monitored the influence of
each compound on BiP expression under 1X ICy, for 24 h
(Figure Sd). As expected, KP1339 conferred a moderate
downregulation as it can bind to a transcriptional factor
responsible for BiP.”® Of interest, MTX and OXP also lowered
the amount of BiP. This may be caused by their ability to
interfere with the genomic DNA metabolism and tran-
scription.”°~”? Although the mechanism is unclear, simulta-
neously downregulating and destabilizing BiP may contribute
to their efficacy in promoting ICD. In contrast, the BiP level
upon la treatment is slightly elevated, which is consistent with
the literature report showing that BiP upregulation is a

common sign of ER stress and UPR signaling,80 indicating that
la targets BiP by directly destabilizing and inhibiting its
activity rather than blocking the transcription or translation
process. Overall, these observations indicated that ICD agents
share BiP as a common target, albeit in different manners.
Role of BiP in Cancer and ICD. Since the role of BiP in
ICD was identified, we sought to profile the BiP expression in
cancers. The GEPIA2 Web server was applied for the analysis
of the TCGA database.®" First, we compared the expression of
BiP in 33 types of cancer with their cognate normal tissues.
Higher expressions were found, all in solid tumors occupying
over one-third (13 out of 33) of the cancer types (Figures 6a

a == Up-regulated b Colon adenocarcinoma
== Down-regulated

No change

BiP expression

First-in-class Clinical use

Ir(l1) — Ru(ln) Pt(11) Non-metallic
1a KP1339 Oxaliplatin Mitoxantrone

\ Lo e T siP
\} o ¢ “unavailability

Constant
ER stress

P-elF2a elF2a
—@

Stress adaptation @

ICD

Figure 6. Role of BiP in cancers and ICD. (a) Pie chart of BiP mRNA
expression in different tumors and cognate normal tissues. Thirty-
three cancer types in total were taken into account based on the
TCGA database. The groups with significantly higher and lower
expressions of BiP in tumor versus normal tissues were labeled as red
and cyan, respectively. Cancers with no significant changes in BiP
expression were colored in light orange. (b) mRNA expression of BiP
in colon adenocarcinoma. Data of tumor tissues were from TCGA
while that of normal tissues were from TCGA and GTEx databases.
The chart was generated by the GEPIA2 Web server. (c) Schematic
graph of the discovery in this work.

and S10, exemplified by colon adenocarcinoma, and Figure
6b), with only one opposite situation in blood cancer. Next, we
mapped the correlation of BiP expression with the overall
survival in patients (Figure S11) using GEPIA2. In many cases,
negative correlations were found, that is, the higher expression
of BiP was associated with a bad survival rate in the case of
adrenocortical carcinoma. Taken together, BiP is a highly
promising tumor target. Overexpressed BiP in these cancer
tissues might be a consequence of the enhanced ER stress
caused by the aberrant protein synthesis.

Owing to its protective function, the higher ex[z)ression of
tumoral BiP has been linked to chemoresistance® ™ ** and a
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bad survival rate of patients.”> Referring to ICD, a recent study
claimed that glioma stem cells utilize BiP overexpression to
avoid the irradiation-caused DAMP release.*® Another research
showed that ATAD3A protein could stabilize BiP to attenuate
ER stress and compromise surface CRT exposure during
oxaliplatin treatment in colon cancer cells."” The author also
confirmed that a high BiP stability resulted in a weak
anticancer immunity.”’ These studies suggested that ICD
effects might be boosted by destabilizing or downregulating
BiP, as proposed in Figure 6c.

B CONCLUSIONS

In summary, we have identified a cyclometalated Ir(III)
complex containing bisNHC ligand with potent ICD activity in
vitro and in vivo. A clickable photoaflinity probe based on this
ICD inducer unveiled a strong engagement of BiP targeting
under cellular conditions. Further biochemical studies showed
that the complex potently destabilized BiP, leading to the
inhibition of the ATPase activity with much higher potency
than the literature-reported inhibitor HA1S. Additional studies
by other clinic-related ICD inducers suggest a general BiP
engagement by direct protein binding and/or expression
inhibition.

Compounds that robustly disrupt ER homeostasis are likely
to elicit a potent DAMP release.”®®” With the BiP targeting
identified here, new ICD compounds may be designed with
the BiP-suppressing activity. Noteworthily, BiP has been
proven as an intracellular sensor of heavy metals.””~® Such
feature possibly contributed to its sensitivity toward metal-
lodrugs, so future designs of ICD compounds could use the
scaffolds of 1a and other known ICD metal agents as the leads
to start with. As the binding interaction of metal complexes
with biomolecular targets could be systematically tuned by the
ligand design,”*”* it is envisioned that metal complexes could
be developed as potent ICD inducers with high specificity and
robust efficacy. Besides the rational design, high-throughput
screenings using a wide range of small molecules against BiP
(either blocking its expression or enzymatic activity) may also
contribute to the discovery of novel ICD agents.
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