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ABSTRACT

Systemic anticancer immunity can be reinstated via the induction of immunogenic cell death (ICD) in
malignant cells. Thus, certain classes of cytotoxic compounds, for example, anthracyclines, oxaliplatin
and taxanes are endowed with the capacity to act on cancer cells to ignite premortem stress pathways
that lead to the surface exposure of calreticulin (CALR) and the cellular release of adenosine tripho-
sphate, annexin A1, high mobility group B1 and type-1 interferons. Altogether, these alterations con-
stitute the hallmarks of ICD. Here we report the design of a discovery pipeline for the identification of
novel ICD inducers by means of a phenotypic screening platform. The use of fluorescent biosensors as
proxies for the manifestation of ICD hallmarks has enabled the exploration of large collections of
chemical compounds by automatized screening routines. Imaging-based assessment and phenotypic
selection led to the identification of potential ICD inducers that could be validated further in vitro and
in vivo, confirming that bona fide ICD inducers possess the capacity to induce immunological long-term
memory and to confer resistance against rechallenge with syngeneic tumors. Machine learning algo-
rithms analyzing the physicochemical properties of ICD inducers can assist in the preselection of
compounds with potential ICD-stimulatory properties, further accelerating the screening efforts
designed to develop new immunotherapeutic agents.
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Introduction activates  Toll-like receptor-4 (TLR4) to stimulate DC

Immunogenic cell death (ICD) can be triggered under a variety of
cellular stress conditions such as the exposure to oncolytic com-
pounds, ionizing irradiation and specific chemotherapeutics.'™
The pattern of premortem stress responses evoked by these inter-
ventions mimics the cellular defense against viral infection
and sets off an immune response against tumor-associated
antigens.""' In this context, chemotherapeutic agents like
anthracyclines, cyclophosphamide, oxaliplatin and taxanes med-
iate at least part of their antineoplastic effects through anticancer
immune responses.12 These cytotoxicants cause premortem stress
responses, stimulating the cancer cells to emit signals that render
them detectable for the immune system.'*'® Such immunogenic
cell death hallmarks include an autophagic response that facil-
itates the cellular release of adenosine triphosphate (ATP),'”'®an
endoplasmic reticulum (ER) stress response causing the exposure
of calreticulin (CALR) on the cell surface," the cellular demise-
related exodus of the nuclear protein high mobility group box 1
(HMGB1),"”*" as well as a type-1 interferon response.”’ ATP acts
as a chemoattractant for dendritic cell (DC) precursors,”* while
CALR functions as an ‘eat me’ signal to facilitate the uptake of
tumor-associated antigen by DC, **> and liberated HMGBI

maturation.”**> Cell death is also accompanied by the release of
cytoplasmic annexin Al (ANXAL1), which acts as an essential che-
motactic factor for DC homing and immunological synapse forma-
tion through its action on formyl peptide receptor 1 (FPR1).2

Clinical evidence supports the importance of ICD for long-
term therapeutic effects and the necessity for each of the afore-
mentioned ligands and receptors for its onset. Thus, patients
bearing tumors that lack features of ICD-related premortem
stress (such as autophagy or ER stress) or immunogenic factors
(such as ANXAI, CALR and HMGBI1) have a poor
prognosis.””*® Moreover, patients harboring deficient receptors
for HMGBI1 (TLR4) or ANXALI (FPR1) exhibit a reduced pro-
gression-free or overall survival post-chemotherapy.'*?
Measures that improve ICD induction'>**?? increase the effi-
cacy of ICD inducers in preclinical models, as well as in cancer
patients.”’ Moreover, in mouse models, pretreatment with ICD
inducers sensitizes cancers to subsequent treatment with
immune checkpoint blockers.”> Altogether, these preclinical
and clinical results support the active search for optimal ICD
inducers.
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A screening platform for the discovery of ICD
inducers

Given the immunological and oncological significance of ICD,
we decided to identify novel pharmacological agents that are
capable of inducing ICD and hence triggering anticancer
immunity in preclinical models. To this aim, we generated
an ICD fingerprinting platform that allows for the simulta-
neous assessment of ICD-associated features by means of
automated epifluorescence microscopy-based assays applied
to human cancer cells stably transduced with fluorescent
biosensors constructs (Figures 1 and 2).3

Asafirst approach, we quantified ICD hallmarks such as ATP
liberation, CALR exposure and HMGBI1 exodus, which occur
before or during death'**>*® in cancer cells exposed to com-
pound libraries to identify possible hits. Transgene-encoded
fluorescent biosensors allowing for the subcellular localization
of HMGBI1 and CALR were stably expressed in human osteo-
sarcoma U20S cells that were counterstained with quinacrine
(which allows for the visualization of intracellular ATP) and
4',6-diamidino-2-phenylindole (DAPI, which labels chromatin).
These cells were exposed to chemical libraries (Table 1) compris-
ing currently used anticancer drugs (Oncology drugs set,
National Cancer Institute, Development Therapeutic Program;
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Figure 1. Discovery pipeline. The discovery pipeline for novel immunogenic cell death inducers consists of several building blocks. Machine learning algorithms relate
the physicochemical properties of molecules from chemical compound repositories with the likelihood of a compound to induce ICD thus allowing to pre-select
a fraction of drugs with the highest probability to induce ICD. In the next step pre-selected drugs are assessed for their potency to induce ICD-associated features in
fluorescent biosensors cells by means of high content screening. Confirmed hits are further validated by additional methodology in human and murine cells different
from the initial screening approach. Lead compounds are identified in vivo, by assessing compound-induced immunological long-term memory and to confer
resistance against rechallenge with syngeneic tumors.*® Finally, lead compounds are tested as monoimmunotherapy and/or are combined with the subsequent
application of immune checkpoint blockade in order to boost T cell responses. The lower panel depicts a schematic representation of the main biosensors employed
for the detection of immunogenic cell death hallmarks (such as calreticulin (CALR) exposure, high mobility group box 1 (HMGB1) exodus and adenosine triphosphate

(ATP) secretion) in HCS.
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Figure 2. Graphical description of the cell biology screening platform in its present configuration. The cell biology screening platform entails an array of automates
that allow for semi-automated cell culture, compound management, barcoded sample tracking and multiplex readout. Automated workflows for image-based high
content chemical compound screening coupled to sophisticated image analysis and data mining routines allow for the identification of immunogenic cell death

surrogate markers by means of fluorescent biosensors.



Table 1. Screening campaigns for the discovery of novel ICD inducers.
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Campaigns in chronological
order

Screened compound repositories

Salient discoveries Ref.

Drug repositioning

Oncology drugs set (National Cancer Institute, Developmental Therapeutics Program,

Cardiac glycosides may induce ICD 31

Bethesda, MD, US); US drug library (MicroSource discovery systems, Gaylordsville, CT,

us)

Search for new ICD inducers

Bethesda, MD, US)

Discovery of pathognomonic Collection of 75 anticancer agents
features of ICD

Immunostimulatory tyrosine

kinase inhibitors (TKI) Carolina); collection of FDA-approved TKIs

Mechanistic set (National Cancer Institute, Developmental Therapeutics Program,

Protein Kinase Inhibitor Set (PKIS, structural genomics consortium-University of North

Septacidin induces ICD 37

elF2a phosphorylation constitutes 38
the central hallmark of ICD
High-dose crizotinib induces ICD 39

NCI DTP, Bethesda, MD, US) and agents that have reached
clinical trial stage or have obtained approval by the FDA (US
drug library, MicroSource discovery systems, Gaylordsville, CT,
US), one by one, over different concentration ranges and time
points, followed by several rounds of high-content data analysis.

This approach led to the identification of a list of ICD-
inducing compounds that fell into the group of cardiac glyco-
sides (GC).>' As a result, a range of cardiac glycosides were
further validated for their in vitro effects on biomarkers of
ICD, followed by the confirmation that they were able to
stimulate anticancer immune responses and to generate
immunological memory in vivo (in mice) when combined
with moderately successful chemotherapeutics such as cispla-
tin or mitomycin C (both of which on their own are not able
to induce ICD). Retrospective clinical analysis confirmed an
increased overall survival for patients that received GC during
anticancer treatments.

Following a very similar approach, yet focusing on a subset
of experimental agents from the National Cancer Institute
(NCI) Mechanistic Diversity Set (i.e. agents that were selected
due to their capacity to limit cellular proliferation within the
NCI-60 panel of cell lines), we identified septacidin as a novel
ICD inducer. Indeed, septacidin was able to cause anticancer
immune responses and control tumor growth in vivo in a T
cell-dependent fashion.””

Recently, we screened the Public Chemogenomic Set for
Protein Kinases covering more than 500 compounds*® and an
in-house collection of major FDA-approved tyrosine kinase
inhibitors for ICD induction. In this screening campaign, we
were able to show that crizotinib acts off-target to induce all
ICD hallmarks in human and mouse cancer cell lines if this
tyrosine kinase inhibitor was used at a high-dose (10 uM) that
trespasses the specific inhibition of its usual target kinases (ALK
and ROS1) and hence induces ‘off-target’ effects on other tyr-
osine kinases, converging crizotinib de facto into a multikinase
inhibitor. High-dose crizotinib induced the redistribution of
microtubule-associated protein 1A/1B light chain 3B (hereafter
referred to as LC3) fused to green fluorescent protein (GFP) to
cytoplasmic dots (LC3-GFP puncta) as a sign of autophagy”
and stimulated the phosphorylation of eukaryotic translation
initiation factor 2a (eIF2a) by the ER stress kinase eIF2a kinase
3 (EIF2AK3).* As a correlate of these premortem  stress
responses, crizotinib stimulated the release of ATP from cancer
cells (downstream of autophagy), as well as the surface exposure
of CALR (downstream of ER stress). Moreover, crizotinib was
highly effective in stimulating the release of HMGBI and
annexin Al (as a result of cell death) and the activation of

a transcriptional program involving the upregulation of
mRNAs coding for type-1 interferons and programmed
death - ligand 1 (PD-L1).” These in vitro effects were particu-
larly strong when crizotinib was combined with non-ICD indu-
cing chemotherapeutics (in particular cisplatin and mitomycin
C). Indeed, crizotinib could be advantageously combined with
cisplatin in vivo, in preclinical mouse models of non-small cell
lung cancer (NSLCL) to induce therapeutic anticancer immune
responses. Importantly, such a combination therapy (crizotinib
+ cisplatin) efficiently sensitized orthotopic NSCLCs to subse-
quent immunotherapy targeting programmed death-1 (PD-1),
the receptor of PD-L1. This sensitization effect could be
mechanistically explained by the capacity of crizotinib/cisplatin
co-treatment to increase tumor infiltration by cytotoxic T
lymphocytes.”

In summary, we have been using the ICD fingerprint plat-
form for the discovery of several novel immunogenic cell
death inducers (Table 1), all of which were pre-clinically
validated.

Machine learning for identifying the molecular
properties of ICD inducers

We used machine learning algorithms to determine the most
important biomarkers that predict the induction of ICD. This
approach revealed that the pathognomonic biomarker of ICD
is the phosphorylation of eIF2a and its downstream correlates
including the surface exposure of CALR, the formation of
stress granules and the induction of autophagy (which to
some extent depends on elF2a phosphorylation).’® At the
same time, it appears that prototypic ICD inducers do not
stimulate the activation of ER stress pathways other than
elF2a phosphorylation, meaning that they do not cause the
activation of the transcription factors ATF4, ATF6 and
XBP1.>**"*? Thus, bona fide ICD inducers elicit a restricted
pattern of cellular stress responses, conferring them with
a sort of ‘specificity’. Importantly, this information on the
selected stress pathway elicited by validated ICD inducers
can be used to design algorithms that relate the physicochem-
ical properties of these molecules with their biological activity.
Using this approach, we can now use these algorithms to
predict the likelihood of a compound to induce ICD, simply
by feeding information on its physicochemical and structural
properties into the computer. This strategy can be used to
pre-filter large compound libraries to concentrate subsequent
screening efforts on a fraction of the drug collection with the
highest probability to induce ICD. This approach harbors the
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promise of reducing costs and accelerating the speed of drug
discovery in the immuno-oncology space.

Concluding remarks

In summary, we assembled a multistep discovery pipeline for the
biosensor-based identification of new ICD inducers. This discov-
ery pipeline (Figure 1) includes an artificial intelligence-driven
pre-selection process that narrows down the compounds of inter-
est, selecting the those with the highest likelihood based on their
physicochemical and structural properties. Subsequently, an
automated medium-throughput screening campaign can be per-
formed for high-content analyses of the drug effects on cancer
cells expressing fluorescent biosensors that measure different
ICD-related effects (Figure 2). This leads to the first round of
phenotypic hit identification, still with the general caveat of false
positive (and also false negative results), thus requiring a second
round of in vitro validation, usually involving several distinct
cancer cell lines. Confirmed leads then undergo a final in vivo
validation that usually involves two steps. First, cancer cells are
killed in vitro with the ICD inducing drug candidate and then
injected subcutaneously into immunocompetent mice to evaluate
their capacity to induce a protective anticancer immune response
precluding the growth of live cancer cells that are inoculated into
the mice one week later. Second, the efficacy of ICD inducers is
comparatively evaluated in immunocompetent and immunode-
ficient mice bearing established tumors with the expectation that
tumor growth reduction is improved in the presence of an intact
immune system (Figure 1). Using this discovery pipeline, we are
identifying new ICD inducers that should enter clinical trials,
initially as single agents and then in combination with immune
checkpoint blockade.

Abbreviations

DC dendritic cell

ER endoplasmic reticulum
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ICD immunogenic cell death
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