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Mitochondrial control of innate immune signaling by irradiated cancer cells
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ABSTRACT

Type | interferon (IFN) release by irradiated cancer cells is paramount for radiation therapy to elicit
anticancer immunity. Our findings demonstrate that mitochondrial outer membrane permeabilization
(MOMP) triggered by RT enables exposure of mitochondrial DNA to the cytosol, hence setting off CGAS-
driven type | IFN synthesis. These data point to the existence of a therapeutically actionable mitochondrial
checkpoint that restricts innate immune signaling in irradiated cancer cells.

Accumulating preclinical and clinical evidence suggests that
the ability of radiation therapy (RT) to mediate robust antic-
ancer effects with local and system outreach largely depends on
the (re-)activation of tumor-targeting immune responses
orchestrated by type I interferon (IFN)." Although dendritic
cells are expected to be the main producers of type I interferon
(IFN) in the irradiated tumor microenvironment,’ previous
results from the Demaria lab elegantly demonstrated that sys-
temic anticancer immune responses elicited by RT require type
T IFN secretion by cancer cells.” In line with this notion, mouse
mammary carcinoma TSA cells engineered with an inducible
construct for the depletion of cyclic GMP-AMP synthase
(CGAS) or stimulator of interferon response cGAMP interac-
tor 1 (STINGI), two key components of the molecular machin-
ery for type I IFN secretion downstream of cytosolic double-
stranded (ds)DNA sensing,” lose their capacity to initiate antic-
ancer immune responses with systemic outreach upon focal
irradiation.” In this context, micronuclei were considered as
the main source of CGAS-activating dsDNA,” at least in part
reflecting the ability of RT to cause DNA damage associated
with mitotic failure and micronucleation.® However, chroma-
tin (i.e., nuclear dsDNA complexed with histones) appears to
be a poor CGAS activator.” Our recent findings suggest that
mitochondrial DNA (mtDNA) exposed to the cytosol of cancer
cells undergoing mitochondrial outer membrane permeabili-
zation (MOMP) in response to clinically relevant RT doses is
a potent driver of type I IFN secretion,® pointing to the exis-
tence of a mitochondrial immune checkpoint that can be
therapeutically actioned to boost the immunogenicity of RT.
Inspired by an abundant literature on the ability of autop-
hagy (an evolutionary conserved mechanism that disposes of
potentially dangerous cytosolic entities through lysosomal
degradation) to limit type I IFN secretion in a variety of
settings,” we set out to investigate the impact of autophagy
on innate immune signaling by irradiated cancer cells. In line
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with previous results, we found that TSA cells lacking either
of the key autophagy genes Atg5 or Atg7, as well as TSA cells
exposed to the lysosomal inhibitor hydroxychloroquine
(HCQ), secrete increased levels of type I IFN downstream of
CGAS-STINGTI signaling upon exposure to a single RT dose
of 8 Gy, correlating with the accrued accumulation of cyto-
solic dsDNA. Moreover, autophagy-incompetent TSA lesions
established in immunocompetent syngeneic mice not only
exhibited intact (if not increased) sensitivity to a single RT
dose of 20 Gy, but also were more proficient than their
autophagy-proficient counterparts at eliciting a type I IFN-
dependent, tumor-targeting immune response with systemic
outreach when subjected to focal RT in the presence of an
otherwise systemically inactive immune checkpoint blocker
(ICB).2

Next, we focused on the identity of dsDNA species accu-
mulating in the cytosol of TSA cells 24-48 hours after a single
RT dose of 8 Gy. We found that the dsDNA molecules
accruing in the cytosol of irradiated TSA cells do not coloca-
lize with (micro)nuclear markers such as lamin B (LMNB),
but exist in the close proximity of mitochondrial markers
such as cytochrome ¢ oxidase subunit 411 (COX4I1), and co-
localize with the mitochondrial transcription factor transcrip-
tion factor A, mitochondrial (TFAM). Moreover, TSA cells
depleted of mtDNA upon long-term exposure to ethidium
bromide (so-called rho” cells) largely failed to secrete type
I IFN upon irradiation, as they exhibited little cytosolic
dsDNA accumulation. Further corroborating the implication
of MOMP in this process, both TSA cells engineered to
express BCL2 apoptosis regulator (BCL2, an endogenous
MOMP inhibitor) and human colorectal carcinoma Bax ™"
HCT 116 cells (which lack a key MOMP executor) were less
proficient than their control counterparts at accumulating
cytosolic dsDNA and secreting type I IFN upon irradiation.®
These findings, which are in line with previous results from
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the Kile and Vaux groups based on the experimental, rela-
tively nonspecific BCL2 inhibitor ABT-737,''! point to the
existence of a BCL2-dependent mitochondrial checkpoint
that restrict innate immune signaling in cancer cells respond-
ing to RT at clinically relevant doses.

Importantly, MOMP generally enables the release of the mito-
chondrial protein cytochrome ¢, somatic (CYCS) into the cytosol,
hence driving the sequential activation of caspase 9 (CASP9) and
CASP3 to precipitate apoptotic cell death.'” Both CASP9 and
CASP3 have been shown to mediate a plethora of immunosup-
pressive effects, encompassing the inhibition of type I IFN
release’ " upon CGAS cleavage'® as well as the exposure of
immunosuppressive signals including CD274 (best known as PD-
L1)"” and phosphatidylserine on the cell surface.'"®'” In line with
this notion, type I IFN secretion by cancer cells exposed to ABT-
737, which experience massive caspase activation, can only be
documented upon pharmacological or genetic caspase inhibition.
However, TSA cells responding to clinically relevant RT doses of
8-20 Gy do not experience robust caspase activation, and their
clonogenic survival after irradiation is indeed insensitive to the
presence of the pan-caspase inhibitor Z-VAD-fmk or the deletion
of Casp3."”> Moreover, the ability of RT to trigger type I IFN
secretion (and anticancer immune responses with systemic out-
reach) has been documented for various caspase-proficient
tumors beyond the TSA model.>'” That said, we have previously
documented that Casp3™ TSA cells," but not wild-type TSA cells
exposed to Z-VAD-fmk (unpublished observations), exhibit
superior type I IFN secretion and cytosolic dsSDNA accumulation
not only in response to RT doses that associated with minimal
caspase activation, but also at baseline.'” Thus, CASP3 may also
limit type I IFN secretion by mechanisms that dot not rely on its
proteolytic activity.

Irrespective of these and other open issues, our most recent
findings delineate the existence of a mitochondrial immune
checkpoint that limit the ability of irradiated cells to secrete type
I IFN and initiate therapeutically relevant immune responses.
Importantly, the selective BCL2 inhibitor venetoclax is currently
approved for the treatment of chronic lymphocytic leukemia,*’
and has demonstrated promising clinical activity in patients with
luminal breast cancer,” suggesting that such the mitochon-
drial immune checkpoint (at odds with autophagy) may be clini-
cally actionable (Figure 1). Clinical trials testing the safety and
efficacy of focal RT plus venetoclax in breast cancer patients are
urgently awaited.
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Figure 1. Mitochondrial apoptosis operates as a central rheostat to control the
immunogenicity of irradiated cells. At least in some circumstances, radiation therapy
(RT) can trigger abundant mitochondrial outer membrane permeabilization (MOMP)
upon activation of BCL2 associated X, apoptosis regulator (BAX). In irradiated cells,
MOMP is associated with the exposure of mitochondrial DNA (mtDNA) to the cytosol,
which drives type | interferon (IFN) secretion via cyclic GMP-AMP synthase (CGAS).
Conversely, it seems that RT-driven MOMP does not elicit potent caspase 9 (CASP9)
and caspase 3 (CASP3) activation. This explains why type | IFN secretion and the
consequent initiation of adaptive immune responses against irradiated cells has been
documented in a variety of caspase-proficient models, despite the established capa-
city of active caspases to mediate immunosuppressive effects including CGAS clea-
vage, as well as CD274 (best known as PD-L1) and phosphatidylserine (PS) exposure.
Both autophagy (ATG) and the anti-apoptotic protein BCL2 apoptosis regulator (BCL2)
potently inhibit MOMP and its immunological consequences, delineating potential
strategies for enhancing the immunogenicity (and hence the efficacy) of RT. While the
safety and efficacy of ATG suppression with systemic hydroxychloroquine (HCQ)
remain unclear, BCL2 inhibition with the clinically approved agent venetoclax stands
out as a promising approach to clinical translation.
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