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ABSTRACT Early sensing of viral components or infection-induced tissue damage is
a prerequisite for the successful control of pathogenic viruses by the host innate im-
mune system. Recent results from our laboratory show how immune cells use the
DNA-sensing machinery to detect intracellular damage generated early during infec-
tion by an RNA virus, namely, dengue virus (DENV). Conversely, we found that DENV
can efficiently dismantle this sensing mechanism by targeting the cyclic GMP-AMP
synthase (cGAS) and the stimulator of interferon (IFN) genes (STING), two crucial
host factors involved in DNA detection and type | IFN production. These findings
highlight the relevance of the DNA-sensing mechanism in the detection and control
of infections by RNA viruses. In this review, we discuss how DENV modulates the in-
nate immune DNA-sensing pathway, activated in the context of cellular damage dur-
ing infection.
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GLOBAL BURDEN OF ARBOVIRAL INFECTIONS

espite significant advances in the development of vaccines and antivirals over the

last century, pathogenic viruses still represent one of the most substantial threats
for humans. For instance, the global spread of Aedes mosquitos, which now circulate in
areas where almost half of the world’s human population lives, has dramatically
increased the incidence of some arboviral infections with high impact on health,
namely, yellow fever, dengue, Japanese encephalitis, chikungunya, and, more recently,
Zika (1). These facts highlight the need for effective therapeutic approaches to contain
the global burden that these viruses represent.

INNATE IMMUNE EVASION STRATEGIES BY (+)ssRNA VIRUSES: HIDING VERSUS
SPECIFIC INHIBITION

To effectively infect and replicate in the target cells, viruses through coevolution
with their hosts have acquired diverse strategies to delay their early detection and
control by the innate immune system. Dengue virus (DENV), in particular, is known to
counteract the type | interferon (IFN) system by targeting specific host factors involved
in the production and signaling of type | IFNs (2). The initial studies on DENV-encoded
IFN antagonists were focused on the signaling of IFN. In this regard, different groups
have shown that DENV uses at least four viral proteins (namely, NS2A, NS4A, NS4B, and
NS5) to target the signal transducer and activator of transcription proteins 1 and 2
(STATs 1 and 2) (2). This inhibition halts the ability of the cell to acquire the antiviral
state induced by type | IFN signaling and to propagate it in a paracrine fashion by the
expression of hundreds of gene products with antiviral properties (e.g., the products of
interferon-stimulated genes [ISGs]). Besides using these specific inhibitory mechanisms,
which are mediated by viral proteins, DENV and other viruses with positive-sense
single-stranded RNA [(+)ssRNA]Jgenomes use nonstructural viral proteins to substan-
tially modify endoplasmic reticulum (ER)-derived membranes and build semi-isolated
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FIG 1 Sensing of DENV infection by host cells. DENV replicates in ER membrane-derived vesicles, where it hides its
replication products from the cytosolic RIG-I-like receptors (RIG-I and MDA-5), which can recognize viral RNA and
signal type | IFN production through MAVS and STING. The DENV NS2B3 protease complex cleaves STING in the
ER membrane to inhibit viral-RNA and self-DNA detection. Some viral proteins reach the mitochondrial membrane,
resulting in mitochondrial stress and subsequent mtDNA leakage. The DNA sensor cGAS can detect mtDNA in the
cytoplasm to engage the type | IFN production through the synthesis of cGAMPs, which can activate STING in the
infected cell or translocate to neighboring cells via gap junctions. DENV NS2B, NS3, and NS2B3 proteins can interact
with cGAS and inhibit its function. DENV NS2B interacts with cGAS and induces its degradation by an autophagy-
lysosome-dependent mechanism, resulting in an inability to produce type | IFN by the host. CM, convoluted
membrane; VP, vesicle packets. (Courtesy of Mount Sinai Health System, reproduced with permission.)

nanocompartments that are necessary for viral replication (Fig. 1) (3). These intracellular
modifications create a physical barrier that minimizes the availability of viral replication
subproducts—5’-phosphorylated RNA and/or double-stranded RNA (dsRNA)—in the
cytoplasm. These pathogen-associated molecular patterns (PAMPs) are thus shielded
from subsequent sensing by RIG-I-like receptors (RIG-I and MDA-5), the cytoplasmic
pattern recognition receptors (PRRs) for RNA species (3). Additionally, the conse-
quences of this pronounced virus infection-induced rearrangement of internal mem-
branes of the cell have not been totally elucidated. Conversely, countermechanisms
employed by viruses to prevent sensing triggered by the manipulation of cellular
structures are not well understood either.

ROLE OF THE DNA-SENSING MACHINERY DURING RNA VIRUS INFECTION

Our group recently described evidence that DENV infection triggers mislocalization
of mitochondrial DNA (mtDNA) into the cytoplasm of infected cells (4). The leaked
mtDNA is then detected by the DNA sensor cyclic GMP-AMP synthase (cGAS, also
known as C60RF160 and MB21D1) and serves as a trigger of the cGAS/stimulator of
interferon genes (cGAS/STING) pathway, resulting in type | IFN production. This finding
provides an explanation for why DENV, an RNA virus, blocks the cGAS DNA-sensing
pathway in infected cells (5). However, it still needs to be determined whether this is
a common feature observed among flaviviruses as well as other (+)ssRNA viruses.

DENV specifically blocks the cGAS/STING pathway by directly targeting both STING
and cGAS. The adaptor STING, a protein that resides in the ER membrane, is cleaved by
the DENV-encoded protease complex NS2B3 in DENV-infected cells, inhibiting the
production of type | IFNs (6). STING is known to have a promiscuous role in viral
detection, since it can participate in viral RNA sensing through its interaction with the
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mitochondrial antiviral signaling protein (MAVS) and further transduce the signaling
induced by RNA-derived PAMPs through RIG-I-like sensors (RIG-l and MDA-5) (7) (Fig. 1).
STING is also known to mediate the sensing of DNA by an exclusive relationship with
cGAS through the detection of the second messenger cyclic GMP-AMP (cGAMP), which
is synthetized by cGAS upon recognition of double-stranded DNA (dsDNA) or RNA-DNA
hybrids (8). The ability of STING to detect cyclic dinucleotides (CDNs) was first described
for bacterial CDNs (9); later, the Chen laboratory reported that cGAS can synthetize
noncanonical CDNs with high affinity for STING dimers (10). This discovery unveiled a
novel role of second messengers in the signaling of the IFN pathway. Furthermore,
Ablasser and collaborators described a paracrine effect of cGAMPs in the activation of
STING by their intercellular trafficking via gap junctions (11). Our group recently
reported that DENV targets cGAS for degradation through the protease cofactor NS2B,
which strongly interacts with ¢cGAS and promotes its degradation in an autophagy-
lysosome-dependent mechanism (4). We showed that inhibition of lysosome acidifica-
tion by chloroquine or ammonium chloride, as well as inhibition of its formation by
3-methyladenine (3-MA) treatment, prevented cGAS degradation during DENV infec-
tion (4). Of note, DENV NS2B is the first viral protein that directly targets cGAS for
degradation (Fig. 1). These findings highlight the relevance of the DNA-sensing path-
way for the control of DENV replication and possibly of other (+)ssRNA viruses and
open new questions about the reach of cGAMP-dependent STING activation in unin-
fected cells.

THANK YOUR MOTHER FOR THE IMMUNITY: ROLE OF mtDNA DURING DENV
INFECTION

The restricting role of cGAS for (+)ssRNA viruses was first reported using seven
different viral genera (5). However, the substrate that is recognized by this DNA sensor
during infections with RNA viruses remained a mystery. By isolating cGAS from DENV-
infected cells, we were able to determine the identity of the cGAS ligand (4). Analysis
of the nucleic acids bound to cGAS during DENV infection revealed a significant
enrichment of mtDNA compared to that in purified ¢cGAS from mock-infected cells.
Furthermore, the ability of the purified mtDNA to activate the cGAS/cGAMP/STING
pathway was confirmed by reporter assays, consistent with reports showing that DNA
sensing by cGAS is not sequence specific (12). Wild-type cGAS or two different inactive
mutants (DNA binding mutant or nucleotidyltransferase [NTase] domain mutant) were
used to confirm that cGAS physically interacts with mtDNA and that cGAMP synthesis
is required for IFN-B induction (4). Immunofluorescence data demonstrated the local-
ization of DENV proteins in the mitochondrial membrane; this observation was con-
comitant with the perturbation of mitochondrial morphology and the presence of
mislocalized cellular DNA in the cytoplasm of DENV-infected cells (4). The ability of
mtDNA to engage type | IFN production in a cGAS-dependent manner has been
described previously for DNA viruses and bacterial pathogens (13, 14). Our work shows
a link between an RNA virus infection, perturbation of mitochondria, and cGAS/cGAMP/
STING pathway activation through mtDNA recognition (4). Interestingly, several DENV
proteins have been reported to be localized into the mitochondrial membrane, which
might affect mitochondrion homeostasis and function. For instance, it has been shown
that the DENV virus membrane (M) protein can form pores in the mitochondrial
membrane, inducing permeabilization, matrix swelling, and loss of mitochondrial mem-
brane potential (15). DENV NS4A protein has also been found in mitochondrion-
associated membranes, where it interferes with MAVS-mediated signaling (16). The
DENV NS2B3 protease complex was also shown to be present in the mitochondrial
membrane, where it cleaves mitofusins 1 and 2 (17). Interestingly, mitofusin 2 mediates
the interaction between mitochondria and the ER membrane, which allows communi-
cation and molecule interchanges. More recently, the DENV NS4B protein was shown to
also localize in the mitochondrial membrane and to induce the elongation of the
mitochondria, promoting virus replication and mitigation of RIG-I pathway-dependent
type | IFN induction (18). These reports suggest a mechanism by which DENV may
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disrupt the mitochondrion-ER interaction to avoid the accumulation of DENV proteins
in that organelle, which can trigger mtDNA leakage to the cytoplasm. The role of
mtDNA in immune defense against pathogens has been described to occur not only in
the cell cytoplasm but also extracellularly by forming extracellular neutrophil traps for
bacteria (19). Our recent findings add an extra layer of information about the role of
mitochondria in innate immunity and RNA virus infection as a “maternal” protection
that triggers intracellular pathways of immune defense.

PERSPECTIVES FOR THE RATIONAL EXPLOITATION OF THE ¢cGAS/cGAMP/STING
PATHWAY

Since its discovery as a stimulator of type | IFNs, STING has been reported to be a
crucial adaptor mediating the signaling cascades induced by a plethora of pathogens
(viruses, bacteria, and parasites) that contain RNA and/or DNA in their genomes. Dimers
of STING can directly sense CDNs, which are produced by bacteria and by cGAS in host
cells. Furthermore, STING can promote immunity against different tumors. Lastly, it is
responsible for signaling unwanted chronic activation of the IFN pathway due to
accumulation of cytoplasmic self-DNA, which is observed in several autoimmune patho-
logies. All this information highlights the need for molecular tools that can either
activate or silence the cGAS/cGAMP/STING pathway. As an example, preliminary data
from the use of CDNs as adjuvants for vaccines and antitumoral therapy show prom-
ising results in animal models (20). On the other hand, the compiled information about
inhibition of the cGAS/cGAMP/STING pathway by different viruses can be used as a
scaffold for the rational design of compounds that mimic the inhibitory effect observed
in nature (i.e., by viral antagonists targeting this pathway).

Our group was one of the first to show that the viral protein (DENV NS2B3) can
cleave and degrade STING to disrupt its function (6). More recently, we described the
first viral protein (DENV NS2B), paradoxically from an RNA virus, that degrades cGAS in
order to avoid DNA sensing and cGAMP synthesis. It remains unclear why two different
proteins involved in the same signaling pathway are degraded during DENV infection,
but it might be related to the paracrine effect that cGAMPs may exert in uninfected
tissue. The information described here opens new questions about the promiscuity and
redundancy of the innate immune system during the detection of infectious organisms.
We have demonstrated that cells can recognize signs of “collateral” damage (in the
form of cytosolic DNA) during infection with an RNA virus that efficiently hides its
replication products (PAMPs). Future studies will investigate whether host cells have
mechanisms to trigger RNA sensor activation by immunogenic cellular RNAs during
infection of microbes with DNA genomes.
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