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Abstract

RLR-mediated interferon production is critical for antiviral responses. A recent study (Zhang et
al., Cell2019;178: 176-189) uncovered a reciprocal inhibition between RLR signaling and
glycolysis: lactate produced by glycolysis inhibits RLR signaling by binding to RLR signaling
component MAVS, whereas RLR activation suppresses glycolysis through inhibiting glycolysis
enzyme hexokinase.
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Type | interferons (IFNs), such as IFN-a and IFN-B, not only are central to host innate and
adaptive immunity against viral infection, but also can exert anti-tumor and
immunomodulatory activities [1]. Type | IFNs are induced following the recognition of
pathogen-associated molecular patterns by different pattern recognition receptors, such as
retinoic-acid-inducible gene | (RIG-1)-like receptors (RLRs) [2]. RIG-1 is an RLR that
senses cytosolic viral double-strand RNAs (dsRNAS) to initiate downstream signaling
pathways, including the mitochondrial antiviral-signaling (MAVS)-TANK binding kinase 1
(TBK1)-interferon regulatory factor 3 (IRF3) signaling axis, culminating in IRF3-mediated
type I IFN transcription. The RIG-I-MAVS interaction occurs on mitochondria, the
“powerhouses of the cell,” indicating a potential cross-talk between this antiviral signaling
and cellular metabolism; however, whether cellular metabolism plays any role in regulating
this crucial host defense signaling pathway has remained elusive.

To investigate potential cross-talk between RLR signaling and cellular metabolism, Zhang et
al. [3] carried out an untargeted metabolomic analysis to capture alterations in cellular
metabolism following RLR activation. This analysis revealed a significant decrease of most
metabolites involved in glycolysis and the tricarboxylic acid (TCA) cycle following the
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initial RLR activation, suggesting that RLR signaling inhibits glycolysis. Once imported into
cells, glucose is first converted to glucose-6-phosphate by hexokinase, followed by a series
of glycolytic reactions which break down glucose into pyruvate [4]. Since RLR activation
increased intracellular glucose levels but decreased most other glycolytic intermediates
downstream of hexokinase, the authors reasoned that hexokinase might be the crucial step
regulated by RLR signaling. Further analyses indeed revealed a decrease in hexokinase
activity during the initial stages of RLR activation. Mechanistically, the authors showed that
RLR activation hampers mitochondrial localization of hexokinase (which is required for its
activation) [5] by inhibiting hexokinase interaction with MAVS, a mitochondria-localized
adaptor protein critical for RLR signaling [2]. Upon recognition of dsSRNA by RIG-I, a
conformational switch in RIG-I promotes RIG-I interaction with MAVS and causes the
displacement of hexokinase from MAVS and therefore from mitochondria, resulting in
impaired hexokinase activation and decreased glycolysis.

The authors further speculated that the altered glucose metabolism upon RLR activation may
in turn regulate RLR signaling. In support of this hypothesis, the authors found that, upon
RLR activation, cells cultured in low-glucose media or treated with 2-deoxy-glucose (a
glycolysis inhibitor) exhibited increased type | IFN production and decreased viral
replication compared with cells cultured in high-glucose media or treated with vehicle.
Importantly, similar results were confirmed in fasting mice treated with low glucose
compared to those treated with high glucose. These results suggest that the downregulation
of glucose metabolism promotes RLR signaling.

Pyruvate, the end product of glycolysis, has two major fates. Under aerobic conditions,
pyruvate is transported into mitochondria and converted to acetyl-CoA, which then enters
the TCA cycle, followed by electron transport and oxidative phosphorylation to completely
oxidize glucose for ATP production. Under anaerobic conditions, pyruvate is converted to
lactate by lactate dehydrogenase (LDHA), and lactate is subsequently exported out of cells,
a process called anaerobic glycolysis [4]. (Although it is much less efficient in producing
ATP, anaerobic glycolysis allows cells to regenerate NAD* needed for the early steps in
glycolysis in the absence of oxygen, whereas under aerobic conditions NAD* can be
regenerated through the electron transport chain in which oxygen serves as the final electron
acceptor.) Using a series of approaches to switch between these two metabolic routes
downstream of pyruvate, the authors elegantly demonstrated that it is the lactate generated
by the LDHA reaction that negatively regulates RLR signaling. Further analyses using mice
treated with a LDHA inhibitor or Ladha KO mice confirmed this finding /n vivo.

These observations raised the question of how lactate inhibits RLR signaling. Intriguingly,
biotin-labeled lactate pull-down experiments coupled with mass spectrometry analysis
revealed a specific binding between lactate and MAV'S (but not other proteins involved in
RLR signaling). Similarly, immunoprecipitation of MAVS revealed its specific binding to
lactate but not pyruvate. Domain mapping experiments revealed that MAVS binds to lactate
via the transmembrane (TM) domain in MAVS that is responsible for its mitochondrial
localization. In addition, an /n vitro synthesized peptide representing the TM domain
inhibited the MAVS-lactate interaction and largely abolished the inhibitory effects of lactate
on RLR signaling. Finally, the authors showed that lactate inhibits MAVS mitochondrial
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localization, RIG-I-MAVS interaction, and MAVS aggregation (which are critical for
mediating RLR signaling), likely through the direct sensing of lactate by MAVS.

Together, the results of this study reveal previously unrecognized reciprocal inhibitory
effects between RLR-mediated antiviral signaling and glycolysis. On one hand, lactate
produced by glycolysis inhibits RLR signaling through direct binding to MAVS (Fig. 1A);
on the other hand, in response to viral infection, RLR activation suppresses glycolysis and
lactate production through inhibiting hexokinase mitochondrial localization (Fig. 1B). Like
other important discoveries, these remarkable findings also raise several outstanding
questions for future investigation. Living organisms have evolved elegant mechanisms,
mainly through nutrient sensors, to sense and respond to nutrient availability [6]. Notable
examples include AMPK-mediated energy sensing and amino acid sensors to couple amino
acid availability with mTORC1-mediated cell growth. This study is the first to identify a
direct sensor for lactate. Although lactate has traditionally been viewed as a waste product of
glycolysis, it is now increasingly appreciated that lactate can serve as a critical energy
source, signaling molecule, and biosynthetic precursor in cells [7]. The study by Zhang and
colleagues, therefore, will have a far-reaching impact on our understanding of lactate in
physiology and disease and will surely motivate future studies to identify additional nutrient
sensors in cellular metabolism. Moreover, elevated levels of LDHA or lactate have been
reported in patients with viral infections [8, 9], suggesting that virus might hijack the
glycolysis pathway to promote lactate production, thereby escaping from the host defense.
Finally, cancer cells often exhibit increased lactate production even under aerobic conditions
(the Warburg effect) [4]. Considering the important roles of type | IFNs in cancer
immunosurveillance [1], the Warburg effect might be used by cancer cells to dampen this
immunosurveillance. Further studies will be directed to further testing these hypotheses and
to translating these intriguing findings into novel treatments for cancer and viral infections.
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(A) Normal condition (B) Viral infection
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Figure 1: Model depicting lactate-mediated regulation of type I IFN production.
(A) Under normal physiological conditions, HK-2 is localized on mitochondria partly

through interacting with MAVS and catalyzes the conversion of glucose to glucose-6-P,
which is subsequently converted to pyruvate through a series of glycolytic reactions.
Pyruvate can either be shunted into the TCA cycle in mitochondria or converted to lactate by
LDHA. Lactate binds to MAVS and inhibits downstream RLR signaling. (B) Upon viral
infection, viral RNAs promote the RIG-I-MAVS interaction and displace HK-2 from
mitochondria, resulting in decreased glycolytic flux and reduced lactate production. This
subsequently relieves MAVS from its lactate-mediated inhibition, leading to the activation of
downstream RLR signaling and IRF3-mediated type I IFN production. The grey color in
gene names or arrows indicates inactivation of corresponding proteins or suppression of
corresponding pathways. HK-2: hexokinase 2; MAVS: mitochondrial antiviral-signaling;
Glucose-6-P: Glucose-6-phosphate; RIG-I: retinoic-acid-inducible gene I; TBK1: TANK
binding kinase 1; IRF3: interferon regulatory factor 3; IFN: interferon; LDHA: lactate
dehydrogenase; TCA: tricarboxylic acid.
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