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Abstract

Immune cell recognition of bacterial products usually occurs via specific pattern recognition
receptors, but new research recently published in Ce//by Wolf et al. (2016) demonstrates that the
glycolytic enzyme hexokinase can act as an innate immune sensor by binding to bacterial derived
N-acetylglucosamine (NAG).

The ability to detect and respond to pathogens is essential for an organism’s survival, and
one of the first lines of defense against infection is the innate immune system. Metabolic
adaptations are at the nexus of innate immune responses. Reprogramming of cellular
metabolism in innate immune cells is necessary for their efficient activation, and many
antimicrobial defenses such as nitric oxide (NO), reactive oxygen species (ROS), and
itaconate are products of metabolic processes (O’Neill and Pearce, 2016). Adding to the
diverse role that metabolism has in innate immunity, new research by Wolf et al. (2016)
demonstrates that the glycolytic enzyme hexokinase senses Gram-positive bacteria and
facilitates inflammasome activation.

Activation of innate immune cells such as macrophages and dendritic cells (DC) occurs
through detection of pathogen specific molecular signatures by pattern recognition receptors
(PRR). Activation of PRRs, such as the canonical TLR and NOD-like receptors, leads to the
release of the inflammatory cytokines IL-1p and IL-18, and the induction of a full-scale
innate immune defense. This process can be mediated through NOD-like receptor (NLR)
family, pyrin domain-containing protein 3 (NLRP3). Upon activation, NLRP3 forms an
inflammasome complex in association with caspase-1 and the adaptor protein ASC,
mediating mature I1L-1f and IL-18 production.

Mitochondria are key in the induction of the NLRP3 inflammasome, and the work of Wolf et
al. (2016) provides an intriguing link between mitochondria and NLRP3 activation. They
demonstrate in lipopolysaccharide (LPS)-primed bone marrow-derived macrophages that
hexokinase responds to elevated concentrations of N-acetylglucosamine (NAG), a sugar
subunit found in bacterial peptidoglycan (PGN), by dissociating from mitochondrial voltage-
dependent anion channels (VDACSs). Although NAG can both inhibit hexokinase activity, as
well as cause its dissociation from VDAC, the induction of the NLRP3 inflammasome
appears to be mediated by the latter. Using a peptide that competes with hexokinase for the
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binding site of VDAC, they find that dissociation of hexokinase from VDAC induces IL-1p
and IL-18 production in an NLRP3-dependent manner. Using excess glucose-6-phosphate
(hexokinase’s enzymatic product) or the glucose analog 2-deoxyglucose (2-DG), Wolf et al.
(2016) also demonstrate that induction of IL-1f occurs following inhibition of hexokinase.
To assess these effects in vivo, Wolf et al. (2016) utilized PGN from bacillus anthracis,
which contains deacetylated NAG and does not activate the NLRP3 inflammasome. When
they re-acetylated the 4. anthracis PGN, thus enhancing NAG concentration, an IL-1p
dependent inflammatory response was induced.

Collectively, their results suggest that NAG induces NLRP3 inflammasome activation
through binding and dissociating hexokinase (Figure 1). The signal connecting hexokinase
dissociation from VDAC and activation of the NLRP3 inflammasome remains to be
determined. Potassium efflux is a common mechanism underlying NLRP3 inflammasome
activation (Mufioz-Planillo et al., 2013), but surprisingly it does not appear to play a role in
PGN-induced inflammasome activation, as increasing extracellular potassium had no effect
on IL-1B production. Also NLRP3 inflammasome activation was not due to loss of
mitochondrial integrity, as mitochondrial membrane potential was maintained following
PGN administration. Interestingly, this effect is distinct from a previous study that found 2-
DG reduced mitochondrial membrane potential in macrophages (Nomura et al., 2015).
Another mechanism could be mitochondrial DNA (mtDNA) release, as increased mtDNA
was evident in the cytosol in response to PGN. Other inflammasome activators, including
mitochondrial ROS and cardiolipin, may also contribute to these effects (Sutterwala et al.,
2014).

VDAC interacts with hexokinase and is implicated in NLRP3 activation in response to
noxious stimuli including monosodium urate, silica, and alum (Zhou et al., 2011).
Hexokinase dissociation may allow VDAC to carry out this role. It willbe informative to
block or silence VDAC to explore its function in NLRP3 inflammasome activation in
response to PGN, and if hexokinase dissociation regulates mitochondrial ROS or mtDNA
release (Zhou et al., 2011).

In macrophages, NLRP3 relocates to mitochondria following stimulation with alum or
nigericin, possibly to be in closer proximity to activating signals from mitochondria (Zhou et
al., 2011). Mitochondria may facilitate assembly of the inflammasome, and mitochondrial
structure is key for its activation. Inducing mitochondrial fission might restrict NLRP3
inflammasome assembly/activation and NLRP3 has been shown to associate with the
mitochondrial fusion protein mitofusin 2 (Ichinohe et al., 2013; Park et al., 2015). It would
be intriguing to investigate whether such alterations in mitochondrial dynamics affect
hexokinase dissociation.

NAG is an atypical microbial danger signal as it is derived from PGN but is also synthesized
in the glycosylation pathway as uridine diphosphate (UDP-NAG), which can then be
released following degradation of glycosylated proteins. Since intrinsically produced NAG is
likely to be present at low concentrations, higher concentrations are likely required for
NLRP3 inflammasome activation. Wolf et al. (2016) showed that NAG in the low millimolar
range inhibited purified hexokinase. However, enhanced IL-1f secretion was only observed
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in cells treated with much higher concentrations, likely suggesting that NAG was not readily
entering the cell or that hexokinase dissociation from the mitochondria occurs at a higher
concentration than hexokinase inhibition. Determining whether the concentration of PGN-
derived NAG in the cytoplasm after bacterial infection is sufficient to dissociate hexokinase
from VDAC could be a focus of future work.

Wolf et al. (2016) found that disruption of hexokinase activity by high concentrations of 2-
DG also enhanced IL-1p secretion. Although previously observed (Nomura et al., 2015), this
result contrasts with studies demonstrating that blocking glycolysis with 2-DG can inhibit
IL-1p activation (O’Neill and Pearce, 2016; Tannahill et al., 2013). It is conceivable that
differences in stimulation conditions, 2-DG concentration, level of cell death, or the timing
of hexokinase inhibition could explain these differential effects. Metabolic reprograming of
macrophages and DCs occurs after PRR stimulation, and aerobic glycolysis is essential in
the development of subsequent inflammatory responses (Everts et al., 2014; O’Neill and
Pearce, 2016). In the current study, macrophages exposed to NAG or PGN were previously
stimulated with LPS, which induces a classical inflammatory phenotype. Given the
importance of aerobic glycolysis in classical macrophage activation, it would be informative
to observe what effect NAG has on bioenergetics. It is possible that in a system using live
Gram-positive bacteria, initial inflammatory signals would come from other bacterial
components, such as muramy! dipeptide, and that NAG induced NLRP3 activation would
occur at a later time point, when sufficient NAG has been digested and released into the
cytosol. Comparing mitochondrial respiration and aerobic glycolysis in macrophages after
exposure to PGN and NAG versus exposure to whole bacteria would help address these
questions.

The NLRP3 inflammasome is dysregulated in a variety of metabolic and inflammatory
diseases, including obesity, type 2 diabetes, and Alzheimer’s disease. Thus, NLRP3 is an
appealing therapeutic target and understanding what regulates or activates it is of vital
importance. The exciting results of Wolf et al. (2016) demonstrate that the glycolytic
enzyme hexokinase acts as a sensor of Gram-positive bacteria, highlighting a surprising
discovery in the link between innate immune responses and metabolism.
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Figure 1. N-acetylglucosamine Causes NL RP3 Inflammasome Activation by Binding to
Hexokinase

Hexokinase is a glycolytic enzyme that converts glucose to glucose-6-phosphate (G6P). New
research from Wolf et al. (2016) demonstrates that bacterial N-acetylglucosamine (NAG),
derived from phagocytosed Gram-positive bacteria, can bind to and inhibit hexokinase (HK)
in macrophages. NAG binding can also cause the dissociation of HK from voltage-
dependent anion channels (VDACSs) on the outer mitochondrial membrane. This in turn
leads to NLRP3 inflammasome activation and IL-1p release by an undetermined
mechanism, which could be related to release of reactive oxygen species (ROS),
mitochondrial DNA (mtDNA), cardiolipin, or some other factor (???).
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