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Lung neutrophils on a paleo diet: lean, mean
inflammatory machines
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Neutrophils are energetically
active

The acute inflammatory response is
characterized by the rapid influx of large
numbers of neutrophils into the tis-
sue. Traditionally, it was believed that
neutrophils only had three main roles:
phagocytosis, degranulation, and release
of nuclear material in the form of neu-
trophil extracellular traps (1). We now
know that neutrophils are not restricted
to these roles. Current research shows
that they are a dynamic and adaptive cell
type. Not only do neutrophils respond to
signals, they also produce cytokines and
inflammatory factors (2). Furthermore,
they can actively mold the tissue micro-
environment by rapidly depleting oxy-
gen, secreting adenine nucleotides, and
acidifying the extracellular space (3-5).
Neutrophils are largely considered to be
glycolytic, relying on glucose for ATP

Sites of acute inflammation become austere environments for the
procurement of energy. The combination of oxygen depletion (hypoxia) and
decreased glucose availability requires surprising metabolic adaptability.

In this issue of the JCI, Watts et al. examined the metabolic adaptability

of murine neutrophils to the setting of acute pulmonary inflammation
elicited by exposure to nebulized endotoxin. While neutrophils are generally
considered a primarily glycolytic cell type, Watts et al. used a combination
of labeled amino acids and high-resolution proteomics to reveal that the
harsh environment of the inflammatory lesion drives neutrophils toward

de novo protein synthesis and extracellular protein scavenging as a primary
fuel. This study provides compelling evidence that tissue neutrophils
scavenge extracellular proteins to fuel carbon metabolism, which aids in de
novo protein synthesis and the promotion of an inflammatory phenotype.
These observations reveal the surprisingly creative extent to which cells and
tissues might adapt to energy-deficient inflammatory environments.

production (6). In this issue of the JCI,
Watts et al. (7) showed that inflamed air-
ways have substantially decreased extra-
cellular glucose compared with healthy
lungs, a finding also described in 2012
(8, 9). This observation raised the ques-
tion that Watts and colleagues extensive-
ly explored: What do these energetically
active immune cells use for a fuel source
at sites of inflammation?

Neutrophils under oxygen and
glucose-deplete conditions
Watts and colleagues used high-resolu-
tion mass spectrometry and showed that
the most abundant proteins isolated from
inflammatory neutrophils are associated
with metabolic, migratory, inflammatory,
and biosynthetic pathways (7). Given the
observation that oxygen availability plays
a key role in the innate immune response
in lung injury and infection, the authors

» Related Article: https://doi.org/10.1172/)CI134073

Conflict of interest: The authors have declared that no conflict of interest exists.

Copyright: © 2021, American Society for Clinical Investigation.

Reference information: | Clin Invest. 2021;131(10):e149495. https://doi.org/10.1172/)C149495.

examined differences in the proteomes
between neutrophils isolated from mice
exposed to normoxia or hypoxia fol-
lowing lung injury. Hypoxia resulted in
substantial increases in inflammatory
receptors, including formylated peptide
receptors, TNFRSF1b, and CSF2RB, in
neutrophils. The observation that neutro-
phils isolated from hypoxic mice showed
no reduction in intracellular levels of key
granule proteins, despite detection of
MMP9 and elastase, which are markers
of degranulation, is of particular interest.
The authors used a combination of heavy
labelled amino acids and mass spectrom-
etry to show de novo synthesis of granu-
lar proteins in neutrophils. Additionally,
it was shown that neutrophils can uptake
extracellular proteins and that heavy car-
bon from these extracellular proteins is
incorporated into TCA cycle metabolites.
Extensions of these studies revealed that
neutrophils uptake proteins from the
extracellular space through macropino-
cytosis, and that hypoxia enhanced pro-
tein uptake and proteolysis in inflamma-
tory neutrophils (7).

To gain insight into the regulation
of protein scavenging and breakdown,
Watts et al. examined mammalian tar-
get of rapamycin (mTOR) and its asso-
ciated complexes. In vitro, unstimulated
neutrophils had low levels of mTORC
activity and LPS stimulation resulted in a
marked increase in mTORC activity. This
observation was replicated in vivo and
extended to show that both hypoxia and
glucose deprivation inhibited mTORC
activity. Neutrophils treated with a
mTORC inhibitor had notable increas-
es in proteolysis, suggesting neutrophils
under oxygen- and glucose-deplete con-
ditions would have enhanced proteolysis
and an accentuated inflammatory phe-
notype (Figure 1). Having demonstrated
the involvement of lysosomal traffick-
ing in extracellular protein catabolism
in vitro, the authors looked to confirm
the physiological relevance of lysosomal
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Figure 1. Lung neutrophils use protein as a primary energy source during
active inflammation. During acute inflammation of the lung, the com-
bination of increased hypoxia and decreased glucose availability inhibit
mTORC1 in infiltrating neutrophils. As a result, neutrophils use available
protein sources for energy production that drives a proinflammatory phe-

notype to enhance the inflammatory response.

protein trafficking in inflammation out-
comes. Administration of chloroquine,
an inhibitor of lysosomal acidification,
reduced protein breakdown in neutro-
phils and suppressed neutrophil granule
protease production following LPS stim-
ulation in mice exposed to hypoxia (7).

Conclusions and clinical
implications

Given the substantial presence of neutro-
phils at sites of inflammation and bystand-
er tissue damage as a result of neutrophil
degranulation, it is crucial that we gain a
better understanding of the factors that
influence neutrophil phenotypes. With-
in the lung, hypoxia appears to promote a
damaging inflammatory neutrophil phe-
notype (9). On the basis of the work by

detrimental in all
tissue types. With-
in the colon, there
exists a steep oxygen
gradient across the
colonic mucosa with
epithelial cells in a
state of physiologi-
cal hypoxia (10, 11).
Neutrophil migration into the colon pro-
motes an increase in localized hypoxia and
stabilization of hypoxia-inducible factor
(HIF) to promote the resolution of inflam-
mation (12, 13). These findings support the
concept of using pharmacological agents to
stabilize HIF (e.g., prolyl hydroxylase inhib-
itors) as a means of promoting wound heal-
ing and resolving inflammation in disorders
such as inflammatory bowel disease (IBD).
Preclinical models of IBD have shown
promise in this regard (14). The lung and
colon are, of course, vastly different organs.
For example, they support quite different
microbiomes and the availability of extra-
cellular nutrients is quite different (15, 16).
In future studies, it would be interesting to
define what factors within the microenvi-
ronment influence the development of a
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proinflammatory neutrophil phenotype(s)
and how protein utilization by neutrophils
impactsinflammatory phenotypes in muco-
sal organs as well as organs that develop
sterile inflammation (e.g., joints).

Having insight into the energetics and
metabolism of hypoxic neutrophils could
provide new opportunities to dampen
acute inflammation. For example, Watts
et al. demonstrate that glutamine from
scavenged proteins provide an import-
ant energy source for hypoxic and sug-
ar-starved neutrophils. It may be possible,
therefore, to consider targeting the glu-
taminolysis pathway as a mechanism to
inhibit the development of this proinflam-
matory neutrophils. Glutaminase was the
most substantially induced enzyme in
hypoxic neutrophils. Interestingly, sever-
al cancer clinical trials are underway with
the glutaminase inhibitor CB-839. Target-
ing the glutaminolysis pathway is an area
of active development (17) and based on
Watts et al. (7), it would be interesting to
consider whether glutaminase inhibitors
may reduce inflammation in some cases.
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