
The finding that several different cystatins are depleted in the
airspaces of patients with ARDS is intriguing. In addition to cystatin
SN, levels of cystatins S, D, and SA were also low in the airspace of
patients with ARDS. For these initial studies, the authors chose to
focus on cystatin SN, because it has potent protease inhibition
activity, is known to be regulated by inflammatory signals, and is
expressed in the upper respiratory tract. Here, the authors show that
cystatin SN inhibits cathepsin S activity. Because the therapeutic effect
of synthetic cystatin SN was assessed in vivo only in an LPSmodel of
injury, further investigations of whether exogenous administration of
cystatin SN in other clinically relevant lung injury models are needed.
Additional work is needed to explore the mechanisms leading to
cathepsin upregulation and cystatin depletion in the injured lung. For
example, the relative timing of cathepsin S upregulation and cystatin
SN depletion from the airspace is unknown, as are the regulatory
processes that control expression and release of these proteins. The
authors are also planning to assess how depletion of other cystatins
from the airspace affects lung inflammation.

Although these studies clearly demonstrate that pharmacologic
inhibition of cathepsin S has both preventive and therapeutic benefits
in biologically relevant models of acute lung injury, there remain
several unknowns that need to be considered in moving toward
clinical application of protease modulation as a new ARDS therapy.
One major challenge with this approach is the ideal timing of
intervention. Too much protease activity at the wrong time could
exacerbate injury, and too little could allow the initial lung injury to
blossom. The finding that targeting cathepsin S was effective in both
preventative and therapeutic timeframes may suggest a long window
for effective intervention. Another challenge is that the dynamics of
the balance between cathepsin S and cystatin SN during progression
of ARDS from the initial insult to acute inflammation through to
development of either fibrosis or epithelial repair remain uncertain.
This may also differ on the basis of the underlying trigger of ARDS;
that the effects of cathepsin S inhibition were less prominent after
cecal ligation and puncture, only affecting the balance of neutrophils
andmonocytes in the airway, raises some concern about whether
cathepsin S inhibition will be as effective in nonpulmonary ARDS.
This does not diminish enthusiasm for pursuing cathepsin S–targeted
therapy; rather, it highlights the need to identify whether there are

certain subsets or endotypes of ARDS that have higher likelihood to
respond to this therapy. Furthermore, given that the activity of
cathepsin S was present in the airspace, there may be differential
effects of cathepsin inhibition with therapeutic delivery of inhibitors
directly into the airspace compared with systemic therapy, and the
ideal route to manipulate protease balance is unknown.

Overall, this exciting study identifies that tipping the balance
between cathepsin S and cystatin SNmay reduce detrimental
inflammation and be a promising new therapeutic approach to
interrupt a key element of ARDS pathogenesis.�

Author disclosures are available with the text of this article at
www.atsjournals.org.
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The P2X7 Receptor in Cystic Fibrosis Monocytes
Linking CFTR Deficiency to Inflammation

Cystic fibrosis (CF) lung disease is characterized by an intense
mucopurulent process driven in large part by IL-1b (1). The
neutrophil-dominant inflammatory response results in the
accumulation of active neutrophil elastase (NE) in CF airway

secretions. Both IL-1b and neutrophil elastase are highly predictive of
bronchial destruction or bronchiectasis, which is the hallmark of CF
lung disease (2, 3). Several key clinical studies have identified that this
mucopurulent process appears early in infants, is much more severe
than would be expected for the initial airway bacterial burden, and is
sustained despite repeated or continuous antibiotic suppression (4, 5).
These characteristics point to a probable link between the CF basic
defect, deficient cystic fibrosis transmembrane conductance regulator
(CFTR), and the inflammatory response. Despite the identification of
several potential molecular pathways to explain why CFTR deficiency
is associated with excessive airway inflammation, the lack of effective
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CFTR restoration in vivo hadmade it difficult to validate in vitro
observations in patients. The arrival of highly effective modulators of
CFTR, particularly the combination of elexacaftor, tezacaftor, and
ivacaftor (ETI), in the clinical arena has changed this perspective and
now allows clinical studies of potential inflammatory pathways to be
validated in individuals with CF.

An emerging pathway relevant to CFmonocytes and
macrophages involves potassium (K1) efflux, inflammasome
activation, and IL-1b release. IL-1b is activated by caspase-1, which
cleaves pro–IL-1b (6). Pro–IL-1bmRNA is induced after the binding
of LPS to the Toll-like receptor 4 receptor onmonocytes and
macrophages. The engagement of Toll-like receptor 4 by LPS also
initiates the assembly of a key protein complex for caspase-1
activation known as NLRP3 (nucleotide-binding oligomerization
domain, leucine-rich repeat–containing protein 3). NLRP3 activation
requires NEK7 (NIMA-related kinase 7). The activated NLRP3
receptor recruits the adaptor protein ASC (apoptosis-associated
speck-like protein containing CARD), which contains a pyrin domain
and a caspase-1 recruitment domain (CARD) needed to recruit
pro–caspase-1. Subsequently, in the presence of high (100 μM)
extracellular ATP (eATP) concentration, the purine P2X7 receptor
(P2X7R), which is abundantly expressed on monocytes and
macrophages, initiates a series of steps involving cation influx, K1

efflux, macropore formation, and ultimately activation of the NLRP3
inflammasome complex and caspase-1, which is essential to cleave
pro–IL-1b and release active IL-1b (7, 8) (Figure 1).

The study published in this issue of the Journal by Gabillard-
Lefort and colleagues (pp. 783–794) brings important new
information to help us understand, at least in part, how excessive
inflammationmay be directly associated with CFTR dysfunction
through the P2X7R–NLRP3–caspase-1–IL-1b or NLRP3
inflammasome axis (9). The authors initially validated their novel
hypothesis that blood monocyte CFTR expression and function play a
role in regulating the activation of the NLRP3 inflammasome through
the engagement of P2X7R by eATP. The major sources of eATP
in vivo are hypoxia and cell lysis, both of which are omnipresent in
the CF airway. After these novel observations, the investigators sought
to validate that the CFTR and P2X7R interactions occur in individuals
with CF treated with the CFTRmodulator ETI combination
TRIKAFTA (Vertex Pharmaceuticals). The therapy not only restored
monocyte CFTR expression and function but also decreased
monocyte P2X7R expression, corrected K1 efflux, and normalized
intracellular Ca21. The antiinflammatory benefits of ETI therapy were
reflected in decreased bloodmonocyte NLRP3 mRNA, protein,
caspase-1, and IL-1b. Furthermore, TRIKAFTA therapy in
individuals with CF normalized their plasma eATP and IL-1b levels.
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Figure 1. Monocyte P2X7 receptor signaling and nucleotide-binding oligomerization domain, leucine-rich repeat–containing protein 3 (NLRP3)
inflammasome activation. LPS binding to Toll-like receptor 4 (TLR4) induces pro–IL-1b synthesis and NLRP3 inflammasome assembly. Hypoxia
and/or cell lysis induces the release of a large amount of extracellular ATP (eATP) through Panx1, which engages the P2X7 receptor. In contrast
to macrophages, monocytes alone can also release sufficient eATP to activate the NLRP3 inflammasome. Cation influx drives K1 efflux either
through P2X7 or alternate channels, a key step in initiating NLRP3 inflammasome activation. Upon activation, the NLRP3 inflammasome converts
pro–caspase-1 to caspase-1, which acts upon pro–IL-1b to produce IL-1b. Other effects of P2X7 engagement with eATP include a macropore
formation that contributes to apoptosis and pyroptosis, T-helper cell type 17 (Th17) development, an increase in mitochondrial calcium, and
modulation of several transcription factors that affect inflammation. Restoration of cystic fibrosis transmembrane conductance regulator (CFTR)
function normalizes Cl2 and P2X7-dependent K1 efflux, inhibits inflammasome activation, and decreases IL-1b release in CF monocytes.
Several P2X7 inhibitors have been identified. AP-1=adaptor protein complex 1; CREB=cAMP-responsible element-binding protein;
HIF-1=hypoxia-inducible factor-1; NF-kB=nuclear factor-kB.
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The study by Gabillard-Lefort and colleagues presents
compelling data connecting defective CFTR, P2X7R expression, and
blood monocyte NLRP3 inflammasome activation by eATP and
LPS, clearly representing an important advance in knowledge of
links between CFTR and inflammation. However, the physiologic
impact of these observations on CF lung inflammation could be
affected by several factors. First, the reported experiments focused
on monocytes derived from blood. As monocytes migrate to the
lung and differentiate into macrophages, they acquire unique
characteristics distinct from those of blood monocytes. Specifically,
monocytes spontaneously release endogenous ATP in amounts
sufficient to support LPS-induced IL-1b release. In contrast,
macrophages do not spontaneously release ATP and require IFN-g
to release sufficient eATP to support LPS/P2X7R-mediated
inflammasome activation and IL-1b release (10). However, the
eATP released from hypoxia and cell lysis in the CF airway is likely
sufficient to trigger macrophage P2X7R. Second, the CF airway
milieu is very different from plasma. Inhibition of CFTR chloride
conductance in monocytes led to a decrease in extracellular Cl2

ion. Because extracellular Cl2 suppresses P2X7R activation, CFTR
deficiency in monocytes could in theory facilitate P2X7R activation.
However, another potent inhibitor of P2X7R activation is the
extracellular proton concentration (11). The airway surface liquid is
generally more acidic in the absence of CFTR, thus making it
difficult to predict how CFTR-dependent changes in Cl2 efflux and
proton concentration will affect P2X7R activation in CF airways.
Thus, although there is strong evidence of a link between CFTR
dysfunction and P2X7R in blood monocytes, the exact mechanisms
by which ion fluxes are coordinated between CFTR, P2X7R, Panx1,
and other ion channels remain unknown and could be an
important area of investigation to better understand inflammation
associated with CF lung disease.

In summary, the study by Gabillard-Lefort and colleagues
identifies a novel therapeutic target of interest for controlling
inflammation associated with CFTR deficiency. Attempts to
develop new therapies focused on the end results of excessive
inflammation in CF airways, such as free elastase and oxidative
stress, have been disappointing. Such approaches do not affect
the CFTR–P2X7R axis, and, upon eATP and LPS stimulation, the
exaggerated inflammatory response will continue. However,
several P2X7R antagonists and other agents affecting the P2X7R
axis, such as secretory leukocyte protease inhibitor (12), have
been identified and may represent novel antiinflammatory
approaches in CF and other lung diseases associated with CFTR
functional deficiency, such as chronic obstructive pulmonary
disease. Importantly, the work by Gabillard-Lefort and colleagues
reminds us that the most effective strategy to control the
excessive inflammatory response responsible for airway
destruction in CF is likely to be the correction of CFTR function
in all individuals with CF.�
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