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I n t r o d u c t i o n

Extracellular nucleotides are widely recognized to 
stimulate cellular secretion via activation of either 
ionotropic P2X or G protein–coupled P2Y receptors 
(Novak, 2011; Burnstock et al., 2014). In many cells 
activation of these receptors leads to an increase in 
the intracellular Ca2+ concentration ([Ca2+]i), trig-
gering exocytic fusion of secretory vesicles with the 
plasma membrane (PM; Erb et al., 2006; Surprenant 
and North, 2009). In the classical model, this Ca2+ sig-
nal determines the number of vesicles fusing with the 
PM and releasing their content, thereby regulating the 
amount of cellular secretion. However, secretion can 
also be regulated during the so-called exocytic postfu-
sion phase, after vesicle–PM fusion. It has been demon-
strated that regulation of fusion pore expansion and/
or contractile forces acting on the fused vesicles deter-
mine the composition and quantity of cellular secre-
tion in cells containing large secretory granules and 
the secreting of bulky vesicle contents (Breckenridge 
and Almers, 1987; Obermüller et al., 2005; Vardjan et 
al., 2009; Porat-Shliom et al., 2013). Recent evidence 
suggests that P2X receptors also play a role in secretion 
during this postfusion phase. We have demonstrated 
that vesicular P2X4 receptors facilitate the secretion 
and activation of pulmonary surfactant in the alveoli 
of the lung after vesicle–PM fusion (Miklavc et al., 
2011; Dietl et al., 2012; Thompson et al., 2013).

Pulmonary surfactant is a poorly soluble, lipopro-
tein-like substance that is stored as densely packed mem-
branous structures in large secretory lysosomes termed 
lamellar bodies (LBs). Upon stimulation, surfactant is 
secreted into the alveolar lumen via exocytosis of LBs. 
However, because of its bulky nature, surfactant remains 
entrapped within fused vesicles for minutes after fusion. 
Secretion is restricted by the slowly expanding fusion 
pore that acts as a mechanical barrier for the release 
(Singer et al., 2003; Dietl and Haller, 2005; Miklavc et 
al., 2012). This fusion pore expansion is regulated by 
Ca2+ (Haller et al., 2001; Neuland et al., 2014).

We have recently described that extracellular ATP 
triggers fusion-activated Ca2+ entry (FACE) via P2X4 re-
ceptors after the fusion of LBs with the PM (Miklavc et 
al., 2011). P2X4 receptors are expressed on the limiting 
membranes of LBs and therefore protected from pre-
mature activation (Xu et al., 2014). The vesicular P2X4 
receptors are exposed to the extracellular space after 
LB exocytosis. Subsequent receptor activation by extra-
cellular ATP results in a transient, local Ca2+ influx at 
the site of LB fusion, provides the Ca2+ necessary for fu-
sion pore expansion, and facilitates surfactant release. 
(Miklavc et al., 2011; Neuland et al., 2014). Moreover, 
in vivo, FACE is restricted to the apical side of ATII cells 
(alveolar lumen). As a consequence, FACE triggers vec-

Vesicular P2X4 receptors are known to facilitate secretion and activation of pulmonary surfactant in the alveoli of 
the lungs. P2X4 receptors are expressed in the membrane of lamellar bodies (LBs), large secretory lysosomes that 
store lung surfactant in alveolar type II epithelial cells, and become inserted into the plasma membrane after 
exocytosis. Subsequent activation of P2X4 receptors by adenosine triphosphate (ATP) results in local fusion-acti-
vated cation entry (FACE), facilitating fusion pore dilation, surfactant secretion, and surfactant activation. Despite 
the importance of ATP in the alveoli, and hence lung function, the origin of ATP in the alveoli is still elusive. In this 
study, we demonstrate that ATP is stored within LBs themselves at a concentration of ∼1.9 mM. ATP is loaded into 
LBs by the vesicular nucleotide transporter but does not activate P2X4 receptors because of the low intraluminal 
pH (5.5). However, the rise in intravesicular pH after opening of the exocytic fusion pore results in immediate 
activation of vesicular P2X4 by vesicular ATP. Our data suggest a new model in which agonist (ATP) and receptor 
(P2X4) are located in the same intracellular compartment (LB), protected from premature degradation (ATP) and 
activation (P2X4), and ideally placed to ensure coordinated and timely receptor activation as soon as fusion oc-
curs to facilitate surfactant secretion.

ATP is stored in lamellar bodies to activate vesicular P2X4 in an 
autocrine fashion upon exocytosis

Giorgio Fois,1* Veronika Eva Winkelmann,1* Lara Bareis,1 Laura Staudenmaier,1 Elena Hecht,1 Charlotte Ziller,2 
Konstantin Ehinger,1 Jürgen Schymeinsky,3 Christine Kranz,2 and Manfred Frick1

1Institute of General Physiology and 2Institute of Analytical and Bioanalytical Chemistry, Ulm University, Ulm, Germany
3Immunology and Respiratory Research, Boehringer Ingelheim Pharma GmbH & Co. KG, Biberach an der Riß, Germany

© 2018 Fois et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the 
publication date (see http​://www​.rupress​.org​/terms​/). After six months it is available under 
a Creative Commons License (Attribution–Noncommercial–Share Alike 4.0 International 
license, as described at https​://creativecommons​.org​/licenses​/by​-nc​-sa​/4​.0​/).

*G. Fois and V.E. Winkelmann contributed equally to this paper.
Correspondence to Manfred Frick: manfred.frick@uni-ulm.de

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/150/2/277/1797967/jgp_201711870.pdf by guest on 02 D

ecem
ber 2025

http://crossmark.crossref.org/dialog/?doi=10.1085/jgp.201711870&domain=pdf
http://www.rupress.org/terms/
https://creativecommons.org/licenses/by-nc-sa/4.0/
mailto:


ATP within lamellar bodies facilitates secretion | Fois et al.278

torial, apical-to-basolateral ion transport across ATII 
cells and thereby drives apical (luminal) fluid resorp-
tion in the alveolus. This results in temporary thinning 
of the alveolar lining fluid layer (“hypophase”) and fa-
cilitates adsorption of newly released surfactant into the 
air–liquid interface (Thompson et al., 2013).

Despite the importance of ATP for alveolar physiol-
ogy, the origins of ATP in the alveoli are still elusive. It 
has been reported that ATP is present in the pulmonary 
hypophase (Patel et al., 2005); however, the estimated 
concentration under resting conditions is in the low 
nanomolar range (Bove et al., 2010), well below the 
concentration at half-maximal response (EC50) values 
for P2X4 or P2Y2 activation (Lazarowski et al., 1995; 
North, 2002; Brunschweiger and Müller, 2006). A possi-
ble reason for this low concentration is rapid hydrolysis 
of extracellular ATP in the hypophase (Lazarowski et 
al., 2011; Lazarowski, 2012). Hence, a tight temporal 
and spatial coordination between ATP release and ATP 
demand (i.e., P2 receptor activation) could be essential 
for providing appropriate concentrations of ATP. Al-
though several mechanisms for ATP release have been 
identified in airway epithelia (Ransford et al., 2009; 
Kreda et al., 2010; Mishra et al., 2011; Okada et al., 
2011; Seminario-Vidal et al., 2011), little is known about 
mechanisms and/or regulation of ATP release in the 
alveoli. In particular, local ATP release within individ-
ual alveoli may provide an ideal mechanism to gradu-
ally adapt local surfactant secretion and fluid transport 
to local demands.

In this study, we therefore wanted to address the 
question whether ATII cells release ATP. Specifically, we 
investigated whether ATP release is spatially and tem-
porarily coupled to LB exocytosis and whether it pro-
vides the necessary ATP concentrations for activation of 
FACE. Our results clearly demonstrate that (a) ATP is 
stored in LBs; (b) ATP accumulation in LBs depends on 
transport via vesicular nucleotide transporter (VNUT); 
and (c) the rise in pH upon exocytic opening of the 
fusion pore results in P2X4 activation by vesicular ATP.

In summary, our data demonstrate that agonist (ATP) 
and receptor (P2X4) are located in the same intracel-
lular compartment (LB), protected from premature 
degradation (ATP) and activation (P2X4), but ideally 
suited to result in the most efficient receptor activa-
tion to induce FACE and facilitate fusion pore dilation, 
surfactant secretion, and fluid resorption from alveoli 
upon LB exocytosis.

M at e ria   l s  a n d  m e t h o d s

Materials
Anti-VNUT pAB (serum) was a gift from Y. Moriyama 
(Okayama University, Okayama City, Japan); anti-P180 
lamellar body protein (ABCa3) mAB was purchased 
from Abcam. Fluorescence-labeled secondary antibod-

ies and fluorescent dyes were obtained from Molecular 
Probes (Thermo Fisher Scientific). All chemicals were 
purchased from Sigma-Aldrich unless stated otherwise.

Cell isolation and primary ATII cell culture
ATII cells were isolated from Sprague-Dawley rats ac-
cording to the procedure of Dobbs et al. (1986) with 
minor modifications as recently described (Miklavc et 
al., 2010). After isolation, cells were seeded on glass cov-
erslips or 8-well chambers (Ibidi), cultured in MucilAir 
(Epithelix), and used for experiments for up to 72  h 
after isolation.

Experimental conditions
For all experiments, cells were kept in bath solution 
(mM: 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 5 glucose, 
and 10 HEP​ES, pH 7.4) unless stated otherwise. To ef-
ficiently induce LB fusions, ATII cells were treated with 
UTP (100 µM), PMA (300 nM), or both, all known and 
potent agonists for LB fusion and surfactant secretion 
(Frick et al., 2001; Miklavc et al., 2011). Concentrations 
were chosen to induce maximum fusion response.

Plasmids and adenoviruses
Adenoviruses encoding P2X4-EGFP (WT) were recently 
described (Miklavc et al., 2011); original constructs 
were a gift from R.D. Murrell-Lagnado (University of 
Cambridge, Cambridge, England, UK). Plasmid ex-
pressing VNUT-GFP (Oya et al., 2013) was a gift from T. 
Tsuboi (University of Tokyo, Tokyo, Japan).

Original constructs expressing the ATeam ATP sen-
sors (Imamura et al., 2009) were a gift from H. Imamura 
(Kyoto University, Japan). ATeam3.10-GL-GPI was gen-
erated according to Keller et al. (2001) and resulted 
in a GPI-anchored version of ATeam3.10. In brief, the 
signal sequence of lactase-phlorizin hydrolase was in-
serted 5′ of ATeam3.10 sequence, and the GPI-attach-
ment signal of lymphocyte function-associated antigen 
3 was attached to the 3′ end of ATeam3.10 via a 12x 
glycine linker, resulting in LPH-ATeam3.10-12xGly-GPI. 
Cloning was performed using In-Fusion HD Cloning kit 
(Clontech). The Nucleofector 4D system (Lonza) was 
used for plasmid transfection of primary ATII cells.

VNUT (SLC17A9) shRNA adenovirus was con-
structed based on the shRNA cassette design described 
by Gou et al. (2008). In brief, four shRNA sequences 
targeting rat VNUT CDs and 3′ UTR (accession no. 
NM_001108613.1) were chosen with BLO​CK-iT RNAi 
Designer (Thermo Fisher Scientific). Sequences were 
BLA​STed against rat genome to check for off-target 
binding. To monitor transduction efficiency, a tri-
ple SV40 nuclear localization sequence was added to 
the 3′ end of BFP, and the construct was cloned into 
the cytomegalovirus (CMV)-controlled site of pO6A5-
CMV (Sirion Biotechnologies). 7SK and mU6 RNA 
polymerase promoters were then introduced 5′ of the 
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CMV promoter sequence, directed toward each other. 
The shRNA cassette containing the four shRNAs plus 
hU6 and H1 promoters was synthesized (GeneArt/
Thermo Fisher Scientific) and introduced between the 
mU6 and 7SK promoters, leading to the final construct 
(5′ to 3′; s, sense; as, antisense) mU6 (s), shRNA1 (s), 
linker, shRNA2 (as), hU6 promoter (as), H1 promoter 
(s), shRNA3 (s), linker, shRNA4 (as), 7SK (as), CMV 
(s), BFP (s), and 3xNLS (s). All cloning steps were con-
trolled by sequencing. Adenovirus was then produced 
according to the manufacturer’s protocol and purified 
using ViraBind Adenovirus Purification kit (Cell Bio-
labs). Viral transduction efficiency was determined by 
the expression of nuclear BFP and averaged 72 ± 4.1% 
transduced cells after 24 h. Knockdown efficiency was 
determined by quantitative RT-PCR.

Semiquantitative RT-PCR
Total RNA was isolated from 106 ATII cells 24 h after 
isolation using RNeasy MiniKit (Qiagen). Reverse tran-
scription was performed on 0.8–1.3 µg total RNA using 
SuperScript VILO cDNA synthesis kit according to man-
ufacturer’s protocol. The following validated Quan-
tiTect primer assay (Qiagen) was used to determine 
VNUT (SLC17A9) expression: Rn_Slc17a9_1_SG. Am-
plification was performed on a Realplex2 Mastercycler 
(Eppendorf) using the Express SYBR GreenER PCR Su-
permix. Each reaction was performed on cDNA from 
≥3 independent isolations (cDNAs were used at 1-, 10-, 
and 100-fold dilutions). Specificity of PCR reactions was 
confirmed by melting point analysis of PCR products. 
Realplex software (Eppendorf) was used for data acqui-
sition and analysis. Correction for PCR performance 
as well as quantification relative to housekeeping gene 
HMBS (Rn_HMBS_1_SG) was performed as described 
(Pfaffl, 2001).

Western blotting
106 ATII cells were washed twice in PBS, solubilized 
in lysis buffer, separated on SDS-PAGE, and trans-
ferred to nitrocellulose. Immunodetection of VNUT 
was performed using α-VNUT pAB serum (1:200) 
and chromogenic detection of alkaline phosphatase– 
labeled secondary antibody (WesternBreeze anti– 
rabbit; Invitrogen).

Immunofluorescence
For immunofluorescence staining, cells were washed 
twice in Dulbecco’s PBS (DPBS; pH 7.4; Biochrom), 
fixed for 20 min in 4% PFA in DPBS, washed twice in 
DPBS, fixed for 10 min in ice-cold DPBS​:MeOH (1:1), 
washed trice in DPBS, and permeabilized for 10 min with 
0.2% saponin and 10% FBS (Thermo Fisher Scientific) 
in DPBS. Cells were stained with primary (1:100) and 
secondary (1:400) antibodies in PBS, 0.2% saponin, and 
10% FBS. Images were taken on an inverted confocal 

microscope (Leica TCS SP5) using a 63× lens (Leica 
HCX PL APO lambda blue 63.0 × 1.40 oil UV). Images 
for the green (Alexa Fluor 488) and red (Alexa Fluor 
568) channels were taken in sequential mode using 
appropriate excitation and emission settings.

Fluorescent ATP uptake
Primary ATII cells were incubated with either 10  µM 
BOD​IPY FL ATP or 10 µM mant-ATP (Thermo Fisher 
Scientific) for 3 h in MucilAir medium, after 2.5 h LTR 
(100 nM) was added to the medium. Cells were then 
washed three times with bath solution (and maintained 
in bath solution) and immediately mounted on a Cell 
Observer inverse microscope (Zeiss) for analysis of 
fluorescence. All images were acquired at identical set-
tings (e.g., magnification, gain, excitation). Mean fluo-
rescence of individual LBs was analyzed within regions 
encircling individual LBs (see Fig. 4 A and Fig. S5).

Luciferase assay to quantify ATP release
Primary 106 ATII cells were seeded into wells of a 96-well 
plate (Sarstedt) and maintained in MucilAir medium. 
48  h after seeding, the medium was exchanged with 
fresh medium containing 100 µM ARL 67156 (Tocris). 
The cells were then incubated with 10 µM Evans Blue 
or 100 nM bafilomycin A1 for 170 min. Cells were stim-
ulated with 300 nM PMA or 100 µM UTP for 10 min, 
and supernatants were collected for ATP quantification. 
ATP release was quantified using ATP Determination 
kit (Thermo Fisher Scientific) according to the manu-
facturer’s protocol. Luminescence was recorded in an 
Infinite M200 plate reader (Tecan).

ATP biosensors and quantification of ATP release 
from single LBs
ATP microbiosensors were prepared by immobilizing 
glucose oxidase (from Aspergillus niger; 1,500,000 U/g; 
Sigma-Aldrich Chemie) and hexokinase (from yeast; 
2,500 IU solid; Calbiochem, Merck) in a poly(benzox-
azine) layer (Ziller et al., 2017) Pt microelectrodes with 
a radius of 25 µm were modified by electrodeposition 
using mixtures of BA-TEPA and GOD/HEX in a ratio 
of 1:2.5 wt/wt; the activity ratio for the two enzymes 
was 1:1. The synthesis of the precursor was prepared as 
previously described (Andronescu et al., 2014). Depo-
sitions were performed with a potential pulse sequence 
of 1.7 V/0.05 s, 0.0 V/0.5 s, and 14 repetitions of the 
pulse cycle. Calibrations were performed in Tris buffer 
at a potential of 0.7 V versus Ag/AgCl (3 M KCl) with 
addition of glucose and ATP aliquots, respectively. All 
electrochemical experiments were performed with a 
three-electrode configuration with the microelectrode, 
microelectrode assembly, or microbiosensor as working 
electrode, Pt as counterelectrode (CE), and Ag/AgCl 
(3 M KCl) reference electrode unless otherwise stated. 
Tris-buffer bath solution (TBS: same composition as nor-
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mal bath solution) was used instead of HEP​ES for all elec-
trochemical experiments. Tris is used to avoid hydrogen 
peroxide formation caused by photooxidation (Masson 
et al., 2008). Glucose oxidase catalyzes the oxidation of 
glucose that is present in the medium. This leads to the 
formation of hydrogen peroxide as a byproduct when ox-
ygen is the electron acceptor. Hydrogen peroxide is then 
oxidized at the sensor surface, leading to an increase in 
current, which represents the baseline signal. If ATP is 
present in solution (e.g., is released by the cells), hexoki-
nase catalyzes the phosphorylation of glucose, resulting 
in ADP and glucose-6-phosphate, therefore reducing 
the glucose concentration available for the glucose oxi-
dase–catalyzed process. Thus, the decrease in hydrogen 
peroxide reflected by a decrease in faradaic current is 
proportional to the concentration of ATP (Fig. S4).

To quantify ATP release from single LBs upon exocy-
tosis, primary ATII cells were incubated with 0.25 µM 
LysoTracker Green (LTG) for 15 min in MucilAir me-
dium, washed twice, and maintained in Tris buffer. 
Cells were then mounted on a customized stage of 
an inverted fluorescence microscope (IX81; Olympus 
America) combined with the scanning electrochem-
ical microscope. To position the ATP microbiosen-
sor at a fixed, defined distance from the cell surface, 
a dual-electrode assembly is used, with one electrode 
modified with the enzyme-containing layer (WE1) 
and a bare second microelectrode (WE2) for record-
ing current–distance curves. Positioning was achieved 
via recording current–distance curve with WE2 biased 
at −0.7 V versus Ag/AgCl quasireference electrode 
(AgQRE) for recording the oxygen reduction current. 
The approach was stopped at a normalized current 
value of 0.8, corresponding to tip–sample distances of 
30 µm. After positioning, the working electrode (W2) 
was disconnected, and WE1 was biased at 0.7 V versus 
AgQRE. After a stable baseline was obtained, cells were 
stimulated with PMA (300 nM) and ionomycin (1 µM). 
Images were taken at a rate of 0.25 Hz using a Snap 
Camera EZ CCD (Photometrics) every 4  s to detect 
individual LB fusions using ImageJ software (v.2.0.0; 
National Institutes of Health). Fusion events were 
then correlated to changes in the faradaic current. To 
ensure that the ATP microbiosensors were functional 
throughout the experiment, aliquots of ATP and glu-
cose were added after each experiment.

Live-cell fluorescence imaging of FACE
FM1-43 experiments were performed on an iMic digital 
microscope (Till Photonics) or a Cell Observer inverse 
microscope (Zeiss). For combined fura-2 and FM1-43 
experiments, cells were seeded on 13-mm coverslips, 
loaded for 20 min with fura-2 AM (3 µM) before the start 
of the experiment, washed three times in DPBS, and 
mounted in a inverse manner on a drop of bath solu-
tion containing 300 nM PMA and 1 µM FM1-43 within 

a glass coverslip (Ibidi). This upside-down mounting 
resulted in a minimum liquid layer on the apical side 
of the cell layer. Imaging was started immediately after 
mounting of cells. Cells were illuminated for 50 ms at 
a rate of 0.3–0.5 Hz at each excitation wavelength (340 
and 380 nm for Fura-2; 480 nm for FM1-43). 495-nm 
(Observer) and 520-nm (iMic) dichroic mirrors were 
used to deflect excitation light. Images were acquired 
using MetaFluor (Molecular Devices) or iMic Online 
Analysis (Till Photonics).

Image analysis and data presentation
Images were analyzed using MetaFluor Analyst (Molec-
ular Devices), iMic Offline analysis software (Till Pho-
tonics), and ImageJ, as recently described (Miklavc et 
al., 2011). To eliminate potential interference with 
Fura-2 ratio calculations in combined fura-2 and FM1-
43 experiments, fura-2 fluorescence was determined 
in ring-like (perivesicular) regions of interest (800 
to 1000 nm wide) surrounding the fused, FM1-43–
stained LB. Onset of the calcium rise was specified as 
the time point when the increase in the fura-2 ratio 
exceeded two times its SD. The peak amplitude for 
fura-2 signals was specified as the difference between 
fura-2 ratio values of the last time point before onset 
of FACE and the maximum value within 10  s thereof 
(Miklavc et al., 2011). Diffusion of FM1-43 into newly 
fused LBs was analyzed as a direct means to compare 
fusion pore opening after LB fusion under various 
conditions. Because of the slow kinetics of FM1-43 la-
beling of fused vesicles, we analyzed the initial slope 
(10  s after fusion) of the increase of FM1-43 fluores-
cence (Miklavc et al., 2011).

Statistics
MS Excel (Microsoft) and Prism 6 (GraphPad) were 
used for statistics, curve fitting, and graph design. Un-
less otherwise stated, all data are presented as mean 
± SEM. Statistical significance was determined using  
ANO​VA (with Bonferroni’s correction) for multiple 
comparisons and an unpaired, two-tailed Student’s t 
test for comparison of two independent samples. Data 
were considered significant if the p-value was <0.05.

Online supplemental material
Fig. S1 shows expression and knockdown of in primary 
ATII cells. Fig. S2 shows treatment with Evans Blue, 
VNUTshRNA, bafilomycin A, or NH4Cl does not affect 
LB fusion activity. Fig. S3 shows calibration of geneti-
cally encoded ATP sensors expressed in the outer leaf-
let of PM. Fig. S4 shows dual-electrode ATP sensors to 
quantitatively analyze ATP release from individual LBs. 
Fig. S5 shows inhibition of VNUT and dissipation of 
Δψ but not dissipation of the vesicular proton gradient 
(ΔpH) impair BOD​IPY FL ATP uptake into LBs.
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R e s u lt s

ATP is stored in LBs
Significant amounts of ATP have been found in a va-
riety of secretory vesicles, including lysosome-related 
organelles (Bodin and Burnstock, 2001; Praetorius and 
Leipziger, 2009; Haanes and Novak, 2010; Lazarowski 
et al., 2011). Moreover, ATII-like A549 cells release 
ATP upon stimulation, likely via exocytosis (Tatur et 
al., 2008; Ramsingh et al., 2011). We therefore initially 
investigated whether LBs in primary ATII cells also 
contain ATP. Quinacrine, a dye known to be associated 
with ATP stores (Sorensen and Novak, 2001), selectively 
and strongly labeled LBs (identified by the strong Lys-
oTracker Red [LTR] staining), indicating the presence 
of intravesicular ATP (Fig. 1 A). In a second set of ex-
periments, we used fluorescently labeled ATP to further 
validate and monitor uptake of ATP into LBs. Mant-ATP 
(Fig. 1 B), as well as BOD​IPY FL ATP (Fig. 4 A), accu-
mulated in LBs, and within 3 h of incubation, a strong 
signal—by far exceeding cytoplasmic staining—could 
be observed in LBs.

Additional evidence for endogenous ATP in LBs 
comes from experiments in which neutralization of 
intravesicular pH results in a selective Ca2+ efflux from 
LBs. It has been recently demonstrated that endolyso-
somal P2X4 forms channels activated by luminal ATP 
in a pH-dependent manner (Huang et al., 2014) and 
that endolysosomal P2X4 activation by alkalinization 
of endolysosome lumen resulted in Ca2+ release from 
endolysosomes (Cao et al., 2015). Neutralization of 
the intra-LB pH with 10 mM NH4 (Fois et al., 2015) 
resulted in a transient rise of the cytoplasmic Ca2+ con-
centration around LBs (Fig.  2). This is likely caused 
by activation of P2X4 receptors by intravesicular ATP, 
as overexpression of the WT P2X4 (P2X4-mCherry; 
Fig. 2 A) significantly increased the amplitude of the 
Ca2+ signal within a 1-µm perivesicular region around 

fusion LBs compared with nontransduced cells (P = 
0.0003; Fig. 2 B).

ATP uptake into LBs depends on VNUT
Next, we aimed at identifying the underlying mecha-
nisms for loading of ATP into LBs. Increasing evidence 
suggests that accumulation of ATP in lysosomes and 
secretory vesicles depends on a VNUT (aka SLC17A9; 
Sawada et al., 2008; Oya et al., 2013; Sesma et al., 2013; 
Cao et al., 2014); however, some studies also propose 
alternative mechanisms, including H+-ATPase–depen-
dent uptake of ATP into secretory vesicles (Imura et al., 
2013). Therefore, we investigated whether accumula-
tion of ATP within LBs was also VNUT dependent. First, 
we ascertained the expression of VNUT in ATII cells. 
RT-PCR data (Fig. S1 A), as well as expression analysis 
by Western blot (Fig. 3 A), revealed that VNUT is ex-
pressed in ATII cells. Importantly, expression is not a re-
sult of dedifferentiation of ATII cells in culture. There 
is no difference in transcript and protein levels between 
freshly isolated cells (30 min after isolation) and cells 
in culture for up to 48 h. Immunofluorescent staining 
of ATII cells for VNUT further confirmed that it is pri-
marily localized on LBs and colocalizes with P180 LB 
protein (ABCa3; Fig. 3 B). VNUT-GFP, expressed in pri-
mary ATII cells, was also almost exclusively localized on 
LBs (Fig. 3 C).

We next performed functional assays to test VNUT- 
dependent loading of ATP into LB. To this end, we incu-
bated primary ATII cells with fluorescent ATP (BOD​IPY 
FL ATP) for 3 h and analyzed accumulation of BOD​IPY  
FL ATP in LBs under unperturbed control condi-
tions, in the presence of VNUT inhibitor Evans Blue 
(100 µM), or after knockdown of VNUT expression by 
VNUT shRNA treatment for 72 h (Fig. 4, A and B; and 
Fig. S5). Treatment of primary ATII cells with VNUT 
shRNA resulted in a 69.4 ± 7.1% reduction of VNUT 
transcript levels (Fig. S1 B) and almost complete de-

Figure 1.  ATP is stored in LBs. (A) Staining 
of primary ATII cells with quinacrine and LTR 
(a marker for LBs), indicating the presence of 
intravesicular ATP in LBs (arrowheads). Bar, 10 
µm. (B) ATII cells were incubated with mant-
ATP for 1 h and labeled with LTR. Mant-ATP is 
enriched in LBs (arrowheads). Bar, 10 µm.
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pletion of VNUT from LB membranes in transduced 
cells (as identified by nuclear blue fluorescent protein 

[BFP] staining; Fig. S1 C) after 72  h. Analysis of the 
mean BOD​IPY FL ATP fluorescence in individual LBs 

Figure 2.  Alkalization-induced Ca2+- 
release from LBs is P2X4 dependent. 
(A) ATII cells labeled with fura 2-AM 
and expressing WT P2X4 tagged with 
mCherry (P2X4(WT)-mCherry). P2X4 
is predominantly localized on LBs (ar-
rowheads). Bar, 10 µm. (B) Top left: 
Image depicts the boxed area in A 
and highlights the perivesicular re-
gion (area between circles) around a 
P2X4(WT)-mCherry–positive LB where 
changes in the fura-2 ratio were re-
corded. Image series illustrates changes 
in fura-2 ratio after addition of 10 mM 
NH4Cl (at t = 40 s) in the same area as 
the image on the left. Bar, 5 µm. Bot-
tom left: Normalized fura-2 ratios mea-
sured within a 1-µm perivesicular region 
around individual LBs (as illustrated in  
A, top) in control cells (blue) and cells 
(over)expressing P2X4(WT)-mCherry (red) 
treated with 10 mM NH4. Data represent 
means from 14 and 11 cells, respectively. 
Right: Quantification of the NH4-induced 
fura-2 peak amplitude. Overexpression 
of P2X4(WT)-mCherry, significantly in-
creased amplitude (**, P = 0.0003).

Figure 3.  VNUT is expressed in isolated ATII cells 
and localized on the LB membrane. (A) Western blot 
of VNUT from ATII cells freshly isolated and 48 h after 
isolation confirms that expression of VNUT is not al-
tered in cultured cells. (B) VNUT (green) is primarily lo-
calized on LB membranes (arrowheads) as detected by 
indirect immunofluorescence and confirmed by colocal-
ization with P180 lamellar body protein (red, α-ABCa3). 
Asterisks denote nuclei of individual primary ATII cells. 
Bar: 10 µm; (inset) 2 µm. (C) VNUT-GFP (green) local-
izes to the membrane of LBs (LTR, red) in primary ATII 
cells. Asterisk denotes nuclei of primary ATII cell. Bar: 
10 µm; (inset) 2 µm.
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revealed that inhibition (49.8 ± 3.9%, P = 0.0001) and 
knockdown of VNUT expression (29.0 ± 9.6%, P = 0.02) 
resulted in a significant reduction of BOD​IPY FL ATP 
uptake into LBs. It has also been suggested that ATP 
transport by VNUT depends on vesicular membrane 
potential (Δψ), but not on vesicular proton gradient 
(ΔpH; Sawada et al., 2008; Moriyama et al., 2017). We 
therefore also performed experiments in the presence 
of either 100 nM bafilomycin A (added 4 h before addi-
tion of BOD​IPY FL ATP) to selectively dissipate Δψ or 
10 mM NH4Cl to selectively dissipate ΔpH. Dissipating 
Δψ resulted in a reduction of BOD​IPY FL ATP uptake 
into LBs (47.9 ± 4.3%, P = 0.0001), similar to inhibition 
of VNUT, whereas breakdown of ΔpH had no effect on 
BOD​IPY FL ATP uptake (P = 0.99; Fig. 4 B).

ATP is released from individual LBs upon exocytosis
To test whether ATP is released from LBs upon exo-
cytosis, we quantitatively analyzed ATP release from 

ATII cells after stimulation of LB exocytosis with either 
100 µM UTP or 300 nM PMA for 10 min (Frick et al., 
2001; Miklavc et al., 2011). Stimulation of primary ATII 
cells with either UTP or PMA significantly increased the 
concentration of ATP in the supernatant from 9.1 ± 2.6 
to 31.3 ± 8.6 nM (P = 0.007) and 30.6 ± 9.8 nM (P = 
0.01), respectively (n = 7 individual cell isolations). In 
line with the BOD​IPY FL ATP uptake assays, inhibition 
of VNUT (100 µM Evans Blue for 3 h) abolished sig-
nificant releases of ATP after stimulation with UTP (P 
= 0.95, n = 4) or PMA (P = 0.20, n = 4). The amount of 
ATP released after knockdown of VNUT (shRNA) was 
also less than under control conditions, 23.1 ± 4.0 nM 
(n = 5) after UTP stimulation and 21.5 ± 5.5 nM (n = 5) 
after PMA stimulation, respectively. However, this effect 
was much less pronounced than after VNUT inhibition. 
This is probably caused by the inefficient transduction 
efficiency (mean of 72 ± 4.1% of cells) in primary ATII 
cells or breakdown of Δψ (bafilomycin A). Dissipation 

Figure 4.  ATP uptake into LBs depends on VNUT. 
(A) Images illustrating loading of BOD​IPY FL ATP 
(green) into individual LBs (encircled). BOD​IPY FL 
ATP uptake was reduced in cells expressing VNUT-
shRNA. Cells expressing VNUTshRNA are identified 
by coexpression of nuclear BFP (blue). Bar, 10 µm. 
(B) Normalized BOD​IPY FL ATP fluorescence in in-
dividual LBs after a 3-h incubation period in the 
absence (untreated) or presence (treated) of VNUT 
inhibitor Evans Blue (100 µM), knockdown of VNUT 
expression by VNUT shRNA treatment for 72 h, in-
hibitor of H+-ATPase (100 nM bafilomycin A, 4 h), or 
treatment with NH4Cl (10 mM). BOD​IPY FL ATP fluo-
rescence was analyzed within regions encircling indi-
vidual LBs (as illustrated by circles in A). n, number of 
cells analyzed. *, P < 0.05; ***, P < 0.001. (C) Quan-
tification of ATP release from ATII cells after stimula-
tion of LB exocytosis with either 100 µM UTP or 300 
nM PMA for 10 min in control cells or cells treated 
with VNUT inhibitor Evans Blue (100 µM, 3 h), VNUT-
shRNA (72 h), bafilomycin A (100 nM, 4 h), or NH4Cl 
(10 mM, 3 h). Data represent means ± SEM from ≥4 
individual cell isolations. *, P < 0.05; **, P < 0.01.
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of Δψ abolished ATP release almost completely after 
stimulation with either UTP or PMA. Dissipation of 
ΔpH with NH4Cl did not affect ATP. ATP concentra-
tions in the supernatant reached similar levels to con-
trol conditions after stimulation with UTP (34.0 ± 12.6 
nM, n = 5) or PMA (34.4 ± 12.5 nM, n = 6; Fig. 4 C).

None of the inhibitor treatments affected the rate of 
LB exocytosis after stimulation. Neither the fraction of 
cells responding with at least one LB fusion within 10 
min of stimulation (% responders, Fig. S2 A) nor the 
mean number of fusions within these responsive cells 
(Fig. S2 B) was significantly altered.

To further substantiate that ATP is indeed released 
from individual LBs and exclude the possibility that 
the observed ATP release is caused by other molecular 
mechanisms (Lazarowski et al., 2011), we established 
assays to directly correlate LB exocytosis and ATP re-
lease. In a first set of experiments, we used a geneti-
cally encoded ATP sensor (Imamura et al., 2009) that 
is attached to a glycosyl phosphatidyl inositol (GPI) 
anchor to selectively localize it in the outer leaflet 
of the PM (ATeam3.10-GL-GPI; Fig.  5  A). Expres-
sion of ATeam3.10-GL-GPI in ATII enabled detection 
of changes in the extracellular ATP concentration 
(Fig. 5 B and Fig. S3) with high temporal and spatial 
resolution. We performed experiments in which we si-
multaneously recorded LB fusion events (FM1-43) and 
changes in the extracellular ATP concentration (YFP/
CFP ratio). These experiments revealed that LB fusions 
in close proximity to the ATP sensors resulted in an in-
crease of the YFP/CFP ratio (Fig. 5 C), suggesting local 
ATP release from the LB upon fusion and fusion pore 
opening (n = 4 fusions). No change in the YFP/CFP 
ratio was observed in the absence of LB fusions within 
20 µm of the ATP sensors.

In a second set of experiments, we used microelec-
trochemical ATP sensors (Fig. S4) in combination with 
live imaging experiments to simultaneously monitor in-
dividual LB fusion events and changes in the ATP con-
centration (Fig. 5 B). These experiments allowed direct 
correlation between fusion events and changes in ATP 
concentration in close proximity to the cells (Fig. 5 C). 
After stimulation of LB fusion with 300 nM PMA, we ob-
served a mean of 7.39 ± 2.13 fusions under the electrode 
area (r = 25 µm), which resulted in a mean increase in 
the ATP concentration in the small volume under the 
ATP-sensing electrode assembly of 0.42 ± 0.10 µM (n = 
7 experiments). Based on the calculation of the volume 
(58,904.8 µm3 = 58.90 pl) defined by the area of the 
electrode assembly and the distance between the cells 
and the enzyme-containing polymer layer (30 µm), this 
equals an ATP release of 0.025 ± 0.006 fmol, equaling 
a release of 3.40 ± 0.81 amol ATP per LB fusion. As-
suming a mean LB diameter of 1.5 µm, this would cor-
relate to a mean concentration of 1.92 ± 0.45 mM ATP 
inside a single LB.

Vesicular ATP stimulates FACE upon LB exocytosis
In a final experiment, we investigated whether vesicular 
ATP can activate P2X4 receptors and stimulate FACE in 
an “autocrine” fashion upon LB exocytosis. If sufficient 
ATP is present in individual LBs, the rise in intravesicu-
lar pH after opening of the exocytic fusion pore results 
in immediate activation of vesicular P2X4 by vesicular 
ATP. Therefore, we performed experiments monitor-
ing individual LB fusion events and rises in intracellu-
lar Ca2+ in primary ATII cells stimulated with 300 nM 
PMA (Fig. 6 A; Frick et al., 2001; Miklavc et al., 2011). 
To restrict rapid dilution of LB ATP in the extracellu-
lar solution and mimic the thin hypophase condition 
in the alveolus, we used an inverted coverslip setting. 
Cells cultured on a coverslip were placed upside-down 
on a drop of bath solution containing 300 nM PMA at 
the start of the experiment. Under these conditions, we 
found that individual LB fusion events in primary ATII 
cells were followed by FACE (Fig. 6, A, B, and D), indi-
cating that ATP from LBs is sufficient to activate FACE 
in the absence of extracellular ATP. FACE was absent 
in primary ATII cells treated with VNUT shRNA for 3 d 
(Fig. 6, C and D). Quantitative analysis of the amplitude 
of the FACE signal (Miklavc et al., 2011) confirmed the 
full ablation of FACE in cells treated with VNUT shRNA 
(Fig.  6  D). We also analyzed the diffusion of FM1-43 
across the fusion pore as a measure of fusion pore expan-
sion/dilation (Miklavc et al., 2011). Diffusion of FM1-
43 into vesicles fusing in control cells was significantly 
faster (P = 0.01) compared with diffusion into fused LBs 
in cells treated with VNUT shRNA (Fig. 6 E). In sum-
mary, these data confirm that ATP from LBs activates 
vesicular P2X4 receptors and induces FACE (Fig. 7) in 
the absence of (exogenous) extracellular ATP.

Di  s c u s s i o n

ATP is a major stimulus for LB exocytosis and surfac-
tant secretion. Besides activation of FACE after LB fu-
sion with the PM, extracellular ATP also triggers LB 
exocytosis via activation of P2Y2 and an increase in 
[Ca2+]i (Haller et al., 1999; Frick et al., 2001; Dietl et 
al., 2010). However, the reported concentration of ATP 
in the pulmonary hypophase is in the low nanomolar 
range under resting conditions (Patel et al., 2005; Bove 
et al., 2010) and well below the EC50 values for P2Y2 and 
P2X4 activation (Lazarowski et al., 1995; North, 2002; 
Abbracchio et al., 2006; Brunschweiger and Müller, 
2006). Therefore, specific mechanisms are required to 
increase ATP concentrations within the alveoli of the 
lung. In particular, ATP is required to stimulate FACE 
and facilitate surfactant secretion after LB exocytosis. 
So far, however, ATP release in the alveoli has been ob-
served mainly under conditions of increased respiration 
(e.g., as a consequence of exercise) or under patholog-
ical conditions.
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ATP is released from primary alveolar type I (ATI) 
cells or immortalized alveolar cells in response to in-
creased alveolar distension (Patel et al., 2005; Mishra et 
al., 2011) or when coming in close proximity to the air–
liquid interphase after a decrease in alveolar hypophase 
height (i.e., because of increased surface tension forces; 
Ramsingh et al., 2011), respectively. In line with this, a 
recent study found that mechanical ventilation resulted 

in inflation-induced ATP release in the ex vivo rat lung, 
likely as a result of alveolar overdistension and stretch 
of alveolar cells (Furuya et al., 2016). This is also in line 
with the longstanding paradigm that cell stretch during 
deep inflation is the most potent stimulus for surfactant 
secretion (Mead and Collier, 1959; Wirtz and Dobbs, 
2000; Dietl et al., 2004, 2010; Frick et al., 2004). Re-
lease of purine nucleotides from respiratory epithelia 

Figure 5.  ATP is released from in-
dividual LBs upon exocytosis. (A–C) 
Detection of LB fusion–induced ATP 
release using genetically encoded 
ATP sensors. (A) Top: Schematic draw-
ing of ATeam3.10-GL-GPI. Original 
ATeam3.10 is attached to a GPI-anchor 
(orange) via a 12xGlycin-linker (black) 
to facilitate selective expression in the 
outer leaflet of PM. Bottom: Image 
illustrating expression of ATeam3.10-
GL-GPI on the cell surface (arrows) of 
ATII cells. Bar, 10 µm. (B) Images of the 
CFP (mseCFP) and YFP (cp173-mVenus) 
channel recorded from ATII cell ex-
pressing ATeam3.10-GL-GPI. Bottom: 
Representative YFP/CFP ratio images in 
the presence of 0 (control) and 100 µM 
extracellular ATP. Bar, 10 µm. (C) Left: 
ATeam3.10-GL-GPI was expressed in 
the outer leaflet of the PM in ATII cells 
(mseCFP, mVenus). FM1-43 selectively 
labels LBs after their fusion with the PM 
(arrowheads; empty arrowheads indi-
cate FM1-43–positive LBs that fused to 
the PM before the start of the experi-
ment; filled arrowhead indicates LB that 
fused during the experiment; Haller et 
al., 1998). Red circle (fused LB) denotes 
the region where the increase of FM1-
43 fluorescence was analyzed. The area 
within the blue border represents the 
area where changes in the FRET ratio 
were analyzed. Bar, 10 µm. Right: Time 
course of FRET ratio (blue) and FM1-43 
fluorescence (red) within the respective 
areas illustrated in the image on the left. 
Cells were stimulated at t = 0 s with 300 
nM PMA. Dotted line indicates time 
of LB fusion (onset of FM1-43 fluor
escence increase). (D–F) Quantitative 
analysis of ATP release from individual 
LBs. (D) Left: Image depicting ATII cells 
labeled with LTG. The blue shaded area 
indicates the area under the dual sensor 
electrode (AUE). LB fusion events were 
analyzed within the AUE. Middle and 
right: Magnified view of the area within 

the yellow rectangle in the left image at t = 0 and 600 s after stimulation of ATII cells with 300 nM PMA. Arrowheads indicate LB that 
fused within the time course of the experiment (loss of LTG fluorescence in image, t = 600 s). Asterisks denote nuclei of individual 
primary ATII cells. Bars, 20 µm. (E) Time–current graph recorded with an ATP microbiosensor and cumulative LB fusion activity after 
stimulation of ATII cells with 300 nM PMA at t = 0 s. Fusion activity starts at ≈t = 180 s and is accompanied by a decrease in current. 
Addition of ATP (10 µM, t = 700 s) results in a decrease in current, whereas addition of glucose (10 mM, t = 850 s) increases the 
current. (F) Table representing mean ATP release and LB fusion activity under the electrode from seven independent experiments 
(as illustrated in C). Based on the observed increase in ATP concentration under the electrode after LB fusions, we calculated a mean 
ATP concentration of 1.9 mM within individual LBs.
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is also significantly increased under pathophysiological 
conditions resulting from many chronic lung diseases 
(Adriaensen and Timmermans, 2004; Lommatzsch et 
al., 2010) or after trauma-induced damage of the al-
veolus (Riteau et al., 2010; Belete et al., 2011). Within 
this study, we now provide the first evidence for regu-
lated ATP release from alveolar epithelial cells that 
could also be active under resting conditions. Surfac-
tant is secreted constitutively under normal physiolog-
ical conditions (i.e., to replace the surfactant cleared 
by macrophages, recycled by ATII cells or removed via 

the mucociliary escalator; Perez-Gil and Weaver, 2010). 
Therefore, ATP is released from fused LBs to facilitate 
surfactant secretion in an autocrine fashion. Such local 
ATP release within individual alveoli may provide an 
ideal mechanism to gradually adapt local surfactant 
secretion to local demands and facilitate constitutive 
secretion of surfactant required to maintain the surfac-
tant pool within the respiratory zone.

In addition, our results, together with the finding 
that ATP is released from ATI cells in response to in-
creased inflation and alveolar distension (Patel et al., 

Figure 6.  Vesicular ATP activates FACE in an autocrine fashion upon LB exocytosis. (A) Image sequence illustrating analysis of 
FACE in a cell loaded with Fura-2 and maintained in a bath containing FM1-43 (top left). Fura-2 ratios (top row) and FM1-43 fluores-
cence (bottom row) were acquired at 3 Hz. Red circle denotes the region where the increase of FM1-43 fluorescence was measured 
after fusion of LB with the PM. The area within the two white circles represents the ring-like region of interest surrounding the fused 
LB, where changes in [Ca2+]c (fura-2 ratio) were analyzed. t, time after start of experiment. Bar, 5 µm. (B) Time course of fura-2 ratio 
(blue) and FM1-43 fluorescence (red) around and within the area of the LB fusion depicted in A. The cell was stimulated with 300 nM 
PMA. (C) Same as A, recorded in a cell treated with VNUT shRNA for 3 d. t, time after start of experiment. Bar, 5 µm. (D) Time course 
of fura-2 ratio (blue) and FM1-43 fluorescence (red) around and within the area of the LB fusion depicted in C. The cell was stimulated 
with 300 nM PMA. Note the absence of FACE. (E) Quantitative analysis of the amplitude of the FACE signal from the experiments in 
B and D confirm full ablation of FACE in cells treated with VNUT shRNA. n, number of fusions analyzed for each condition. (F) Diffu-
sion of FM1-43 into LBs after fusing with the PM. Δ FM/s represents the slope of the increase in FM1-43 fluorescence of a fused ves-
icle in the first 10 s after fusion with the PM. This is a measure for initial diffusion of FM1-43 into a fused LB and correlates well with 
fusion pore diameter (Haller et al., 2001; Miklavc et al., 2011). FM1-43 diffusion was significantly faster (*, P = 0.01) in control cells 
compared with diffusion in cells treated with VNUT shRNA. n, number of fusions analyzed for each condition. Mean ± SEM is shown.
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2005; Mishra et al., 2011) and that ATP is released as 
a “danger molecule” in response to alveolar damage 
(Riteau et al., 2010; Belete et al., 2011), indicate a del-
icate network to tightly regulate (“titrate and locate”) 
the extracellular ATP concentration within individual 
alveoli in response to specific intrinsic and extrinsic 
signals. A similar finding comes from the pancreatic 
duct (also a discrete physiological unit), where ATP is 
released by several mechanisms in response to various 
stimuli to maintain pancreatic duct homeostasis (Kowal 
et al., 2015). Moreover, such a network would be ideally 
suited to prevent excessive ATP release. This could be 
particularly important under disease conditions. P2X 
receptor expression is up-regulated in states of inflam-
mation or tumor growth and/or after injury (Burnstock 
and Kennedy, 2011; Hafner et al., 2015). Up-regulated 
P2X expression might be linked to a chronic eleva-
tion of extracellular ATP (Geisler et al., 2013). Smoke- 
induced inflammation leads to increased levels of ATP 
in bronchoalveolar fluid and up-regulation of P2X7 ex-
pression in the lung (Lommatzsch et al., 2010; Lucattelli 
et al., 2011). Therefore, P2X receptors may play an even 
greater role in pathological conditions with chronically 
increased extracellular ATP levels (Miklavc et al., 2013).

Our observation that ATP is stored in LBs is in line 
with findings that many secretory vesicles, including 
lysosome-related organelles and mucin granules in 
secretory airway cells, contain significant amounts 
of ATP (Bodin and Burnstock, 2001; Praetorius and 
Leipziger, 2009; Lazarowski et al., 2011; Estévez- 
Herrera et al., 2016). The calculated ATP concentration 
of 1.9 mM within the lumen of LBs is well in line with 
findings from acidic organelles in other cells (Huang et 
al., 2014). However, the concentration was calculated 
based on the amount of ATP released from individual 
LBs and assuming a homogeneous distribution of ATP 
within the volume of LBs. This likely leads to an un-
derestimation of the actual ATP concentration within 

the solute fraction inside individual LBs, as most of the 
LB volume (∼95%) is occupied by lipids. Such accumu-
lation of ATP within the solute fraction would also ex-
plain the bright fluorescence labeling of LBs compared 
with the cytoplasm after metabolic loading of ATII cells 
with BOD​IPY FL ATP. Also, it is possible that not all ATP 
is released at once because of some compartmentaliza-
tion within the LB (e.g., solute fraction vs. lipid con-
tents vs. proteinaceous core). This could also explain 
why inhibition of VNUT by Evans Blue or bafilomycin 
A treatment results in almost complete block of ATP 
release despite the presence of some BOD​IPY FL ATP 
inside LBs. It is well established that LB contents (i.e., 
surfactant) are not readily released upon fusion pore 
opening and that release of the bulky cargo can be de-
layed for several minutes (Miklavc et al., 2012, 2015). 
Hence ATP “trapped” within an inner core might be 
released with considerable delay.

We reason that the main function of ATP in LBs is 
the efficient activation of P2X4 receptors (and FACE) 
after LB exocytosis, but we cannot rule out additional 
functions of the intraorganelle colocalization of ATP 
and P2X4 receptors in LBs. It has recently been demon-
strated that endolysosomal P2X4 forms channels ac-
tivated by luminal ATP in a pH-dependent manner 
(Huang et al., 2014) and that P2X4-mediated endoly-
sosomal Ca2+ release promotes lysosome fusion (Cao et 
al., 2015). Although neutralization of the intra-LB pH 
resulted in a transient rise of the cytoplasmic Ca2+ con-
centration around LBs, we did not observe fusions of in-
tracellular LBs in our experiments. However, we cannot 
exclude that similar mechanisms are relevant during 
LB biogenesis or, alternatively, that alkalization as a 
result of cell damage promotes a massive Ca2+ release 
from LBs to induce autophagy (La Rovere et al., 2016). 
It has also been suggested that vesicular ATP is essential 
to accumulate and concentrate neurotransmitters in se-
cretory granules (Estévez-Herrera et al., 2016). This is 

Figure 7. S chematic model of autocrine P2X4 ac-
tivation by vesicular ATP. P2X4 is expressed on the 
limiting membrane of LBs, and ATP (green) is loaded 
into LBs by VNUT. The low pH within LBs protects 
P2X4 from premature activation. Upon exocyto-
sis and opening of the fusion pore, the pH within 
the lumen of the fused LB rises and P2X4 receptors 
are activated by ATP, resulting in “fusion-activated 
Ca2+-entry” (FACE) at the site of LB fusion. FACE 
then facilitates fusion pore dilation, surfactant secre-
tion, and fluid resorption from alveoli.
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a rather unlikely for ATP in LBs, given that the main 
contents of LBs are lipids that are arranged in highly 
organized and tightly packed lamellar layers around a 
proteinaceous core (Vanhecke et al., 2010).

In summary, our results indicate that ATP is accu-
mulated in LBs via VNUT. The low pH within the LB 
lumen prevents premature activation of P2X4 receptors 
expressed in the LB membrane. The rise in intravesicu-
lar pH after opening of the exocytic fusion pore results 
in immediate activation of vesicular P2X4 by vesicular 
ATP (Fig. 7). This colocalization of agonist (ATP) and 
receptor (P2X4) within single LBs ensures a highly spe-
cific, spatially and temporally controlled activation of 
P2X4 receptors to promote FACE and facilitate secre-
tion of pulmonary surfactant.

This is, to our knowledge, the first study demonstrat-
ing that receptor and ligand are colocalized in the same 
intracellular compartment, to ensure physiologically 
relevant receptor activation after coordinated secre-
tion of receptor and ligand. It is very tempting to spec-
ulate that this mechanism is not unique to ATII cells 
but constitutes a more general mechanism to regulate 
secretion, particularly in lysosome-related organelles. It 
has been shown that ATP is stored in insulin-containing 
granules in a VNUT-dependent manner. Knockdown of 
VNUT and/or decreased vesicular ATP release resulted 
in decreased P2X-dependent, glucose-sensitive insulin 
secretion in β cells (Geisler et al., 2013). It needs to be 
shown, however, whether P2X receptors are also local-
ized on insulin secreting granules. Furthermore, our 
data provide a new model for ATP release from primary 
alveolar epithelial cells.
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