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Interleukin 1b (IL-1b), a secretory protein lacking a signal peptide, does not follow the
classical endoplasmic reticulum-to-Golgi pathway of secretion. Here we provide the
evidence for a “leaderless” secretory route that uses regulated exocytosis of preterminal
endocytic vesicles to transport cytosolic IL-1b out of the cell. Indeed, although most of the
IL-1b precursor (proIL-1b) localizes in the cytosol of activated human monocytes, a
fraction is contained within vesicles that cofractionate with late endosomes and early
lysosomes on Percoll density gradients and display ultrastructural features and markers
typical of these organelles. The observation of organelles positive for both IL-1b and the
endolysosomal hydrolase cathepsin D or for both IL-1b and the lysosomal marker
Lamp-1 further suggests that they belong to the preterminal endocytic compartment. In
addition, similarly to lysosomal hydrolases, secretion of IL-1b is induced by acidotropic
drugs. Treatment of monocytes with the sulfonylurea glibenclamide inhibits both IL-1b
secretion and vesicular accumulation, suggesting that this drug prevents the transloca-
tion of proIL-1b from the cytosol into the vesicles. A high concentration of extracellular
ATP and hypotonic medium increase secretion of IL-1b but deplete the vesicular
proIL-1b content, indicating that exocytosis of proIL-1b–containing vesicles is regulated
by ATP and osmotic conditions.

INTRODUCTION

Interleukin 1 (IL-1)1 is a multifunctional cytokine and
a major soluble mediator of inflammation (Dinarello,
1991). Although its biological activity is extracellular,
this protein lacks a secretory signal sequence (Rubar-
telli and Sitia, 1997), raising the question of how it can

be transported out of the cell. Two forms of IL-1 exist,
a and b; however, studies on IL-1 secretion mostly
focused on IL-1b, which is the major extracellular
form in humans (Dinarello, 1991). IL-1b is synthesized
by monocytes upon activation as a 35-kDa precursor,
which accumulates in the cytosol (Singer et al., 1988)
and is proteolytically processed to the mature form of
17 kDa by the caspase IL-1b–converting enzyme (ICE)
(Cerretti et al., 1992; Thornberry et al., 1992). ICE is
present in the cell cytosol (Ayala et al., 1994; Singer et
al., 1995) as a p45 inactive polypeptide. Where and
how maturation of ICE to the active (p10/p20) form
and the processing of IL-1b take place are unclear;
however, the mature form of IL-1b seems to be either
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immediately secreted after cleavage or immediately
cleaved after secretion, because 17-kDa IL-1b is unde-
tectable inside the cell (Rubartelli et al., 1990). Al-
though the levels of basal release of IL-1b are quite
low (Rubartelli et al., 1990), secretion is dramatically
induced by extracellular ATP (Hogquist et al., 1991;
Rubartelli et al., 1993; Perregaux and Gabel, 1994),
which can be autocrinally produced by activated
monocytes (Ferrari et al., 1997) and interact with P2Z
purinoreceptors expressed on their membrane (Hick-
man et al., 1994; Di Virgilio, 1995). The cellular path-
way underlying this ATP-driven secretion is, how-
ever, unknown. We have previously shown that IL-1b
is secreted by an active mechanism, which does not
involve protein transit through endoplasmic reticu-
lum and Golgi (Rubartelli et al., 1990). Similarly to
IL-1b, a number of leaderless secretory (LLS) proteins,
both in prokaryotes and eukaryotes (Rubartelli and
Sitia, 1997), are known to be externalized via nonclas-
sical pathways. Although in the case of many LLS
proteins cell lysis and damage as a nonspecific mech-
anism of release can be ruled out (Cooper and Bar-
ondes, 1990; Rubartelli et al., 1990, 1992; Mignatti et al.,
1991; Florkiewicz et al., 1995), their mechanism of ex-
port is still undefined. Either translocation (of the
plasma membrane or of intracellular membranes) or
pinching off from the plasma membrane of vesicles
enriched in a given LLS protein has been proposed
(Rubartelli and Sitia, 1997). In unicellular organisms,
ATP-binding cassette (ABC) membrane transporters
have been shown to mediate secretion of most LLS
proteins (Kuchler et al., 1997), with a notable exception
in yeast (Cleves et al., 1996). In mammals, a role for
ABC proteins in leaderless secretion has not been
demonstrated so far; however, it is of note that the
sulfonylurea glibenclamide, a potent blocker of the
anion exchange activity of the murine ABC trans-
porter ABC1 (Becq et al., 1997), inhibits secretion of
IL-1b by activated monocytes in mouse and human
(Hamon et al., 1997). In Dictyostelium discoideum, the
transport from the cytosol to the cell surface of
DdCAD-1, a leaderless adhesion protein, involves its
translocation into contractile vacuoles, acidic vesicles
whose exocytosis is modulated by extracellular os-
motic conditions (Sesaki et al., 1997). We have previ-
ously observed that, although most IL-1b precursor
(proIL-1b) localizes in the cytosol of activated human
monocytes, a fraction is contained within vesicles of
unknown nature, which protect it from protease di-
gestion (Rubartelli et al., 1990). This raises the possi-
bility that these vesicles are part of the IL-1b secretory
route; cytosolic proIL-1b might translocate across their
membrane, undergo maturation, and be released after
fusion of the organelle membrane with the plasma
membrane. Interestingly, a pathway of translocation
for cytosolic proteins to lysosomes under stress con-
ditions has been recently described, and the molecular

transporter mediating translocation has been charac-
terized (Cuervo and Dice, 1996). In that case, however,
the fate of the translocated proteins is degradation;
moreover, the membrane protein mediating the im-
port into lysosomes does not belong to the family of
ABC transporters. Here we provide biochemical and
morphological evidence that, in activated monocytes,
particulated IL-1b is contained in endolysosomal-
related organelles, whose exocytosis leads to the ex-
tracellular release of the cytokine. The modulation of
protected and secreted IL-1b under different culture
conditions suggests that these organelles represent a
specialized subset of lysosomes whose membrane is
equipped with a glibenclamide-sensitive transporter.

MATERIALS AND METHODS

Cell Cultures
Human monocytes were isolated from buffy coats from healthy
donors, enriched by adherence and activated with 1 mg/ml lipo-
polysaccharide (LPS; Sigma Chemical, St. Louis, MO) for 1 h in
RPMI medium (Biochrom, Berlin, Germany) supplemented with
10% FCS (Biochrom) as described (Rubartelli et al., 1990, Hamon et
al., 1997), in the presence or absence of 100 mM glibenclamide, 1 mM
bafilomycin A1 (BafA1), 50 mM cloroquine, or 50 mM NH4Cl (all
from Sigma). Supernatants were then replaced with RPMI medium
supplemented with 1% Nutridoma-HU (Boehringer Mannheim,
Mannheim, Germany). When indicated, medium was supple-
mented with the same substances as above or with 5 mM EDTA, 5
mM MgCl2, 5 mM EDTA plus 10 mM MgCl2 or 0.1 M sucrose
(Sigma, for hypertonic medium) or diluted with H2O at 50:50 ratio
(for hypotonic medium). Incubation was carried out for 3 h or for
2 h 30 min followed by 30 min in the presence of 1 mM ATP
(Boehringer Mannheim), in the absence or presence of the same
compounds as above. At the end of incubation, supernatants were
concentrated by 10% trichloroacetic acid (TCA) (Hamon et al., 1997);
cells were detached by scraping.

Subcellular Fractionation by
Differential Ultracentrifugation
Subcellular fractionation was carried out as described by Pitt et al.
(1992). Briefly, cells were washed, resuspended in homogenizing buffer
(250 mM sucrose, 5 mM EGTA, 20 mM HEPES-KOH, pH 7.2) at 5 3
107/ml and broken in a Dounce homogenizer. Unbroken cells, debris,
and nuclei were discharged by three cycles of centrifugation at 800,
1000, and 1200 3 g, and the postnuclear supernatant (PNS) obtained
was treated with 0.1 mg/ml proteinase K (Sigma) for 30 min on ice,
followed by addition of protease inhibitors (Rubartelli et al., 1990),
diluted 10-fold in homogenizing buffer, and centrifuged at 35,000 3 g
for 1 min. The pellet was kept as pellet 1 (P1); P1 supernatant was
centrifuged at 50,000 3 g for 5min, leading to a second pellet (P2). In
some experiments, PNS was not protease treated, and the P1 and P2
fractions were washed once by ultracentrifugation in homogenizing
buffer. Under these conditions, however, the amount of proIL-1b
present in the two fractions was increased twofold (our unpublished
results). Because we could not discriminate between the proIL-1b
molecules in the way to translocate inside the vesicles and those
nonspecifically bound, we performed all the analyses on protease-
treated P1 and P2 fractions. The P2 supernatant, containing cytosolic
IL-1b, was concentrated by 10% TCA precipitation and used as control
of efficient protease digestion (our unpublished results). When indi-
cated, P1 from undigested PNS was treated with proteinase K, 0.1
mg/ml, for 30 min on ice in the presence or absence of 0.1% Triton
X-100 (Bio-Rad, Milan, Italy).
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Pulse–Chase Analyses
Human monocytes enriched by adherence as above were activated
with 1 mg/ml LPS for 1 h in RPMI medium supplemented with 10%
FCS, washed three times in methionine-free medium (ICN Biomedi-
cals, Costa Mesa, CA), and starved for 20 min at 37°C in 5% CO2 in
the same medium supplemented with dialyzed FCS. After starva-
tion, medium was replaced with fresh methionine-free medium
containing 5% dialyzed FCS and 1 mCi/ml Redivue Promix L-[35S]
(Amersham Pharmacia Biotech, Milan, Italy), and cells were pulsed
for 15 min. At the end of the pulse, cells were washed three times
with medium containing an excess (23) of cold methionine and
cysteine and chased in complete medium for 1, 3, or 15 h. In parallel
experiments, 100 mg of pepstatin and leupeptin (Sigma) were added
in the last 30 min of LPS activation and then in all the steps of the
experiment. At the end of each period of chase, supernatants was
removed, cells were washed, and subcellular fractionation was car-
ried out as above, with the difference that protease treatment was
performed on the pooled P1 and P2 fractions, rather than on the
PNS, and that inhibitors of proteases were added before solubiliza-
tion of P1 and P2 fractions with lysis buffer containing 0.1% Triton
X-100. Cytosolic and particulated fractions and supernatants were
precleared by Sepharose-bound protein A (Amersham Pharmacia
Biotech) and immunoprecipitated with anti-IL-1b antiserum (a kind
gift from F. Cozzolino, University of Torvergata, Rome, Italy) fol-
lowed by Sepharose-bound protein A. Immunoprecipitates were
washed, eluted, and loaded on 12% SDS-PAGE followed by auto-
radiography as described (Rubartelli et al., 1990). Densitometric
analyses were performed on at least two different exposures of the
same autoradiograph.

Subcellular Fractionation on Percoll
Density Gradients
P1 and P2 pellets obtained as above were resuspended in 1 ml of a
buffer containing 3 mM imidazole and 250 mM sucrose, pH 7,
treated with trypsin (2 mg/mg protein) for 30 min on ice, and mixed
with 9 ml of the same buffer containing Percoll (Sigma) up to 25%
(Diment et al., 1988; Pierre et al., 1996; Morkowski et al., 1997). After
centrifugation for 2 h at 90,000 3 g (TiSW41 rotor, 27,000 rpm;
Beckman Instruments, Fullerton, CA), fractions were collected using
a needle connected to a peristaltic pump (Amersham Pharmacia
Biotech), membranes were lysed with 0.5% Triton X-100, and an
aliquot (one-fourth) was assayed for the presence of b-hexosoam-
inidase activity as described (Rodriguez et al., 1997). The remaining
was diluted 53 in the same buffer, ultracentrifuged 30 min at
100,000 3 g to remove Percoll (Morkowski et al., 1997), and concen-
trated by TCA precipitation.

Western Blot Analysis
An aliquot of PNS (5–10%, corresponding to 100 mg of proteins;
protein dosage performed with the Bio-Rad kit based on the color-
imetric Lowry method) and the corresponding whole P1, P2, TCA-
concentrated P2 supernatants, culture media from 106 cells, or ali-
quots from the different Percoll gradient fractions were solubilized
in reducing sample buffer and resolved on 12% SDS-PAGE under
reducing conditions (Rubartelli et al., 1990; Hamon et al., 1997). Gels
were electrotransferred onto nitrocellulose filters (Hybond ECL,
Amersham Pharmacia Biotech), which were stained with Ponceau
Red (Sigma), to confirm equal protein loading and to rule out
degradation (our unpublished results) and destained before block-
ing overnight with 10% nonfat dry milk in PBS. Filters were hybrid-
ized with the following antibodies: the anti-IL-1b mAb 3ZD (pro-
vided by the National Cancer Institute Biological Resources Branch,
Frederick, MD), the rabbit anti-cathepsin D (CD) antiserum (a gift
from C. Isidoro, University of Alessandria, Alessandria, Italy), and
the rabbit anti-Rab7 antiserum (a gift from S. Méresse, CIML, Mar-
seille, France), followed by an HRP-conjugated goat anti-mouse
immunoglobulin G (IgG) or goat anti-rabbit IgG (DAKO, Milan,

Italy), and developed by ECL-Plus (Amersham Pharmacia Biotech)
according to the manufacturer’s instructions. When stated, densito-
metric analyses of the blots were performed as above.

Conventional and Immunoelectron Microscopy
P1 and P2 fractions were processed for postembedding immunocy-
tochemistry as described (Lotti et al., 1992). Briefly, fractions were
fixed in 1.0% glutaraldehyde (Life Technologies, Grand Island, NY)
in PBS for 1 h at room temperature, partially dehydrated in ethanol,
and embedded in LR White resin (Electron Microscopy Sciences,
Fort Washington, PA). Thin sections were collected on nickel grids
and immunolabeled with anti-IL-1b mAb, rabbit anti-CD anti-
serum, or rabbit anti-Lamp-1 antiserum (a gift from S. Méresse) and
then with protein-A gold (18 nm) prepared by the citrate method
(Slot and Geuze, 1981). In double-labeling experiments, the sections
were first incubated with anti-IL-1b followed by 10 nm of goat
anti-mouse IgG gold conjugates (British BioCell International,
Carditt, UK) and then incubated with anti-CD or anti-Lamp-1 fol-
lowed by 18 nm of protein-A gold. All sections were finally stained
with uranyl acetate and lead citrate.

Alternatively, P1 and P2 fractions fixed in glutaraldehyde as
above were processed for conventional thin section electron micros-
copy as described (Lotti et al., 1992). Thin sections were examined
unstained and poststained with uranyl acetate and lead hydroxide.

Quantitative evaluation of immunolabeling was performed by
comparing the number of small (10-nm) and large (18-nm) gold
particles present inside two different structures, identified according
to their size and morphology: small (,200-nm) dense vesicles, and
large (.200-nm) organelles displaying the ultrastructural appear-
ance of late endosomes and lysosomes. Fifty images of each type of
structures, randomly photographed from three different immuno-
labeling experiments, were analyzed.

RESULTS

ProIL-1b Is Present in Vesicles Cofractionating
with Endolysosomes: Inhibition by Glibenclamide
To investigate the subcellular localization of protected
IL-1b, LPS-activated human monocytes were homog-
enized, and two fractions (P1 and P2) were obtained
by the differential ultracentrifugation protocol de-
scribed by Pitt et al. (1992) and subjected to Western
blot analysis. The endolysosomal hydrolase CD was
used as a marker of these compartments (Figure 1A).
Three molecular forms of CD (Rijnboutt et al., 1992)
are detected by Western blot analysis in the PNSs
(Figure 1A, lane 1): prepro-CD, corresponding to the
51-kDa endoplasmic reticulum precursor polypeptide;
proCD, the partially processed 45-kDa form typical of
endosomes, and the mature, most abundant, lysoso-
mal form of 31-kDa CD. Prepro-CD is absent from the
two pellets; proCD and CD are present in both pellets
(Figure 1A, lanes 2 and 3) although proCD predomi-
nates in P2 (Figure 1A, lane 3). When the same blot
was hybridized with an anti-IL-1b antibody, a pro-
tease-protected proIL-1b band was found in P1 and
barely detectable in P2 (Figure 1B, lanes 1–3). The
amount of protected IL-1b varied in the different cell
preparations from 5 to 10% of the total cellular IL-1b
and disappeared, like CD, if protease digestion was
performed in the presence of Triton X-100 (Figure 1, A
and B, lanes 9 and 10). Although secreted IL-1b is
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mostly in the mature, 17-kDa molecular form, only the
precursor form of 35 kDa is present intracellularly; the
17-kDa IL-1b band detected in P1 is erratic and prob-
ably due to nonspecific endoproteases, activated dur-
ing the preparation of the samples, which may give
rise to fragments of apparent molecular weight similar
to that of ICE-processed IL-1b (Hazuda et al., 1991).

The sulfonylurea glibenclamide blocks both the
basal and the ATP-induced secretion of IL-1b by acti-
vated monocytes (Hamon et al., 1997) but has no effect
on the release of CD (Figure 1, A and B, lanes 7 and 8).
After treatment of monocytes with this drug, proIL-1b
disappears from P1 and P2 (Figure 1B, lanes 5 and 6),
whereas particulated CD remains unaffected (Figure
1A, lanes 5 and 6).

These findings suggest that cytosolic proIL-1b mol-
ecules translocate from the cytosol into a dense vesic-
ular compartment; glibenclamide may block the entry
of proIL-1b into the vesicles, possibly interfering with
a membrane transporter.

Inhibition of Endolysosomal Proteases Results in
Increased Secretion of IL-1b

To further elucidate the involvement of proIL-1b-con-
taining vesicles in the secretory pathway of this cyto-
kine, we performed pulse–chase experiments aimed at
following the fate of newly synthesized proIL-1b mol-

ecules. Human monocytes, activated with LPS, were
biosynthetically labeled with a [35S]methionine-cys-
teine mix for 15 min and chased in cold medium for
different periods. As shown in Figure 2, open symbols,
after 15 min of pulse (time 0) 10% of the newly syn-
thesized proIL-1b is already protected (in the different
experiments performed, this percentage varied from 5
to 12%). The amount of IL-1b present in this particu-
lated fraction increases slightly after 1 h of chase and
decreases thereafter (Figure 2A). Cytosolic proIL-1b is
maximal at time 0 and reaches 50% of the initial la-
beled protein after 6 h (Figure 2B), in agreement with
previous experiments (Rubartelli et al., 1990). Secretion
starts to be detected after 1 h and increases slowly
(Figure 2C). To discriminate whether the decrease in
the particulated proIL-1b is due to degradation or to
secretion, the same kinetic experiments were per-
formed in the presence of excess protease inhibitors.
Figure 2, closed symbols, shows that the kinetics of
disappearance of IL-1b from the particulated fraction
(Figure 2A) or the cell cytosol (Figure 2B) of cells
incubated in the presence of 100 mM pepstatin and
leupeptin are similar to those of control monocytes. In
contrast, the amount of secreted, fully processed IL-1b
by cells treated with the protease inhibitors was con-
sistently much higher than that secreted by control
cells at all the different times of chase (Figure 2C).

Figure 1. ProIL-1b is contained in
part in vesicles cofractionating with ly-
sosomes. Western blot analysis of PNS
(5% of total, lanes 1 and 4), P1 (lanes 2
and 5), and P2 (lanes 3 and 6) or super-
natants from 106 cells (lanes 7 and 8)
obtained from activated monocytes
cultured in the absence (2) or presence
(1) of 100 mM glibenclamide (glib). Af-
ter removal of 5% PNS, PNS were
treated with proteinase K (PK) before
the ultracentrifugation. Lanes 9 and 10,
P1 from undigested PNS was untreated
(lane 9) or solubilized (1TX100, lane
10) with Triton X-100 before proteinase
K (PK) digestion. Filters were hybrid-
ized with rabbit anti-CD (A), melted,
and rehybridized with mouse anti-
IL-1b (B) antibodies. The migration of
the three molecular forms of CD and
proIL-1b and IL-1b is indicated.
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Particulated IL-1b Colocalizes Partially with CD or
Lamp-1 in Endolysosomal-related Structures
Two different experimental approaches were used to
characterize the vesicular compartment containing
proIL-1b: 1) immunoelectron microscopy analysis of
proIL-1b–containing fractions and 2) fractionation of
trypsin-treated P1 and P2 pellets on Percoll density
gradients.

Electron microscopy analysis revealed that P1 is
enriched in lysosomes displaying different degrees of
density, smaller dense vesicles (diameter , 200 nm),
late endosomes, and multivesicular bodies (our un-
published results). In contrast, P2 is selectively en-
riched for vesicular structures of different size, having
a uniform, electron-lucent appearance, thus fitting the
classical morphological features of endosomes (our
unpublished results). As shown in Figure 3, IL-1b
(small gold particles) is detected in structures display-
ing the morphology of late endosomes or lysosomes
(Figure 3, A, B, and D, arrows) and in small dense
vesicles (Figure 3, E–G, arrowheads). Colocalization
with CD (large gold particles; Figure 3, A, B, and F) or
with the lysosomal membrane protein Lamp-1 (Korn-
feld and Mellman, 1989; Méresse et al., 1995) (large
gold particles; Figure 3, D and G) is observed in both
structures; however, a large number of organelles
stained with either anti-IL-1b alone (Figure 3E) or
anti-CD alone (Figure 3C) are detected. Quantitative
analysis performed by counting IL-1b or CD gold
particles revealed that structures displaying IL-1b la-
beling only predominate among the dense vesicles: of
50 vesicles analyzed, 30 were labeled with anti-IL-1b
only, 16 with both antibodies, and 4 with anti-CD
only. In contrast, a consistent portion of mature lyso-
somes (12 of 50) displayed only CD staining. Parallel
analyses performed by counting IL-1b or Lamp-1 gold
particles confirmed the prevalence of dense vesicles
positively labeled for IL-1b only (31 of 50) with respect
to vesicles double stained (14 of 50) or single stained
for Lamp-1 (1 of 50). In keeping with the CD data, 15
of 50 lysosomes displayed Lamp-1 staining only.
These data indicate that proIL-1b is contained in or-
ganelles displaying the morphology of endolysosome-
related organelles; however, the partial but not com-
plete colocalization with CD and with Lamp-1
suggests that proIL-1b–containing structures belong
to a specialized subset of endolysosomes.

The migration of proIL-1b–containing organelles
with respect to lysosomes and endosomes was then
investigated in Percoll density gradients. Trypsin-
treated P1 and P2 fractions were pooled and centri-
fuged on a 25% Percoll density gradient, and fractions
obtained were analyzed for their content in CD or
IL-1b by Western blotting. Figure 4A shows that the
31-kDa mature form of CD accumulates at the bottom
of the gradient (fractions 16–18), where heavy density

Figure 2. Kinetic analyses of cytosolic and particulated IL-1b. LPS-
activated monocytes were pulsed with 1 mCi/ml methionine-cys-
teine Promix [35S] for 15 min (time of chase, 0) and chased in
complete medium for 1, 3, 6, or 15 h in the absence (open symbols)
or presence (closed symbols) of 100 mg of pepstatin and leupeptin.
At the end of each period of chase subcellular fractionation was
carried out as above, P1 and P2 were treated with proteinase K,
followed by protease inhibitors and solubilization, and the IL-1b
present in the pooled P1 and P2 fractions (A), in the cytosol (B), and
in the supernatants (C) was analyzed by immunoprecipitation with
anti-IL-1b antiserum followed by SDS-PAGE and autoradiography
as described (Rubartelli et al., 1990). Data are expressed as densito-
metric areas (AU, arbitrary units). One representative experiment of
three performed is shown.
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lysosomes migrate, with a shoulder in fractions 14–16.
A second peak is next to, and partially overlapping,
the peak containing the endosomal marker proCD
(fractions 5–9). After hybridization of the same blots
with anti-IL-1b, proIL-1b is absent from the highest
density, CD-enriched fractions, whereas it is detected
as a double peak in fractions 5–9, thus colocalizing
with both proCD and the minor peak of CD (Figure
4B). Furthermore, a second peak of proIL-1b is found
in high-density fractions 15–16, where the shoulder of
lysosomal CD is detected (Figure 4B). The late endo-
some marker Rab7 (Méresse et al., 1995) is present in
the same fractions of proIL-1b, whereas the b-hexo-
soaminidase activity, taken as an indicator of lysoso-
mal enzymes, predominates in the high-density frac-
tions (Figure 4C). This distribution of lysosomal and
endosomal markers is in keeping with those described
by others in the same or in different cell types (Diment
et al., 1988; Pierre et al., 1996; Morkowski et al., 1997).

Thus, in agreement with the immunoelectron mi-
croscopy data, proIL-1b colocalizes only partially with
lysosomal markers; IL-1b–containing structures dis-
play a density lower than that of most mature lyso-
somes, which are highly enriched in CD and in
b-hexosoaminidase activity but are devoid of IL-1b.

Increased Endoluminal pH Inhibits Vesicular
Accumulation and Secretion of IL-1b

Increases in lysosomal pH result in lysosome exocy-
tosis, with enhanced secretion of preformed hydro-
lases (Brown et al., 1985; Tapper and Sundler, 1990,
1995). Therefore, we studied whether IL-1b–contain-

ing vesicles behave as secretory lysosomes and com-
pared the effects of lysosomotropic drugs on CD and
IL-1b secretion. Figure 5A, lower panel, shows that, in
keeping with previous reports (Brown et al., 1985;
Tapper and Sundler, 1990, 1995), CD secretion is en-
hanced by NH4Cl treatment (Figure 5A, lower panel,
lanes 8 and 9). Similarly, chasing LPS-activated mono-
cytes in the presence of the same drug results in in-
creased IL-1b secretion (Figure 5A, upper panel, lane
9) with decreased vesicular IL-1b (Figure 5A, upper
panel, lane 6). Interestingly however, when monocytes
are treated with NH4Cl before activation with LPS,
secretion of IL-1b is inhibited (Figure 5A, upper panel,
lane 8), and a concomitant decrease of protected
proIL-1b is observed (Figure 5A, upper panel, lane 5),
whereas the accumulation of the cytosolic precursor
protein is almost unaffected (Figure 5A, upper panel,
lane 2). Similarly to NH4Cl, BafA1 and chloroquine,
two drugs that raise endoluminal pH with different
mechanisms (Bowman et al., 1988), increase IL-1b se-
cretion when added to LPS-activated monocytes,
whereas they prevent secretion if the treatment is
carried out before induction of IL-1b synthesis by LPS
(Figure 5B).

Altogether these results indicate that lysosomo-
tropic drugs stimulate secretion of CD and of pre-
formed, particulated IL-1b. However, when proIL-1b
synthesis is induced in cells in which the endoluminal
pH is already increased by the same drugs, both IL-1b
secretion and vesicular accumulation are prevented,
suggesting that the abolition of DpH between cytosol

Figure 3. Immunoelectron micros-
copy analysis of the colocalization of
IL-1b and CD (A–C, E, and F) and of
IL1b and Lamp-1 (D and G) in P1
fraction. Double immunolabeling
with anti-IL-1b (10-nm gold parti-
cles) and anti-CD (18-nm gold parti-
cles) antibodies reveals the presence
of both molecules in organelles
(.200 nm in diameter), which dis-
play the typical morphology of late
endosomes and early lysosomes (A,
arrow) or more dense, mature lyso-
somes (B, arrow). These organelles
appear double immunolabeled also
for IL-1b (10-nm gold particles) and
Lamp-1 (18-nm gold particles) (D, ar-
row). Mature lysosomes showing
positive staining for IL-1b alone are
also found (C, arrow). Dense vesicles,
,200 nm in diameter, appear either
positively immunolabeled for IL-1b
only (E, arrowheads), for both IL-1b
and CD (F, arrowhead), or for both
IL-1b and Lamp-1 (G, arrowhead).
Bars, 200 nm.
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and vesicle lumen affects the entry of proIL-1b into the
vesicles and consequently IL-1b secretion.

Osmotic Conditions and Extracellular ATP Regulate
the Exocytosis of ProIL-1b–containing Vesicles
Recently, it has been proposed that ATP, autocrinally
secreted by monocytes upon LPS stimulation, acti-

vates its purinergic receptors, leading to accelerated
IL-1b secretion (Ferrari et al., 1997). Because Mg21

chelates ATP42, the active component of extracellular
ATP (Lammas et al., 1997), we studied the effect of
extracellular Mg21 modulation on secreted and par-
ticulated IL-1b. Figure 6A, upper panel, shows that
both the basal and the ATP-induced IL-1b secretion
are blocked by addition of 10 mM MgCl2 (lanes 2 and
6). Conversely, exposure to the Mg21 chelator EDTA

Figure 4. Migration of proIL-1b on Percoll density gradient. P1 and
P2 fractions were pooled and further fractionated by centrifugation on
a 25% Percoll density gradient under conditions that separate heavy-
density lysosomes from lower-density endosomes. Membranes were
collected from the individual fractions and tested for b-hexosoamini-
dase activity or analyzed by Western blot using anti-CD, anti-IL-1b, or
anti-Rab7 antibodies. Fraction 1 represents the lowest density; fraction
18 is the highest density. The reactivity of proCD and CD (A), IL-1b (B),
and Rab7 (C) was quantified by image digitalization and plotted as
arbitrary units (a.u.); b-hexosoaminidase activity (C) is expressed as
percent of total. The Western blots hybridized with anti-CD and anti-
IL-1b are shown as insets in A and B, respectively. One representative
experiment four is shown.

Figure 5. Effects of lysosomotropic drug treatment on secretion
and vesicular accumulation of IL-1b. A, Monocytes were stimulated
1 h with LPS without (nil; lanes 1, 4, and 7) or with 50 mM NH4Cl
(NH4Cl pre; lanes 2, 5, and 8) and cultured 2.5 h in the absence or
presence of the same drug as indicated. Alternatively, monocytes
were stimulated 1 h with LPS without NH4Cl, followed by 2.5 h of
culture with the drug (NH4Cl chase; lanes 3, 6, and 9). Filters were
hybridized with anti-IL-1b (upper panels) or anti-CD (lower panels)
antibodies. Cyt, cytosolic fractions (lanes 1–3); P1, P1 pellet (lanes
4–6); sec, supernatants (lanes 7–9). (B) Supernatants from mono-
cytes untreated (nil, lane 1), chased (lanes 2–4), or pretreated (lanes
5–7) as in A with 50 mM NH4Cl (lanes 2 and 5), 50 mM chloroquine
(chlor; lanes 3 and 6), or 1 mM BafA1 (lanes 4 and 7). Filters were
hybridized with anti-IL-1b antibody.
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(5 mM) results in a dramatic enhancement of IL-1b
secretion (Figure 6A, upper panel, lanes 3 and 7). This
effect is indeed due to Mg21 chelation, because it can
be reversed by the simultaneous addition of 20 mM
MgCl2 (Figure 6A, upper panel, lanes 4 and 8). The
inhibition of secretion induced by Mg21 is paralleled
by an increase of particulated IL-1b (Figure 6B, upper
panel, lane 4 vs. lane 2); in turn, cells treated with
EDTA have only traces of protected proIL-1b (Figure
6B, upper panel, lane 6). On the contrary, CD secre-
tion, which is induced by ATP at a much lesser extent
than IL-1b secretion (Figure 6A, lower panel, lane 5) is

only slightly influenced by variations in extracellular
[Mg21] (Figure 6A, lower panel), which, similarly,
have no or little effects on CD content in P1 (Figure 6B,
lower panel).

Osmotic conditions, known to regulate accumula-
tion and externalization of DdCAD-1 into vacuoles in
D. discoideum (Sesaki et al., 1997), modulate vesicular
content and secretion of IL-1b as well. Indeed, when
activated monocytes are incubated in hypertonic me-
dium, both the basal and the ATP-induced secretion of
IL-1b are inhibited, whereas hypotonic conditions dra-
matically stimulate secretion (Figure 7A, upper panel).
Conversely, the same conditions affect only barely the
release of CD (Figure 7A, lower panel). Moreover,
protected IL-1b increases upon incubation in hyperos-
motic conditions, whereas it almost disappears after
exposure to hypotonic medium (Figure 7B), suggest-
ing that osmotic conditions, similarly to extracellular

Figure 6. Exocytosis of IL-1b–containing vesicles is regulated by
extracellular [Mg21]. (A) Supernatants from monocytes incubated
2.5 h with LPS in medium alone (lanes 1 and 5) or plus 5 mM EDTA
(lanes 3 and 7), 5 mM MgCl2 (lanes 2 and 6), or 5 mM EDTA plus 5
mM MgCl2 (lanes 4 and 8). When indicated (1ATP, lanes 5–8), 1
mM ATP was added during the last 30 min. (B) PNS (5%) and P1
from activated monocytes cultured 1 h in the absence (2, lanes 1
and 2) or presence of 5 mM MgCl2 (Mg21, lanes 3 and 4) or 5 mM
EDTA (lanes 5 and 6). Filters were hybridized with anti-IL-1b
(upper panels) or anti-CD (lower panels).

Figure 7. Exocytosis of IL-1b–containing vesicles is regulated by
extracellular osmotic conditions. (A) Supernatants from monocytes
incubated 2.5 h with LPS in isotonic conditions (medium alone, iso,
lanes 1 and 4) or plus 0.1 M sucrose (hyper, lanes 2 and 5) or diluted
1:2 with water (hypo, lanes 3 and 6) in the absence (2, lanes 1–3) or
presence of 1 mM ATP (1, lanes 4–6) for the last 30 min. Filters
were hybridized with anti-IL-1b (upper panels) or anti-CD (lower
panels). (B) PNS and P1 from monocytes incubated 2.5 h with LPS
in isotonic conditions (medium alone, iso, lanes 1 and 2) or plus 0.1
M sucrose (hyper, lanes 3 and 4) or diluted 1:2 with water (hypo,
lanes 5 and 6).
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ATP levels, modulate the exocytosis of IL-1b-contain-
ing organelles.

DISCUSSION

Here we describe a nonclassical pathway of secretion
involving regulated exocytosis of endolysosomal-re-
lated vesicles for the LLS protein IL-1b, as indicated
by the following lines of evidence: 1) IL-1b is con-
tained in part within organelles cofractionating with
Rab-7–positive structures and displaying ultrastruc-
tural features of late endosomes and dense vesicles; 2)
a fraction of IL-1b-containing organelles costains with
the endolysosomal protein CD or the lysosomal
marker Lamp-1; 3) IL-1b secretion is pH dependent;
and 4) the amount of protected proIL-1b and the se-
cretion of IL-1b are modulated by osmotic conditions
and extracellular ATP concentration.

On these bases, a two-step model for the IL-1b se-
cretory pathway is proposed in Figure 8. The first step
is translocation of a fraction of cytosolic proIL-1b
across the membrane of specialized vesicles. The ves-
icles deputated to vehicle IL-1b extracellularly may be
a subset of late endosomes and lysosomes, expressing
on their cytosolic surface a dedicated translocation
machinery. The translocation requires a DpH between
the cytosol and the lysosomal lumen, which may fur-
nish at least part of the energy necessary for the trans-
location process. In step 2, IL-1b is released upon
fusion of the vesicle membrane with the plasma mem-
brane. This exocytosis is driven by exogenous ATP
and by hypotonic conditions.

IL-1b Translocation within
Endolysosomal-related Vesicles
Particulated IL-1b is contained in structures belong-
ing to the endolysosomal compartment, as indicated
by their ultrastructural features and by the partial
colocalization with CD and Lamp-1. However, al-
though mature lysosomes stain preferentially for
CD or Lamp-1 alone, IL-1b is found both in struc-
tures displaying the morphology of late endosomes
and early lysosomes and in smaller dense vesicles,
which possibly correspond to prelysosomes (Pieters
et al., 1991). The immunoelectron microscopy find-
ings are paralleled by the results obtained with
Percoll density gradients showing that proIL-1b is
unequally distributed along the gradient; indeed,
proIL-1b is scarcely represented in the highest den-
sity fractions enriched with mature lysosomes, in
which the 31-kDa form of CD is most abundant, is
present with a minor peak cosedimenting with less
dense, immature lysosomes, and displays a clear
accumulation at lower density, at which it overlaps
with both the minor peak of 31-kDa CD and the
peak of the endosomal marker proCD. The belong-
ing of IL-1b– containing vesicles to the preterminal
endocytic compartment is further confirmed by the
cofractionation with Rab7, which is known to define
late endosome vesicles connected to lysosomes
(Méresse et al., 1995).

The hypothesis that proIL-1b– containing vesicles
are intermediates of IL-1b secretion is supported by
the results obtained by treating monocytes with ly-

Figure 8. Two step model for IL-1b secretion,
showing vesicle-mediated transport from the cytosol
to the extracellular space. The translocation step is
blocked by glibenclamide and when the DpH be-
tween cytosol and vesicles is abolished; the exocyto-
sis is induced by high extracellular ATP and by
hypotonic medium, whereas it is inhibited by low
extracellular ATP and by hypertonic conditions.
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sosomotropic drugs before or after induction of
IL-1b synthesis and of accumulation of vesicular
IL-1b. Indeed, pretreating resting monocytes, which
do not express IL-1b, with lysosomotropic drugs
does not affect LPS-induced proIL-1b synthesis but
inhibits IL-1b secretion and vesicular accumulation,
suggesting that, as in other systems (Chaddock et
al., 1995; Santini et al., 1998), translocation of
proIL-1b from cytosol to vesicles require a DpH and
therefore is impaired by increases in the endolumi-
nal pH. In contrast, if LPS-activated monocytes are
treated with lysosomotropic drugs, and hence the
endoluminal pH is raised when proIL-1b is already
stored in the vesicles, increased secretion of IL-1b
with emptying of proIL-1b– containing vesicles is
observed. In this case IL-1b behaves like lysosome-
stored hydrolases, whose secretion is induced by
lysosomotropic drugs (Figure 5; Brown et al., 1985;
Tapper and Sundler, 1990, 1995). NH4Cl, weak bases
such as cloroquine, and inhibitors of the vacuolar
proton pump such as BafA1, which raise pH with
different mechanisms, gave similar results, allowing
us to reasonably exclude that they may influence
IL-1b export by affecting parameters other than pH
(Mellman et al., 1986; Hunke et al., 1995; van Weert
et al., 1995). Moreover, when pulse– chase experi-
ments were performed in the presence of endolyso-
somal protease inhibitors, the kinetics of disappear-
ance of IL-1b from the vesicles was almost unchanged
compared with control cells, but the amount of secreted
IL-1b was enhanced: these data strongly suggest that the
protease inhibitors rescue a portion of vesicular IL-1b
from degradation, allowing its secretion.

Pretreatment of monocytes with glibenclamide pre-
vents both IL-1b secretion and accumulation of pro-
tected proIL-1b. Glibenclamide is a functional blocker
of a few ABC transporters, namely ABC1, the cystic
fibrosis transmembrane regulator, and the sulfonyl-
urea receptor. Although the involvement of the cystic
fibrosis transmembrane regulator and sulfonylurea re-
ceptor in IL-1b secretion can be excluded, a role for
ABC1 is suggested by the observations that the secre-
tion of IL-1b and the function of ABC1 as an anion
exchanger are sensitive to the same drugs, including
glibenclamide (Hamon et al., 1997). In addition, ABC1
localizes on vesicles belonging to the phagolysosome
compartment in mouse macrophages (Luciani and
Chimini, 1996) and in transfected human cells (Hamon
and Chimini, unpublished data). Glibenclamide could
interfere with the translocation machinery on the ves-
icle membrane, thus impairing proIL-1b translocation
from the cytosol and consequently blocking IL-1b se-
cretion. As for pretreatment with lysosomotropic
drugs, the effects of glibenclamide on IL-1b and CD
secretion and vesicular accumulation are different be-
cause of the different way of access to the organelle
lumen of the two proteins: by translocation in the case

of proIL-1b and by endoluminal transport in the case
of CD.

Unlike extracellular IL-1b, which is mostly in the
17-kDa molecular form, particulated IL-1b is in the
precursor form, ruling out that it derives from se-
creted IL-1b, taken up by monocytes after its release.
However, the site and the modality of the proteolytic
processing remain to be clarified.

Regulation of the Exocytosis of
IL-1b–containing Vesicles
The secretion of lysosomal enzymes by macrophages
and their role in inflammation and tissue repair are
long-standing evidence (Unanue, 1976). In many cells,
including activated monocytes, lysosomes behave as
secretory organelles (Page et al., 1998) and release
hydrolytic enzymes in a regulated manner (Unanue,
1976; Schnyder and Baggiolini, 1978; Keeling and Hen-
son, 1982; Tapper and Sundler, 1990, 1995; Rodriguez
et al., 1997). Furthermore, it is interesting to recall that
a number of specialized vesicles present in different
cell types (including the azurophyl granules of neu-
trophils, the specific granules of mast cells, and the
lytic granules of T lymphocytes) display a common
biogenesis with endolysosomes (Jamur et al., 1986;
Peters et al., 1991; Borregaard et al., 1993) and undergo
regulated exocytosis.

Here we show that extracellular ATP regulates
IL-1b secretion: a dramatic release of IL-1b occurs
soon after the exposure to ATP; similarly, high extra-
cellular ATP levels lead to depletion of protected
proIL-1b, whereas the opposite is observed in the
absence of ATP, strongly suggesting that exogenous
ATP triggers the exocytosis of IL-1b–containing or-
ganelles.

Monocytic cells can release ATP, which in turn may
interact with P2Z receptors on their plasma mem-
brane, eventually leading to IL-1b secretion (Ferrari et
al., 1997). Indeed, chelation of ATP42, the active com-
ponent of extracellular ATP, by Mg21 ions (Lammas et
al., 1997) results in complete inhibition of IL-1b secre-
tion, whereas the contrary is observed by Mg21 che-
lation. These data indicate that the basal IL-1b secre-
tion is due to autocrinally produced extracellular ATP;
the partial inactivation of secreted ATP by the Mg21

ions present in the extracellular medium keeps IL-1b
secretion at low levels. The release of CD is only
slightly induced by extracellular ATP, and the intra-
cellular level of CD is almost unaffected, suggesting
that the IL-1b–containing organelles are highly sensi-
tive to the exocytotic stimulus of extracellular ATP,
whereas the mature, CD-enriched dense lysosomes
are insensitive.

Exocytosis of proIL-1b–containing vesicles also un-
dergoes osmotic regulation; secretion of IL-1b and
emptying of the vesicles are induced in hypotonic
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medium, whereas hypertonic conditions inhibit secre-
tion and induce intravesicular accumulation. Again,
CD release is much less modulated by the same con-
ditions, indicating that mature lysosomes are insensi-
tive to osmotic regulation. In D. discoideum, the exocy-
tosis of the endolysosomal-related conctractile
vacuoles enriched with the leaderless membrane pro-
tein DdCAD-1 is pH dependent and modulated by
extracellular osmotic conditions (Sesaki et al., 1997).
Thus, the organelles involved in IL-1b secretion and
the contractile vacuoles of Dictyostelium possess com-
mon features and display a similar behavior. These
similarities suggest that a mechanism of export of LLS
proteins that uses intracellular acidic vesicles as a
vehicle to the extracellular space may have been con-
served during evolution.

Because of the low levels of IL-1b secretion in the
absence of stimuli, our data cannot formally exclude
that, in basal conditions, secretion of the cytokine
occurs through a mechanism different from endoly-
sosome exocytosis and that protected IL-1b is des-
tined to degradation. Even in this case, however,
perturbations of the microenvironment could possi-
bly rescue protected IL-1b from degradation, induc-
ing its secretion, as supported by the observation
that an increased release of IL-1b is triggered by
treatment with lysosomotropic drugs, ATP, and hy-
potonic conditions. All these may mimic in vitro
conditions arising in vivo in the extracellular milieu
of monocytes in the course of inflammation, when
secretion of IL-1b has a physiopathological rele-
vance. Support for this hypothesis comes from the
finding that, in basal conditions, inhibition of en-
dolysosomal proteases results in secretion of a frac-
tion of particulated IL-1b, otherwise destined to
degradation. Thus, this novel pathway of secretion,
involving regulated exocytosis of endolysosome-
related vesicles, gives the macrophage the potential
to exert a regulatory influence in the course of in-
flammation, infection, and induction of immune re-
sponse by modulating the release of IL-1b in its
surrounding environment. The full characterization
of IL-1b– containing organelles deserves further in-
vestigation. Interestingly, recent studies point to the
existence in antigen-presenting cells of specialized
endolysosomal compartments, where antigen pro-
cessing and peptide loading occur. These compart-
ments are heterogeneous in morphology and den-
sity and not always distinct from conventional
endosomes and lysosomes (Mellman et al., 1998). It
is tempting to speculate that the secretory route of
IL-1b and the endocytotic pathway of exogenous
antigens intersect in activated monocytes in the
same endolysosomal compartment from which re-
cycling of antigenic peptides and secretion of ma-
ture IL-1b may occur.
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