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Munc13-4 interacts with syntaxin 7 and regulates
late endosomal maturation, endosomal signaling,

and TLR9-initiated cellular responses
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ABSTRACT The molecular mechanisms that regulate late endosomal maturation and func-
tion are not completely elucidated, and direct evidence of a calcium sensor is lacking. Here
we identify a novel mechanism of late endosomal maturation that involves a new molecular
interaction between the tethering factor Munc13-4, syntaxin 7, and VAMP8. Munc13-4 bind-
ing to syntaxin 7 was significantly increased by calcium. Colocalization of Munc13-4 and syn-
taxin 7 at late endosomes was demonstrated by high-resolution and live-cell microscopy.
Munc13-4—-deficient cells show increased numbers of significantly enlarged late endosomes,
a phenotype that was mimicked by the fusion inhibitor chloroquine in wild-type cells and
rescued by expression of Munc13-4 but not by a syntaxin 7-binding-deficient mutant. Late
endosomes from Munc13-4-KO neutrophils show decreased degradative capacity. Munc13-
4—knockout neutrophils show impaired endosomal-initiated, TLR9-dependent signaling and
deficient TLR9-specific CD11b up-regulation. Thus we present a novel mechanism of late
endosomal maturation and propose that Munc13-4 regulates the late endocytic machinery
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and late endosomal-associated innate immune cellular functions.

INTRODUCTION

Late endosomes (LEs) are intracellular organelles of the endocytic
pathway that have multiple important roles in the regulation of cel-
lular homeostasis and specialized cellular functions (Luzio et al.,
2010; Huotari and Helenius, 2011). LEs control cellular processes as
diverse as signaling, protein degradative pathways, receptor matu-
ration, phagosomal maturation, and autophagy. In addition, many
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pathogens use the endocytic pathway and in particular late endo-
somes to avert host defense mechanisms. Thus LEs regulate
important processes of the innate immune response (Gruenberg
and van der Goot, 2006).

Late endosomes are dynamic organelles, in terms of both
subcellular distribution and movement, and are heterogeneous in
composition according to their maturation state (Gruenberg and
Stenmark, 2004; Huotari and Helenius, 2011). Thus they are formed
from early endosomes as large vesicles and undergo a process of
maturation that involves a small Rab GTPase conversion (from RAB5
to RAB7; Rink et al., 2005), as well as other molecular and structural
changes, including the formation of intraluminal vesicles induced by
lysobisphosphatidic acid (Matsuo et al., 2004), lipidic modifications,
acquisition of lysosomal-associated membrane proteins (LAMPs),
and phosphatidylinositol phosphate conversion (phosphatidylinosi-
tol 3-phosphate to phosphatidylinositol 3,5-bisphosphate switch;
Huotari and Helenius, 2011).

A central process in LE function is represented by the fusion of
this organelle with lysosomes (Luzio et al., 2010), a mechanism nec-
essary for endocytic substrate processing and macromolecule deg-
radation. The now-accepted mechanism consists of the fusion of
LEs with lysosomes either by "kiss-and-run” or partial fusion, lead-
ing to the delivery of lysosomal content into LEs (Luzio et al., 2007).
In addition, LEs undergo homotypic fusion events that help reshape
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the morphology of these organelles (Luzio et al., 2010). Both hetero-
typic lysosome-late endosome fusion and homotypic fusion of late
endosomes are maturation processes tightly regulated by soluble
N-ethylmaleimide sensitive factor attachment protein receptors
(SNAREs; Pryor et al., 2004) and other accessory proteins, including
the small GTPase RAB7 and the mammalian homotypic fusion and
vacuole protein sorting (HOPS) complex (Kim et al., 2001).

Syntaxin 7 is a Q-SNARE that participates in the formation of the
assembled “trans”-SNARE complex during both homotypic and
heterotypic fusion (Pryor et al., 2004). The R-SNAREs vesicle-associ-
ated membrane proteins 7 and 8 (VAMP7 and VAMP8) are able to
form trans-SNARE complexes with syntaxin 7 and regulate LE fusion
(Mullock et al., 2000; Pryor et al., 2004). The Qb-SNARE Vtilb is also
known to participate in this process (Antonin et al., 2000). In addi-
tion to SNARE assembly, fusion of late endosomes with lysosomes
requires calcium release from the lumen of these organelles (Pryor
et al., 2000), and, similar to yeast homotypic vacuole fusion (Peters
and Mayer, 1998), it requires the regulatory molecule calmodulin
(Pryor et al., 2000). The molecular mechanisms regulating calcium-
dependent LE maturation are not fully understood, however, and
the participation of additional regulatory factors in this process is
plausible.

Munc13-4 is a tethering, docking, and fusion regulator known to
participate in the secretory pathway of several cellular systems (Feld-
mann et al., 2003; Brzezinska et al., 2008; Johnson et al., 2010; Elstak
etal, 2011). Itis highly expressed in hematopoietic cells and also in
lungs, kidneys, and other organs with secretory functions (Koch
et al., 2000). Although originally described as an effector of the small
GTPase Rab27a for the regulation of lysosome-related organelle
(LRO) exocytosis (Shirakawa et al., 2004), Munc13-4 also regulates
Rab27a-independent mechanisms (Menager et al., 2007; Johnson
etal., 2010; Monfregola et al., 2012). Munc13-4 is well characterized
as a modulator of the exocytosis of lysosome-related organelles in
hematopoietic cells, including cytotoxic T lymphocytes, NK cells,
neutrophils, basophils, and platelets (Feldmann et al., 2003; Goishi
et al., 2004; Shirakawa et al., 2004; Neeft et al., 2005; Pivot-Pajot
et al., 2008; Johnson et al., 2010). Munc13-4 contains two Munc-
homology domains and two C2 domains (Koch et al., 2000). The
Munc13-4 C2 domains specifically interact with calcium and regulate
exocytosis in a calcium- and SNARE-dependent manner (Boswell
et al., 2012). In addition, Munc13-4 is able to bind to phospholipids
through its C2 domains (Pivot-Pajot et al., 2008).

Neutrophils are central regulators of the innate immune response
and control and eradicate infections by combating bacteria and
fungi (Segal, 2005). Most neutrophil functions are regulated by their
multiple intracellular storage organelles, including the azurophilic
granule, a lysosome-related organelle (Borregaard et al., 1993). On
fusion of these organelles with the plasma membrane or with
phagosomes, LROs deliver their cargo content, including the oxida-
tive enzyme myeloperoxidase (MPO; Klebanoff, 2005) and the deg-
radative enzyme cathepsin G, thus contributing to the killing of mi-
croorganisms either extracellularly or in the phagolysosome (Lee
etal., 2003). Few studies, however, have focused on the presence of
LEs in neutrophils, and the formation and function of LEs in neutro-
phils remains unclear. Using gold-conjugated bovine serum albumin
(BSA) and human neutrophils, Berger et al. (1994) demonstrated the
presence of LEs/multivesicular bodies (MVBs) in these cells, which
was further manifested upon activation of the endocytic pathway
with the bacteria-derived peptide fMLP. Later Cieutat et al. (1998)
also described MVBs and multilaminar compartments and sug-
gested that they function as LEs, organelles that are different from
the LROs in neutrophils. Both works characterized LAMP1 (and
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LAMP2) as specific LE markers in neutrophils, whereas LAMP3
(CD63) is a well-established azurophilic granule marker (Kuijpers
et al., 1991). Our research showing that Munc13-4—deficient cells
are characterized by impaired LE-phagosomal fusion suggested
that Munc13-4 function is not limited to the exocytic pathway and
highlighted a possible role for Munc13-4 in LE function (Monfregola
etal., 2012).

In this work, we show that Munc13-4 is a syntaxin 7 binding pro-
tein and an important regulator of LE maturation. In addition, we
show that Munc13-4 regulates endosome-initiated, TLR?-depen-
dent signaling and TLR9-specific cellular functions in neutrophils.
Thus Munc13-4 is a central regulator of the late endocytic machin-
ery and its associated innate immune cellular functions.

RESULTS

Munc13-4 regulates late endosomal maturation

We showed that, in addition to exocytic defects, cells lacking
Munc13-4 are characterized by impaired delivery of late endosomal
proteins to the phagosome in neutrophils (Monfregola et al., 2012).
However, a possible function of Munc13-4 in late endosome regula-
tion has not been previously investigated. Here we sought to ad-
dress whether Munc13-4 is important for late endosome matura-
tion. Because the detection and study of LEs in neutrophils has
been elusive likely due to the effect of chemical fixatives on the size,
shape, and structural conservation of LEs and intraluminal vesicles
(Murk et al., 2003), we studied LE maturation and dynamics in live
cells. Because neutrophils are nondividing cells with a short half-life,
we transfected neutrophils by nucleofection (Johnson et al., 2012)
and analyzed the spatiotemporal distribution of the LE marker en-
hanced green fluorescent protein (EGFP)-LAMP1 by pseudo-total
internal reflection fluorescence microscopy (pTIRFM; Mudrakola
et al., 2009). In Figure 1A and Supplemental Movie S1, we show
that LAMP1 is distributed at the limiting membrane of large vesicles
that resemble late endosomes. In addition, we detected LAMP1 at
puncta, reflecting its distribution at smaller compartments (Figure 1A
and Supplemental Movie S1) that in electron microscopy studies
correspond to electron-dense structures resembling conventional
lysosomes (shown later). Quantitative analysis established that most
transfected cells (83% of wild-type neutrophils and 97% of
Munc13-4-deficient neutrophils) contain at least three LAMP1-pos-
itive large vesicles decorated with LAMP1 at the limiting membrane,
giving the vesicles a hollow appearance. Similar distribution of
LAMP1 was observed in retinal pigment epithelial (RPE) cells when
transfected using lipids and analyzed 48 h after transfection (Figure
1B and Supplemental Movie S2), indicating that the distribution of
LAMP1 at the limiting membrane of large late endosomes is inde-
pendent of cell type, transfection method, and time of analysis after
transfection. Electron microscopy studies demonstrate that LAMP1
is distributed at multilaminar vesicles and multivesicular bodies
(Figure 1C), structures that were previously suggested to function as
late endosomes in neutrophils (Cieutat et al., 1998). In fact, Berger
et al. (1994) demonstrated that MVBs at early stages of endocytosis
lack LAMP1 but acquire LAMP1 at later stages, consistent with the
idea that LAMP1-positive, large MVBs correspond to late but not
early endosomes in neutrophils. In agreement with previous studies
(Cieutat et al., 1998), LAMP1 was not detected at secretory granules
or lysosome-related organelles in neutrophils by immuno—-electron
microscopy (Figure 1C and Supplemental Figure S1). Instead, in ad-
dition to their distribution at LEs, we observed LAMP1-positive
staining at relatively electron-dense small organelles in mouse neu-
trophils that resemble conventional lysosomes (Figure 1C) and most
likely correspond to the punctate LAMP1 staining observed in
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Munc13-4 regulates the size and number of LAMP1-positive late endosomes. (A, B) Representative images
of TIRFM analysis of EGFP-LAMP1 in a wild-type (WT) neutrophil (A) and ARPE-19 cells (B). White arrows indicate
late endosomes. Scale bar, 1 pm. For corresponding dynamic studies, see Supplemental Movies S1 and S2.
(C) Representative images of immuno-electron microscopy analysis of LAMP1-positive compartments in WT (a-d) and
Munc13-4-KO (e-g) neutrophils, showing LAMP1-positive multilaminar compartments (a-c and e), multivesicular bodies
(f), and electron-dense smaller vesicles resembling conventional lysosomes (d, g). Unlabeled secretory organelles are
indicated with arrows. Scale bars, 100 nm (a—e, g), 50 nm (f). (D) Representative images of TIRFM analyses of the
distribution of EGFP-LAMP1 in primary WT or Munc13-4-KO (Jinx) neutrophils treated with 50 uM CQ for 4 h or vehicle.
Scale bar, 1 pm. (E) Quantitative analysis of late endosomal size. Quantification was performed by measuring the
diameter of EGFP-LAMP1—positive late endosomes in each cell using ImageJ. Results are mean + SEMs. WT, WT+CQ,

574 | J.Heetal Molecular Biology of the Cell



live-cell fluorescence studies. Taken together, our results demon-
strate that the observed distribution of LAMP1 at late endosomes in
transfected neutrophils is highly specific and is in agreement with
both the distribution of endogenous LAMP1 as detected by elec-
tron microscopy in this study and previous studies showing late en-
dosomal localization of LAMP1 in these cells (Berger et al., 1994).
Next, to determine whether endogenous late endosomal markers
could be detected at large vesicles in neutrophils, we optimized
neutrophil fixation using low paraformaldehyde (PAF) concentra-
tions to increase late endosome structure preservation. Supplemen-
tal Figure S2 shows that endogenous LAMP1 and Rab7, two mark-
ers of LEs, are detected in large vacuolar vesicles in murine
neutrophils in cells fixed using low aldehyde concentration. Taken
together, our data suggest that the use of EGFP-LAMP1 in trans-
fected neutrophils is a viable and efficient method to study late
endosome morphology and dynamics.

To analyze whether Munc13-4 regulates endosomal maturation,
we first comparatively analyzed the size of EGFP-LAMP1—positive
LEs in wild-type and Munc13-4—knockout (KO) neutrophils. In these
studies, we focused on large LAMP1-positive vesicles that appeared
as "hollow” vesicles in live-cell fluorescence studies. Quantitative
analyses of EGFP-LAMP1 vesicle size revealed that LES are signifi-
cantly enlarged in Munc13-4—deficient neutrophils, showing an av-
erage LE diameter of ~1 pm, significantly larger than those present
in wild-type cells (~0.6 pm; Figure 1, D and E). Next we hypothe-
sized that the enlarged late endosome phenotype observed in the
absence of Munc13-4 was caused by the impaired fusion of late
endosomes with degradative organelles, thus decreasing late endo-
some flux and increasing vesicle size, similar to the way in which
blocking autophagosome-lysosome fusion leads to enlarged au-
tophagosomes and substrate accumulation (Gutierrez et al., 2004;
Klionsky et al., 2008). We then reasoned that pharmacological inhi-
bition of late endosome-lysosome fusion should lead to a similar
enlarged late endosome phenotype. To test this experimentally, we
analyzed the effect of the lysosomotropic weak base chloroquine
(CQ) on the size of late endosomes in neutrophils. CQ is a factor
known to interfere with lysosomal pH (Tietz et al., 1990) and lyso-
somal fusion, likely by inhibiting calmodulin-dependent mecha-
nisms (Pryor et al., 2000). Neutrophil treatment with CQ showed in-
creased size of EGFP-LAMP1 vesicles similar to that observed in the
absence of Munc13-4 (Figure 1, D and E), further suggesting a pos-
sible defect in late endosome fusion in Munc13-4 KO cells.

The up-regulation of homotypic or heterotypic late endosomal
fusion may also lead to enlarged endosomal organelles, albeit gen-
erating a reduced number of organelles due to consolidation of fus-
ing organelles into a single enlarged one. Therefore we expected
that putative deficiencies in the maturation flux of late endosomes
in the absence of Munc13-4 expression would result in an increased
number of enlarged organelles due to the inability of the system to
clear LE at an intermediate state. Quantification of the number of
hollow LAMP1-positive organelles in neutrophils revealed that

Munc13-4 deficiency leads to an increased number of enlarged
vesicles (Figure 1F). Of importance, CQ induces an accumulation of
immature LEs in wild-type cells similar to that observed in Munc13-4-
KO neutrophils (Figure 1F). Taken together, our results suggest that
Munc13-4 is necessary for late endosomal maturation, possibly
through the regulation of tethering or fusion. However, because CQ
may have additional effects on late endosomes, including swelling
through osmotic effects (Poole and Ohkuma, 1981), and inhibition
of acidification affects the formation of MVBs from early endosomes
(Clague et al., 1994) and membrane traffic out from the endosomes
to the trans-Golgi network (Chapman and Munro, 1994), we next
took a different approach that involves the stimulation of the endo-
cytic pathway using physiological stimuli.

Thus, because the neutrophil endocytic pathway is highly up-
regulated in response to the bacteria-derived formylated-peptide
fMLP (Berger et al., 1994), we next analyzed the effect of endocytic
pathway up-regulation on endosome size. In these assays, we ob-
served that stimulation of neutrophils with fMLP increased late en-
dosomal size in wild-type cells. However, late endosome size was
significantly further increased in Munc13-4 KO under both unstimu-
lated and stimulated conditions. (Figure 1, G and H, and Supple-
mental Movies S3-56). These results were also supported by an in-
dependent approach consisting of analyzing late endosome size in
WT and Munc13-4-KO neutrophils expressing the endosomal
marker Rab7, showing that Rab7-positive LEs are also enlarged in
neutrophils lacking Munc13-4 (Supplemental Figure S3). Finally,
wild-type cells treated with fMLP showed a significant increase in
the number of LAMP1-large vesicles, whereas Munc13-4-KO cells
showed a basal increased number of late endosomes that was not
significantly further increased by fMLP treatment (Figure 11). In sum,
the phenotype observed in EGFP-LAMP1-expressing cells supports
the idea that accumulation of enlarged LEs is induced by an intrinsic
defect in Munc13-4-KO cells.

Munc13-4 interacts with syntaxin 7 in a calcium-dependent
manner

Munc13-4 is proposed to mediate vesicle tethering, docking, and
calcium-dependent fusion during secretion, but the molecular bases
of these mechanisms are not well understood. Although previous
data suggested that Munc13-4 might act as a calcium sensor for
SNAREs involved in exocytosis (Boswell et al., 2012), a possible role
of Munc13-4 in the endocytic pathway has not been explored. To
increase our understanding of the mechanisms regulated by
Munc13-4 during late endosomal maturation, we analyzed the pos-
sible calcium-dependent interaction of Munc13-4 with endocytic
SNARE proteins. To this end, we designed a binding assay (J.L.J.
and S.D.C.) based on a lanthanide-initiated time-resolved fluores-
cence resonance energy transfer (TR-FRET) approach (Riddle et al.,
2006) to analyze Munc13-4-SNARE interactions on intracellular or-
ganelles. Munc13-4 showed significant interaction with the endo-
cytic SNAREs syntaxin 7 and VAMP8 (Figure 2A). In addition, weak

Jinx and Jinx+CQ groups used 30, 40, 55, and 33 cells, respectively. ***p < 0.0001. (F) Quantitative analysis of the
number of late endosomes in WT and Jinx cells treated with CQ or vehicle. Error bars are mean + SEMs. For WT,
WT+CQ, Jinx and Jinx+CQ groups, 47, 37, 37, and 34 cells were analyzed, respectively. **p < 0.001; #outlier; NS, not
significant. (G) Representative images of TIRFM analysis of the distribution of EGFP-LAMP1 in primary WT or Jinx
neutrophils treated with 10 pM fMLP or vehicle. Scale bar, 5 um. For the corresponding dynamic studies, see
Supplemental Movies S3-S6. (H) Quantitative analysis of late endosomal size. Quantification was performed by
measuring the diameter of EGFP-LAMP1-positive late endosomes in each neutrophil using ImageJ. Results are mean +
SEMs. WT, WT fMLP, Jin, and Jinx fMLP groups used 51, 73, 71, and 48 cells, respectively. ***p < 0.0001; NS, not
significant. (I) Quantitative analysis of the number of late endosomes in WT and Jinx neutrophils treated with fMLP or
vehicle. Error bars are mean + SEMs. In WT, WT fMLP, Jinx, and Jinx fMLP groups, 50, 48, 45, and 40 cells were

analyzed, respectively. ***p < 0.0001; NS, not significant.
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but significant binding to syntaxin 3 and syntaxin 4 was observed.
However, Munc13-4 did not show specific binding to syntaxin 17,
syntaxin 18, or the endocytic protein vesicle transport through inter-
action with t-SNAREs 1B (Vti1b; Figure 2A). Munc13-4 binding to
syntaxin 7 but not to VAMP8 was significantly increased in the pres-
ence of calcium (Figure 2A). However, Munc13-4 binding to other
syntaxins, including syntaxin 3 and syntaxin 4, was only marginally
increased by the divalent cation. Dose-response assays show that
binding increases significantly in the presence of calcium down to a
total calcium concentration of 40 uM (Figure 2B), which is similar to
the half-maximal effective concentration (ECsg) calcium dependence
of ~23 pM previously found for Munc13-4 stimulation of liposome
fusion (Boswell et al., 2012). Because calcium-dependent mecha-
nisms regulate multiple aspects of vesicular fusion, we considered
the calcium-dependent binding to syntaxin 7 to be physiologically
relevant and therefore studied this interaction in further detail.
Using an independent approach consisting of coimmunoprecipi-
tation (ColP) assays of tagged proteins, we confirmed that Munc13-4
is able to pull down both syntaxin 7 and VAMP8 either indepen-
dently or when coexisting in the same lysates (Figure 2C). In these
assays, we showed that syntaxin 7 and VAMP8 but no other syntaxins
or Vti1b coimmunoprecipitate with Flag-Munc13-4 but not with anti-
Flag beads (Figure 2C), confirming that the binding is specific. Fur-
thermore, counter-immunoprecipitation assays confirmed that syn-
taxin 7 and VAMP8 are able to pull down mCherry-Munc13-4 (Figure
2D). Finally, VAMP8 was able to coimmunoprecipitate both Munc13-4
and syntaxin 7 when coexpressed in the same lysates, suggesting
that the three proteins might form a tripartite complex (Figure 2D).
Munc13-4 C2 domains conserve five aspartic acids, which are
known to coordinate calcium binding in other C2 domains (Feldmann
et al., 2003). As a consequence, both Munc13-4 C2 domains regu-
late calcium-dependent mechanisms (Boswell et al., 2012), and
Munc13-4 enhances Ca?*-induced secretion (Shirakawa et al., 2004).
To determine whether the Ca?*-binding sites in Munc13-4 are neces-
sary to mediate binding to syntaxin 7 and determine the molecular
basis of the syntaxin 7-Munc13-4 interaction, we mutated the aspar-
tic acids D127 and D133 to alanines in loop 1 of the Munc13-4 C2A
domain, which forms calcium binding sites 1, 2, and 4 (Rizo and Sud-
hof, 1998; Feldmann et al., 2003). Next we mutated residues D941
and D947 to knock out the Ca?*-binding site in loop 1 of the C2B
domain. Mutation of aspartic acid residues to alanine in either the
C2B domain or in both C2A and C2B domains, but not in the C2A
domain only, markedly decreased the affinity of Munc13-4 for syn-
taxin 7 (Figure 2E) but not for VAMPS8 (Figure 2F), indicating that the
C2B domain is essential for the Munc13-4-syntaxyn7 interaction.

Munc13-4 coimmunoprecipitates with syntaxin 7

and VAMPS in a calcium-dependent manner

To analyze whether Munc13-4 forms a complex with both SNARE
proteins, we carried out ColP assays using lysates from cells express-
ing Flag-VAMP8, GFP-syntaxin 7, and mCherry-Munc13-4. We
found that both syntaxin 7 and Munc13-4 coimmunoprecipitate with
VAMPS (Figure 2, D and G). Of interest, ColP of Munc13-4 but not
syntaxin 7 with VAMP8 was up-regulated by the presence of

calcium, as manifested by increased levels of Munc13-4 detected in
the pull-down pellet. Furthermore, the calcium-dependent ColP of
Munc13-4 with the syntaxin 7/VAMP8 complex was partially inhib-
ited by mutation of the calcium-binding sites in either the C2B or
the C2A-C2B domains but not in the C2A domain alone (Figure 2G),
further supporting a role for Munc13-4-C2B in calcium-dependent
binding to the SNARE complex through syntaxin 7 and a calcium-
independent binding through VAMP8. These results, together with
those obtained using the binding assay (Figure 2, A and E), suggest
that Munc13-4, syntaxin 7, and VAMP8 form a dynamic complex
and that the binding of Munc13-4 to syntaxin 7 is susceptible to
calcium-mediated regulation.

Munc13-4 and syntaxin 7 colocalize at late endosomes

In neutrophils, LAMP1 localizes exclusively at late endosomes
(Cieutat et al., 1998) but not at the azurophilic granules, which are
members of the lysosome-related organelle family (Dell’Angelica
et al., 2000) and are characterized by the presence of LAMP3 and an
array of proteases and secretory proteins, including myeloperoxi-
dase (Kuijpers et al., 1991). Therefore, to analyze the localization of
syntaxin 7 and Munc13-4 at late endosomes, we studied the distri-
bution of endogenous syntaxin 7 and Munc13-4 in relationship to
that of LAMP1 by immunofluorescence in primary neutrophils. Of
importance, although 4% PAF may induce shrinkage and deforma-
tion of late endosomes, probably as a result of the hyperosmolarity
property of the fixative and dehydration of the sample (Murk et al.,
2003), morphological changes occur without affecting the mem-
brane length (Murk et al., 2003) or protein localization, and therefore
its use is valid for colocalization analyses. In Figure 3A, we show that
syntaxin 7 and Munc13-4 colocalize at LAMP1-positive structures in
these cells. As described previously, Munc13-4 was also detected at
lysosome-related organelles in neutrophils, where it also colocalizes
with syntaxin 7 (Figure 3B). Quantitative analysis showed that 33% of
LAMP1-positive vesicles contain Munc13-4 and 39% of LEs contain
syntaxin 7, confirming the distribution of Munc13-4 at LEs (Figure
3C). Next we studied the localization of Munc13-4 and syntaxin 7 in
further detail using high-resolution single-molecule fluorescence mi-
croscopy (STORM). As shown in Figure 3D, our studies demonstrate
adjacent distribution of syntaxin 7 and Munc13-4 within 20-50 nm in
the lateral plane, suggesting that they are likely to interact in vivo.
We also observed a similar pattern for LAMP1 and Munc13-4, which
appeared in close proximity, although in most cases, these two mol-
ecules are separated from each other (>50 nm; Figure 3E), suggest-
ing a high likelihood of occupying the same organelle but not nec-
essarily being adjacent and thus unlikely to interact.

Because Munc13-4 and syntaxin 7 are expressed in several cells
and tissues (Wang et al., 1997, Koch et al., 2000), we confirmed their
cellular colocalization in human retinal pigment epithelial cells
(ARPE19 cells). To this end, we analyzed the localization of Munc13-4
in relation to that of syntaxin 7 by pTIRFM in live cells, which has the
advantage of allowing the analysis of deeper cellular structures than
traditional TIRFM while maintaining a high signal-to-background
ratio and low photobleaching (Mudrakola et al., 2009). Figure 3F
shows that Munc13-4 largely colocalizes with syntaxin 7 at both the

of at least three experiments with similar results. The asterisk indicates truncations. (E, F) Analysis of the binding of
Munc13-4 WT or mutants C2A*, C2B*, and C2A*C2B* to syntaxin 7 (E) or VAMP8 (F). C2A* includes point mutations
D127 and D133 to alanines in the Munc13-4 C2A domain, which knocks out the Ca?*-binding sites in this domain;
C2B* includes point mutations D941 and D947 to alanines to knock out the Ca?*-binding sites in the C2B domain.
C2A*C2B* includes four D — A mutations corresponding to both C2 domains. NS, not significant. **p < 0.001.

(G) Coimmunoprecipitation assays were performed as in C, except that reactions were performed in the presence or
absence of 100 pM calcium (Ca?*), and, where indicated, Munc13-4 C2 mutants were used instead of WT Munc13-4.
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limiting membrane of hollow vesicles and at the membranes of
small vesicles (Pearson r=0.755, n=16).

The distribution of syntaxin 7 at late endosomes is
independent of Munc13-4

To analyze whether Munc13-4 is necessary for the subcellular distri-
bution of syntaxin 7, we carried out immunofluorescence analysis
of endogenous syntaxin 7 in Munc13-4-deficient neutrophils. In
Figure 3, G and |, we show that the percentage of total syntaxin 7
present in late endosomes of Munc13-4—deficient cells is not signifi-
cantly different from that detected in wild- type cells, indicating that
the distribution of syntaxin 7 at late endosomes is independent of
Munc13-4 expression. Similar results were also observed for VAMPS.
Thus ~35% of LAMP1-positive late endosomes expressed VAMP8
in neutrophils independently of the expression of Munc13-4.

A previous study suggested that although both VAMP8 and syn-
taxin 7 are localized at late endosomes, the general distribution of
VAMP8 does not necessarily mirror that of syntaxin 7 (Mullock et al.,
2000). To test this in neutrophils, and because Munc13-4 localizes
not only at late endosomes but also at azurophilic granules (Catz,
2013), we analyzed the distribution of VAMP8 and syntaxin 7 at this
set of granules. Immunofluorescence studies show that whereas
~40% of azurophilic granules contain syntaxin 7 in wild-type and
Munc13-4-KO neutrophils, only ~15% of MPO-positive granules ex-
press VAMPS (Figure 3, H and I). These data suggest that the distri-
bution of the SNAREs VAMP8 and syntaxin 7 is independent of
Munc13-4 expression, and, in agreement with results in Madin—
Darby canine kidney cells (Mullock et al., 2000), VAMP8 and syntaxin
7 are not equally distributed in neutrophils. Thus it is possible that
azurophilic granules lacking VAMP8 may constitute a subpopulation
of lysosome-related organelles at a different maturation stage or
may use a different SNARE complex.

Next we confirmed the dual distribution of syntaxin 7 at both
secretory granules and late endosomes in neutrophils expressing
EGFP-syntaxin 7 using pTIRFM. This analysis showed that syntaxin
7 localizes at a highly dynamic set of punctate vesicles, as well as at
late endosomes identified by their hollow appearance in live-cell
microscopy similar to those with LAMP1 expression (Supplemental
Figure S4A and Supplemental Movie S7). A different pattern of pro-
tein distribution was observed for syntaxins 3 and 4, which were lo-
calized at punctate vesicular structures and the neutrophil plasma
membrane but not LEs (Supplemental Figure S4, B and C), in agree-
ment with a previous study (Brumell et al., 1995). Finally, the distri-
bution of Munc13-4 in live neutrophils was similar to that observed
for syntaxin 7, with the protein split between highly dynamic secre-
tory vesicles and late endosomes (Supplemental Figure S4D).

Munc13-4 expression but not the syntaxin 7 calcium-
binding-deficient mutant Munc13-4 C2A*C2B* rescues the
enlarged late endosomal phenotype

To demonstrate that calcium-dependent binding of Munc13-4 to
syntaxin 7 regulates endosomal maturation, we transfected
Munc13-4-deficient neutrophils with either Munc13-4 or Munc13-4-
C2A*C2B*, a mutant of Munc13-4 that disrupts this interaction
(Figure 4A). Here we show that wild-type Munc13-4 but not the
double C2-domain mutant rescues the normal late endosomal size
in neutrophils (Figure 4B), further supporting the finding that
Munc13-4 regulates late endosomal maturation through a mecha-
nism that involves the participation of the calcium-binding proper-
ties of this molecule, most likely through interaction with syntaxin 7.

Intraluminal acidity is not regulated by Munc13-4

Intraluminal acidity is essential for LEs and lysosomes to become
biologically active degradative compartments (Huotari and Hele-
nius, 2011). We next analyzed whether Munc13-4 regulates LE acid-
ity. To this end, we double labeled LEs with the limiting membrane
marker EGFP-LAMP1 and the acidotropic probe LysoTracker.
Figure 5A and associated Supplemental Movies S8 and S9 show
that LysoTracker-positive LEs are similarly present in both WT and
Munc13-4-KO neutrophils. No significant differences were ob-
served in the total number of acidic organelles between wild-type
and Munc13-4-KO cells as determined by the number of Lyso-
Tracker-labeled enlarged EGFP-LAMP1 LEs (Figure 5B). Taken to-
gether, our results rule out a significant role for Munc13-4 in the
regulation of the pH of LEs.

Munc13-4 is required for CpG-ODN-dependent endosome
maturation and TLR9-dependent signaling

Endosome maturation is a requirement for endosomal-initiated sig-
naling in response to several stimuli, including the stimulation of
the pattern recognition receptor TLR? by unmethylated bacterial
DNA (Hacker et al., 1998). Here, to further evaluate the role of
Munc13-4 in endosomal maturation and function, we analyzed the
distribution of TLR9 in relation to the subcellular localization of
Munc13-4. Immunofluorescence analysis of endogenous proteins
showed the localization of TLR? at Munc13-4—positive intracellular
compartments (Figure 6A); 33.3 £ 2.3% of TLR? compartments con-
tain Munc13-4 (n=57 cells). In addition, TLRY was detected in com-
partments that were positive for the endosomal markers LAMP1
(28.36 + 1.96% of LAMP1 compartments contain TLR?; n = 40) and
syntaxin 7 (54.89 + 2.5% of TLR9 compartments contain syntaxin 7;
n = 37; Figure 6A). Because TLR? activation requires endosomal
maturation, we next analyzed the distribution of the unmethylated

FIGURE 3: Syntaxin 7 and Munc13-4 colocalize in LAMP1-positive granules in neutrophils, but the subcellular
localization of syntaxin 7 and VAMP8 is independent of Munc13-4. (A) Immunofluorescence analysis of endogenous
syntaxin 7 (STX7; green), the late endosomal marker LAMP1 (red), and Munc13-4 (violet) in wild-type neutrophils.
Arrowheads indicate examples of vesicles that are positive for all three stainings. Cell nuclei were visualized with
4’,6-diamidino-2-phenylindole (DAPI) staining (blue). (B) Immunofluorescence analysis of endogenous syntaxin 7 (green),
the lysosome-related organelle marker MPO (red), and Munc13-4 (violet) in wild-type neutrophils. (C) Colocalization
analysis of LAMP1 with either syntaxin 7 or Munc13-4 using 29 and 38 cells, respectively. (D, E) High-resolution STORM
analysis of the localization of endogenous Munc13-4 and syntaxin 7 (D) or LAMP1 (E) in wild-type cells. Whereas
syntaxin 7 and Munc13-4 are detected adjacent to each other (arrowheads, 10-50 nm; D), LAMP1 and Munc13-4 are in
close proximity but not always adjacent (arrowheads, estimated distance >50 nm; E). Scale bar, 1 pm. (F) TIRFM analysis
of colocalization of syntaxin 7 and Munc13-4 in RPE cells. Scale bar, 10 pm. (G, H) Immunofluorescence analyses of
endogenous syntaxin 7 (green) and VAMPS (violet) with LAMP1 (red; G) or MPO (red; H) in wild-type and Munc13-4-KO
neutrophils. Arrowheads indicate examples of vesicles that are positive for all three stainings. Scale bar, 1 ym.

(I) Quantification of the colocalization shown in G and H. Calculation of the colocalization coefficient was performed by
analyzing at least 38 cells in each group. Results are mean + SEM. ***p < 0.001.
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DNA receptor in relation to cathepsin G, a protease previously as-
sociated with lysosome-related organelles in neutrophils (Egesten
et al., 1994) that is also present in a subpopulation of LAMP1-posi-
tive puncta in murine neutrophils (Supplemental Figure S5). Be-
cause the colocalization of LAMP1 with the lysosome-related or-
ganelle marker myeloperoxidase is very poor (unpublished data ),
we propose that cathepsin G colocalizes with LAMP1 at organelles
that correspond to conventional lysosomes in these cells (also ob-
served by LAMP1 staining and electrodensity, by immuno—-electron
microscopy, in Figure 1). We found that neutrophils lacking
Munc13-4 showed decreased colocalization of late endosomal
TLR? with lysosomal cathepsin G both under unstimulated condi-
tions and after treatment with the unmethylated oligonucleotide
CpG-ODN, a well-characterized TLR? agonist (Figure 6, Band C). In
addition, whereas wild-type cells showed a significant increase in
TLR9—cathepsin G colocalization in response to CpG, no significant
effect was observed in Munc13-4-deficient cells, further supporting
a role for Munc13-4 in the maturation of the TLR9-positive compart-
ment (Figure 6, B and C).

580 | J.Heetal

To characterize further the nature of EGFP-LAMP1—positive late
endosomes and determine their degradative capacity, we used DQ-
BSA, an endocytic substrate that becomes fluorescent upon diges-
tion of BSA and subsequent release of the unquenched fluorescent
probe. Our data show that some of the LAMP1-positive large vesi-
cles function as degradative compartments (Figure 6D). Further-
more, quantitative analyses by two independent methods (confocal
microscopy and flow cytometry) show decreased degradative ca-
pacity in Munc13-4—KO cells compared with wild-type cells, further
supporting a retarded or defective delivery of degradative enzymes
into LEs in the absence of Munc13-4 expression.

Next, to study a possible regulatory function for Munc13-4 on late
endosomal-initiated TLRY signaling, we analyzed the signaling path-
ways initiated by CoG-ODN in primary neutrophils. Wild-type neutro-
phils stimulated with CoG-ODN 1826 showed a marked and transient
increase in extracellular signal regulated kinase (ERK) phosphoryla-
tion (Figure 6E). ERK phosphorylation peaked at 10 min and gradually
decayed but still showed signs of activation up to 40 min after the
addition of CpG (Figure 6, E and F). In contrast, Munc13-4—deficient
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(A) Representative images of TIRFM analyses of the distribution of
EGFP-LAMP1 and acidic organelles (LysoTracker) in primary WT or
Munc13-4-KO (Jinx) neutrophils. For the corresponding dynamic
studies, see Supplemental Movies S8 and S9. (B) Quantitative analysis
of the colocalization of LAMP1 and LysoTracker in unstimulated
neutrophils. Results are expressed as mean + SEM from 18 WT and 17
Munc13-4-KO cells from two independent experiments.

neutrophils showed a weak ERK phosphorylation response to CpG
that was significantly different from the response observed in wild-
type cells (Figure 6, E and F). No differences were observed between
wild-type and Munc13-4-KO neutrophils in levels of p38MAP kinase
phosphorylation in response to TLR? activation (Figure 6E), support-
ing a Munc13-4-dependent Erk-specific activation mechanism in
neutrophils stimulated with CpG. Furthermore, no differences were
observed in the level of expression of TLR? between wild-type and
Munc13-4—deficient neutrophils (Figure 6G), indicating that the de-
fects are not due to an intrinsic deficiency in TLR9.

Munc13-4 is required for endosomal-initiated,
TLR9-dependent neutrophil activation

The results showing that late endosome-initiated signaling is im-
paired in Munc13-4—deficient neutrophils suggested that this pro-
tein may play an important role in the regulation of several cellular
functions downstream of TLR9 activation. CD11b up-regulation is a
process of fundamental importance in innate immunity, as it controls
the ability of neutrophils to adhere to the activated endothelium
duringinfections (Moreland etal., 2002) and mediates host-pathogen
recognition (Forsyth et al., 1998). Here, to study the role of Munc13-4
in the activation of endosomal TLR?-associated functions, we next
analyzed the plasma membrane up-regulation of the B,-integrin
subunit CD11b in response to CpG in wild-type and Munc13-4-de-
ficient neutrophils. Murine neutrophils stimulated with CpG showed
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marked up-regulation of CD11b at the plasma membrane (Figure 7,
A and B). The process was inhibited by pretreatment of neutrophils
with chloroquine, indicating that a fully functional endosomal sys-
tem is necessary for CpG to induce CD11b up-regulation (Figure 7,
A and B). Furthermore, B,-integrin activation by CpG was signifi-
cantly impaired in Munc13-4-KO neutrophils, further supporting a
role for Munc13-4 in endosomal-initiated, TLR?-dependent neutro-
phil activation (Figure 7, A and B). Of note, CD11b up-regulation
during neutrophil activation is an otherwise Munc13-4-independent
mechanism, as neutrophils lacking Munc13-4 are able to activate
Bo-integrins at the plasma membrane in response to other physio-
logical stimuli that do not signal from the late endosomal compart-
ment. This includes the bacterial-derived peptide fMLP (Figure 7, C
and D) and the TLR4 ligand lipopolysaccharide (Johnson et al.,
2011). In addition, the up-regulation of CD11b by fMLP was not af-
fected by CQ, further supporting the idea that the effect of this
weak base is specific for stimuli that depend on the proper function
of the endocytic compartment (Figure 7, C and D). Finally, to con-
solidate the data from signaling studies with the functional results,
we analyzed whether the defects observed in TLR%-initiated Erk sig-
naling were associated with the impaired ability of Munc13-4-KO
neutrophils to mediate CD11b up-regulation. Here we show that
Erk phosphorylation and CD11b up-regulation in response to TLR?
agonists are inhibited by PD98059, a well-characterized ERK inhibi-
tor (Figure 7, E and F, respectively). The effect was not observed in
Munc13-4-KO cells with an already low intrinsic response to CpG,
thus functionally connecting Munc13-4 function, ERK signaling, and
CD11b up-regulation in response to TLR? agonists. Taken together,
our data strongly support an important role for Munc13-4 in late
endosomal maturation that is associated with the regulation of sig-
naling processes and cellular functions of fundamental importance
in biological processes.

DISCUSSION

In this work, we characterized a novel mechanism of late endosomal
maturation regulated by Munc13-4 that has direct implications for
signaling pathways regulating cellular functions associated with the
immune response. Here we identified Munc13-4, a trafficking pro-
tein previously associated with secretory mechanisms, as a central
regulatory component of the endocytic pathway. In particular, we
established that Munc13-4 binds to the SNAREs syntaxin 7 and
VAMPS, identified the molecular determinants of these interactions,
and showed that cells deficient in Munc13-4 are associated with
several late endosomal defects, including impaired LE maturation
and impaired TLR?-dependent activation, which cannot be rescued
by mutants of Munc13-4 that lack the calcium-dependent SNARE-
binding properties.

In recent years, several studies have made progress in helping to
clarify the mechanism of late endosomal fusion events. These stud-
ies identified the HOPS complex and Rab7 as tethering factors
(Caplan et al., 2001; Solinger and Spang, 2013) and syntaxin 7,
VAMP7, and VAMP8 as essential SNAREs for regulated fusion (Luzio
et al., 2007). Furthermore, the participation of intraluminal calcium
in the prefusion events of late endosomes and lysosomes was dem-
onstrated (Pryor et al., 2000). This suggested that a calcium sensor
may mediate this process, similar to the mechanism used by synap-
totagmin VIl during lysosomal fusion with the plasma membrane.
However, based on the inhibitory effect of high calcium concentra-
tions on LE-lysosomal fusion, it was indicated that synaptotagmin
VIl does not regulate LE fusion (Luzio et al., 2010), suggesting that a
sensor for LE-lysosome fusion is yet to be identified. Munc13-4 has
the ability to regulate vesicular trafficking, docking, and fusion in a
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Munc13-4 is required for CpG-ODN-induced endosomal maturation and TLR9-dependent signaling.
(A) Confocal microscopy analysis of the distribution of TLR9 with Munc13-4, LAMP1, and STX7 in WT neutrophils. Cell
nuclei are visualized with DAPI staining (blue). Scale bar, 1 um. (B) Confocal microscopy analysis of the distribution of
TLR9 with the protease cathepsin G in WT and Munc13-4-KO (Jinx) neutrophils. NS, no stimulation; CpG, cells were
primed with GM-CSF and treated with CPG-ODN. Scale bar, 1 pm. (C) Quantification analysis showing the percentage of
TLR9-positive vesicles that contain cathepsin G. In these assays, 109, 113, 131, and 137 cells were analyzed for the
groups WT NS, WT+CpG, Jinx NS, and Jinx+CpG, respectively. Results are expressed mean + SEM. *p < 0.05,
***p < 0.0001. (D) Top, pTIRFM images of WT and Jinx neutrophils expressing GFP-LAMP1 (green) with internalized
DQ-BSA (red), a fluorescent probe whose intensity increases upon degradation. The fluorescence intensity of the probe
was analyzed from confocal images using ImageJ (bottom left) or by flow cytometry (bottom right). Results are mean +
SEMs. For the quantification of confocal images, 342 WT and 344 Jinx neutrophils were analyzed. For flow cytometry,
n= 3 for both WT and Jinx. *p < 0.05. (E) Western blot analysis of neutrophil signaling in response to TLR? activation.
WT and Munc13-4-KO (Jinx) neutrophils were treated as follows: 1, untreated; 2, GM-CSF 1.5 h; 3, GM-CSF 1.5 h + CpG
10 min; 4, GM-CSF 1.5 h + CpG 20 min; 5, GM-CSF 1.5 h + CpG 30 min; 6, GM-CSF 1.5 h + CpG 40 min; and 7, CpG
10 min. Immunoblots are representative of three independent experiments. (F) Quantification of Erk phosphorylation
upon GM-CSF and CpG treatment was performed by densitometry. The intensity of phosphorylated Erk was normalized
to that of total Erk, and then all the relative intensity values were normalized to the highest value (WT GM-CSF 1.5 h +
CpG 10 min). Squares indicate WT and circles indicate Jinx neutrophils. The results are presented as mean + SEM (n = 3);
**p < 0.005. (G) TLR9Y expression in WT and Munc13-4-KO neutrophils. Total p38 was used for equal loading. NS, no
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FIGURE 7: TLR9-induced plasma membrane up-regulation of CD11b is impaired in Munc13-4-KO neutrophils. (A) Flow
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quantification of the up-regulation of CD11b at the plasma membrane in WT or Munc13-4-KO neutrophils stimulated
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Mean = SEM. n = 10; ***p < 0.001. (E) Effect of the inhibitor PD98059 (PD) on Erk phosphorylation. (F) Effect of the
inhibitor PD on CD11b up-regulation. Mean + SEM of three independent experiments.

calcium-dependent manner. Our data show that Munc13-4 interacts
with VAMP8 and syntaxin 7 and that the interaction is favored in the
presence of calcium. They also show that mutations in the calcium-
binding domain of Munc13-4 impair binding to syntaxin 7. This sup-
ports the idea that Munc13-4 may operate as a calcium sensor for LE
fusion.

Munc13-4 was shown to reconstitute calcium-dependent,
SNARE-mediated membrane fusion in vitro, albeit in association
with the secretory syntaxins 1, 3, and 4 instead of endosomal syn-
taxins (Boswell et al., 2012). That study demonstrated that whereas
both C2 domains of Munc13-4 were important for calcium-depen-
dent fusion, the Munc13-4 C2A domain but not the C2B domain
was important for binding to the secretory SNARE syntaxin 1 in
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pull-down assays, using syntaxin-containing phosphatidylcholine
liposomes (Boswell et al., 2012). In principle, this differs from our
observation that mutations in the C2B but not in the C2-calcium-
binding domain impairs binding to syntaxin 7. Although several
different possible scenarios might help to explain these differ-
ences, the most likely explanation is that syntaxins 1, 3, and 4 are
significantly different proteins from syntaxin 7, with very low or
no primary structure homology between secretory and endocytic
syntaxins (Teng et al., 2001). Therefore it is likely that Munc13-4
has evolved to recognize and interact with functionally different
syntaxins through distinct C2 domains. Thus it is possible that
Munc13-4 uses different C2 domains to bind to SNAREs that medi-
ate different but complementary cellular functions, allowing a
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possible sequential regulatory function. For example, Munc13-4
could serve as a regulator for both late endosomal maturation and
secretion by binding simultaneously to different syntaxins.

Consistent with a possible role for Munc13-4 in LE maturation,
here we show that Munc13-4—deficient cells are characterized by the
presence of enlarged LAMP1-positive LEs. Although the formation
of highly enlarged LEs has been demonstrated in response to the
up-regulation of the endocytic pathway in other work, for example,
by the up-regulation of Rab7 (Bucci et al., 2000) or Rab11 activation
(Savina et al., 2005), these mechanisms are accompanied by an
overall decreased number of enlarged vesicles due to the merging
of several LE endosomes into newly formed hybrid vesicles. In fact,
the formation of giant LEs was impaired by inhibiting fusion by
means of calcium chelators, leading to the formation of numerous
vesicles with a typical ring-shaped structure (Savina et al., 2005). In
our studies, the phenotype observed in Munc13-4-KO cells was
characterized by a significant increase in both the size and number
of LEs, which was most likely associated with the disruption of the LE
flux, in the same manner that inhibition of fusion of LE (Savina et al.,
2005) or autophagosomes (Gutierrez et al., 2004; Klionsky et al.,
2008) with lysosomes increases the number of LEs or LC3-positive
organelles, respectively. Supporting this view, treatment of wild-type
cells with chloroquine, a base that inhibits fusion of endocytic vesi-
cles with lysosomes (Pryor et al., 2000), reproduced the large-LE
phenotype observed in Munc13-4-deficient cells and increased the
number of LEs to levels similar to those present in Munc13-4-KO
cells (Figure 1, D and E). Furthermore, rescue experiments with
Munc13-4 demonstrated that this protein is necessary to restore the
reduced-LE-size phenotype in Munc13-4-KO cells (Figure 4). Of
importance, the Munc13-4-C2A*C2B* mutant, which lacks calcium-
dependent binding to syntaxin 7, was unable to restore the wild-
type phenotype, further supporting that the binding of Munc13-4 to
this SNARE is important for calcium-dependent LE fusion.

Extensive studies using rat liver lysosomes and late endosomes
elucidated the roles played by SNAREs in endosomal maturation
(Mullock et al., 1989; Pryor et al., 2000). These studies showed that
syntaxin 7 regulates both LE homotypic and LE-lysosome hetero-
typic fusion (Mullock et al., 2000; Ward et al., 2000). In addition,
VAMP7 and VAMP8 were also shown to be essential for the mem-
brane fusion events in the endocytic pathway (Pryor et al., 2004).
Roles in autophagosome—endolysosome fusion (Furuta et al., 2010;
Diao et al., 2015) and exocytosis (Wang et al., 2007) were also pro-
posed for VAMPS. In neutrophils, using inhibitory antibodies, one
study suggested that VAMP7 but not VAMPS regulates exocytosis
(Logan et al., 2006). A possible role for VAMP8 in these cells has
been elusive. Here we show for the first time that syntaxin 7, VAMPS,
and Munc13-4 are able to form a complex that coimmunoprecipi-
tates in a calcium-dependent manner and that Munc13-4 calcium-
binding-deficient mutants that impair these interactions are unable
to rescue the late endosomal enlarged phenotype observed in
Munc13-4-KO neutrophils (Figure 4), supporting a role for syntaxin
7, VAMPS8, and Munc13-4 in LE maturation in neutrophils.

Two independent observations presented in this study suggest
that the fusion of degradative enzyme—-containing compartments
with late endosomes is defective in Munc13-4-KO neutrophils. First,
using a self-quenched fluorogenic probe that is internalized through
the endocytic pathway and becomes fluorescent upon digestion
in degradative compartments, we showed that Munc13-4-KO
neutrophils have impaired degradation of endocytic substrates
(Figure 6D). Second, our results showing lower levels of colocaliza-
tion of the LE signaling receptor TLR? with cathepsin G in Munc13-4-
KO cells and no significant increase in colocalization in CpG-treated
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Munc13-4-KO neutrophils compared with unstimulated cells
(Figure 6) further support the idea that the fusion of late endosomes
with degradative enzyme-—containing lysosomes is impaired in the
absence of Munc13-4. Late endosomal TLR activation and signal-
ing are central mechanisms in innate immunity, inflammation, and
autoimmunity. These are fundamental processes that not only help
to shape appropriate cellular responses during infections but also
modulate the cellular functions at the inflammatory site. Here we
show that Munc13-4 directly regulates TLR9-initiated signaling and
TLR9-dependent up-regulation of the neutrophil adhesion molecule
and receptor CD11b at the plasma membrane, a process that is
impaired in Munc13-4-deficient cells and inhibited by chloroquine
treatment in wild-type cells. Thus our data highlight a novel mecha-
nism of endosomal function mediated by Munc13-4, which appears
to be an essential component of the machinery that regulates TLR9
activation. Based on these data, it is tempting to propose that puta-
tive interference with the role of Munc13-4 in LE maturation could
potentially decrease inflammation by impairing TLR9-dependent
signaling and TLR9-initiated proinflammatory functions.

Taking our results together, we showed a novel interaction of
Munc13-4 with the late endosomal SNARE syntaxin 7, demon-
strated that this is an important process for late endosomal matura-
tion, and suggested that Munc13-4 is a good candidate to mediate
calcium sensing in this process. Furthermore, we showed that late
endosomal signaling and the control of important regulatory mole-
cules for host-pathogen interaction are impaired in the absence of
Munc13-4, further supporting the idea that Munc13-4 is a central
regulator of the late endocytic machinery and associated innate im-
mune cellular functions.

MATERIALS AND METHODS

Animals

C57BL/6 Munc13-4in¥iinx mijce (hereafter referred to as Jinx;
Crozat et al., 2007) and their parental strain, C57BL/6 (wild type),
were used. Mice (6-12 wk old) were maintained in a pathogen-
free environment and had access to food and water ad libitum.
All animal studies were performed in compliance with the
Department of Health and Human Services Guide for the Care
and Use of Laboratory Animals. All studies were conducted ac-
cording to National Institutes of Health and institutional guide-
lines and with approval of the animal review board at Scripps
Research Institute.

Expression vectors and mutagenesis

GFP-Vamp8, syntaxin 7, syntaxin 17, syntaxin 18, and Vti1b were ob-
tained from Addgene (Cambridge, MA). Histidine-tagged syntaxin 3
and syntaxin 4 were obtained from Addgene and then subcloned into
the EGFP-C1 vector (Clontech Laboratories, Mountain View, CA).
mCherry-Munc13-4 and flag-Munc13-4 were obtained from Geneco-
poeia (Rockville, MD). Munc13-4 mutagenesis was carried out using
QuikChange Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA)
following the manufacturer’s instructions. The primers used for muta-
genesis were 5-attctgggcaaaAatgtcagtgggttcagcAacccctactgec-3”
and 5’-ggcagtaggggtTgctgaacccactgacatTtttgcccagaat-3” for the
C2A domain and 5-ctgctgccectgAactccaatggcetccagcAaceecttt-
gtce-3” and 5-ggacaaaggggtTgctggagcecattggagtTcaggggeageag-3”
for the C2B domain.

Binding assay

For TR-FRET binding assays, 293T cell lysates expressing Flag-
tagged Munc13-4 and GFP-tagged SNAREs were used to evaluate
protein—protein interactions. Where indicated, reactions were
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carried out in relaxation buffer (100 mM KCI, 3 mM NaCl, 3.5 mM
MgCly, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
in the presence of 100 pM CaCl, or 200 pM ethylene glycol tet-
raacetic acid (EGTA). The reactions were started by addition of the
terbium cryptate-conjugated anti-Flag antibody (Cisbio, Bedford,
MA) at 15 pg/pl in a final volume of 10 pl following the manufactur-
er's instructions. The reactions were carried out at 21°C, and the
emission ratio of the acceptor (GFP, 520 nm) to the donor (Tb,
490 nm) was read using an Envision plate reader.

Antibodies

Primary antibodies used for Western blotting and immunofluorescent
staining were as follows: anti-syntaxin 7 (AF5478; R&D Systems),
VAMP8 (104302; Synaptic Systems, Goettingen, Germany), MPO
(HM1051; Hycult Biotech, Uden, Netherlands), TLR? (PA5-20203;
Thermo Fisher Scientific, Asheville, NC), phosphorylated Erk and total
Erk (9101, 9202; Cell Signaling Technology, Danvers, MA), phosphor-
ylated P38 and total P38 (9211, 9212; Cell Signaling Technology),
Flag (CGAB-DDK; Genecopoeia), GFP (A6455; Life Technologies,
Carlsbad, CA), LAMP1 (sc-19992; Santa Cruz Biotechnology, Santa
Cruz, CA), Myc (sc-40; Santa Cruz Biotechnology), Munc13-4
(described previously; Brzezinska et al., 2008), and anti-Rab7 (D95F2;
Cell Signaling Technology).

SDS-PAGE, Western blotting, and immunoprecipitation
Proteins were separated by gel electrophoresis using NuPAGE
gels and 3-(N-morpholino)propanesulfonic acid buffer (Life Tech-
nologies). Proteins were transferred onto nitrocellulose mem-
branes for 120 min at 100 V at 4°C. The membranes were blocked
with phosphate-buffered saline (PBS) containing 5% (wt/vol)
blotting-grade nonfat dry milk blocker (Rockland, Limerick, PA)
and 0.05% (wt/vol) Tween 20. Proteins were detected by probing
the membranes with the indicated primary antibodies at appro-
priate dilutions and using a detection system consisting of horse-
radish peroxidase-conjugated secondary antibodies (Bio-Rad
Laboratories, Hercules, CA) and the chemiluminescence sub-
strates SuperSignal, WestPico, and WestFemto (Thermo Scien-
tific) and then visualized using Hyperfilm (Denville Scientific,
Holliston, MA). For immunoprecipitation assay, cells were lysed
either by nitrogen cavitation in relaxation buffer supplemented
with 1% NP-40 or directly using RIPA buffer (50 mM Tris/HCI,
150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP-
40), the samples were cleared by centrifugation, and the super-
natants were then incubated with anti-M2 agarose beads
(Sigma-Aldrich, St. Louis, MO) at 4°C with rotation overnight.
After three washes with lysis buffer, the immunoprecipitates were
subjected to Western blotting.

Mouse neutrophil isolation

Bone marrow-derived neutrophils were isolated using a Percoll gra-
dient fractionation system as described (Johnson et al., 2012). A
three-layer Percoll gradient was used (52, 64, and 72%), and neutro-
phils were isolated from the 64/72% interface, washed in PBS, and
used in all the assays.

Immunofluorescence, confocal microscopy, and
colocalization analysis

Neutrophils were seeded on untreated coverglasses (Cole-Parmer,
Vernon Hills, IL) and incubated at 37°C for 1 h, then fixed with 1.5%
paraformaldehyde for 15 min or with 4% PAF for 10 min, permeabi-
lized with 0.02% saponin, and blocked with 1% BSA in PBS. Samples
were labeled with the indicated primary antibodies overnight at 4°C
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in the presence of 0.02% saponin and 1% BSA. Samples were
washed and subsequently incubated with the appropriate combina-
tions of Alexa Fluor (488, 594, or 633)-conjugated donkey anti-rab-
bit, anti-rat, anti-sheep, or anti-mouse secondary antibodies (Life
Technologies). Samples were analyzed with a Zeiss LSM 710 laser
scanning confocal microscope attached to a Zeiss Observer Z1 mi-
croscope at 21°C, using a 63x oil Plan Apo, 1.4 numerical aperture
(NA) objective. Images were collected using ZEN-LSM software and
processed using ImageJ (National Institutes of Health, Bethesda,
MD) and Photoshop CS4 (Adobe). Analysis of colocalization was
performed using ZEN software.

Nucleofection

Mouse neutrophil nucleofection was carried out using the 4D-Nu-
cleofector X Unit system (Lonza) following the manufacturer’s in-
structions. In brief, mouse neutrophils were counted, and 1 x 10¢
cells were resuspended in 20 pl of Lonza P3 solution with 0.1-1 g
of DNA and the solutions were transferred into the X Unit and then
subjected to nucleofection in the 4D-Nucleofector using program
EA-100. The cells were then resuspended in phenol red—-free RPMI
(Life Technologies) and seeded into four-chamber 35-mm glass-
bottom dishes (No. 1.5 borosilicate coverglass; In Vitro Scientific).
Cells were incubated at 37°C for at least 4 h before microscopy
analysis. For the CQ treatment experiments, the transfected cells
were left to recover for 1 h after transfections and then incubated in
the presence of 50 uM CQ for 4 h before TIRFM analysis.

TIRFM

TIRFM experiments were performed using a 100x/1.45 NA TIRF
objective (Nikon Instruments, Melville, NY) on a Nikon TE2000U
microscope custom modified with a TIRF illumination module as de-
scribed (Johnson et al., 2012). Images were acquired on a 14-bit,
cooled charge-coupled device (CCD) camera (Hamamatsu) con-
trolled through NIS-Elements software. The images were recorded
using 300- to 500-ms exposures, depending on the fluorescence
intensity of the sample. Images were analyzed using ImageJ soft-
ware to measure late endosome diameter. Specifically, the longest
diameter of the LAMP1-positive large vesicles was drawn manually
using the Straight Line tool, and the length was measured using the
Measure tool. The 10 biggest LAMP1-positive late endosomes (if
applicable) were measured in each cell.

Immuno-electron microscopy

Cells were fixed using 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA) in 0.1 M phosphate buffer, pH 7.4, overnight
at 4°C. Fixed cells were washed with 0.15 M glycine/phosphate buf-
fer, embedded in 10% gelatin/phosphate buffer, and infused with
2.3 M sucrose/phosphate buffer overnight at 4°C. Frozen sections
of 80-90 nm were placed onto Formvar- and carbon-coated copper
grids. Grids were placed on 2% gelatin at 37°C for 20 min and
rinsed with 0.15 M glycine/PBS, and the sections were blocked us-
ing 1% cold-water fish-skin gelatin. Samples were incubated with rat
anti-LAMP1 antibody (1:50 dilution) at room temperature for 1 h,
followed by incubation with gold-conjugated goat anti-rat immuno-
globulin G (IgG) and IgM (1:25 dilution; Jackson ImmunoResearch)
at room temperature for 45 min. Grids were viewed using a JEOL
1200EX Il transmission electron microscope and photographed us-
ing a Gatan digital camera.

Superresolution microscopy

STORM was performed as described previously (Napolitano et al.,
2015). Briefly, cells were labeled with anti-LAMP1, anti-Munc13-4,
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and anti-syntaxin 7 primary antibodies and Alexa 647- and Alexa
488-conjugated secondary antibodies. Samples were suspended in
freshly prepared STORM buffer (50 mM Tris, pH 8.0, 10 mM NaCl,
10% glucose, 0.1 M mercaptoethanolamine [cysteamine; Sigma-
Aldrich], 56 U/ml glucose oxidase [from Aspergillus niger; Sigma-
Aldrich], and 340 U/ml catalase [from bovine liver; Sigma-Aldrich])
and imaged on a Nikon Ti superresolution microscope. Samples
were imaged using a 100x/1.49 NA Apo TIRF objective either with
or without TIRF illumination. Images were collected on an Andor
IXON3 Ultra DU897 electron-multiplying CCD camera using the
multicolor continuous mode setting in the Nikon Elements software.
Power on the 488- and 647-nm lasers was adjusted to enable collec-
tion of 50-300 molecules per 256 x 256 camera pixel frame at ap-
propriate threshold settings for each channel. Collection was
stopped after a sufficient number of frames were collected (usually
yielding (1-2) x 10° molecules), and the superresolution images
were reconstructed with the Nikon STORM software.

Neutrophil stimulation and flow cytometry analysis

For flow cytometry studies, 1 x 10 mouse neutrophils were resus-
pended in phenol red-free RPMI and treated with 50 uM CQ (Sigma-
Aldrich) or vehicle before stimulation with 10 uM fMLP (Calbiotech,
Spring Valley, CA) for 10 min or with 10 ng/ml granulocyte macro-
phage colony stimulating factor (GM-CSF; Shenandoah Biotechnol-
ogy) for 30 min and 5 uM CpG (ODN 1826; InvivoGen) for 1 h at
37°C. To evaluate the plasma membrane expression of CD11b in
mouse neutrophils, the live cells were blocked in PBS with 1% BSA
and stained with anti-mouse-CD11b-Alexa 647 (clone M1/70; BD
Biosciences, San Jose, CA). Ly-6G was also stained to gate the neu-
trophil population using anti-mouse-Ly-6G-fluorescein isothiocya-
nate (clone 1A8; BD Biosciences). The cells were then washed and
fixed in 1% paraformaldehyde in PBS. The samples were analyzed
using a BD LSR Il flow cytometer (BD Biosciences), and the data were
processed using FlowJo (Ashland, OR) software. To evaluate LE-deg-
radative capacity, neutrophils were transfected for the expression of
EGFP-LAMP1 and incubated in the presence of 40 ug/ml DQ-BSA
(Life Technologies) for 4 h. Live neutrophils were imaged by pTIRFM.
Next the cells were fixed, imaged by confocal microscopy, and quan-
tified using ImageJ. In some experiments, the fluorescence intensity
from digested DQ-BSA was quantified by flow cytometry.

Mitogen-activated protein kinase phosphorylation

Mouse neutrophils were treated with 10 ng/ml GM-CSF for 30 min
before stimulation with 5 pM CpG for the indicated times. The cells
were lysed with RIPA buffer supplemented with protease inhibitor
cocktail (Roche) and subjected to Western blotting using the indi-
cated antibodies. Where indicated, the cells were treated with the
mitogen-activated protein kinase inhibitor PD98059 (50 pM; Calbio-
tech) or dimethyl sulfoxide for 30 min in the presence or absence of
10 ng/ml GM-CSF and subsequently stimulated with 5 pM CpG be-
fore analysis. Erk phosphorylation was quantified using ImageJ. The
phosphorylated Erk intensity values were first normalized to total
Erk and then normalized to the value of the sample labeled “wild
type, CpG 10 min.”

Statistical analysis

Data are presented as means, and error bars correspond to SEMs,
unless otherwise indicated. Statistical significance was determined
using the unpaired Student’s t test or the analysis of variance test
using GraphPad InStat (version 3) or Excel software, and graphs
were made using GraphPad Prism (version 4) software. Peirce’s crite-
rion and Grubbs’ test were used to determine statistical outliers.
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