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ABSTRACT SNAP-23 is a plasma membrane-localized soluble N-ethylmaleimide-sensitive
factor attachment protein receptors (SNARE) involved in Fc receptor (FcR)-mediated phago-
cytosis. However, the regulatory mechanism underlying its function remains elusive. Using
phosphorylation-specific antibodies, SNAP-23 was found to be phosphorylated at Ser95 in
macrophages. To understand the role of this phosphorylation, we established macrophage
lines overexpressing the nonphosphorylatable S95A or the phosphomimicking S95D muta-
tion. The efficiency of phagosome formation and maturation was severely reduced in SNAP-
23-S95D-overexpressing cells. To examine whether phosphorylation at Ser95 affected SNAP-
23 structure, we constructed intramolecular Frster resonance energy transfer (FRET) probes
of SNAP-23 designed to evaluate the approximation of the N termini of the two SNARE
motifs. Interestingly, a high FRET efficiency was detected on the membrane when the S95D
probe was used, indicating that phosphorylation at Ser95 caused a dynamic structural shift to
the closed form. Coexpression of IkB kinase (IKK) 2 enhanced the FRET efficiency of the wild-
type probe on the phagosome membrane. Furthermore, the enhanced phagosomal FRET
signal in interferon-y-activated macrophages was largely dependent on IKK2, and this kinase
mediated a delay in phagosome-lysosome fusion. These results suggested that SNAP-23
phosphorylation at Ser95 played an important role in the regulation of SNARE-dependent
membrane fusion during FcR-mediated phagocytosis.
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Phagocytosis is the essential function of macrophages whereby
large foreign particles, such as various bacteria or other immuno-
globulin (Ig)-opsonized targets and cellular debris, are internalized
into the cell. To disrupt and digest foreign particles, the nascent
phagosomes need to “mature,” a process characterized by the gen-
eration of microbicidal reactive oxygen species (ROS) and the acqui-
sition of an acidic environment resulting from the fusion of endo-
somes and lysosomes that contain vacuolar type H*-ATPase
(V-ATPase) and various hydrolases (Jutras and Desjardins, 2005;
Haas, 2007; Canton, 2014). Remnant peptides from the particles
can serve as antigens to be presented by major histocompatibility
complex (MHC) class | and/or class Il molecules (Mantegazza et al.,
2013). Interestingly, the spectrum of presented antigens is
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determined by the activation status of macrophages. For example,
phagosomes of interferon-gamma (IFN-y)-activated mouse macro-
phages, in which the acquisition of lysosomal hydrolases is delayed,
exhibit a higher degree of MHC class I-mediated antigen presenta-
tion (cross-presentation) than class ll-mediated presentation (Trost
et al., 2009). Similar findings have been reported in M1 (“classically
activated”) macrophages that are activated by IFN-y and/or lipo-
polysaccharide (LPS) but not in M2 (“alternatively activated”) macro-
phages (Canton et al., 2014). However, it remains unclear how the
fusion of phagosomes with endocytic compartments is regulated in
these activated macrophages.

The fusion of intracellular compartment or vesicle membranes
with the plasma membrane or newly formed phagosomes, which
takes place during phagocytosis, is mediated by several soluble N-
ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs), which are the most common fusogenic proteins that con-
tribute to all forms of membrane traffic (Becker et al., 2005; Hatsu-
zawa et al., 2006; Stow et al., 2006; Ho et al., 2008; Hatsuzawa et al.,
2009; Sakurai et al., 2012). SNAREs form complexes that are re-
quired for membrane fusion. These complexes contain coiled-coil
bundles consisting of four helices, of which three (Qa-, Qb-, and
Qc-SNARE motifs) are from SNAREs of the syntaxin and SNAP-25
families and one (R-SNARE motif) is from the vesicle-associated
membrane protein (VAMP, also called synaptobrevin) SNARE family
(Fasshauer et al., 1998; Jahn and Scheller, 2006; Hong and Lev,
2014). In macrophages, two plasma membrane-localized SNARE
proteins, SNAP-23 (synaptosomal-associated protein of 23 kDa; a
Qbc-SNARE) and syntaxin 4 (a Qa-SNARE), have been implicated in
phagosome formation (Murray et al., 2005; Sakurai et al., 2012).
Specifically, phagosomal SNAP-23 regulates the phagosome matu-
ration process as it, in combination with lysosomal VAMP7 (R-
SNARE), mediates phagosome-lysosome fusion (Sakurai et al.,
2012). Thus, it is conceivable that delayed maturation, as observed
in IFN-y-activated macrophages, is regulated by SNAP-23; how-
ever, little is known about how the function of SNAP-23 itself is
regulated.

SNAP-23 is a ubiquitously expressed SNARE that has been clas-
sified into the SNAP-25 family. Like SNAP-25, SNAP-23 generally
mediates exocytosis of secretory vesicles. Phosphorylation of
SNAP-23 is known to occur at Ser23/Thr24 and Ser161 in human
thrombin-activated platelets and at Ser?5 and Ser120 in rat mast
cells (Polgar et al., 2003; Hepp et al., 2005). Suzuki and Verma (2008)
showed that IkB kinase (IKK) 2 phosphorylates SNAP-23 at Ser95
and Ser120 to cause degranulation after stimulation of mouse mast
cells by FceRl (also known as high-affinity IgE receptor). Moreover,
IKK2 is reportedly responsible for the functions of activated platelets
(Liu et al., 2002; Malaver et al., 2009) and for regulating platelet exo-
cytosis through the phosphorylation of SNAP-23 at Ser95 (Karim
et al., 2013). In both cell types (mast cells and platelets), SNAP-23
phosphorylation enhances exocytosis by augmenting SNARE com-
plex assembly (Suzuki and Verma, 2008; Karim et al., 2013). In con-
trast, Ca?*-dependent exocytosis in rat astrocytes is inhibited
by phorbol 12-myristate 13-acetate (PMA), an activator of protein
kinase C (PKC), which is the enzyme responsible for SNAP-23 phos-
phorylation (Yasuda et al., 2011). In macrophages, however, the
role of SNAP-23 phosphorylation during phagocytosis is poorly
understood.

In the present study, we demonstrated that the conserved Ser95
of SNAP-23 was phosphorylated in macrophages and that ectopic
expression of a phosphomimicking mutant negatively regulated
phagosome formation and maturation. On IFN-y activation, phago-
somal SNAP-23 was largely phosphorylated by IKK2, and this
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caused a significant delay in phagosome-lysosome fusion. These
data suggested that SNAP-23 phosphorylation may be crucial for
appropriate phagosome formation and maturation during Fc recep-
tor (FcR)-mediated phagocytosis in macrophages.

RESULTS

SNAP-23 was phosphorylated at Ser95 in macrophages

The fusion-promoting activity of SNAP-23 is reportedly regulated by
phosphorylation in several cell types. In mast cells, SNAP-23 phos-
phorylation enhances membrane fusion by facilitating the formation
of a SNARE complex (Suzuki and Verma, 2008); this was previously
shown (Puri and Roche, 2006) to be required for mast cell exocyto-
sis, whereas an increase in SNAP-23 phosphorylation due to treat-
ment with PMA negatively regulates Ca?*-induced exocytosis in as-
trocytes (Yasuda et al., 2011). As Ser95 of SNAP-23 is a conserved
phosphorylation site between humans and rodents (rats, mice, and
hamsters), we first confirmed the phosphorylation at this site in mac-
rophages. Using an anti-phospho-Ser?5-SNAP-23 antibody (Yasuda
et al., 2011), we detected phosphorylation of SNAP-23 at Ser%5 in
mouse macrophage-like J774 cells stimulated with PMA (Figure 1A).
Next, to determine whether phosphorylation of SNAP-23 at Ser95
regulated phagosome formation and maturation in macrophages,
we established transfectants stably expressing monomeric Venus
(mVenus)-tagged SNAP-23 (mV-S23) proteins consisting of either
the wild-type (WT) sequence, the nonphosphorylatable S?5A (ser-
ine replaced by alanine) mutation, or the phosphomimicking S95D
(serine replaced by aspartate) mutation at similar levels (Figure 1B,
top). As expected, the anti-phospho-Ser95-SNAP-23 antibody did
not detect phosphorylation in cells expressing either of the phos-
phomutants, even on PMA stimulation (Figure 1B, bottom). As
shown in Figure 1C, the mV-S23 proteins were mostly observed on
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FIGURE 1: SNAP-23 was phosphorylated at Ser95 in macrophages.
(A) J774 cells were incubated for the indicated times in the presence
of PMA. Total lysates were analyzed by Western blotting using
antibodies against SNAP-23 and phospho-Ser95-SNAP-23.

(B) Establishment of J774 cells expressing mVenus-tagged proteins
(MV-S23-WT, mV-S23-S95A, or mV-523-S95D). Transfectants were
incubated for 30 min in the presence or absence of PMA at a final
concentration of 100 ng/ml. Phosphorylation of the mV-523 proteins
was analyzed by Western blotting using the indicated antibodies.
(C) Live-cell imaging during phagocytosis of IgG-opsonized Texas
Red-zymosan particles by J774 cells did not reveal differences in the
intracellular localization of the three mV-523 proteins. Bar, 10 um.
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FIGURE 2: Overexpression of the phosphomimicking SNAP-23-S95D mutant reduced FcR-

the maximum value obtained from cells treated with vehicle, which was arbitrarily defined as

100%. Data presented are the mean + SE of four to five independent experiments. (B) J774 cells

expressing mV-tagged proteins were incubated with IgG-opsonized Texas Red-zymosan

particles, and the efficiencies (%) of association (left) and phagocytosis (right) were measured.

Data presented are the means * SEs from five to six independent experiments. (C) J774 cells
expressing mV-tagged proteins were incubated with RB-dextran for 8 h, followed by chase in
fresh growth medium without dextran for 5 h to label late endosomes/lysosomes. Total RB

fluorescence was measured (left) to serve as an indicator of labeling efficiency. Data presented
are the means + SEs of four independent experiments. The percentage of RB-dextran—positive
phagosomes (more than 30 individual phagosomes from at least 30 different cells were measured

in each experiment) was calculated (right). Data presented are the means + SEs of seven

independent experiments. Statistical analyses were carried out using two-tailed, paired Student’s

t tests (for experiments with two groups, panel A, right) or one-way ANOVA with Tukey’s
post-hoc test (for experiments with more than two groups, panels B, right, and C, right).
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the plasma membrane and on phagosomes
containing lgG-opsonized Texas Red—conju-
gated zymosan particles, and the localiza-
tion of both mutants was indistinguishable
from that of the WT protein (Supplemental
Figure S1A).

SNAP-23 phosphorylation has been re-
ported to enhance the formation of com-
plexes between SNAP-23 and cognate
SNARE proteins (Hepp et al., 2005; Suzuki
and Verma, 2008; Karim et al, 2013;
Wesolowski and Paumet, 2014). Thus, to in-
vestigate the effect of SNAP-23 phosphory-
lation on its interaction with other SNARE
proteins in resting macrophages, we per-
formed  coimmunoprecipitation  experi-
ments using total lysates from the mV-S23
transfectants (expressing either SNAP-23
WT or phosphomutants), in which we as-
sessed the interaction between each of
these mV-523 proteins with plasma mem-
brane- and endocytic membrane-localized
SNAREs that have been previously shown to
interact with SNAP-23 (Sakurai et al., 2012).
Interestingly, both the phosphomimicking
mV-523-S95D mutant and the nonphos-
phorylatable S95A mutant interacted with
plasma membrane-localized SNAREs (syn-
taxin 3, syntaxin 4, syntaxin 11, and VAMP5)
and endocytic membrane-localized SNAREs
(syntaxin 7, syntaxin 13, VAMP3, VAMP4,
VAMP7, and VAMPS), similarly to that ob-
served with mV-S23 WT (Supplemental
Figure S2). This suggested that the phos-
phorylation status at Ser?5 did not affect the
localization of SNAP-23 and its interaction
with other SNARE proteins in macrophages,
contrary to what has been observed in other
types of cells.

Phosphorylation of SNAP-23 at Ser95
inhibited phagosome formation and
maturation during FcR-mediated
phagocytosis

To investigate the effects of activated PKC
on FcR-mediated phagocytosis in J774
cells, the opsonized Texas Red-conjugated
zymosan assay was performed in cells stimu-
lated with PMA (100 ng/ml, 15 min) to en-
sure that SNAP-23 was phosphorylated at
Ser95 (Figure 1A). PMA reduced the effi-
ciency of phagocytosis by 15.92% + 1.45%
(Figure 2A, right) without affecting the as-
sociation index of zymosan particles with
the cell surface (Figure 2A, left). This sug-
gested that SNAP-23 phosphorylation may
negatively regulate phagosome formation.
To confirm this, we assessed phagocytosis
efficiency in the phospho-mutant-express-
ing transfectants. Both mV-S23-S95A- and
mV-523-595D-expressing cells displayed
association efficiencies similarly to that of
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FIGURE 3: The FRET signal of SNAP-23 probe on the plasma membrane was dependent on its
phosphorylation status at Ser95 in PMA-stimulated J774 cells. (A) Schematic of the SNAP-23
FRET probes used in this study. As described previously, truncated TagGFP2 (TagGFPAC11) and
TagRFP were fused to SNAP-23 (Sakurai et al., 2012). The inset shows the predicted
conformation of the SNAP-23-based FRET construct (tG-S1-tR-S2) on formation of the fusogenic
SNARE complex. Asterisks indicate potentially palmitoylated cysteine residues. (B-D) J774 cells
were transiently transfected with SNAP-23 FRET probes alone (C, D) or in combination with Myc
constructs (B). The spectroscopic function of a laser-scanning microscope was used to excite the
plasma membranes of living cells at 458 nm and the resulting emission spectra were analyzed. In
C and D, measurements of the spectra from the plasma membranes were performed after
treatment with PMA (100 ng/ml) for 15 min. The emission peak of TagRFP (at 580 or 581 nm)
was divided by that of TagGFP2 (at 505 or 502 nm) (TagRFP/TagGFP) and normalized to the
value obtained from cells expressing the tG-S1-tR-S2 WT with the Myc vector (B) or in the
absence of PMA (C, D) in the same respective experiment, which was arbitrarily set to 1.00.
Data presented are the means * SEs of three to five independent experiments. Statistical
analyses were carried out using one-way ANOVA with Tukey’s post-hoc test (for experiments

with more than two groups, panels B, C, and D).

mV-S23 WT-expressing cells (Figure 2B, left). Consistent with this re-
sult, immunofluorescence microscopy revealed a similar expression
and localization of CD64 (Fcy receptor la) on the plasma membrane
in these cells (Supplemental Figure S1B). With respect to phagocy-
tosis efficiency, mV-S23-S95A-expressing cells showed almost iden-
tical values to mV-S23-WT-expressing cells, which was significantly
higher than that in control cells expressing mVenus (mV; Figure 2B,
right) (Sakurai et al., 2012). In contrast, mV-523-S95D-expressing
cells displayed significantly lower phagocytosis efficiencies than
control cells (Figure 2B, right). Similar effects of overexpressing
mV-S23-WT and mV-523-S95D on phagocytosis efficiency were ob-
served even at early time points (within 30 min) during FcR-mediated
phagocytosis (Supplemental Figure S3). These results suggested
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tion could be that the presence of the
mutant caused acceleration of inappropri-
ate SNARE complex formation or decelera-
tion of indispensable SNARE complex for-
mation. However, coimmunoprecipitation
experiments using lysates from J774 cells
expressing mV-S23 WT or mutants after in-
gestion of IgG-opsonized zymosan particles
failed to detect any differences in the levels
of immunoprecipitated SNARE proteins
(Supplemental Figure S4). Next, we investi-
gated whether the overall structure of
SNAP-23 was altered by these mutations us-
ing a variation of the methods first described
by Shcherbo et al. (2009). In a previous
study (Sakurai et al., 2012), we constructed
intramolecular Forster resonance energy
transfer (FRET) probes for SNAP-23 in which
TagGFP2 (tG) and TagRFP (tR) had been added, as donor and ac-
ceptor fluorescence probes, at the N termini of the SN1 and SN2
motifs, respectively (tG-S1-tR-S2; Figure 3A). During the formation
of SNARE complexes between SNAP-23 and other partners, which
occurs during phagocytosis, the two SNARE motifs (located at 1-75
and 148-211, respectively) come closer, thus increasing the FRET
signal from the probe and indicating a structural change (Figure 3A,
inset). In our previous study, we showed that even though the FRET
signal was observed on both the plasma and phagosomal mem-
branes when the probe was expressed in J774 cells, the signal on
the plasma membrane was significantly enhanced when tG-S1-tR-
S2 was coexpressed with Myc-VAMP5 (Sakurai et al., 2012). In the
current study, to investigate whether structural alterations were
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tG-S1-tR-S2 probe and Myc-IKK2, which was followed by determination of the FRET efficiency
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presence (C) or absence (B) of SC-514 at the indicated concentrations, and the FRET efficiency
on the phagosome membrane of living cells was then measured. Data presented are the means
+ SEs of four to five independent experiments. (D) J774 cells labeled with RB-dextran were
transiently transfected with an empty Myc vector, Myc-IKK2, or Myc-IKK2-KD (kinase dead) and
then subjected to phagosome-lysosome fusion assays as described in Figure 2C. Data presented
are the means + SEs of six independent experiments. Statistical analyses were carried out using
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caused by phosphorylation of SNAP-23 at Ser95, SNAP-23 phos-
phomutant probes were also constructed (Figure 3A; tG-S1-tR-S2
S95A and tG-S1-tR-S2 S95D). As shown in Figure 3B, coexpression
with Myc-VAMP5 enhanced the FRET signal from the S?5A probe
on the plasma membrane, similar to that observed for the WT probe
(Sakurai et al., 2012), suggesting that these VAMP5-dependent in-
creases in FRET signal were most likely independent of phosphory-
lation at Ser95. In contrast, when J774 cells expressing the WT or
mutant probe were stimulated with PMA, which caused phosphory-
lation of SNAP-23 at Ser95 (Figure 1A), significantly enhanced FRET
efficiency on the plasma membrane was observed in cells express-
ing the WT probe (Figure 3C and Supplemental Figure S5, A and B)
compared with that with the negative control probe (tG-51-S2-tR),
whereas the S95A probe showed no increase (Figure 3D). These
results implied that the PMA-induced increase in FRET signal inten-
sity was completely dependent on phosphorylation at Ser95. Unex-
pectedly, the S5D probe showed a constitutively high FRET signal
intensity, independent of coexpression with Myc-VAMPS5 (Figure 3B)
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IKK2 phosphorylated phagosomal
SNAP-23 at Ser95 to reduce
phagosome-lysosome fusion efficiency
Past studies have shown that the kinase ac-
tivity of PKC is required for the phosphory-
lation of SNAP-23 at Ser95 during the regu-
lation of exocytosis in astroglial cells
(Yasuda et al., 2011), whereas phosphoryla-
tion by IKK2 enhances secretion in mast
cells and platelets (Suzuki and Verma, 2008;
Karim et al., 2013). More recently, it was re-
ported that Toll-like receptor (TLR) signal-
ing activates IKK2 in dendritic cells, which
then mediates the phosphorylation of
phagosomal-localized SNAP-23 (Nair-Gupta et al., 2014). In the
current studly, to assess whether IKK2 was responsible for the phos-
phorylation of SNAP-23 at Ser95 in macrophages, we performed
FRET analysis in J774 cells transiently coexpressing a tG-S1-tR-S2
probe (WT, S95S, or S95D) and Myc-IKK2. When coexpressed with
the WT probe, Myc-IKK2 did not enhance the FRET signal on the
plasma membrane, as the observed signal was similar to that de-
tected when the probe was coexpressed with an empty Myc vector
(Figure 4A). In contrast, a significantly enhanced FRET signal was
detected on phagosomes containing IgG-opsonized zymosan. This
increase in the FRET signal from the phagosome membranes was
not observed with the S95A probe (Figure 4B), indicating that
Ser95 may be important for the structural alteration of phagosomal
membrane-localized SNAP-23 caused by coexpression with Myc-
IKK2. In the case of the S95D probe, an enhanced FRET signal from
the phagosomal membrane was observed independently of
whether the probe was coexpressed with Myc-IKK2 or empty Myc
vector (Figure 4B).
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FIGURE 5: Structural alteration of phagosomal SNAP-23 in IFN-y-activated macrophages was
partially dependent on IKK2 activity and caused a delay in phagosome maturation. (A, B) J774

cells were transiently transfected with SNAP-23 probes and incubated in

absence of IFN-y (100 U/ml). Eighteen hours after transfection, the FRET efficiency of living cells
ining IgG-opsonized
zymosan particles (B) was analyzed as described under Materials and Methods. Data presented
are the means + SEs of 7 to 10 independent experiments. (C) J774 cells coexpressing the
SNAP-23 tG-S1-tR-S2 probe and a Myc-tagged construct (empty vector or Myc-IKK2) were
incubated in the presence or absence of IFN-y (100 U/ml). Eighteen hours after transfection, the
cells were incubated with IgG-opsonized zymosan particles in the presence or absence of
SC-514 (30 pM) at 37°C for 20 min, and, subsequently, the FRET efficiency on the phagosome
membranes of living cells was analyzed. Data presented are the means * SEs of three
independent experiments. (D) J774 cells labeled with RB-dextran were incubated in the
presence or absence of IFN-y (100 U/ml) for 18 h and then subjected to phagosome-lysosome
fusion assays as described in Figure 2C. IFN-y-activated cells were preincubated in the presence
or absence of SC-514 (30 pM) at 37°C for 20 min before and during the assay. Data presented
are the means + SEs of four independent experiments. Statistical analyses were carried out
using two-tailed, paired Student'’s t tests (for experiments with two groups, panel A) or one-way

on the plasma membrane (A) or on the membrane of phagosomes conta

ANOVA with Tukey's post-hoc test (for experiments with more than two
and D).

Next, to examine whether the enhanced phagosomal FRET
signal from the WT probe was caused by the enzymatic activity of
IKK2, FRET measurements were repeated in the presence of SC-
514, a selective IKK2 inhibitor. The inhibitor markedly blocked
the Myc-IKK2-induced enhancement of the FRET signal from the
WT probe in a concentration-dependent manner (Figure 4C).
This suggested that the kinase activity of IKK2 was indeed re-
sponsible for the phosphorylation of phagosomal SNAP-23 at
Ser95 in macrophages. Given the inhibitory effects of the SNAP-
23-S95D mutant on phagosome maturation (Figure 2C), IKK2
may also delay phagosome maturation by reducing phagosome-
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IFN-y induced a structural alteration

in SNAP-23 and a delay in phagosome
maturation

IFN-y is a T-helper 1 cytokine that regulates
the antimicrobial activity of macrophages by
modulating functions such as pathogen up-
take and antigen presentation. Macro-
phages activated with IFN-y exhibit neutral-
ization of phagosomal pH and a delay in the
fusion of phagosomes with lysosomes dur-
ing phagocytosis (Trost et al., 2009; Canton
et al, 2014). Even though phagosomal
SNAP-23 has been shown to be phosphory-
lated in IFN-y-activated macrophages (Trost
et al., 2009), the physiological significance
of this event remains unknown. These re-
ports prompted us to perform FRET analysis
on macrophages expressing the SNAP-23
tG-S1-tR-S2 probes in the presence of IFN-y.
When J774 cells were transfected with the
WT probe and then activated with IFN-y
(+IFN-y) for 18 h, FRET efficiency on their
plasma membranes was slightly higher compared with that of resting
cells (-IFN-y); however, the difference was not statistically significant
(Figure 5A). In contrast, the FRET signal on phagosomes was clearly
enhanced. In IFN-y-activated cells transfected with the S95A probe,
the phagosomal FRET signal was markedly lower than that in IFN-y—
activated cells expressing the WT probe (Figure 5B). This result sug-
gested that the observed FRET signal from the SNAP-23 WT probe
was largely dependent on the phosphorylation of SNAP-23 at Ser95.
As shown in Figure 5C, both the IFN-y- and Myc-IKK2-induced in-
creases in FRET signal from the WT probe were significantly reduced
in the presence of SC-514 (blue and red columns, respectively),

the presence or

groups, panels B, C,
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indicating that endogenous IKK2 kinase activity was indispensable
for the IFN-y-dependent phosphorylation of phagosomal SNAP-23
at Ser95.

Finally, to determine whether IKK2 kinase activity was involved in
the maturation of phagosomes in the presence of IFN-y in macro-
phages, a phagosome-lysosome fusion assay was performed in
IFN-y-activated J774 cells using IgG-opsonized particles. As shown
in Figure 5D, IFN-y-activated cells displayed markedly lower phago-
some-lysosome fusion efficiency compared with resting cells,
whereas this reduction was significantly reversed when IKK2 activity
was impaired by SC-514 treatment. Consistent with this, the re-
duced efficiency of phagosomal acidification (LysoTracker-positive
phagosomes) in IFN-y-activated cells was also reversed by SC-514
treatment (Supplemental Figure S7). These results suggested that
phosphorylation of phagosomal SNAP-23 by IKK2 was required for
the IFN-y-induced delay in phagosome maturation during FcR-me-
diated phagocytosis in macrophages.

DISCUSSION

In this study, we found that the phosphorylation of plasma mem-
brane-localized SNAP-23 at Ser95 impeded phagocytosis in macro-
phages (Figure 2). Previous studies reported a positive role for
SNAP-23 phosphorylation in several types of regulated exocytosis
in cells such as platelets (Polgar et al., 2003; Hepp et al., 2005;
Karim et al., 2013) and mast cells (Hepp et al., 2005; Suzuki and
Verma, 2008), whereas this phosphorylation mediates PKC-depen-
dent inhibition of Ca?*-dependent exocytosis in astrocytes (Yasuda
etal., 2011). In regulated exocytosis, PKC or IKK2 is responsible for

SNAP-23 phosphorylation. The results of our FRET analyses in mac-
rophages indicated that the ectopic expression of IKK2 did not me-
diate the phosphorylation of SNAP-23 at Ser95 on the plasma
membrane (Figure 4A). Presumably, kinases other than IKK2, such
as PKC, may regulate SNAP-23 phosphorylation on the plasma
membrane to reduce the efficiency of FcR-mediated phagocytosis
(Figure 2A). Previously, we showed that overexpression of SNAP-23
in PMA-activated J774 cells enhances the release of ROS from the
cells to the extracellular space (Sakurai et al., 2012), suggesting that
SNAP-23 phosphorylated by PKC may preferentially regulate exo-
cytic membrane fusion to form a NADPH oxidase 2 (NOX2) com-
plex on the plasma membrane, thus becoming unavailable for
phagosome formation (Figure 2A). Recently, researchers showed
that the suppression of FcR-mediated phagocytosis in J774 cells
treated with PMA is caused by inactivation of the small GTPase Rac,
an inducer of actin polymerization. The activation of Rac is sup-
pressed by PKC-dependent activation of SHP1 phosphatase (Joshi
et al., 2014). These findings indicate that both membrane fusion
and actin polymerization via PKC signaling appear to regulate FcR-
mediated phagocytosis in J774 cells, although the role of PKC in
phagocytosis is still under debate (Larsen et al., 2000, 2002; Wood
etal., 2013). Alternatively, phagocytic receptors other than FcR may
activate some PKCs when they bind to their targets at the plasma
membrane to facilitate SNAP-23 phosphorylation. In either case,
once phosphorylated at Ser?5, SNAP-23 may no longer be involved
in FcR-mediated phagocytosis (Figure 6). If both targets of FcR and
targets of other receptors, such as Toll-like receptors, coexist, then
it may be possible to engulf the latter target preferentially over IgG-

opsonized targets via phosphorylated

SNAP-23 (Figure 6). Indeed, overexpres-

Non-FcR-mediated
phagocytosis

™~

IgG-opsonized
particle
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PKC () PKC ()],

Other
phosphorylation
signal

! :phosphorylated

SNAP-23 at Ser95

FcR-mediated
phagocytosis

sion of SNAP-23-S95D mutant reduced
FcR-mediated phagocytosis  efficiency.
This mutant may compete for assembly of
the acceptor complex consisting of en-
dogenous SNAP-23 and SNARE partners,
such as syntaxin 4, at the plasma mem-
brane. Moreover, the possibility that the
S95D mutant partially suppresses the re-
cycling of FcR from phagosomes cannot
be excluded. However, the precise role of
SNAP-23 phosphorylation in FcR-medi-
ated phagocytosis remains unclear.

We demonstrated reduced phago-
some-lysosome fusion efficiency for the
SNAP-23-S95D mutant, indicating that
phagosome maturation was delayed by
SNAP-23 phosphorylation at Ser95. A de-
lay in the maturation of phagosomes has
been reported in IFN-y-activated (Jutras
et al, 2008) and IFN-y/LPS-activated
macrophages (Canton et al., 2014), as
well as in LPS-activated dendritic cells

rd

Acidification &
fusion with lysosome

Phago-
lysosome

FIGURE 6: Schematic representation of SNAP-23-mediated regulation of phagosome
formation and maturation during FcR-mediated phagocytosis in macrophages. Formation

of a phagosome containing an IgG-opsonized particle is induced by SNAP-23 without
phosphorylation at Ser95. Phosphorylation of SNAP-23 by other factors, such as PKC,
suppresses its ability to regulate phagosome formation. In the presence of both IgG-opsonized
and nonopsonized particles, a non-FcR-mediated phagocytosis pathway may allow
phosphorylated SNAP-23 to induce phagosome formation, resulting in the suppression of
FcR-mediated phagocytosis. Although SNAP-23 in resting macrophages facilitates phagosome
maturation, this process is suppressed or delayed by the phosphorylation of SNAP-23 at Ser95

by IKK2 in IFN-y-activated macrophages (see Discussion).
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(Alloatti et al., 2015). Consistent with
these studies, we observed reduced effi-
ciency of phagosome-lysosome fusion
and phagosomal acidification in J774
macrophages activated with IFN-y com-
pared with that in resting cells, which was
rescued by treatment with SC-514. IFN-y-
activated cells expressing the SNAP-23
WT probe displayed enhanced FRET ef-
ficiency on phagosomes compared with
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those expressing the SNAP-23-S95A probe; however, FRET signal
intensity decreased in the presence of SC-514, suggesting that
IKK2 kinase activity was required for the phosphorylation of phago-
somal SNAP-23 on IFN-y activation. Thus, the phosphorylation of
SNAP-23 at Ser95 by IKK2 should be at least partly responsible for
the suppression of phagosome maturation on IFN-y signaling
(Figure 6). However, a past phagosomal proteome analysis in
IFN-y-activated macrophages revealed the involvement of several
types of kinases in the phosphorylation of phagosomal proteins
(Trost et al., 2009), suggesting that kinases other than IKK2 may
also regulate phagosomal SNAP-23 function. Alternatively, phago-
somal PKC isozymes, such as PKC-0. and PKC-¢, may regulate IKK2
activity as upstream kinases during phagosome maturation (Ng Yan
Hing et al., 2004; Wood et al., 2013).

Phagosomes containing foreign particles gradually mature by ac-
quiring a set of phagosomal proteins that generate ROS, lower the
phagosomal pH, and digest foreign proteins. These include the
NOX2 complex, the vacuolar type H*-ATPase, some MHC molecules,
and lysosomal hydrolases/proteases. The progression of phagosomal
maturation depends on the activation status of the macrophages.
Phagosomes of IFN-y-activated murine macrophages display de-
layed acquisition of lysosomal markers, such as LAMP-1 and B-
hexosaminidase A, and a reduction in hydrolytic and proteolytic ac-
tivities compared with those of resting macrophages (Yates et al.,
2007; Trost et al., 2009). In contrast, some proteins involved in MHC
class | and Il antigen presentation are enriched in the phagosomes of
these cells, resulting in an upregulation of antigen cross-presentation
mediated by MHC class | molecules (Trost et al., 2009). In classically
activated (M1) human macrophages, the phagosome interior is not
acidified but rather maintained near neutral levels (its average pH is
~7.5); this is unlike what happens in alternatively activated (M2) mac-
rophages (Canton et al., 2014). Similarly to M1 macrophages, a neu-
tral phagosomal pH has also been reported in dendritic cells, and this
is both required for efficient antigen presentation (Savina et al., 2006,
2009; Jancic et al., 2007, Mantegazza et al., 2008) and achieved by
the Rab27A-mediated recruitment of NOX2 components into phago-
somes (Jancic et al., 2007). The important implication of our results is
that phagosome maturation may be critically regulated by the phos-
phorylation state of phagosomal SNAP-23 in activated macrophages.
Recently, phosphorylation of phagosomal SNAP-23 by IKK2 in den-
dritic cells was shown to promote the recruitment of the MHC class |
molecule, H2-K®, into phagosomes containing LPS-coated micro-
beads for efficient cross-presentation (Nair-Gupta et al., 2014). Al-
though there is no sufficient evidence implicating Toll-like receptor
signaling in IFN-y-activated macrophages, the phosphorylation of
SNAP-23 at Ser95 by IKK2 may contribute to the development of a
favorable phagosomal environment for antigen presentation by de-
laying fusion with acidic organelles such as lysosomes. In addition,
the delay observed in J774 cells overexpressing SNAP-23-S95D may
be explained by inhibition of the formation of the acceptor complex
consisting of endogenous SNAP-23 and SNARE partner(s) for phago-
some maturation (Figure 2C).

Phagosome maturation in macrophages is regulated by several
SNARE proteins other than SNAP-23, such as syntaxin 7 (late endo-
somes), syntaxin 13 (recycling endosomes) (Collins et al., 2002), and
VAMP7 (late endosomes/lysosomes) (Sakurai et al., 2012). In den-
dritic cells, the involvement of Sec22b, which can be found in the
endoplasmic reticulum (ER) and the ER-Golgi intermediate complex,
in phagosome maturation and antigen cross-presentation is under
debate (Cebrian et al., 2011; Wu et al., 2017). Recently, Escherichia
coli particles and LPS-coated microbeads have been shown to in-
duce IKK2-dependent phosphorylation of phagosomal SNAP-23 (at

1760 | C. Sakurai et al.

least at Ser95) in murine dendritic cells, a phosphorylation event that
plays a critical role in cross-presentation by mediating the fusion of
phagosomes with the endocytic recycling compartment (ERC) con-
taining H2-K® (Nair-Gupta et al., 2014). In this case, the observed re-
cruitment of two ERC-localized SNAREs, VAMP3 and VAMP8, onto
phagosomes containing LPS-coated beads suggests that these
SNARE proteins may be binding partners of phosphorylated SNAP-
23. Our previous FRET analyses suggested that VAMP7 may be in-
volved in phagosome maturation because its ectopic expression
caused a structural alteration of phagosomal SNAP-23 (Sakurai et al.,
2012). Since IFN-y-activated macrophages exhibit enhanced cross-
presentation (Trost et al., 2009), phosphorylation of SNAP-23 on
phagosomes containing IgG-opsonized particles may result in
VAMP7 (which participates in fusion with late endosomes/lysosomes)
being replaced by VAMP3 or VAMP8 (which are involved in fusion
with ERC) as the preferred SNARE partner of SNAP-23. Phosphory-
lated SNAP-23 on phagosomes may also interact with syntaxin 11,
for which phagosomal localization increases in IFN-y-activated mac-
rophages (Trost et al., 2009), to form a SNARE complex with VAMP3
or VAMPS8. Indeed, phosphorylated SNAP-23 in platelets has been
shown to interact with syntaxin 11 and VAMP8 (Karim et al., 2013).
Although we observed no significant difference between the non-
phosphorylatable and phosphomimicking SNAP-23 mutant in terms
of their interaction with these SNARE proteins (Supplemental Figures
S2 and S4), it is likely that the identification of specific SNARE
partner(s) for phosphorylated SNAP-23 may improve our under-
standing of several selective membrane fusion events that take place
during FcR-mediated phagocytosis under the control of the IFN-y-
signaling pathway.

MATERIALS AND METHODS

Antibodies

Polyclonal antibodies against enhanced green fluorescent pro-
tein (EGFP), syntaxin 7, syntaxin 11, VAMP3, VAMP5, VAMP7,
and phospho-Ser95-SNAP-23 were prepared as described previ-
ously (Yasuda et al., 2011; Sakurai et al., 2012). The remaining
antibodies were obtained from commercial sources as follows:
anti-syntaxin 13 from Stressgen (Victoria, Canada); anti-syntaxin
3, anti-syntaxin 4, and anti-SNAP-23 from Sigma-Aldrich (St.
Louis, MO); anti-VAMP8 from Synaptic Systems (Gottingen, Ger-
many); anti-IKK2 (clone 42D1) from Abnova (Taipei, Taiwan); and
anti-CDé4 (N-19) from Santa Cruz Biotechnology (Santa Cruz,
CA).

Cell culture

J774 cells were obtained from the Riken Cell Bank (Tsukuba, Japan)
and cultured in RPMI-1640 medium (Wako Pure Chemical Indus-
tries, Osaka, Japan) supplemented with 10% fetal bovine serum
(FBS) at 37°C in 5% CO,. J774 cells stably expressing mVenus-
SNAP-23 (mV-523) proteins were maintained in RPMI supplemented
with 10% FBS and 2 uM puromycin to maintain selection.

Expression vectors and establishment of stable
transfectants

Human SNAP-23 expression plasmids were constructed by subclon-
ing the PCR-generated cDNA fragments into the pmVenus-C1 vec-
tor (Sakurai et al., 2012). VAMP5 and IKK2 cDNAs were obtained by
reverse transcription PCR using total RNA extracted from J774 cells
and then cloned into the pcDNA-Myc-C1 vector. The expression
vectors pmVenus-SNAP-23-S95A, pmVenus-SNAP-23-S95D, and
pcDNA-Myc-IKK2-KD were created by overlapping PCR (Mercurio
etal., 1997) and confirmed by DNA sequencing.
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J774 cell lines stably expressing mVenus or mVenus-tagged pro-
teins (MV-S23-WT, mV-S23-S95A, or mV-523-S95D) were estab-
lished by infection with recombinant retroviruses generated using
cDNAs of mVenus or mV-523 proteins cloned into the pCX4pur vec-
tor, as previously described (Akagi et al., 2003).

Analysis of phagocytosis with opsonized Texas
Red-conjugated zymosan particles

The opsonized Texas Red-conjugated zymosan assay was per-
formed as described previously (Hatsuzawa et al., 2009; Sakurai
et al., 2012). Briefly, zymosan A particles (cat. no. 263-01491; Wako
Pure Chemical Industries) were labeled with sulforhodamine 101
(Texas Red) acid chloride (cat. no. SO16; Dojindo Molecular Tech-
nologies, Inc., Tokyo, Japan) according to the manufacturer’s in-
structions. J774 cells stably expressing mVenus-tagged proteins
were incubated for 1 h in the presence or absence of an approxi-
mate 30-fold excess of Texas Red-conjugated zymosan particles
opsonized with anti-zymosan antibodies. Subsequently, cells were
washed with phosphate-buffered saline (PBS) to remove the free
particles and then incubated with 0.025% trypan blue to quench the
fluorescence of noninternalized particles. Cellular fluorescence was
quantified using a Varioskan Flash microplate reader (Thermo Fisher
Scientific, Waltham, MA) at an excitation wavelength of 565 nm and
emission wavelength of 615 nm. Arbitrary fluorescence units were
calculated by subtracting the fluorescence intensity observed in the
absence of the zymosan particles from that observed in their pres-
ence. Alternatively, for analysis of association efficiency, cells were
incubated for 30 min on ice with the particles and then washed thor-
oughly with PBS to remove the free particles. The fluorescence of
the particles associated with the cells was then measured as de-
scribed previously in this section.

Phagosome-lysosome fusion assay

The phagosome-lysosome fusion assay was performed as described
previously (Sakurai et al., 2012). Briefly, 0.75 x 10 untransfected
J774 cells or J774 cells expressing mVenus or mVenus-tagged pro-
teins (MV-S23-WT, mV-S23-S95A, or mV-523-S95D) were plated
onto the center of glass-bottom dishes (35 mm in diameter) and la-
beled overnight at 37°C with 50 pg/ml RB-dextran (MW 10,000 Da;
Invitrogen, Carlsbad, CA). The labeling medium was then removed,
and cells were chased for 5 h, washed in ice-cold Hanks' balanced
salt solution (HBSS), and incubated first for 30 min on ice in the pres-
ence of an approximately 20-fold excess of IgG-opsonized latex
beads (3.0 pm in diameter) and then incubated at 30°C for 5 min to
initiate phagocytosis. Subsequently, cells were washed three times
with ice-cold HBSS and then incubated first for 20 min on ice in the
presence of Alexa Fluor 633-conjugated goat anti-rabbit secondary
antibodies (Invitrogen) to stain the beads outside the cells and then
in HBSS containing cytochalasin B (at a final concentration of 20 pM)
for 15 min at 30°C. Images were captured using an LSM780meta
laser-scanning microscope under low temperature conditions (~6°C).
More than 30 phagosomes were counted for each experiment and
categorized as RB-dextran-positive or unlabeled phagosomes based
on the presence or absence of detectable RB fluorescence signal.

Immunoprecipitation

Immunoprecipitation was performed as described previously
(Hatsuzawa et al., 2009; Sakurai et al., 2012). Briefly, after incubation
in the presence or absence of IgG-opsonized zymosan particles, ly-
sates from J774 cells stably expressing mVenus-tagged proteins
were incubated with an anti-EGFP antibody for 30 min on ice. Pro-
tein A-Sepharose beads (GE Healthcare, Tokyo, Japan) were then
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added, and the mixture was incubated for 16 h at 4°C under gentle
rotation. Subsequently, beads were washed with extraction buffer
(20 mM HEPES-KOH, pH 7.2, 100 mM KCI, 2 mM EDTA, 1% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride, and 1 mM dithiothrei-
tol) and immune complexes were then eluted with SDS-PAGE sam-
ple buffer. After SDS-PAGE, the samples were analyzed by Western
blotting using Clean-Blot IP Detection Reagent (Thermo Fisher Sci-
entific), according to the manufacturer's instructions. Immunoreac-
tive proteins were visualized using ImmunoStar Zeta (Wako Pure
Chemical Industries) on an ImageQuant LAS-4000 system (GE
Healthcare).

FRET probes for SNAP-23

FRET probes for SNAP-23 consisted of TagGFPAC11 (1-227), which
lacked 11 C-terminal residues from the pTagGFP2 vector, and
TagRFP-t (1-237), in which Ser162 of the pTagRFP-N vector was re-
placed with Thr, as described previously (Sakurai et al., 2012). Con-
struction of the tG-S1-tR-S2 probe (TagGFPAC11 [1-227]-SNAP-23
[1-147]-TagRFP-t [1-237]-SNAP-23 [148-211]) and the negative
control  tG-S1-S2-tR  probe (TagGFPAC11 [1-227]-SNAP-23
[1-211]-TagRFP-t [1-237]) was described previously (Sakurai et al.,
2012). The tG-S1-tR-S2 S95A and S95D probes were created by re-
placing WT SNAP-23 (1-147) with SNAP-23 (1-147) S95A or S95D,
respectively.

FRET analysis

FRET probes of SNAP-23 were expressed in J774 cells together with
Myc-tagged VAMPS, IKK2, or IKK2-KD using X-tremeGENE HP
DNA Transfection Reagent (Roche Diagnostics K.K., Tokyo, Japan)
according to the manufacturer’s instructions. Fluorescence spectra
of the probes on the plasma and phagosomal membranes of living
cells were obtained 20 h after transfection using an LSM510meta (or
LSM780meta) laser-scanning microscope with a Plan-Apochromat
63x/1.40 oil DIC M27 objective lens (Carl-Zeiss Microscopy,
Oberkochen, Germany) at an excitation wavelength of 458 nm. Be-
fore performing measurements, the dynamic range at each wave-
length was calibrated using a standard solution according to the
manufacturer’s instructions. Analysis of the spectrum with a fluores-
cence intensity of ~3000 (or 250) arbitrary units at 505 (or 502) nm
was performed using the LSM510meta (or LSM780meta) micro-
scope. FRET efficiency was represented as the 580/505-nm (or
581/502-nm) emission ratio.

Imaging analyses

J774 cells expressing mV-S23-WT, mV-523-S95A, or mV-523-S95D
were incubated at 37°C for 30 min in the presence of IgG-opsonized
Texas Red-conjugated zymosan particles and then washed with
HBSS. Images were captured using an LSM510meta microscope,
using a Plan-Apochromat 63x/1.40 oil DIC M27 objective lens (Carl-
Zeiss Microscopy).

Statistics

Data are presented as the mean + SE for the number of experiments
indicated in the figure legends. Differences between the groups
were analyzed by two-tailed, paired Student's t tests or by one-way
analysis of variance (ANOVA) with Tukey's post-hoc test using
GraphPad Prism software (GraphPad Software, San Diego, CA). Sta-
tistical significance was defined as p < 0.05.
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