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ABSTRACT We analyzed the distribution, fate, and functional role of phosphatidylinositol
4-phosphate (PtdIins4P) during phagosome formation and maturation. To this end, we used
genetically encoded probes consisting of the PtdIns4P-binding domain of the bacterial effec-
tor SidM. PtdIns4P was found to undergo complex, multiphasic changes during phagocytosis.
The phosphoinositide, which is present in the plasmalemma before engagement of the target
particle, is transiently enriched in the phagosomal cup. Soon after the phagosome seals,
PtdIns4P levels drop precipitously due to the hydrolytic activity of Sac2 and phospholipase C,
becoming undetectable for ~10 min. Ptdins4P disappearance coincides with the emergence
of phagosomal PtdIns3P. Conversely, the disappearance of PtdIns3P that signals the transition
from early to late phagosomes is accompanied by resurgence of PtdIns4P, which is associated
with the recruitment of phosphatidylinositol 4-kinase 2A. The reacquisition of PtdIns4P can be
prevented by silencing expression of the kinase and can be counteracted by recruitment of a
4-phosphatase with a heterodimerization system. Using these approaches, we found that the
secondary accumulation of PtdIns4P is required for proper phagosomal acidification. Defec-
tive acidification may be caused by impaired recruitment of Rab7 effectors, including RILP,
which were shown earlier to displace phagosomes toward perinuclear lysosomes. Our results
show multimodal dynamics of Ptdins4P during phagocytosis and suggest that the phos-
phoinositide plays important roles during the maturation of the phagosome.
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INTRODUCTION

Phagocytosis, the ingestion of particulate matter, is essential for the
elimination of invading pathogens, serving as a first line of defense
of the immune system (Levin et al., 2016). It also plays a key role in
tissue homeostasis and remodeling, disposing of apoptotic bodies

This article was published online ahead of print in MBoC in Press (http://www
.molbiolcell.org/cgi/doi/10.1091/mbc.E16-06-0451) on November 9, 2016.
*Address correspondence to: Sergio Grinstein (sergio.grinstein@sickkids.ca).
Abbreviations used: Lyny;, N-terminal 11 amino acids of Lyn kinase; PLC, phos-
pholipase C; PM, plasma membrane; PtdIns(3,4,5)P3, phosphatidylinositol 3,4,5-tri-
sphosphate; PtdIns(4,5)P,, phosphatidylinositol 4,5-bisphosphate; Ptdins3P, phos-
phatidylinositol 3-phosphate; PtdIns4P, phosphatidylinositol 4-phosphate.

© 2017 Levin et al. This article is distributed by The American Society for Cell Biol-
ogy under license from the author(s). Two months after publication it is available
to the public under an Attribution-Noncommercial-Share Alike 3.0 Unported
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,” “The American Society for Cell Biology®,” and “Molecular Biology of
the Cell®” are registered trademarks of The American Society for Cell Biology.

128 |

R. Levin et al.

and debris (Elliott and Ravichandran, 2010). The efficient and timely
removal of effete cells is necessary to prevent secondary necrosis
and unwanted inflammation.

Phagocytosis is initiated by the engagement of surface receptors
that trigger extensive remodeling of the plasma membrane (PM)
and the actin cytoskeleton (Levin et al., 2016), culminating with the
extension of pseudopods that surround and engulf the target. The
nascent phagosome then undergoes profound changes, acquiring
microbicidal and degradative properties that enable it to process its
contents. This is accomplished through a series of fission and fusion
events with other endomembrane compartments, a process glob-
ally termed phagosome maturation (Fairn and Grinstein, 2012).

Phagosome formation and maturation are both temporally and
spatially restricted; as such, they are subject to exquisite control,
relying on highly coordinated signals. Phosphatidylinositol de-
rivatives are central to the signaling sequence (Swanson, 2014;
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Levin et al., 2015). A combination of biochemical determinations
and imaging using genetically encoded biosensors showed that
phosphatidylinositol 3,4,5-trisphosphate (PtdIns(3,4,5)P3) accu-
mulates at the phagosomal cup, whereas phosphatidylinositol
4,5-bisphosphate (PtdIns(4,5)P;) is acutely depleted (Botelho
et al., 2000; Marshall et al., 2001). These changes orchestrate
actin remodeling. Soon after sealing, the phagosome accumu-
lates phosphatidylinositol 3-phosphate (PtdIns3P), which signals
the initiation of the maturation process (Vieira et al., 2001).

Unlike these phosphoinositides, little is known about phosphati-
dylinositol 4-phosphate (PtdIns4P) in phagocytosis, despite its
abundance. This is due, at least partly, to the lack of appropriate
tools to detect this lipid with sufficient sensitivity and specificity. This
hurdle, however, was recently overcome by the development of a
reliable biosensor to monitor Ptdins4P in live cells. Hammond et al.
(2014) developed a novel PtdIns4P-sensing probe using a domain
of the Legionella pneumophila Ptdins4P-interacting effector SidM
(Brombacher et al., 2009) that recognizes the head group of the
phospholipid stereospecifically. Expression of fluorescently tagged
versions of this biosensor in mammalian cells not only highlighted
the previously identified pools of PtdIns4P in the Golgi and plasma
membrane, but it also revealed the presence of PtdIns4P in Rab7-
positive late endosomes and lysosomes (Hammond et al., 2014).

We took advantage of this newly developed probe to analyze
the fate of PtdIns4P during phagosome formation and maturation.
Our results revealed the occurrence of striking triphasic changes in
the content of PtdIns4P of the nascent and maturing phagosome.
Of importance, we detected a previously unappreciated wave of
PtdIns4P regeneration that is critical for the transition from early to
late phagosomes, enabling luminal acidification and the acquisition
of the Rab7-interacting lysosomal protein (RILP).

RESULTS

Detection of PtdIns4P in macrophages

We initially assessed the ability of a chimeric construct consisting of
the P4M domain of SidM linked to green fluorescent protein (GFP-
P4AM) to detect PtdIns4P in macrophages. When transiently ex-
pressed in RAW264.7 cells—a murine line of monocyte/macro-
phage origin—GFP-P4M was most prominently localized to the
Golgi apparatus/trans-Golgi network (TGN), with less prominent
accumulation at the PM and in cytoplasmic puncta (Figure 1AI).
However, a large fraction of the probe was unbound (cytosolic), low-
ering the contrast and making the organellar pools difficult to dis-
criminate and track during phagocytosis. We therefore tested a sec-
ond probe consisting of two P4M domains fused in tandem and
tagged with GFP (GFP-2xP4M), which is expected to bind to Pt-
dIns4P-containing membranes with greater avidity. GFP-2xP4M la-
beled not only the Golgi elements but also the PM (Figure 1Aii) and
endosomal structures that were Rab7 positive (unpublished data).
We routinely observed far less cytosolic GFP signal in cells express-
ing the tandem probe compared with the single P4AM domain, con-
sistent with the notion that GFP-2xP4M binds PtdIns4P with higher
avidity. Of note, the morphology of the Golgi apparatus, assessed
using mCherry (mCh)-sialyltransferase as marker, was not affected in
cells expressing low to medium levels of the tandem biosensor
(Supplemental Figure S1). In addition, we observed no perturba-
tions in the distribution of a PtdIns(4,5)P,-binding probe (the PH
domain of phospholipase C8§ [PLCJ]), suggesting that the metabo-
lism of this lipid was not altered. We therefore concluded that, when
expressed at moderate levels, the GFP-2xP4M probe did not inter-
fere noticeably with overall phosphoinositide metabolism or cell
function.
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The specificity of 2xP4M for PtdIns4P, and hence the validity of
the determinations, was tested next. To this end, we constructed a
glutathione S-transferase (GST)-GFP-P4M plasmid to generate and
purify recombinant protein. We used hydrophobic membranes
spotted with different lipid species to test the interaction of the
purified protein with biologically relevant lipids. As shown in Figure
1B, GST-GFP-P4M bound Ptdins4P with exquisite specificity. This
finding is consistent with the observations made using full-length
SidM (Brombacher et al., 2009), implying that selectivity for Pt-
dIns4P was retained after excision of the P4AM domain and attach-
ment to GFP. Next we assessed the specificity of the sensing probe
in cells. To verify the specificity of the probe when expressed in
macrophages, we depleted PtdIns4P from the PM in a controlled
manner, using a heterodimerization system to recruit the PtdIns4P-
specific phosphatase Sac1 using rapamycin (Figure 1C). Cells were
triple transfected with the chimera mCh-FKBP-Sac1, a construct
containing FRB targeted to the PM through the N-terminal 11
amino acids of Lyn kinase (Lynq1-FRB), and with GFP-2xP4M. As il-
lustrated in Figure 1D, a significant fraction of GFP-2xP4M localized
to the PM before the addition of rapamycin, whereas mCh-FKBP-
Sacl remained soluble in the cytosol (Figure 1D, left). On addition
of rapamycin, mCh-FKBP-Sac1 rapidly translocated to the PM, cata-
lyzing the hydrolysis of Ptdins4P and causing the release of the
GFP-2xP4M probe within seconds; the biosensor released from the
PM then accumulated on the Golgi and endosomal membranes
(Figure 2, D, right, and E, and Supplemental Video S1). Taken to-
gether, these results validate 2xP4M as a specific and reliable bio-
sensor for PtdIns4P in macrophages.

PtdIns4P dynamics during phagosome formation

and maturation

We proceeded to determine the dynamics of PtdIns4P during
phagocytosis. We chose FcyR-mediated phagocytosis, the most ex-
tensively characterized phagocytic system, as an experimental
model. Immunoglobulin G (IgG)-opsonized sheep red blood cells
(IgG-SRBCs) were used as phagocytic targets, and the dynamics of
the PtdIns4P biosensor was monitored by time-lapse video micros-
copy. As illustrated in Figure 1F and Supplemental Video S2 and
quantified in Figure 1G, when RAW264.7 cells transiently expressing
GFP-2xP4M were challenged with tetramethylrhodamine (TMR)-la-
beled IgG-SRBCs, the biosensor accumulated in the forming phago-
cytic cup relative to unengaged areas of the plasmalemma. On
phagosome closure (~2 min after initiation of internalization), the
biosensor levels peaked (end of phase | in Figure 1E). Strikingly,
seconds after this marked increase, GFP-2xP4M detached from the
sealed phagosome and remained absent from the compartment for
~8-9 min. Furthermore, the biosensor reappeared gradually in
phagosomes, starting ~10 min after the particle initially contacted
the macrophage (Figure 1, F and G). The levels of GFP-2xP4M as-
sociated with the phagosome increased continuously for the next
15 min, surpassing the initial maximum observed upon closure and
remaining high for at least 30 min after the initiation of phagocytosis
(Figure 1, F and G). The reappearance of PtdIns4P was often accom-
panied by the formation of dynamic 2xP4M-positive tubules and
vesicles that emanated from phagosomes toward the juxtanuclear
region (Figure TH). On the basis of similar observations made in >80
phagosomes from muiltiple cells and preparations, we defined a tri-
phasic pattern of PtdIns4P dynamics: ) a transient increase at the
phagocytic cup during phagosome formation, Il) a virtually com-
plete disappearance from the early sealed phagosome, and Ill) a
gradual reappearance on maturing phagosomes that ultimately sur-
passes the density at the PM (Figure 1G).
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PtdIns4P undergoes triphasic changes during phagocytosis. (A) Confocal section of
RAW264.7 cells transiently expressing (i) GFP-P4M or (i) two P4M domains fused in tandem
tagged with GFP (GFP-2xP4M). (B) Specificity of the PAM domain. A hydrophobic membrane
where 100-pmol samples of the indicated lipids had been spotted was overlaid with purified
recombinant GST-GFP-P4M. Bound protein was detected with an anti-GFP antibody followed by
an HRP-conjugated secondary antibody. (C) Recruitment of Sac1 to the PM through a rapamycin
heterodimerization system consisting of a membrane-targeted FRB domain (Lyn;;-FRB) and
mCherry-tagged, FKBP-attached Sac1(mCh-FKBP-Sac1). (D) RAW264.7 cells transiently
coexpressing GFP-2xP4M, mCh-FKBP-Sac1, and Lyn44-FRB imaged before (left) and after (right)
the addition of rapamycin (1 uM); insets, mCh-FKBP-Sac1 (F-Sac1) fluorescence (black and white
are inverted for clarity). (E) Time course of changes in the ratio of intensities of plasmalemmal to
Golgi GFP-2xP4M after recruitment of Sac1 to the PM. Time O represents values before the
addition of rapamycin. Values are means + SEM of four independent experiments. (F) Time-lapse
gallery of confocal micrographs acquired during phagocytosis of TAMRA-labeled IgG-SRBCs
(red) by RAW264.7 cells transiently expressing GFP-2xP4M (green). At the bottom is the time
elapsed from the moment the target was engaged. Insets, magnifications of the area delimited
by dotted white boxes. (G) Summary of changes in Ptdins4P content of phagosomes after
engagement of IgG-SRBCs. The intensity of GFP-2xP4M in phagosomes was quantified and
normalized to that of the plasmalemma. Three phases were defined: 1) an initial transient
increase (0-2 min), ll) a subsequent disappearance (2-10 min), and lll) a reappearance and
gradual increase (10-30 min). Data are expressed relative to the maximum value attained during
phase |. Values are means + SEM of 25 phagosomes from 15 independent experiments.
(H) PtdIns4P reappearance in phagosomes was often accompanied by formation of 2xP4M-
positive tubules. Scale bars, 5 pm.
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The mechanisms underlying the changes
in PtdIns4P were analyzed next. Conversion
to other inositide species seemed likely to
account for the observed changes. We
therefore compared the dynamic changes
of PtdIns4P with that of PtdIns(4,5)P,. As re-
ported earlier (Botelho et al., 2000), when
visualized using monomeric red fluorescent
protein (MRFP)-PH-PLCS, PtdIns(4,5)P, un-
derwent a transient accumulation soon after
the macrophages engaged the target,
followed by a precipitous decrease that
was obvious even before phagosomal clo-
sure was completed (Figure 2, A and C).
PtdIns(4,5)P, remained undetectable there-
after, failing to reappear throughout the
maturation period. Comparison of the
changes in PtdIins4P and those of PtdIns(4,5)
P, in cells cotransfected with GFP-2xP4M
and mRFP-PH-PLCS revealed that 1) the ini-
tial increase in PtdIns(4,5)P, does not incur
depletion of PtdIns4P, which in fact also in-
creases during the earliest stages of particle
engagement; 2) the steep initial decrease in
in PtdIns(4,5)P; is not accompanied by sig-
nificant changes in PtdinsdP, suggesting
that other mechanisms, such as hydrolysis
to diacylglycerol by phospholipase C, are
involved; 3) the final stage of PtdIns(4,5)P,
disappearance coincides with a significant
increase in PtdIns4P, consistent with hydro-
lysis by 5-phosphatases; and 4) the sharp
decrease in PtdIns4P observed after the
phagosome seals cannot be attributed to
resynthesis of PtdIns(4,5)P,, which remains
undetectable.

We next compared PtdIns4P and Pt-
dins(3,4,5)P3 in cells cotransfected with
mCh-2xP4M and GFP-PH-Gab2 (Supple-
mental Figure S2A). As described earlier
(Marshall et al., 2001), PtdIns(3,4,5)P3 is
detectable in forming cups as targets are
engaged, and its levels increase as the
pseudopods extend. PtdIns(3,4,5)P3 per-
sists on sealed phagosomes for ~1 min
and then disappears abruptly. Neither
the initial accumulation of PtdIns4P nor
its secondary disappearance appears to
be caused by degradation of or conver-
sion to PtdIns(3,4,5)P5.

We also tracked PtdIns4P simultaneously
with PtdIns3P, visualized using tandem FYVE
domains of EEAT. Ptdins3P appeared on
the phagosomal membrane as PtdIns4P dis-
appeared and was present throughout the
period when PtdIns4P was absent (Figure 2,
B and D). Remarkably, this divergent behav-
jor was also observed at the later stages,
when PtdIns4P reappeared as PtdIns3P dis-
appeared. Although we are not aware of
any mechanism capable of directly intercon-
verting these lipids, the changes in PtdIns4P
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The reappearance of Ptdins4P coincides
roughly with the onset of the late stage of
maturation, as defined by the acquisition of
Rab7. Both GFP-2xP4M and mRFP-Rab7 are
clearly visible on phagosomes between 10
and 30 min after sealing occurred (Figure 3,
B and D). The formation of phagolysosomes

follows soon thereafter. Fusion of phago-
somes with lysosomes was assessed by pre-
loading the latter with TMR-labeled dextran,
using a well-established pulse-chase proto-
col (see Materials and Methods). Maturing
phagosomes fused with dextran-loaded ly-
sosomes slightly after PtdIns4P reacquisition
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(Figure 3C). A comprehensive perspective
of the temporal relationship between the
triphasic PtdIns4P changes relative to those
of other phosphoinositides and the canoni-
cal stages of phagocytosis is provided in
Figure 3D.
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Comparison of the changes in PtdIns4P content to those of PtdIns(4,5)P, and
PtdIns3P. (A) Time-lapse gallery of confocal micrographs of RAW264.7 cells coexpressing
GFP-2xP4M and mRFP-PH-PLCS, a PtdIns(4,5)P; biosensor, during phagocytosis of IgG-SRBCs.
(B) Time-lapse gallery of confocal micrographs of cells coexpressing GFP-2xP4M and mRFP-
2xFYVE-EEA1, a PtdIns3P biosensor, during phagocytosis of IgG-SRBCs. Insets, magnifications
of the area delimited by dotted white boxes; dashed circles show the location of the
phagosome. Scale bars, 5 pm. (C) Time course of the changes in PtdIns4P and PtdIns(4,5)P,
during phagosome formation. The intensity of GFP-2xP4M fluorescence in the phagosome was
measured and normalized to the plasmalemmal intensity; to enable comparison between cells
and between experiments, the data are expressed relative to the maximum value (green line,
white circles). A similar analysis was applied to mRFP-PH-PLCS (red line, black circles), a
PtdIns(4,5)P, biosensor. (D) Time course of the changes in PtdIns4P and PtdIns3P during
phagosome formation and maturation. PtdIns4P was monitored as before, using GFP-2xP4M.
mCh-FYVE-EEA1 was used as a PtdIns3P probe; phagosomal intensity was measured after
subtracting cytosolic fluorescence. Data are expressed relative to the maximum value. Values are
means + SEM of three and five independent experiments, respectively. Note the different time
scales used in C vs. D. Initial contact between cells and IgG-SRBC was considered as time 0.

and PtdIns3P seem to be related, conceivably via signaling interme-
diates. Of note, on the basis of extensive work previously reported
by us and others, we concluded that the phagocytic efficiency, the
time course of phagocytosis, and the changes in Ptdins(4,5)P,,
PtdIns(3,4,5)P3, or PtdIns3P were not noticeably affected by the ex-
pression of the 2xP4M probe, confirming that it is innocuous at the
expression levels used in this study.

The reacquisition of PtdIns4P may represent a key—yet unap-
preciated—step in the transition from early to late phagosomes.
We therefore endeavored to place the PtdIns4P changes in the
context of defined stages of the maturation of the phagosome. To
this end, we used different maturation markers. Early phagosomes
were identified by the presence of Rab5. As shown in Figure 3A,
mRFP-Rab5 was acquired by the nascent phagosomes as Ptdins4P
disappeared and was lost before the reacquisition of PtdIns4P. This
inverse relationship resembles the behavior described earlier for
PtdIns3P, although this inositide persists longer on the early
phagosomal membrane than does Rab5, which ceases to be visi-
ble after 3-5 min (Figure 3D). Together these data indicate that
PtdIns4P is absent from the phagosome during the early phase of
maturation.
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Because conversion to multiphosphorylated
species did not appear to account for the
disappearance of PtdIns4P from the nascent
phagosome, we explored alternative mech-
anisms. Sac2 (INPP5F) was recently charac-
terized as a PtdIns 4-phosphatase that func-
tions in Rab5-positive early endosomes (Hsu
et al., 2015; Nakatsu et al., 2015). Indeed,
when coexpressed with Rab5 in RAW264.7
cells, GFP-Sac?2 localized to endosomal
structures (Supplemental Video S3). When
analyzed under similar conditions, GFP-
Sac2 associated with early phagosomes
when they sealed (Figure 4A) at the same
time as Rab5 did. Of importance, the asso-
ciation of Sac2 with phagosomes coincided
with the disappearance of PtdIins4P, moni-
tored using 2xP4M (Figure 4B).

We used gene silencing to assess whether this temporal coinci-
dence reflected a causal relationship, that is, whether the acquisition
of Sac2 was responsible for the loss of PtdIns4P. By independent
electroporation of two different small interfering RNAs (siRNAs), the
expression of Sac2 in RAW264.7 cells was depressed ~65%, as deter-
mined by quantitative PCR (Figure 4C). This partial depletion of Sac2
resulted in a delayed disappearance of Ptdins4P from the formed
phagosome (Figure 4, D and E) with both siRNA sequences. A frac-
tion of the cells in which Sac2 had been silenced did not entirely lose
2xP4AM fluorescence from phagosomes even 3 min postinternaliza-
tion, contrasting with phagosomes from control cells (electroporated
with nontargeting siRNA), which consistently lost Ptdins4P at ~30-
45 s after closure (Figure 4C). Although the partial inhibition observed
may be attributed to incomplete gene silencing, other mechanisms
could contribute to PtdIns4P reduction in the early phagosome.

We analyzed whether PLC activity contributes to the disappear-
ance of PtdIns4P from phagosomes. Depletion of Ptdins4P could
conceivably result from its direct hydrolysis by PLC (Zhang et al.,
2013; Sicart et al., 2015) or may occur indirectly after its conversion to
PtdIns(4,5)P,, the preferred substrate of the PLCs. Indeed, PLCy1 and
2 are primarily responsible for the disappearance of Ptdins(4,5)P,
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GFP-2xP4M

GFP-2xP4M, DAG levels increased in ex-
tending pseudopods as the phagosome
sealed, at a stage when PtdIns4P underwent
only a modest increase (Figure 5, A and B).
Maximal accumulation of DAG was observed
as the PtdIns4P decreased sharply, consis-
tent with the notion that PLC activity contrib-
uted directly or indirectly to the consumption

of PtdIns4P. Accordingly, when recruited
to the PM of otherwise resting cells using
the rapamycin heterodimerization system,
PLCB3 (expressed as mRFP-FKBP-PLCR3)
caused a marked reduction in Ptdins4P
(Figure 5D and Supplemental Video S4).
That PLC can directly hydrolyze PtdIns4P
is suggested by the experiment illustrated in
Figure 5F. In this instance, mRFP-FKBP-

PLCB3 was recruited to the membrane of
late phagosomes using iRFP-FRB-Rab7 as
the targeting determinant. As in the preced-
ing case, addition of rapamycin resulted
in depletion of PtdIns4P. It is important to
note that, unlike the PM, the late phago-
some contains PtdIns4P but no detectable
PtdIns(4,5)P,. By analogy, it is conceivable
that plasmalemmal Ptdins4P may have un-
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Late phagosomes and phagolysosomes contain Ptdins4P. (A) Time-lapse gallery of
confocal micrographs of RAW264.7 cells transiently coexpressing GFP-2xP4M and mRFP-Rab5
during phagocytosis of IgG-SRBCs. (B) Confocal micrographs of RAW264.7 cells transiently
coexpressing GFP-2xP4M and mRFP-Rab7 during the course of phagocytosis of IgG-SRBCs.

(C) Confocal micrographs of cells expressing GFP-2xP4M and exposed to TMR-labeled 10-kDa
dextran for 3 h and chased for 30 min to label lysosomes. Images are representative of the
distribution noted during the indicated time intervals after the onset of phagocytosis. Insets,
maghnifications of the area delimited by dotted white boxes. Scale bars, 5 pm. (D) Relative timing
of the acquisition by phagosomes of different phosphoinositides and canonical markers of
phagosome maturation. Qualitative only, intended to illustrate the relative order of events.

during phagosome formation (Azzoni et al., 1992; Liao et al., 1992;
Scott et al., 2005). We therefore compared the rate of formation of
diacylglycerol (DAG), the product of hydrolysis of phosphoinositides
by PLC, with the disappearance of PtdIns4P. Because in macrophages
DAG is rapidly converted to phosphatidic acid (Bohdanowicz et al.,
2013), to better visualize its accumulation, we pretreated the cells
with DAG kinase inhibitor Il. In RAW264.7 cells cotransfected with
mCh-C1-PKC8—used as a probe for DAG (Shindo et al., 2003)—and
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phagosome

dergone direct hydrolysis by PLC.

Finally, we considered whether a frac-
tion of the PtdIns4P may have been con-
verted to PtdIns(3,4)P, by class 2 phos-
phoinositide 3-kinases (PI3Ks; Supplemental
Figure S2B). To investigate this possibility,
we examined the dynamics of PtdIns(3,4)P,»
during phagocytosis using a biosensor de-
rived from the tandem-pleckstrin-homol-
ogy-domain-containing protein (TAPP1)
PH-TAPP1. We found a modest, discrete
accumulation of PtdIns(3,4)P, in extending
pseudopods as the phagosome sealed
(Supplemental Figure S2C), at a stage when
PtdIns4P was undergoing accumulation.
However, PtdIns(3,4)P, was no longer de-
tectable when PtdIins4P underwent the
acute depletion that followed phagosome
sealing. We also examined the disappear-
ance of PtdIns4P from forming phago-
somes in the presence of the PI3K inhibitor
LY294002. PI3K inhibition severely impairs
phagocytosis of large particles (>3-4 pm),
but smaller ones are still ingested (Cox
et al., 1999). We challenged cells pre-
treated with LY294002 with 1.6-um latex
beads and monitored PtdIns4P dynamics.
As shown in Supplemental Figure S2D, inhi-
bition of PI3Ks did not affect Ptdins4P disappearance from small
phagosomes upon their scission from the PM. Thus we found no
evidence to suggest that phosphorylation by LY294002-sensitive
PI3Ks contributes measurably to the loss of Ptdins4P that follows
phagosome sealing; we obtained similar results using wortmannin
(unpublished data). Instead, hydrolysis by Sac2, possibly aided by
PLC activity, is likely the major mechanism accounting for the early
disappearance of PtdIns4P.

Phagolysosome
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(C) Sac2 silencing efficiency of siRNA1 and siRNA2 in RAW264.7 cells measured by quantitative
real-time PCR after reverse transcription; means * SDs of three independent experiments and
normalized to cells treated with nontargeting siRNA (control). (D) Time course of disappearance
of PtdIns4P, assessed by kymography using GFP-2xP4M, during the early stages of
phagocytosis. Top, region of the phagosome analyzed over time. Bottom, representative
kymographs illustrating the disappearance of GFP-2xP4M from the base of the nascent
phagosome over 120 s. The closure of the phagosome was considered as time 0. Images in A
and D are representative of the distribution noted during the indicated time intervals after the
onset of phagocytosis. (E) GFP-2xP4M phagosomal intensity was measured and normalized to
GFP-2xP4M plasmalemmal intensity; data are expressed relative to the maximum value. Blue
lines illustrate the kinetics of GFP-2xP4M disappearance in cells treated with nontargeting
(control) siRNA,; red lines illustrate cells treated with Sac2-targetted siRNAs. White and black
squares and associated bars show the means * SE of control and Sac2-knockdown (using
siRNAT and siRNA2) cells, respectively, from at least 10 phagosomes from three independent
experiments. The intersections of the dotted lines indicate the ty,, values of decay. *p < 0.05,
**p < 0.01, ***p < 0.005, and ns, not significantly different, relative to the nontargeting control.

P14KIIB/P14K2B (Balla, 2013; Boura and Ne-
ncka, 2015). PI4KA is responsible for main-
taining the plasmalemmal pool of Ptdins4P
(Balla et al., 2008; Nakatsu et al., 2012),
whereas both PI4KB and PI4K2A function in
the Golgi complex (Godi et al., 1999; Mi-
nogue et al., 2010). The class Il enzymes are
believed to synthesize endolysosomal Pt-
dins4P (Balla et al.,, 2002; Salazar et al.,
2005; Jovi¢ et al., 2012). To assess which of
these enzymes is present on late phago-
somes, we expressed fluorescently tagged
chimeric constructs of each one of the PI4Ks
in RAW264.7 cells and imaged them during
the course of phagocytosis of IgG-SRBCs.
Only PI4K2A accumulated noticeably in ma-
turing phagosomes (Figure 6A). PI4K2A re-
cruitment was first apparent ~10 min after
phagosome closure, and the kinase was still
clearly detectable after 30 min. When GFP-
PI4K2A was coexpressed with mCh-2xP4M,
a correlation was observed between phago-
somal acquisition of the kinase and reap-
pearance of Ptdins4P (Figure 6Av). Quanti-
tation of multiple experiments (Figure 6B)
showed that acquisition of the kinase slightly
preceded the reappearance of detectable
amounts of the phosphoinositide in phago-
somes. The recruitment of PI4K2A sug-
gested by the heterologous expression ex-
periments was validated by immunostaining.
As illustrated in Figure 6Avi, association of
the endogenous kinase with the late phago-
some was also clearly observed using the
PI4K2A-specific mouse monoclonal anti-
body 4C5G.

To assess the importance of PI4K2A-
mediated synthesis in the reappearance of
Ptdins4P in late phagosomes, we used
siRNA to silence the expression of Pi4k2a.
We used various combinations of six differ-
ent oligonucleotides targeting the gene but
attained a maximum of ~40% reduction in
gene expression (e.g., Figure 6C). Because
gene silencing is notoriously difficult in my-
eloid cells, we used an alternative approach.
Balla et al. (2005) reported considerable
success in silencing PI4K2A in COS cells (a
green monkey kidney cell line that is highly
transfectable). Although COS cells are not
inherently phagocytic, we and others
showed that they acquire the ability to en-
gulf 1gG-opsonized targets when trans-
fected with Fcy receptors (Indik et al., 1991;
Downey et al., 1999). Of note, the phago-
somes formed by such cells undergo matu-
ration and acidification and acquire bacte-

Ptdins4P reappearance in maturing phagosomes riostatic capacity (Downey et al., 1999). Indeed, COS-1-FcyRlla cells
We then investigated the mechanisms underlying PtdIns4P reap-  (a line of COS-1 cells stably expressing FcyRlla) transiently express-
pearance in late phagosomes. Mammalian cells express four differ-  ing GFP-2xP4M and allowed to ingest IgG-SRBCs recapitulated the

ent Ptdins4P kinases (Pl4Ks): the class Ill enzymes PI4KIlla/PI4KA  triphasic changes in phagosomal PtdIns4P described earlier for
and PI4KIIIB/PI4KB and the class Il enzymes Pl4Kllo/PI4K2A and ~ macrophages (Supplemental Figure S3). We proceeded to silence
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PI4K2A using an oligonucleotide sequence (siRNA1) validated pre-
viously (Wang et al., 2003; Balla et al., 2005), as well as a newly de-
signed sequence (siRNA2), to minimize the likelihood of off-target
effects. Both sequences caused effective (siRNAT, 280%; siRNA2,
~70%) gene knockdown (Figure 6D). Using this approach, we evalu-
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ated the role of PI4K2A in phagosomes. As
illustrated in Figure 6E, although the pres-
ence of PtdIns4P in the plasmalemma and
the initial phase of loss from the phagosome
persisted, the late phase of reacquisition
was markedly inhibited. The loss was some-
what heterogeneous (GFP-2xP4M was virtu-
ally absent from phagosomes in some cells,
whereas in others, the intensity of the bio-
sensor was only partially reduced or unaf-
fected), an observation we attribute to the
incomplete silencing of the PI4K2A gene.
Nevertheless, the reduction of phagosomal
Ptdins4P was highly significant (p < 0.0001;
Figure 6F), implying that PI4K2A is at least
partly responsible for the reformation of
PtdIins4P in late phagosomes.

PtdIns4P is required for completion

of phagosome maturation

The synchronous disappearance of PtdIns3P
and resurgence of PtdIns4P coincide with
the early-to-late transition of phagosomes.
The phosphoinositide switch could be the
cause or a consequence of the maturation
process. This was analyzed by impairing the
formation of PtdIns4P via silencing of
PI4K2A and analyzing the effects of this inhi-
bition on phagosome maturation. The early-
to-late transition is characterized by a
marked drop in luminal pH as the phago-
somes acquire V-ATPases. We therefore
compared the accumulation of an acido-
tropic fluorescent dye—an index of acidifi-
cation—in phagosomes of cells treated with
nontargeting or PI4K2A-targetting siRNA.
We used cresyl violet, a fluorescent weak
base that accumulates within acidic organ-
elles (Figure 7A; Ostrowski et al., 2016). Its
suitability as an indicator of acidic pH was
confirmed by its accumulation in lysosomes,
which were identified by preloading with la-
beled dextran using a well-established
pulse-and-chase protocol (Figure 7B). More-
over, cresyl violet colocalized extensively
with GFP-Rab7, whereas no significant colo-
calization was observed with GFP-Rab5
(Supplemental Figure S4), validating its use
as a marker of late endocytic compartments.
When analyzed 35-40 min after particle in-
ternalization, phagosomes of cells treated
with nontargeting (control) siRNA regularly
acquired cresyl violet (Figure 7C, left). Strik-
ingly, cresyl violet was not detectable in
most phagosomes of cells in which PtdIns4P
reappearance was impaired using PI4K2A
siRNA (Figure 7C, right). Of interest, cresyl

violet—positive vesicles were often observed surrounding such
phagosomes, suggesting that fusion, rather than the acidification of
lysosomes, was impaired when PI4K2A was silenced.

Because not all cells/phagosomes were equally affected by
the siRNA treatment, we quantified both the amount of PtdIns4P
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remaining on phagosomes (relative to that on the PM) and the ex-  DISCUSSION
tent to which they accumulated the acidotropic dye. Data obtained
from 89 phagosomes in four separate experiments are collated in
Figure 6D. There is a clear correlation (r? = 0.64) between these pa-
rameters, strongly suggesting that accumulation of Ptdins4P by late
phagosomes is essential for their full acidification.

Because prolonged and generalized absence of PI4K2A may

have affected other cellular compartments, potentially causing indi-
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rect effects, we used an additional approach
to assess the role of PtdIns4P in phago-
some maturation. To circumvent such poten-
tially nonspecific effects, we acutely de-
pleted phagosomal Ptdins4P by recruiting
a PtdIins4P-specific phosphatase, Sac1, us-
ing rapamycin-mediated heterodimerization.
mCh-FKBP-Sac1 was recruited to Rab7-con-
taining (late) phagosomes by coexpression
with iRFP-FRB-Rab7 (Figure 8A). The cells
were also cotransfected with GFP-2xP4M to
monitor the effects of phosphatase recruit-
ment on Ptdins4P. Addition of rapamycin
caused depletion of PtdIns4P from phago-
somes that had formed =35 min earlier
(Figure 8B). Using this paradigm, we pro-
ceeded to study the association of the lyso-
somal-associated protein RILP (an effector of
active Rab7) with phagosomes. We used a
chimeric construct that encodes for the C-
terminal domain RILP (Cantalupo et al.,
2001); in control cells, GFP-RILP-C33 deco-
rates the entire phagosomal membrane,
consistent with extensive and sustained acti-
vation of Rab7 (Figure 8, C and D). Strikingly,
in cells in which Ptdins4P was depleted by
recruitment of Sac1, GFP-RILP-C33 acquisi-
tion by phagosomes was impaired com-
pared with control cells (expressing mCh-
FKBP not attached to Sac1; Figure 8, C and
D). Note that in mCh-FKBP-Sac1-transfected
cells, the construct was recruited normally to
the phagosomes, indicating that the localiza-
tion of iRFP-FRB-Rab7 was not affected. The
targeting of iRFP-FRB-Rab7 to the mem-
brane seemingly does not require activation
of the GTPase. In addition, we observed that
GFP-RILP-C33—positive vesicles often accu-
mulated around PtdIns4P-depleted phago-
somes, consistent with the earlier suggestion
that fusion with late endosomes/lysosomes
was impaired. Time-lapse video imaging
supported the notion that incoming vesicles
failed to fuse with phagosomes and showed
no evidence that the observed vesicles were
budding off the phagosomal membrane
(Supplemental Video S5). Finally, when
mRFP-Rab7 was transiently coexpressed with
GFP-RILP-C33 in PI4K2A-silenced cells, a
similar effect was observed. Rab7 accumu-
lated in the phagosomal membrane, whereas
RILP-C33 recruitment was generally impaired
compared with control cells (Figure 8E).

We observed localized triphasic changes in the level of PtdIns4P
during phagocytosis. These are summarized in schematic form in
Supplemental Figure S5. Initially, PtdIns4P accumulated in the form-
ing phagocytic cup. This coincided with an increase in Ptdins(4,5)P,»
in extending pseudopods, which was reported earlier (Botelho
etal., 2000). The accumulation of PtdIns4P in this setting may reflect
localized synthesis required to satisfy the enhanced substrate
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demand for stimulated PtdIns(4,5)P, generation. In this regard, we
found a discrete accumulation of endogenous Pl4Klllo (PI4KA) in
forming phagosomes (Supplemental Figure S2A). This raises the in-
triguing possibility that the Pl4Klllo. complex (PI4KA-TTC7-EFR3)
responsible for the plasmalemmal pool of PtdIns4P (Wu et al., 2014;
Chung et al., 2015) may undergo stimulation at the cup.

On phagosome closure, PtdIns4P reaches a peak that coincides
with the sudden disappearance of PtdIns(4,5)P, from the vacuolar
membrane. We believe that these events are linked in two ways.
First, a previous study showed that the 5-phosphatases OCRL and
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INPP5B are recruited to nascent phagosomes (Bohdanowicz et al.,
2012). These enzymes dephosphorylate Ptdins(4,5)P,, yielding
PtdIns4P. In addition, cessation of PtdIns(4,5)P, synthesis likely con-
tributes to the accumulation of PtdIns4P. PIP5Ks that use PtdIns4P to
synthesize PtdIns(4,5)P; localize to the PM and are present at the
phagocytic cup. However, these kinases are acutely released from
the membrane of phagosomes as they undergo closure (Fairn et al.,
2009). Detachment of the PIP5Ks while PtdIns4P production is on-
going would result in a localized burst of Ptdins4P. The observed
transient accumulation of PtdIns4P likely results from the combina-
tion of the aforementioned phenomena.

The peak noted upon sealing is followed within 30-45 s by the
virtual disappearance of PtdIns4P, which is undetectable in the
membrane of early phagosomes for a period lasting ~10 min
(Figures 1, F and G, and 3D). Our data suggest that Sac2 mediates
at least part of the hydrolysis of PtdIns4P, but PLC activity also seems
to contribute either by depleting PtdIns(4,5)P, and thereby acceler-
ating PtdIns4P consumption or by directly hydrolyzing the latter
(Figures 4 and 5). Exchange of PtdIns4P for other lipids (e.g., choles-
terol) via contacts with the endoplasmic reticulum may have also
occurred but was not investigated here. A period of ~10 min when
PtdIns4P is undetectable follows its abrupt disappearance after seal-
ing. Strikingly, PtdIns4P then reappears. This secondary accumula-
tion of PtdIns4P reaches its maximum ~30 min after the onset of
phagocytosis, attaining levels that clearly exceed those detected in
the PM. The late reappearance of PtdIns4P coincides with and de-
pends on the recruitment of PI4K2A.

Remarkably, the multiphasic changes in PtdIns4P are accompa-
nied by opposite changes in the concentration of phagosomal Pt-
dIns3P. The initial loss of PtdIns4P coincides with the emergence of
Ptdins3P, and the converse is true once the early maturation stage is
completed: PtdIns3P disappears abruptly as the phagosome re-
gains PtdIns4P (Figure 3 and Supplemental Figure S6). A similar
phospholipid conversion process was recently described to occur at
the sorting-to-recycling endosome interphase (Ketel et al., 2016).
Thus the identity and function of the early endosomal and phago-
somal compartments may require not only acquisition of PtdIns3P,
but also the simultaneous elimination of PtdIns4P. In this regard, it is
noteworthy that the class lll PI3K Vps34 that synthesizes PtdIns3P
and the 4-phosphatase Sac2 coexist in early endosomes/phago-
somes (Hsu et al., 2015; Nakatsu et al., 2015), whereas the PtdIns4P
kinase PI4K2A and some myotubularins (3-phosphatases that break
down PtdIns3P) localize to the late compartments (Tsujita et al.,
2004; Lorenzo et al., 2006). These observations are compatible with
the suggestion of Ketel et al. (2016) that activation of the myotubu-
larins that eliminate PtdIins3P may be coupled to the acquisition of
the kinases that foster PtdIns4P formation. We suggest that Pt-
dins4P, possibly in conjunction with Ptdins(3,5)P,, defines the iden-
tity and functional properties of the late phagosome/phagolyso-
some. This speculation is in accordance with recent reports showing
that PtdIns4P plays a role in the fusion of autophagic vacuoles with
lysosomes (Wang et al., 2015) and possibly also in phagolysosome
biogenesis, as suggested from heterologous fusion experiments in
cell-free systems (Jeschke et al., 2015).

How PtdIns4P regulates late maturation stages remains unclear.
The only known PtdIns4P-specific effectors, such as the ceramide
transfer protein CERT, the glucosylceramide transfer protein FAPP2.
and the oxysterol binding protein OSBP1. function at the Golgi level
(Graham and Burd, 2011). Our observations indicate that proper
acidification requires the build-up of PtdIins4P in late phagosomes,
an effect that may be mediated by RILP (Figures 7 and 8). Indeed,
interference with RILP function was shown to impair phagolysosome
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formation (Harrison et al., 2003). RILP forms
a complex with ORP1L that affixes dynein to
Rab7-containing compartments (Johansson
et al., 2007) and drives the centripetal mo-
tion of phagosomes toward the juxtanuclear
region where lysosomes reside. It is of inter-
est that ORP1L possesses a pleckstrin-ho-
mology domain known to bind phos-
phoinositides (Johansson et al., 2005). We
speculate that Ptdins4P is required for the
recruitment of ORP1L/RILP/dynein to matur-
ing phagosomes.

In summary, we defined the dynamics of
PtdIns4P during phagocytosis in live mac-
rophages and began to elucidate the un-
derlying mechanisms behind these changes
and their functional implications. The phos-
phoinositide clearly undergoes pronounced
changes and is likely to play additional, un-
appreciated roles in phagosome biology.
The mechanism by which PI4K2A is re-
cruited to maturing phagosomes and the
possible role of PtdInsd4P in phagosome
resolution are of particular interest and
should be the focus of future studies.

MATERIALS AND METHODS
Reagents

Sheep erythrocytes (10% suspension) were
purchased from MP Biomedicals (Santa Ana,
CA). Anti-sheep red blood cell antibodies
were purchased from Cedarlane Laborato-
ries (Burlington, Canada). Polystyrene micro-
spheres (1.6 pm in diameter) functionalized
with divinylbenzene were obtained from
Bangs Laboratories (Fishers, IN). Rapamycin,
human IgG, cresyl violet acetate, and wort-
mannin were from Sigma-Aldrich (Oakville,
Canada). Fluorescent antibodies against
mouse and rabbit were from Jackson Immu-
noResearch Labs (West Grove, PA). Parafor-
maldehyde (16% [wt/vol]) was from Electron
Microscopy Sciences (Hatfield, PA).

Cell culture

The murine macrophage cell line RAW264.7
and the fibroblastic COS-1 cells were ob-
tained from the American Type Culture
Collection (Manassas, VA) and grown in me-
dium RPMI 1640 (Wisent Bioproducts, Saint-
Jean-Baptiste, Canada) supplemented with
10% heat-inactivated fetal bovine serum at
37°C under 5% CO,. Generation of COS-1
cells stably expressing FcyRlla was previ-
ously described (Downey, 1999).

FcyRlla cells coexpressing mRFP-Rab7 and
GFP-RILP-C33 treated with nontargeting
(control) siRNA (left) and PI4K2A siRNA
(right) after 40 min of phagocytosis; insets,
magnifications of the dotted white boxes.
Scale bars, 5 pm.
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Plasmids

The following plasmids used in this study have been previously de-
scribed: GFP-2xP4M-SidM, GFP-P4AM-SidM, iRFP-FRB-Rab7, GFP-
PI4KB, and GFP-PI4K (Hammond et al., 2014); GFP-PI4K2A and GFP-
PI4K2B (Balla et al., 2002); mRFP-PH-PLCS (Stauffer et al., 1998);
mRFP-2xFYVE-EEAT and GFP-PH-Gab2 (Bohdanowicz et al., 2010);
mRFP-Rab5 and mRFP-Rab7 (Vieira et al., 2003); GFP-Sac2 (Nakatsu
et al., 2015); mRFP-FKBP-Sac1 (Hammond et al., 2012); mRFP-FKBP
(Szentpetery et al., 2010); GFP-RILP-C33 (Cantalupo et al., 2001); and
Lyny1-FRB (Bohdanowicz et al., 2013). mCh-sialyltransferase was a
kind gift from E. Rodriguez Boulan (Department of Cell Biology, Cor-
nell University). GST-GFP-PAM was generated using GFP-P4M as a
template and the following primers: forward, 5-gcggaattcatgtcta-
aaggtgaagaatt-3’; and reverse, 5'gcgctcgagttattttatcttaatggtttg-3.
The PCR product was digested with EcoRI and Xhol and cloned into
a pGEX-6P1; mRFP-FKBP-PLCB3 was generated using the constitu-
tively active AXY-PLCB3 template kindly provided by T. K. Harden
and J. Sondek (University of North Carolina School of Medicine,
Chapel Hill, NC) (Charpentier et al., 2014) and using the primers for-
ward, 5’-atatcgatcggtccaggegctgcagttgg-3’, and reverse, 5-atattcta-
gatcaaatgtagtccgaggcttcggtgtagatg-3’, for PCR amplification. The
PCR product was digested with Pvu and Xbal and cloned into the
mRFP-FKBP12-5-ptase domain construct obtained from plasmids
amplified in Dam- bacterial strains and digested with the same re-
striction enzymes to replace the 5-ptase domain with the PLCB3 con-
struct; GFP in GFP-2xP4M was digested using Nhel and Bgllll and
was replaced with mCherry to generate mCh-2xP4M-SidM.

Transient transfection

For transient transfections, ~80% confluent monolayers of RAW264.7
cells were lifted by scraping and plated onto 1.8-cm glass coverslips
at a density of 5 x 10 cells/coverslip. Macrophages were allowed to
recover for 18-24 h and then transfected with FUGENE HD (Pro-
mega, Madison, WI) according to the manufacturer’s instructions.
Briefly, 1 pg of plasmid DNA and 3 pl of the transfection reagent
were mixed in 100 pl of serum-free RPMI and incubated for 15 min.
The mix was then distributed equally into four wells of a 12-well
plate containing the cells. Cells were typically used for experiments
12-18 h after transfection.

Protein purification

BL21-competent cells were transformed with GST-GFP-P4M. A sin-
gle transformed colony was inoculated in 100 ml of Terrific Broth
(Invitrogen) supplemented with 0.1% glycerol and incubated over-
night at 37°C. The next day, 20 ml of the overnight culture was inocu-
lated into 400 ml of Terrific Broth with glycerol and incubated for 2 h
at 37°C. After the incubation, isopropyl B-b-1-thiogalactopyranoside
(Sigma-Aldrich) was added (final concentration 0.25 mM), and the
culture was incubated at 30°C for 4 h. After the incubation, cells were
lysed using FastBreak cell lysis reagent (Promega) according to the
manufacturer’s instructions. The cell lysate was then centrifuged and
the supernatant collected. The presence of GST-GFP-P4M was con-
firmed by Western blot using an a-GFP antibody (GFP(B-2); sc-9996;
Santa Cruz Biotechnology, Dallas, TX). The supernatant was then in-
cubated with Glutathione Sepharose 4B (GE Healthcare; previously
washed three times with binding buffer, phosphate-buffered saline
[PBS], pH 7.3) overnight at 4°C. The solution was then centrifuged
and washed three times with binding buffer. Finally, the pellet was
incubated in elution buffer (50 mM Tris-HCI plus 10 mM reduced
glutathione, pH 8.0) for 30 min at room temperature, and the elution
was collected. The presence of the purified GST-GFP-PAM was con-
firmed by immunoblotting with anti-GFP antibody (GFP(B-2).
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Protein-lipid overlay assay

A PIP strip (Echelon Biosciences, Salt Lake City, UT) was blocked
overnight at 4°C with PBS plus 0.1% Tween (PBS-T) plus 3% bovine
serum albumin. The next day, the membrane was overlaid with puri-
fied GST-GFP-P4M (150 pmol/ml in blocking solution) and incu-
bated overnight at 4°C with agitation. The membrane was next
washed five times with PBS-T for 20 min. After the washes, the PIP
strip was incubated with an anti-GFP antibody diluted in blocking
buffer (1:500) for 1 h. The strip was then washed as described and
incubated with anti-mouse horseradish peroxidase (HRP)-conju-
gated antibody (Jackson ImmunoResearch Labs) for 1 h and washed
again. Finally, detection was performed using the Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare, Missis-
sauga, Canada) according to the manufacturer’s instructions.

Gene silencing

The siRNAs (27mer Dicer-substrate) targeting mouse Sac2/Innp5F
were from Origene (Rockville, MD). The targeting sequences were
as follows: siRNA1, 5-GGAAUGCGGUAUAAACGAAGAGGAG-3’;
and siRNA2, 5-ACAAGCCUGAGAAGAUUAUACCATC-3". To si-
lence PI4K2A, siRNA targeting mouse Pi4k2a was purchased from
Dharmacon. The targeting sequences were 5-UGAGGGAGCCU-
GUUAUCAA-3’, 5-GGACACAGAUUGGGUGAUG-3", 5-GAAU-
CGGCCUGCCACCAAA-3’, 5-GAGACGAGCCCGCUAGUGU-3’,
5-CUACAAAGAUGCAGACUAUUU-3’, and 5-CCAGAUGCCAC-
CUGUGAUUUU-3".

The previously used siRNAT (5-UGAAGCAGAACCUCUUC-
CUGAUU-3’; Jovi¢ et al., 2012) and the siRNA2 (5-CUACAAA-
GAUGCAGACUAUUU-3') targeting PI4K2A in COS-1 cells were also
from Dharmacon GE Healthcare (Mississauga, Canada). Oligonucle-
otides were delivered into the cells by electroporating 5 x 10°
RAW264.7 cells with 200 pmol of the siRNA pool with the Neon
transduction system (ThermoFisher Scientific, Burlington, Canada),
using a single 20-ms pulse of 1750 V. Electroporated cells were al-
lowed to recover for 24 h before being lifted once again for a second
round of electroporation. Knockdown efficiency and phagocytosis
were assessed 48 h after the initial electroporation. When transfec-
tion of plasmid DNA was required, cells were replated in 12-well
plates after the second round of silencing and allowed to recover in
fresh medium for 8 h. Then cells were transfected as described and
used for experiments after an additional 18-24 h of incubation.

Oligonucleotides were delivered to COS-1 cells with HiPerFect
transfection reagent (Qiagen, Toronto, Canada), following the man-
ufacturer’s instructions. Cells were plated in six-well plates 24 h be-
fore silencing. Then cells were treated with a mix of the reagent and
oligonucleotides for 18 h and allowed to recover in fresh medium
for 6 h. A second round of silencing was performed for 18 h. Cells
were allowed to recover for 30 h before experiments. When cells
had to be transfected, they were replated in 12-well plates after the
second round of silencing and allowed to recover in fresh medium
for 8 h. Then cells were transfected as described and used for ex-
periments 18-24 h after transfection.

Quantitative real-time PCR

Total RNA was isolated using the GeneJET RNA Purification kit
(Thermo Fisher Scientific). Equal amounts of RNA were loaded as
template for the generation of cDNA using the SuperScript VILO
cDNA Synthesis kit (Thermo Fisher Scientific). Quantitative PCR was
performed in a 96-well plate using the TagMan System (Thermo
Fisher Scientific) on a Step One Plus Real-Time PCR thermal cycler
with Step One software (version 2.2.2; Applied Biosystems, Burling-
ton, Canada). The Tagman gene expression assays for the reference
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gene and target gene were duplexed in triplicate. Target gene ex-
pression was determined by quantification relative to the reference
gene and the control sample (AACt method). The Tagman gene ex-
pression assays used were as follows: Abt1 (reference gene),
Mm00803824_m1; Pi4k2A, Mm01197215_m1; and Inpp5f (Sac2),
Mm00724391_m1. In COS-1 cells, the reference gene was CDKNA,
Hs00355782_m1; and the target gene was PI4K2A, Hs00218300_m1.

Phagocytosis

For all phagocytosis assays, ~5 x 10* cells were seeded onto 1.8-cm
glass coverslips and allowed to grow for 18-24 h. For opsonization,
100 pl of a 20% SRBC suspension was washed with PBS and opso-
nized by incubation with 3 pl of rabbit IgG fraction against SRBCs at
37°C for 1 h. SRBCs were then washed three times with PBS. Alter-
natively, divinylbenzene-coated polystyrene beads were diluted
10-fold in PBS and opsonized by incubation with human IgG (final
IgG concentration, 5 mg/ml) for 60 min at room temperature. Ex-
cess IgG was removed by washing the beads twice with PBS. When
needed, SRBCs were prelabeled by incubation with succinimidyl es-
ters for 20 min rotating at room temperature. Then the SRBCs were
washed three times with PBS before opsonization as described.
Phagocytosis was initiated by adding 75 ul of a 10-fold dilution of
the SRBC or bead suspension to individual wells of a 12-well plate
or directly into an imaging chamber containing a coverslip with cells.
In all cases, phagocytosis was synchronized by sedimenting the par-
ticles by centrifugation (300 x g for 10 s).

Detection of acidification and lysosomal labeling

Cells were treated with cresyl violet acetate (1 pM final concentra-
tion) for 2 min and then washed twice with PBS and imaged. Lyso-
somes were loaded with 0.1 mg/ml dextran for 3 h at 37°C (5% CO,
balance air), followed by a chase period of at least 30 min.

Microscopy

For imaging, cells grown on glass coverslips were mounted in a
Chamlide magnetic chamber (Seoul, South Korea), overlaid with
1 ml of Hanks' balanced salt solution (Wisent Bioproducts) and
maintained at 37°C. Fluorescence microscopy was performed using
spinning-disk confocal microscopes (Quorum Technologies, Guelph,
Canada). Our systems are based on an Axiovert 200M microscope
(Carl Zeiss) equipped with a 63x oil-immersion objective (numerical
aperture 1.4) and a 1.5x magnifying lens. The microscopes carry a
motorized XY stage (Applied Scientific Instrumentation, Eugene,
OR), a Piezo Z-focus drive, and diode-pumped solid-state lasers
emitting at 440, 491, 561, 638, and 655 nm (Spectral Applied Re-
search, Richmond Hill, Canada). Images were recorded with back-
thinned, cooled charge-coupled device cameras (Hamamatsu Pho-
tonics) under command of the Volocity software (version 6.2.1;
PerkinElmer, Woodbridge, Canada). Selection of regions of interest,
fluorescence intensity measurements, and brightness/contrast cor-
rections were performed with ImageJ (version 1.48; National Insti-
tutes of Health, Bethesda, MD). Brightness and contrast parameters
were adjusted across entire images and without altering the linearity
of mapped pixel values. All images are representative of at least 15
determinations from three separate experiments.
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