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Introduction

Summary

Phagocytes such as dendritic cells (DC) and macrophages employ phago-
cytosis to take up pathogenic bacteria into phagosomes, digest the bacteria
and present the bacteria-derived peptide antigens to the adaptive immu-
nity. Hence, efficient antigen presentation depends greatly on a well-regu-
lated phagocytosis process. Lipids, particularly phosphoinositides, are
critical components of the phagosomes. Phosphatidylinositol-3,4,5-
triphosphate [PI(3,4,5)P;] is formed at the phagocytic cup, and as the
phagosome seals off from the plasma membrane, rapid disappearance of
PI(3,4,5)P; is accompanied by high levels of phosphatidylinositol-3-phos-
phate (PI3P) formation. The sorting nexin (SNX) family consists of a
diverse group of Phox-homology (PX) domain-containing cytoplasmic
and membrane-associated proteins that are potential effectors of phos-
phoinositides. We hypothesized that SNX3, a small sorting nexin that
contains a single PI3P lipid-binding PX domain as its only protein
domain, localizes to phagosomes and regulates phagocytosis in DC. Our
results show that SNX3 recruits to nascent phagosomes and silencing of
SNX3 enhances phagocytic uptake of bacteria by DC. Furthermore, SNX3
competes with PI3P lipid-binding protein, early endosome antigen-1
(EEA1) recruiting to membranes. Our results indicate that SNX3 nega-
tively regulates phagocytosis in DC possibly by modulating recruitment of
essential PI3P lipid-binding proteins of the phagocytic pathways, such as
EEA1, to phagosomal membranes.

Keywords: dendritic cells; early endosome antigen-1; phagocytosis; phago-
somes; SNX3.

Membrane adaptors, coat proteins, Rab GTPases, solu-
ble N-ethylmaleimide sensitive factor attachment recep-

Phagocytosis of microorganisms by phagocytes is an
essential component of the host’s defence against infec-
tion. Professional antigen-presenting phagocytes such as
dendritic cells (DC) and macrophages employ phagocyto-
sis to take up pathogenic bacteria, digest the bacteria and
present the bacteria-derived peptide antigens to the adap-
tive immunity." Hence, activation of the immune system
depends greatly on the phagocytic process, which is regu-
lated by the membrane sorting and trafficking machinery
in the endosomes.*”>

tors (SNAREs), and phosphoinositides are important
players in membrane trafficking.*® Notably, many of
them have been implicated in the phagocytic pathway.
For instance, early stages of phagosome maturation are
controlled by Rab5, whereas later fusion events with late
endosomes and lysosomes require Rab7.”® VAMP-7, an
R-SNARE has been shown to be essential for optimal
phagocytosis of opsonized particles in macrophages,”’
whereas VAMP-8, another R-SNARE, has been shown to
negatively regulate phagocytosis of bacteria in DC.'® The

Abbreviations: DC, dendritic cells; DMEM, Dulbecco’s modified Eagle’s medium; GFP, green fluorescence protein; LPS, lipopoly-
saccharide; PI3P, Phosphatidylinositol-3-phosphate; siRNA, small interfering RNA; SNARE, soluble N-ethylmaleimide sensitive
factor attachment receptors; SNX3, Sorting nexin 3; SNX3KD, Sorting nexin 3 knockdown
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enrichment of VAMP-4 on latex-bead-containing phago-
somes also suggests a potential role for this R-SNARE in
the phagocytic pathway.'' In addition, endoplasmic retic-
ulum-mediated phagocytosis interestingly illustrates the
importance of membrane and its components in the
phagocytic pathway, albeit controversially.'> '*

The sorting nexin (SNX) family consists of a diverse
group of Phox-homology (PX) domain-containing
cytoplasmic and membrane-associated proteins that are
potential effectors of phosphoinositides. The well-
characterized PX domain in SNXs has varying affinities to
various phosphoinositides and mediates their associations
with cellular membranes enriched in phosphoinosi-
tides.'>'® SNXI has been shown to bind to epidermal
growth factor receptor and regulates its turnover rate.'”
SNX2 and SNX4 have been shown to bind to multiple
receptor tyrosine kinases, including receptors for epider-
mal growth factor, platelet-derived growth factor, insulin,
and the long form of the leptin receptor.'® Furthermore,
SNX2 and SNX4 together with SNX6 have also been
shown to interact with members of the transforming
growth factor-f family of receptor serine-threonine kinas-
es."” These studies have suggested potential roles of SNXs
in regulating the endocytosis of receptors. Consistently,
the interaction of SNX9 with dynamin and Wiskott—
Aldrich syndrome protein has been shown to be impor-
tant for endocytosis.”*>*' Apart from this, SNX3 has been
shown to regulate endosomal function,*” and is important
for multivesicular body biogenesis as well.”> Furthermore,
the elucidation of the retromer complex involving SNX1
and SNX2 has provided greater insight into the impor-
tance of SNXs in membrane trafficking.** *” No work has
been carried out to investigate the roles of SNXs in the
phagocytic pathway.

We hypothesized that SNX3, a small SNX that contains
a single phosphatidylinositol-3-phosphate (PI3P) lipid-
binding PX domain as their only protein domain, recruits
to phagosomes and regulates phagocytosis in DC.

Materials and methods

Antibodies and cell lines

The antibodies used were purchased commercially from
the following manufacturers: rabbit polyclonal anti-EEA1
(where EEAL is early endosome antigen-1) and anti-Myc,
mouse monoclonal anti-EEA1 and rat monoclonal anti-
LAMP-1 (Santa Cruz Biotechnology, Dallas, TX), mouse
monoclonal anti-c-Myc (Calbiochem, Merck, Boston,
MA), rabbit polyclonal anti-Synl6 (SynapticSystem,
Goettingen, Germany), and mouse anti-lipopolysaccharide
(LPS; AbD Serotec, Oxford, UK). Rabbit polyclonal anti-
SNX3 was a generous gift from Wanjin Hong. Dy-
Light™488-, DyLight™649-, FITC- and Cy3-conjugated
secondary antibodies were from Jackson ImmunoResearch
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Laboratories. AlexaFluor®647-conjugated anti-rabbit sec-
ondary antibody was from Invitrogen. DC2.4 cell line was
from Dr Kenneth Rock.*® DC2.4 cells are immortalized
mouse bone-marrow-derived DC that display dendritic
morphology, express DC-specific markers, MHC mole-
cules, co-stimulatory molecules, and have phagocytic
activity as well as antigen-presenting capacity.”® A-431
human skin epithelial carcinoma cells (CRL-1555) were
obtained from ATCC (Manassas, VA). Cell lines were cul-
tured at 37° and 5% CO, in complete Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% heat-inactivated
fetal bovine serum, 5 mm HEPES solution, 100 M non-
essential amino acids, antibiotic-antimycotic and 2 mm
L-glutamine (Gibco, Life Technologies, Grand Island, NY).

Cloning and preparation of GST-proteins

Extraction of plasmid was based on the QIAprep® Spin
Miniprep Kit (Qiagen, Valencia, CA). The restriction en-
donucleases BamHI, EcoRI and Xbal, T4 DNA ligase, Pfu
and Taq polymerases were purchased from Promega. The
plasmid extracted from Escherichia coli-containing mouse
SNX3-ligated pCR4-TOPO vector (MGC: 151262,
IMAGE: 40126204, Open Biosystems; Thermo Fisher
Scientific, Inc., Waltham, MA), was subjected to PCR
using pfu polymerase. Forward primer was designed with
an EcoRI restriction sequence and reverse primer with an
Xbal sequence. SNX3, forward primer: 5-GGAATTCCA
TGGCGGAGACGGTAG-3' and reverse primer: 5'-GCTC
TAGAGCTTAATGGGGATG-3". The desired DNA band
was excised and purified using QIAquick Gel Extraction
(Qiagen), and subjected to EcoRI and Xbal digestion. The
SNX3 insert was ligated to EcoRI- and Xbal-digested
pDMyc plasmid with a double-Myc tag at the 5-terminal.
Transformation was performed and the clones were
selected using 200 ug/ml ampicillin. Sequences were con-
firmed via sequencing.

Cloning of SNX3 and MycEEA1(1277-1411, inclusive of
FYVE-domain) into pGEX-KG vector was carried out sim-
ilarly as described above. EEA1(1277-1411) protein has
been shown to bind specifically to PI3P.*’ SNX3, forward
primer was designed with a BamHI restriction sequence:
5'-CGGGATCCATGGCGGAGACGGTAG-3' and reverse
primer was designed with an EcoRI restriction sequence:
5'-GGAATTCGACTCTAGAGCTCAGGCATG-3'". Myc-
EEA1(1277-1411) gene construct (GenBank BC075637.1)
was obtained through Gene Synthesis (1st Base). The gene
construct was designed with a BamHI restriction sequence
at the 5’ end and an EcoRI restriction sequence at the 3’
end. Sequences were confirmed via sequencing. Topl0
E. coli containing the respective pGEX-KG-SNX3 or
PGEX-KG-Myc-EEA1(1277-1411) vectors were induced
for 16 h at room temperature with isopropyl f-p-1-
thiogalactopyranoside (Promega, Madison, WI). The
GST-proteins were harvested using GSH-Sepharose beads
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(GE-Health) and columns (Bio-Rad, Hercules, CA), and
eluted with 20 mm reduced GSH (Thermo Fisher
Scientific, Inc.). GST was cleaved from GST-SNX3 using
thrombin (Amersham, GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ) at 10 ug/ml for 16 h at room tempera-
ture. After which, the proteins were dialysed in PBS and
free GST was cleared using GSH-Sepharose beads.

Plasmid transfection and selection of stable cells

Transfection was performed with Invitrogen Lipofecta-
mine™ 2000 according to the manufacturer’s protocol. At
24-48 h after transfection, Geneticin® (Invitrogen, Life
Technologies) was added at 2000 ug/ml to select for cells
stably expressing SNX3.

Gene knockdown

Small interfering (si) RNA directed towards mouse SNX3
(catalogue number: LQ-060688-01-0020) and non-target-
ing siRNA pool (catalogue number: D-001810-10) were
purchased from Dharmacon. Transfection was performed
using electroporation (BTX ECMS830). Briefly, cells were
flushed out in PBS and washed once with Opti-MEM
(Invitrogen). Cells (5 x 107 cells/ml) were resuspended
in 100 pl Opti-MEM, mix with ~ 760 pmol (~ 10 ug) of
siRNA in a 2-mm gap cuvette (BTX) and electroporated
at 300 V for 500 psecond in a single pulse. After electro-
poration, cells were transferred to complete DMEM with
10% fetal bovine serum and cultured for at least 36 h
before subsequent experiments.

Phagocytosis assay

Phagocytosis level was measured using flow cytometry,
based on the gross mean green fluorescent protein
(GFP) -fluorescence detected from cells, after allowing the
cells to phagocytose fixed GFP-E. coli in suspension for
various time-points. This assay has been validated through
its specific detection of the difference in phagocytosis lev-
els between ‘Normal’ and ‘3-MA-treated” DC (see Supple-
mentary material, Fig. S1B). For the measurement of
phagocytosis activity at 30 min and 60 min, cells were
harvested from 60-mm dishes by treatment with 0-5 mm
EDTA for 10 min, washed three times with DMEM, fol-
lowed by mixing 2 x 10° cells with 1 x 10® fixed GFP-
E. coli in a final volume of 1 ml DMEM, and incubation
in a 37° incubator. The cells and bacteria suspension was
mixed by gentle tapping every 15 min over the 30-min or
60-min period. After phagocytosis, 1 ml cold PBS was
added to the suspension followed by three cycles of spin-
ning down at 400 g for 5 min at 4° and washing with cold
PBS. After which, the cell pellet was re-suspended in 2%
paraformaldehyde before analysis by flow cytometry. For
the detection of extracellular-bound bacteria by LPS stain-
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ing, cells were re-suspended in 100 ul of staining buffer
(5% BSA, 2 mm EDTA, 0-05% NaNj; in 1 x PBS) con-
taining 40 pg/ml mouse monoclonal anti-LPS antibody,
and incubated on ice for 60 min. After which, cells were
washed and fixed with 2% paraformaldehyde as described
above. For the measurement of phagocytosis at 4 min,
cells were harvested similarly, but 2 x 10° cells were
mixed with 1 x 10® fixed GFP-E. coli in a final volume of
100 uL. The DMEM used was pre-warmed at 37° and
tubes containing the cells and bacteria suspension were
incubated in a 37° water bath immediately after mixing.
The smaller volume increased the chances of cells contact-
ing the bacteria and for phagocytosis to occur within the
short period of 4 min. After 4 min, 1 ml cold PBS was
added to the suspension, mixed and three replicates of
100 pl each were removed and kept in 2% paraformalde-
hyde before analysis by flow cytometry. All phagocytosis
experiments were carried out with parallel 0-min samples
to allow for the subtraction of background signal from the
data. ‘Parallel 0-min samples’ refer to DC that were added
with the same amount of GFP-E. coli bacteria and trans-
ferred to 0° on ice instead of 37°, hence with total inhibi-
tion of phagocytosis. ‘Parallel 0 min samples’ served as
background readings because of extracellular-bound bacte-
ria and as negative controls for the assay. In addition,
since silencing of SNX3 by siRNA transfection did not
affect the binding of GFP-E. coli to the cell surface (see
Fig. 4b), readings that were possibly contributed by the
GFP-E. coli bacteria binding to the surface of cells were
not expected to affect the results.

Phagocytosis kinetics

Cells grown on cover slips were washed twice with cold
PBS, and incubated on ice for 1 h in 1-5 ml of complete
DMEM containing fixed GFP-E. coli at 5 x 10%/ml. After
which the cover slips were washed five times with cold
PBS before they were transferred to 37° for the respective
time periods. The cover slips were washed and fixed on
ice at various time-points, and used for immunofluores-
cence microscopy.

Quantification of bacteria binding

DC2.4 cells, adhered to cover slips, were incubated with
5 x 10%/ml GFP-E. coli for 15 min at 37°. Cells were
washed thoroughly with cold PBS to remove unbound
bacteria, fixed and stained for f-actin. For each cover
slip, three counts were conducted. FEach count consisted
of 10 different random frames, and GFP-E. coli in contact
with the «cells’ surface actin (bound-bacteria) were
counted. At least 300 cells were observed per count. The
number of bound-bacteria per-cell was recorded for each
count, and an average of this value was obtained from
the three counts. Alternatively, the amount of GFP-E. coli
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binding to cells was measured through the detection of
GFP-fluorescence. DC and non-phagocytic A-431 cells
were seeded overnight (~ 16 h) in a 12-well plate, at
1:5 x 10° cells per well. Wells were checked to be 100%
confluent with cells before they were washed once with
cold PBS and equilibrated to 0° by incubation on ice for
15 min in 500 pL of cold Opti-MEM. After which, wells
were tapped dry and 2 x 10° GFP-E. coli in 500 uL of
Opti-MEM was added to cells and incubated on ice for
90 min. Wells without the addition of GFP-E. coli served
as background controls. After 90 min of bacteria binding,
1 ml cold PBS was added, washed and tapped dry. Cells
were then fixed with 500 ul of 4% paraformaldehyde on
ice for 20 min. After fixing, 1 ml cold PBS was added,
washed and tapped dry, before measurement with an
ELISA plate fluorescence reader at Excitation 480 nm/
Emission 520 nm (Tecan Infinite™ M200; Tecan US, Inc.,
Morrisville, NC).

Quantification of EEAl-positive early phagosomes

Early phagosomes were quantified by manual counting
under immunofluorescence microscopy. Briefly, cells
adhering to glass cover slips were allowed to phagocytose
fixed GFP-E. coli for 30 min. After which, the cover slips
were washed, fixed and stained for EEA1, an early phag-
osomal marker.’® For a cover slip of cells, at least three
counts were conducted. Each count consisted of 15 differ-
ent random frames, and phagosomes enriched with EEAI
were counted. At least 150 cells were observed per count.
The number of EEAl-positive phagosomes per cell was
recorded for each count, and an average of this value was
obtained from the three counts. Subsequently, a phagocy-
tosis index was generated by normalizing the value of
phagosomes per cell with that of the control.

Lipid-binding assay

The lipid-binding assay had been designed to measure the
lipid-binding capacity of GST, GST-MycEEAl (1277-
1411, inclusive of FYVE domain)?’, and GST-SNX3%%
Co-star ELISA plate (96-well) was coated with 0-5 ug
of PI3P [Calbiochem and CaymanChem (Ann Arbor,
MI)] or phosphatidylinositol-4,5-diphosphate [PI(4,5)P,;
Calbiochem] re-suspended in methanol, and air-dried in
a 28° incubator. Wells were washed with PBS and blocked
with PBS containing 5% BSA for 60 min at room tem-
perature. Subsequent washing was carried out using
0-05% PBS-Tween-20. In an initial lipid-blocking step,
5 ug GST and either GST-SNX3 or GST-MycEEA1 pro-
teins were added, respectively, to the plate and incubated
for 60-90 min at room temperature. This step allowed
proteins that have affinity to the lipid to bind and block
the protein-binding sites on the lipid, hence reducing the
binding by another protein to the lipid subsequently.

© 2012 Blackwell Publishing Ltd, Immunology, 139, 30-47

Sorting nexin 3 negatively regulates phagocytosis

After fixing with 4% paraformaldehyde for 15 min and
washing, a second step which involved the addition of
either GST-MycEEA1 or SNX-3 (5 ug), was carried out
and incubated for 60 min at room temperature. Similar
fixation was carried out, followed by the detection of the
‘second step’ lipid-bound proteins using primary (mouse
anti-cMyc or rabbit anti-SNX-3) and secondary antibod-
ies (DyLight™488-conjugated anti-mouse antibody or
FITC-conjugated anti-rabbit antibody), respectively. The
binding capacity of proteins to the lipid was quantified
through fluorescence detection using an ELISA plate
reader (Tecan Infinite™ M200).

Cell fractionation

Cell fractionation was carried out similarly to previous
descriptions.’" Cells were homogenized and fractionated by
ultracentrifugation to separate the membrane from the
cytosol. For different samples such as SNX3KD cells and
control cells, equal numbers of cells were used for the
homogenization. Cells were suspended in 500 ul homoge-
nizing buffer (8:6% sucrose, 25 mm HEPES, 5 mm MgCl,
1 mm PMSF) and incubated on ice for 40 min before being
subjected to an upward—-downward mechanical shearing in
a manual homogenizer (Bellco, Vineland, NJ) for 20 min.
The homogenate was observed under a light microscope to
contain at least 95% broken cells and released nuclei,
before they were subjected to two spun down at 100 gfor
5 min at 4° and 400 g for 5 min at 4° to clear off nuclei
and intact cells. The cleared homogenate (400 ul) was then
centrifuged for 90 min at 150 000 g using the Optima™
Max-XP (Beckman Coulter, Brea, CA) ultracentrifuge and
MLA-130 rotor. After ultracentrifugation, the cytosol frac-
tion was separated from the membrane pellet by careful
aspiration. Both the cytosol and membrane fractions were
then added with 20% CHAPS, protease inhibitors, PMSF
and PBS, to a final volume of 500 ul with a final concentra-
tion of 1% CHAPS. In addition, the membrane fraction
was subjected to light sonication of three cycles of a 5-sec-
ond pulse at 10 Amp/20 seconds rest on ice. Both mem-
brane and cytosol fractions were incubated on ice in lysis
buffer for at least 2 h. Both fractions were then spun at
16 000 g for 15 min at 4° using a table-top centrifuge to
clear off insoluble materials. The supernatant were aspi-
rated and protein quantification was carried out before
Western blot analysis.

Western blot analysis

Proteins resolved by SDS-PAGE were electroblotted to a
nitrocellulose membrane (Bio-Rad) and incubated over-
night at 4° with blocking buffer (PBS containing 5% skim
milk and 0-05% Tween-20). Nitrocellulose membranes
were then incubated with primary/secondary antibodies
in blocking buffer, washed with PBS containing 0-05%
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Tween-20 and processed using the Supersignal
Chemiluminescent Kit (Pierce; Thermo Fisher Scientific,
Inc.) according to the manufacturer’s recommendation.
Quantification of band intensities in immunoblots was
carried out using the IMAGEJ software.

Immunofluorescence microscopy

Cells grown on cover slips were washed once with PBS,
and then fixed with 4% paraformaldehyde for 30 min on
ice or for 20 min at room temperature, after which they
were washed thrice with PBS, followed by twice with
0-1% saponin in PBS. The cells were permeabilized in
0-1% saponin at room temperature and incubated with
primary antibody for 1 h. After washing with 0-1% sapo-
nin in PBS, secondary antibody was then added and the
cover slips were incubated in the dark for 1 h at room
temperature. Cells on cover slips were washed and
mounted on glass slides using Vectashield® mounting
medium with DAPI Alternatively, cells were fixed with
cold methanol at — 20° for 4 min and washed extensively
with PBS before labelling them with primary and second-
ary antibodies. Confocal images were taken using Leica
TCS SP5/LeicA APPLICATION SUITE ADVANCED FLUORESCENCE
version 2.1 software. The conventional fluorescent images
were taken using Olympus BX-60 digital microscope/Im-
AGEPRO PLUs software.

Phagosome enrichment

Enrichment of phagosomes was carried out as previously
described,'® with some minor changes. DC2.4 cells were
allowed to phagocytose GFP-E. coli in suspension at
5 x 10® bacteria per 5 x 10° cells for 30 min at 37°. A
mock sample (all conditions remained identical, except
without the addition of bacteria, i.e. no phagocytosis) was
run in parallel. To remove extracellular bacteria after
phagocytosis, cells were thoroughly washed with 3 x
10 ml cold PBS in 15-ml centrifuge tubes and 3 x 1 ml
cold PBS in 1-5-ml centrifuge tubes. Cells were spun
down at 100 g for 5 min at 4° during all washes. The
cells were then re-suspended in 500 ul of homogenizing
buffer (8:6% sucrose, 25 mm HEPES, 5 mm MgCl,, 1 mm
PMSF) and subjected to an upward—-downward mechani-
cal shearing in a manual homogenizer (Bellco) for
20 min. Homogenates were checked under a light micro-
scope to contain at least 95% broken cells. The homoge-
nate (~ 300 ul) from each sample was removed and
topped up to 1 ml with homogenizing buffer. After
which, the homogenates were spun down at 100 g for
5 min at 4°. Supernatant containing the less dense phago-
somes and membrane debris were carefully aspirated,
leaving behind larger membrane debris and nuclei in the
pellet. This was repeated at least twice until the superna-
tant was ~ 100% cleared from nuclei as observed under
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microscopic examination. Subsequently, the supernatant
(~ 800 ul) was carefully layered on 62% sucrose (3 ml),
and centrifuged at 18 000 g for 45 min at 4° using Beck-
man Optima™ Max-XP (MLS-50 rotor). The lighter
membranes remained on top of the 62% sucrose, while
the membrane fraction at the bottom was enriched with
heavier phagosomes. The lighter membranes and sucrose
were carefully removed, and lysis buffer (containing 1%
CHAPS) was added to the membrane fraction and incu-
bated on ice for 60 min. Subsequently, the lysate were
treated in a similar way to that in Western blot analysis.

Statistical analysis

The statistical significance of the data were tested with an
unpaired Student’s t-test, and calculated goodness-of-fit
value (P-value) is indicated in the figures. Differences were
considered significant if P < 0-05 (*) and P < 0-005 (**).

Results

SNX3 is localized to the endosomes and phagosomes
in DC

SNX3 was previously shown to associate with the early
endosomes and intermediate structures in A-431 cells.”
To determine the intracellular localization of SNX3 in
DC, DC2.4 cells were fixed, permeabilized and double
labelled with antibodies specific for EEA1l and SNX3
before analysis by indirect immunofluorescence micros-
copy. Rab5 effector molecule EEA1 is a tethering mole-
cule known to localize to the early endosomes.’® As
shown in Fig. 1(a, panel i-iii), SNX3 and EEAl were
dispersed throughout the cell in punctate membrane
structures depicting the endosomes. SNX3 and EEAl
co-localize partially on endosomes. SNX3’s localization to
the endosomes suggests that it may potentially play
essential roles in regulating important functions such as
phagocytosis and antigen presentation in DC.
Phagocytosis is one of the important processes of anti-
gen uptake in the antigen presentation pathway, and is
closely associated with the endosomal membrane traffick-
ing pathway.” To examine if SNX3 recruits to phago-
somes in DC, DC2.4 cells were allowed to phagocytose
chemically fixed GFP-E. coli, fixed, stained with antibody
specific for endogenous SNX3 and analysed by immuno-
fluorescence microscopy. GFP-E. coli bacteria (instead of
latex beads) were used in this experiment to maintain the
microbiological relevance of this study. To prevent
unwanted bacterial cell division during incubation with
DC, GFP-E. coli were chemically fixed with 4% parafor-
maldehyde. All antibodies used were ‘pre-cleaned’ by
incubating with high concentrations of the fixed GFP-
E. coli to prevent the antibodies from non-specifically
binding to bacteria during immunofluorescence staining.
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GFP-E.coli

DMyc-SNX 3

Figure 1. Sorting nexin 3 (SNX3) is localized to the endosomes and phagosomes in dendritic cells (DC). DC2.4 cells (a) or DC2.4 cells over-
expressing DMyc-SNX3 (b and c), were fixed and labelled with anti-EEA1 primary antibody (Green), and co-stained with either anti-SNX3
(a, panel i-iii, red) or anti-Myc (b, panel i-iii, red) antibodies. After phagocytosis, cells were washed, fixed and singly stained with antibody
against SNX3 (a, panel iv—vi) or Myc (b, panel vi-vi and c), followed by Cy3-conjugated anti-rabbit IgG. (a, panel i-iii) Endogenous SNX3 par-
tially co-localizes with early endosome antigen-1 (EEA1) at endosomes. (a, panel iv—vi) Endogenous SNX3 is recruited to phagosomes containing
GFP-Escherichia coli. (b, panel i—iii) DMyc-SNX3 co-localizes with EEA1 at endosomes, showing similar localization to endogenous SNX3.
(b, panel iv—vi) DMyc-SNX3 is recruited to phagosomes containing GFP-E. coli. (c) Stereo three-dimensional rendering of collected confocal
images showing the recruitment of DMyc-SNX3 (red) to the GFP-E. coli containing phagosomes (green/yellow). Arrows indicate SNX3- and
EEA1-positive endosomes, and SNX3-positive phagosomes, respectively. Scale bars: 10 um.
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As shown in Fig. 1(a, panel iv—vi), endogenous SNX3
(red) co-localizes with the green GFP-E. coli (yellow),
suggesting that SNX3 recruits to GFP-E. coli-positive
membrane compartments depicting the phagosomes.
Consistently, double c-Myc-tagged SNX3 (DMyc-SNX3)
proteins, like endogenous SNX3, were also localized to
the endosomes (Fig. 1b, panel i-ii) and recruited to the
GFP-E. coli-positive phagosomes (Fig. 1b, panel iv—vi).
Stereo three-dimensional rendering images in Fig. 1(c)
further confirmed the recruitment of SNX3 to phagoso-
mal membranes in DC. It is worth noting that not all the
phagosomes were SNX3-positive, inferring that the
recruitment of SNX3 to phagosomes was dependent on
the maturity of the phagosomes.

SNX3 preferentially recruits to early phagosomes

Phagosomes acquire new components through sequential
fusions with endosomes, and ultimately form the phago-
lysosomes when they undergo fusion with lysosomes.”
Hence, it will be interesting to determine the phagosomal
maturation stage at which SNX3 recruits to phagosomes,
and thereby draw insight into the role which SNX3 plays
during phagocytic uptake of bacteria in DC. The DC2.4
cells were pre-incubated with GFP-E. coli for 1 h on ice
(0°), washed and allowed to internalize the GFP-E. coli at
37° for various times. As shown in Fig. 2(a, panel v—viii),
SNX3 was detected on phagosomes 8 min after phagocy-
tosis. SNX3 remained associated with phagosomes until
30 min, albeit at a diminished level (Fig. 2a, panel
ix—xvi). SNX3-positive phagosomes were not observed
beyond the 30-min time point (Fig. 2a, panel xvii-xx). A
corresponding staining with antibody against LAMP-1, a
marker of late phagosome/phagolysosome,* at 30 min
and 60 min, showed that the SNX3-negative phagosomes
(GFP-E. coli-positive) were enriched with LAMP-1
(Fig. 2b). This confirmed that SNX3 does not associate
with late phagosomes/phagolysosomes, but preferentially
associates with the early phagosomes, similar to VAMP-3
as previously reported.'’

SNX3 recruits to f-actin-positive nascent phagosomes

To further characterize the recruitment of SNX3 to early
phagosome, DC2.4 cells, adhered to cover slip, were incu-
bated on ice with fixed GFP-E. coli for 1 h. After washing
away unbound bacteria, the cover slips were transferred to
pre-warmed (37°) DMEM for 4 min and 8 min, before
they were washed, fixed and stained for the respective pro-
teins of interest. Stereo three-dimensional rendering
images in Fig. 3(a) show the enrichment of f-actin (red)
on phagocytic cups (white and red arrows). Figure 3(a,
panel iii), clearly shows the exposed part of the GFP-
E. coli bacteria (green arrow) on the phagocytic cup.
Interestingly, we consistently observed recruitment of

36

SNX3 (white arrowhead) to f-actin-positive (white arrow)
complete phagosomes at 4 min of phagocytosis (Fig. 3b,
panel i-iii). Figure 3(b, panel iv) shows the enlarged XZ
projection image of the SNX3/f-actin-positive complete
phagosome. In this study, with SNX3 as an additional
phagosomal marker, it is possible to distinguish between
the phagocytic cups, the nascent phagosomes and the early
phagosomes stage. Figure 3(c) highlights the different
stages of phagocytosis that have been observed in the
phagocytosis kinetics study at 4 and 8 min. Arrows (ii)
and (iii) point to phagocytic cups during phagocytic cup
extension at 4 min [see schematic, Fig. 3d, (ii) and (iii)].
Arrow (iv) points to a nascent phagosome that was com-
pletely enclosed by f-actin-positive and SNX3-positive
membrane at 4 min [see schematic, Fig. 3d(iv)]. Arrow
(v) indicates a nascent phagosome with full SNX3 enrich-
ment and diminishing f-actin recruitment, representing a
stage where the nascent phagosome is separating from the
plasma membrane at 4 min [see schematic, Fig. 3d(v)].
Arrows (vi) point to early phagosomes that were devoid
of f-actin, but fully enriched with SNX3, maturing and
moving away from the cell periphery at 8 min [see
schematic, Fig. 3d(vi)]. Taking together, based on the
labelling of SNX3 and f-actin, it is possible to classify
B-actin® SNX3~ GFP-E.coli” structures as phagocytic
cups, B-actin® SNX3" GFP-E. coli* structures as nascent
phagosomes, and p-actin™ SNX3" GFP-E.coli* as early
phagosomes. According to Tsuboi and Meerloo, f-actin is
absent from complete phagosomes.”® It is possible that
the authors were referring to the f-actin-negative early
phagosomes.

Depletion of SNX3 enhances phagocytosis at the early
stage

Specific recruitment to the nascent/early phagosomes sug-
gests that SNX3 could potentially have a role in regulat-
ing the phagocytic pathway. To determine the role of
SNX3 in phagocytosis, DC2.4 cells were transfected with
non-targeting siRNA (control) or siRNA directed towards
SNX3 (SNX3KD), and allowed to phagocytose GFP-
E. coli for 60 min at 37°. The level of phagocytosis was
measured by quantifying the GFP-fluorescence from the
ingested E. coli using flow cytometry. As shown in
Fig. 4(a), silencing of SNX3 enhances phagocytosis.
Immunoblot in Fig. 4(a, panel ii) shows the silencing of
SNX3 expression by SNX3-specific siRNA.

SNX3 has been implicated in the modulation of surface
receptors such as transferrin receptors in A431 cells.” Tt is
possible that the increase in phagocytosis activity observed
in SNX3KD DC could be the result of an increase in bind-
ing of bacteria through an increase in surface expression
of phagocytic receptors. However, using immunofluores-
cence and manual counting of surface-bound GFP-E. coli,
we did not observe significant variation in the number of
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Figure 2. Sorting nexin 3 (SNX3) preferentially recruits to the early phagosomes. Cells were incubated with GFP-Escherichia coli on ice for
1 hour before they were washed and transferred to 37°. After which, cells were washed and fixed at various time-points, followed by staining with
respective antibodies. Cells were stained with antibody against SNX3 (polyclonal, a, panel i—xx), followed by Alexa Fluor®647-conjugated anti-
rabbit IgG. In addition to antibody against SNX3, cells were correspondingly stained with antibody against LAMP-1 (monoclonal), followed by
Cy3-conjugated anti-rat IgG (b, a, panel i—xx). (a) The kinetic assay showing the recruitment of SNX3 to the early phagosomes at 8-, 16- and
30-min (panel v—xvi), but not the late phagosomes at 60-min (panel xvii—xx). Enlarged images of selected regions were shown for 0 min with
arrowheads pointing to bacteria outside of cell (panel iv), for 8 to 30 min with arrows pointing to SNX3 enriched phagosomes (panel viii, xii
and xvi), and for 60 min with arrowheads pointing to phagosomes devoid of SNX3 (panel xx). (b) Merged images from 30-min and 60-min
kinetics, showing LAMP-1-positive late phagosomes/phagolysosomes were not enriched with SNX3. Arrow heads point to LAMP-1 and
GFP-E.coli-positive late phagosomes/phagolysosomes which are devoid of SNX3. Scale bars: 10 um.
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Figure 3. Sorting nexin 3 (SNX3) recruits to f-actin-positive nascent phagosomes. (a) f-Actin is a marker for phagocytic cup. DC2.4 cells were
pre-incubated with fixed GFP-Escherichia coli on ice for 1 h, after which they were washed to remove extracellular unbound GFP-E. coli. Cells
were allowed to phagocytose the GFP-E. coli for 4 min at 37° before they were washed and fixed on ice. Cells were stained with antibody against
f-actin (monoclonal), followed by Cy3-conjugated anti-mouse IgG. Stereo three-dimensional rendering of collected confocal images showing the
recruitment of f-actin (red) to the GFP-E. coli-containing phagocytic cups (white and red arrows). (b) f-Actin and SNX3 co-localize at the nas-
cent phagosomes. Following the same procedure for GFP-E. coli uptake, cells were co-stained with antibody against f-actin (monoclonal) and
SNX3 (polyclonal), followed by Cy3-conjugated anti-mouse IgG and AlexaFluor®647-conjugated anti-rabbit IgG. (Panel i-iii) Confocal images of
the co-localization of f-actin (red) and SNX3 (blue) at the nascent phagosomes. Arrowhead points to the complete SNX3 enrichment and arrow
points to the partial f-actin enrichment at the nascent phagosome. (Panel iv) a stereo three-dimensional rendering and X—Z projection of the
confocal images showing SNX3 localized to the whole length of the nascent phagosome (blue arrows) and f-actin localized to part of the nascent
phagosome (red arrow). (¢) Confocal images showing the complete enrichment of SNX3 to nascent phagosomes/early phagosomes, as well as the
differential enrichment of f-actin to phagocytic cups/nascent phagosomes at different stages of phagocytosis. Arrowheads point to SNX3-positive
nascent phagosomes/early phagosomes and arrows indicate f-actin-positive phagocytic cups/nascent phagosomes. Roman numerals (ii) — (vi)
indicate the different stages of phagocytosis represented, corresponding to Fig. 3(d). Enlarged images are shown in corresponding panels (ii) —
(vi). (d) A schematic showing the different stages during phagosome synthesis, namely phagocytic cup initiation (i), phagocytic cup extension
[(ii) and (iii)], transitional closure (iv) and nascent phagosome separation from the plasma membrane [(v) and (vi)]. Scale bars: 10 um.

bacteria binding to the surface of control and SNX3KD
DC (Fig. 4b, panel i and ii). To further confirm our
observation, surface bound GFP-E. coli bacteria were
quantified using a fluorescence reader. As shown in
Fig. 4(b, panel iii and iv), non-phagocytic A-431 cells
showed very low binding of GFP-E. coli as compared with
DC, whereas SNX3KD DC and control DC showed no sig-
nificant difference in the binding of bacteria. Hence, taken
together, our results in Fig. 4(b) suggested that the up-
regulation of phagocytosis in SNX3KD DC was unlikely to
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be the result of an increase in bacteria binding to the cell
surface. Indeed, when the GFP signals were normalized
against the extracellular-bound bacteria/LPS signals, after
60 min of phagocytosis, we consistently detected a higher
level of phagocytosis in SNX3KD DC (see Supplementary
material, Fig. S1A).

We next determined the possibility that SNX3 could
regulate phagocytosis at the early stage of the phagocytic
pathway. Indeed, when cells were allowed to phagocytose
fixed GFP-E. coli for a shorter time of 30 min, SNX3KD
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Figure 4. Sorting nexin 3 (SNX3) negatively regulates phagocytosis. DC2.4 cells were transfected by electroporation with either non-targeting small
interfering RNA (siRNA) (control) or siRNA directed towards SNX3. Cells were allowed to phagocytose fixed GFP-Esherichia coli for 60 min, before they
were fixed and quantified for GFP-fluorescence by flow cytometry (a). Bacteria binding to DC2.4 cells were quantified by manual counting as well as by

measurement of fluorescence emitted from bound-GFP-E. coli (b). (a) Knockdown of SNX3 resulted in an increase in phagocytosis at 60 min (panel 1).
A similar trend was observed in three independent experiments. Immunoblot shows the effect of SNX3KD (panel ii). (b) Binding of GFP-E.coli was not
affected in SNX3KD DC. Binding of bacteria is shown in representative pictures (panel i). Both SNX3KD cells and control cells showed similar amounts

of GFP-E. coli surface binding (panel ii and iii). A similar trend was observed in two independent experiments for (panel ii) and three independent
experiments for (panel iii). Immunoblot showing the effect of SNX3KD for experiment in (panel iii and iv). P-value **< 0-005; NS, not significant.

DC consistently showed a greater phagocytic uptake of
fixed GFP-E. coli (Fig. 5a). As expected, quantification of
EEA1-positive early phagosomes after 30 min of phagocy-
tosis in DC2.4 cells transfected with either non-targeting
siRNA (control) or SNX3-specific siRNA (SNX3KD)
showed that silencing of SNX3 elevates EEAl-positive
early phagosome formation by approximately 1-6-fold
(Fig. 5b). Hence, for every 10 phagosomes produced in a

© 2012 Blackwell Publishing Ltd, Immunology, 139, 30-47

control DC, an SNX3KD DC would produce about 16
phagosomes. These data suggest that SNX3 has a role in
negatively regulating the formation of phagosomes, which
is likely to occur before 4 min of phagocytic uptake as we
have observed the recruitment of SNX3 to phagosomes as
early as 4 min (Fig. 3). Indeed, as shown in Fig. 5(c),
phagocytic uptake was increased at as early as 4 min in
SNX3KD DC.
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Figure 5. Sorting nexin 3 (SNX3) regulates phagocytosis at the early stage of phagocytic uptake. (a) Increased phagocytosis occurred within

30 min in SNX3KD dendritic cell (DC). A similar trend was observed in three independent experiments. (b) An increased number of early endo-
some antigen-1 (EEAI) -positive early phagosomes was detected in SNX3KD DC within 30 min of phagocytosis. The graph shows that SNX3KD

DC had a higher number of phagosomes per cell, after normalizing with respect to control cells (see Materials ans methods). a total of 794 cells

and 583 EEA1-positive phagosomes from control sample and 572 cells and 708 EEA1-positive phagosomes from SNX3KD sample were observed.

A similar trend was observed in two independent experiments. (c) Increase in phagocytosis was detected as early as 4 min in SNX3KD DC. A

similar trend was observed in three independent experiments. Immunoblots show the reduced protein expression of SNX3 in SNX3KD cells for

each experiment. P-value **< 0-005, *< 0-05.

SNX3 competes with EEA1 for binding to
phagosomal membrane

Besides a PX domain, SNX3 is not known to have other
regulatory domains. This led us to postulate that SNX3
could function as small regulatory molecules, which can
compete with another essential lipid-binding molecule in
binding to PI3P lipids on phagosomes. SNX3 could
potentially block larger PI3P lipid-binding proteins with
multiple regulatory domains from recruiting to
membranes. One of the potential large PI3P lipid-binding
proteins is EEA1. EEA1 has a FYVE domain that allows it
to bind to PI3P-rich phagosomes.”® It is an important
tethering molecule that can be potentially important for
membrane dynamic fusions and remodelling.”” Further-
more, EEA1 has been implicated in modulating phagoso-
mal biogenesis and maturation.®® First, we proceeded to
determine the presence of EEAl at the nascent
phagosomes. As shown in Fig. 6(a, panel i-iii), EEA1 was
partially recruited to a nascent phagosome (white arrow-
head) which had a partial f-actin enrichment (white
arrow). To determine the recruitment of both SNX3 and
EEA1 to the same nascent phagosome, DC2.4 cells and
DC2.4 cells stably expressing DMyc-SNX3, were allowed
to phagocytose fixed GFP-E. coli for 15 min, washed,
fixed and co-stained with primary antibodies against
EEAI and SNX3 or c-Myc. Both EEA1 (red) and SNX3
(blue) were observed to co-localize on phagosomes
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(Fig. 6b, panel i—iv, arrow head and arrow). Similar obser-
vation that EEA1 also co-localized with DMyc-SNX3 on
phagosomes (Fig. 6b, panel v-viii, arrow heads and
arrows) confirmed that both EEA1 and SNX3 are enriched
at nascent phagosomes. To further confirm the recruit-
ment of SNX3 and EEAI to the phagosomes, DC2.4 cells
were incubated at 37° for 30 min with GFP-E. coli (30-
min phagocytosis) or without GFP-E. coli (Mock). Cells
were fractionated, phagosome-enriched fractions were
extracted with lysis buffer, and equal amounts of proteins
were analysed by Western blotting. As shown in Fig. 6(c),
higher amount of SNX3 and EEA1 were detected in the
phagosome-enriched fractions derived from DC2.4 cells
incubated with GFP-E. coli (30-min phagocytosis) as com-
pared with control DC2.4 cells (Mock, without incubation
with GFP-E. coli). The presence of EEA1 and SNX3 in the
phagosome-enriched fractions derived from control
DC2.4 cells (Mock) could be contributed by the presence
of ‘E. coli-free phagosomes’ which contain other large par-
ticulates possibly derived from cell debris.

To determine whether SNX3 competes with EEAl
binding to PI3P lipids, we carried out in vitro lipid-
binding assays to measure the lipid-binding capacities of
GST-MycEEA1 (with the FYVE-domain) and SNX3 in
the presence or absence of blocking by their counterparts,
GST-SNX3 and GST-MycEEALI, respectively. As shown in
Fig. 7(a, panel i), when GST-SNX3 was allowed to bind
PI3P before the introduction of GST-MycEEAI, it
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Figure 6. Sorting nexin 3 (SNX3) co-localizes with early endosome antigen-1 (EEA1) on nascent phagosomes. DC2.4 cells were allowed to
phagocytose fixed GFP-Escherichia coli at 37° before staining with antibodies against fi-actin (monoclonal) and EEA1 (polyclonal, a), or with anti-
bodies against Myc (monoclonal) or SNX3 (polyclonal) and EEA1 (monoclonal or polyclonal, b), followed by respective Cy3-conjugated anti-
mouse IgG and AlexaFluor®647—c0njugated anti-rabbit IgG. (a) Confocal images showing the co-localization of f-actin (red) and EEA1 (cyan) at
the nascent phagosomes. Arrowhead points to the partial enrichment of EEA1 and arrow points to the partial enrichment of f-actin at the nas-
cent phagosome. (b, panel i-iv) Confocal images showing the enrichment of EEA1 (red, arrow head) and SNX3 (blue, arrow) to phagosomes.
(b, panel v—viii) Confocal images showing the enrichment of EEA1 (blue, arrow heads) and DMyc-SNX3 (red, arrows) to phagosomes. Inserts
are 2-5 times enlargement of the boxed regions. Scale bars: 10 um. (c) DC2.4 cells were incubated at 37° for 30 min with GFP-E. coli (30-min
phagocytosis) or without GFP-E. coli (Mock). After which, phagosome-enriched fractions for both samples were obtained, treated with lysis buf-
fer, and equal amount of proteins were loaded for Western blotting. Comparing ‘30-min phagocytosis’ with ‘Mock’, a significantly greater
amount of SNX3 and EEA1 was observed for ‘30-min phagocytosis’, indicating their recruitment to phagosomes. This was not observed in
Syn16, which is not known to enrich in phagosomes. A similar trend was observed in two independent experiments. P-value *< 0-05.

resulted in an approximately 40% drop in the binding of was done wusing GST. A reciprocal effect (an

GST-MycEEA1 to PI3P compared with the ‘without
GST-SNX3 blocking’. No significant changes in PI3P
binding of GST-MycEEAl was observed when blocking

© 2012 Blackwell Publishing Ltd, Immunology, 139, 30-47

approximately 30% drop in the binding of SNX3 to
PI3P) was observed when GST-MycEEA1 was allowed to
bind PI3P before SNX3 (Fig. 7a, panel ii). The binding of
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Figure 7. Sorting nexin 3 (SNX3) competes with early endosome antigen-1 (EEA1) for binding to membrane. (a) SNX3 and GST-MycEEA1
(1277-1411) mitigate each other’s binding capacity to phosphatidylinositol-3-phosphate (PI3P). In (panel i), PI3P lipid was blocked with GST-
SNX3 or GST before the introduction of GST-MycEEA1(1277-1411). Binding of GST-MycEEA1(1277-1411) to lipid was detected by anti-cMyc
primary antibody followed by DyLight™488-conjugated secondary antibody. In (panel ii), a reciprocal experiment involving the blocking with
GST-MycEEA1(1277-1411) or GST before the introduction of SNX3. Binding of SNX3 to lipid was detected by anti-SNX3 primary antibody fol-
lowed by FITC-conjugated secondary antibody. Lipid-binding capacities were expressed as a percentage to normal lipid binding, without block-
ing. Error bars represent SEM from three separate experiments. (Panel iii) shows that GST-MycEEA1(1277-1411) and SNX3 bind specifically to
PI3P and not other lipid such as PI(4,5)P,. (Panel iv) shows the immunoblots that confirm the identities of the various proteins used in the
lipid-binding assays. (b) Over-expression of SNX3 resulted in diminished EEA1 enrichment to membrane. DC2.4 cells stably expressing DMyc-
SNX3 and control cells were homogenized, and membrane and cytosolic fractions were obtained by ultracentrifugation. Total protein was quanti-
fied for the membrane and cytosolic fractions and 10 ug of protein was loaded for SDS-PAGE. A representative immunoblot of EEA1 was shown
(panel i). Dendritic cells expressing DMyc-SNX3 show a lower EEA1 membrane enrichment index (panel ii). A similar trend was observed in
three independent experiments. (c) Depletion of SNX3 by small-interfering RNA transfection resulted in an increased EEA1 enrichment to mem-
brane. SNX3KD DC2.4 cells and corresponding control cells were homogenized and the membrane fraction was obtained by ultracentrifugation.
Membrane proteins (30 pug) from the membrane fraction were loaded for SDS-PAGE, and the representative immunoblot of EEA1 indicated a
greater amount of EEA1 in the membrane fraction from SNX3KD cells (panels i and ii). A similar trend was observed in three independent
experiments. The corresponding immunoblot of SNX3 showed the depletion of SNX3 in SNX3KD cells (panel iii). P-value** < 0-005, P-value

*< 0-05; NS, not significant.

GST-MycEEA1 and SNX3 was specific to PI3P (Fig. 7a,
panel iii) and the identities of the various proteins used
were confirmed by Western blotting (Fig. 7a, panel iv).
Our results show that SNX3 and EEA1 compete with each
other for binding to PI3P lipids.

To determine whether SNX3 competes with EEAl
binding to membranes, membrane and cytosol fractions
were isolated from stable DC2.4 clones, control DC
(pDMyc vector-transfected) and DMyc-SNX3 expressing
DC (pDMyc-SNX3-transfected). After extraction in 1%
CHAPS, soluble proteins were quantified and equal
amount of proteins from both fractions (membrane and
cytosol) were separated by SDS-PAGE and analysed by
Western blotting. In Fig. 7(b, panel i), a representative
Western blot showed lower amount of EEAI in the mem-
brane fraction derived from DMyc-SNX3-expressing
DC2.4 compared with control. Consistently, the cytosol
fraction derived from DMyc-SNX3-expressing DC showed
a higher amount of EEAl. As such, when the membrane
enrichment indices were analysed by dividing the band
intensities of the membrane fraction with that of the
cytosol fraction, DMyc-SNX3 expressing DC showed sig-
nificantly lower membrane enrichment of EEA1 (Fig. 7b,
panel ii). Hence, our results suggest that DMyc-SNX3
competes with EEAI in recruiting to membranes. Corre-
sponding immunoblots show the level of Synl6 (an inte-
gral membrane protein), DMyc-SNX3, and endogenous
SNX3 proteins in the membrane and cytosol fractions
derived from control and DMyc-SNX3 expressing DC2.4
cells. Immunoblot for Synl6 indicated minimal
membrane contamination of the cytosolic fraction by
membranes, and the immunoblot for SNX3 showed the
presence of DMyc-SNX3 protein (~ 22 000 molecular
weight) in addition to the endogenous protein
(~ 18 000 molecular weight) for DC2.4 cells stably
expressing DMyc-SNX3.
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To further confirm our observation, membrane and
cytosol fractions were isolated from either control (non-
targeting siRNA transfected) or SNX3KD (SNX3-specific
siRNA transfected) DC2.4 cells, separated on SDS-PAGE
and analysed by Western blotting to examine the recruit-
ment of EEA1 to membrane. As shown in Fig. 7(c, panel
i), depletion of SNX3 by siRNA knockdown enhanced
recruitment of EEA1 to the membrane. Graphical repre-
sentation of the band intensities shows that the increased
in enrichment of EEAl to membrane in SNX3KD cells
was significant (Fig. 7c, panel ii). Western blot in
Fig. 7(c, panel iii) shows the silencing of SNX3 expression
by SNX3-specific siRNA. It is conceivable that silencing
of SNX3 increases EEA1 enrichment on membrane. It is
possible that in the absence of SNX3, more free mem-
brane PI3P are available for binding to EEAI, assuming
that the amount of Rab5/EEAl in the control and
SNX3KD cells remains the same. However, we did not
determine whether silencing of SNX3 changes the compo-
sition of lipids on membrane.

Discussion

The site of nascent phagosome synthesis and phagocytosis
is characterized by a high level of membrane remodelling
and dynamics.”® This study, for the first time, has estab-
lished a role for SNX3 in the regulation of phagocytosis
in DC (Fig. 8). Our results suggest that depletion of
SNX3 from the phagosomes frees up more PI3P
lipid-binding sites for the recruitment of other PI3P
lipid-binding proteins such as EEAl (in this study),
which potentially enhances phagosome biogenesis and
phagocytosis.

Our results show that SNX3 recruits not to the late
phagosomes but to the nascent phagosomes. SNX3 was
previously shown to recruit to the salmonella-containing
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vesicles (SCV) in Salmonella enterica-infected non-phago-
cytic HeLa cells.”® In Braun’s study,”” SNX3 was reported
to localize to salmonella-induced tubules and had a role
in regulating the maturation of SCVs. Consistently, SNX3
has been shown to associate with tubular—vesicular struc-
tures and tubular extensions of the early endosomes in
A-431 cells.®” Tt is worth noting that the SCVs are not
products of the phagocytosis process because HeLa cells
(epithelial origins) have not been reported previously to
have the ability to phagocytose bacteria. Hence, before
this study, the role of SNX3 along the phagocytic pathway
in phagocytes such as DC and macrophages was unclear.

It is noteworthy that our understanding of the progres-
sion of phagocytic uptake, particularly at the early stage
of phagocytosis, has been improved through the phagocy-
tosis kinetics and immunofluorescent staining of f-actin
and SNX3 undertaken in this study. Phagocytic cups,
nascent phagosomes and early phagosomes have been
distinguished by the differential enrichment of f-actin
and SNX3 as observed through immunofluorescence.
Interestingly, during the course of preparing this manu-
script, Michal Bohdanowicz and his co-workers reported
a phase, after complete phagosome formation, in which
actin transiently surrounded the entire phagosome and
asymmetrically dissociated to form an actin ‘comet tail’,
likely to drive phagosome displacement.”” Contrary to
this study, we did not observe phenomena that resemble
the actin ‘comet tail’ on complete phagosomes. Our
observations when put together, suggest a smooth transi-
tion from phagocytic cup initiation to complete nascent
phagosome synthesis (Fig. 3). The different modes of
phagocytic uptake could be a main reason for this dis-
crepancy, as it was mentioned that the actin ‘comet tail’
events were exclusive to CR3-mediated uptake. Following
the immunofluorescence study at the early stage of
phagocytosis was the discovery that silencing of SNX3
enhanced phagocytosis as early as 4 min post-exposure to
bacteria.

At the early stage of phagocytosis (as early as 4 min),
the synthesis of phagosomes is likely to be regulated at
two phases. First, the phagocytic cup formation phase,
where actin filaments concentrate at the site of phagocy-
tosis to push the plasma membrane into a cup-shaped
extension, and the second nascent phagosome phase,
where the phagosome is sealing off from the plasma
membrane. Tsuboi and Meerloo reported that Wiskott—
Aldrich syndrome protein was a key regulator of the
phagocytic cup formation.” Interestingly, these authors
reported the use of 3-methyladenine (3-MA) to inhibit
phagosome formation without affecting the formation of
phagocytic cups. The 3-MA is a PtdIns; kinase inhibitor
that can inhibit the production of PI3P. SNX3 is an
established effector for PI3P lipids. As 3-MA treatment
did not affect phagocytic cup formation, it was not likely
for SNX3 to regulate phagocytic cup synthesis during
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phagocytosis. Absence of SNX3 on phagocytic cups and
preferential recruitment of SNX3 to nascent and early
phagosomes are consistent with the 3-MA study.

How does SNX3 regulate phagosome synthesis at the
nascent phagosomes in DC? Besides the PX domain,
SNX3 has no other prominent functional domains, sug-
gesting that SNX3’s regulatory role might be linked to
the function(s) of another protein on the nascent
phagosome. Interestingly, we have observed the recruit-
ment of Rab5 effector EEAI to the nascent phagosome.
EEAl is an important tethering protein that has been
shown in a previous study to be essential for the matu-
ration of early phagosomes through the acquisition of
lysobisphophatidic acid.*® In the study, microinjection
of EEAl-specific and PI-3K hVPS34-specific antibodies
into macrophages reduced the acquisition of late endo-
cytic markers by latex bead phagosomes, demonstrating
an essential role of Rab5 effectors in phagosomal bio-
genesis.”” SNX3 and EEAl share a common target,
PI3P, for binding to membrane. Consistently, we have
confirmed that SNX3 and EEAl could mitigate each
other’s PI3P binding capacity in an in vitro lipid bind-
ing assay. As such, when it was observed that SNX3
and EEAl1 were enriched on the same phagosomal
membrane, and ectopic expression of SNX3 resulted in
lower EEA1 enrichment to membrane while depletion of
SNX3 caused an increase in EEA1l enrichment to mem-
brane, it became conceivable that SNX3 competes with
EEA1 for binding to the phagosomal membrane. As
EEA1 also localizes to the nascent phagosomes, it is
possible that other than functioning at the early to late
phagosomal maturation stage during phagocytosis, EEA1
also plays a role in nascent phagosome biogenesis dur-
ing phagocytosis in DC. In this context, it is possible
that SNX3 regulates phagocytosis by regulating EEAl
recruitment to the nascent phagosomes. Silencing of
SNX-3 possibly frees up more PI3P lipid-binding sites
on nascent phagosomes for the recruitment of EEAI,
which potentially enhances nascent phagosome biogene-
sis. Furthermore, knocking-down SNX-3 may also
expose more PI3P lipid-binding sites on the early
phagosomes for the recruitment of EEA-1 and promote
maturation of early phagosomes to the late phagosomes/
phagolysosomes. As EEA1l is not detected in the late
phagosomes/phagolysosomes, it is possible that EEA1 is
released from the early phagosomes into the cytoplasm
during maturation to the late phagosomes/phagolyso-
somes. Hence, depletion of SNX3 may possibly promote
the turnover of EEA1 molecules from early phagosomes,
releasing them for binding to more freed up PI3P lipid-
binding sites on the nascent phagosomes, and may
stimulate their biogenesis. Further study along this line
may shed more light on this interesting model.

Our results show that silencing of SNX3 in DC
enhances phagocytosis, highlighting the role of SNX3 in

© 2012 Blackwell Publishing Ltd, Immunology, 139, 30-47
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Figure 8. Stages in phagosome formation and a model for the regulation of phagocytosis by sorting nexin 3 (SNX3). Phagocytic cup initiation
(I), phagocytic cup extension [(II) and (III)], transitional closure (IV) and nascent phagosome separation from the plasma membrane [(V) and
(VI)] are illustrated with emphasis on the recruitment of f-actin (red), SNX3 (blue) and early endosome antigen-1 (EEA1) (cyan). Under normal
condition, normal level of SNX3 recruitment to nascent phagosomes (1) keeps the level of EEAI recruitment to nascent phagosomes in control
(2), resulting in a well-regulated input of membrane materials and phagosome formation (3). With the depletion of SNX3 through small-interfer-
ing RNA knockdown, a drastic decrease in SNX3 recruitment to nascent phagosomes (4) reduces the competition with EEA1 for binding to the
phagosomal membrane, hence an increase in EEAI recruitment to nascent phagosomes (5). This in turn results in an increase or dysregulated
input of membrane materials to the nascent phagosomes, which accelerates the synthesis of phagosomes (6). Thickness of the arrows in the illus-
tration is proportional to the magnitude of the various events described.

controlling phagocytosis. A  well-regulated phagocytic
pathway is essential to DC. A dysregulated and excessive
phagocytosis may exhaust cellular membrane materials
and compromise other cellular functions such as secretion
of cytokines. Particularly in the context of antigen presen-
tation, a well-regulated phagocytic pathway is linked to
efficient antigen processing and loading into MHC mole-
cules.” The phosphatidylinositol-3,4,5-triphosphate [Pl
(3,4,5)P5] and PI3P phosphoinositides and their effectors
have been widely discussed in the area of phagocytosis
regulation. Other than SNX3 and EEA1, many potential
regulators of phagocytosis may well exist among the
many PI3P-binding proteins.”” One example is another

© 2012 Blackwell Publishing Ltd, Immunology, 139, 30-47

small SNX, SNX12, which is four amino acids longer than
SNX3 and is about 77% identical to SNX3. It is possible
that SNX12 may share a similar mechanistic relationship
to that observed between SNX3 and EEALI to regulate the
phagocytic pathway in DC. Interestingly, during the
preparation of this manuscript, Martin Harterink’s group
showed that SNX3 forms a complex with VPS26, VPS29
and VPS35 that is essential for the trafficking of the Wnt
sorting receptor, Wntless.*' The group suggested a role
for SNX3 in modulating the formation of retromer com-
plexes through its competition with SNX1/SNX2 and
SNX5/SNX6 for binding with the VPS26-VPS29-VPS35
trimeric complex. This is in line with the outcome of
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our present study where small sorting nexins may play
important roles in regulating membrane trafficking in the
endocytic/phagocytic pathways by competing with PI3P
lipid-binding proteins to membrane.

Collectively, our results show for the first time that small
SNXs (SNX3 in this study) which contain a single PX
domain as their only protein domain can function as effec-
tive regulators of phagocytosis in phagocytes. Hence,
phagocytes could potentially modulate their phagocytosis
activity in response to pathogenic bacterial infection by
regulating protein expression of SNX3, SNX12, and possi-
bly other SNXs. Consistently, it was reported recently that
expression and functions of SNXs in cells were modulated
in response to infection by S. enterica.’>*>*’ Hence, regu-
lation of SNX expression and functions could be an effec-
tive mechanism used by activated phagocytes to keep
pathogenic bacterial infections under control by enhancing
the rate of phagocytic bacterial ingestion. Apart from
understanding the regulation of phagocytosis, the potential
mechanistic relationship between SNX3 and EEAl
observed in this study may pave the way for understanding
of the roles of small SNXs in controlling the recruitment of
PI3P effectors that govern the endosomal membrane/pro-
tein trafficking pathways in mammalian cells.
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