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Sequential recruitment of Rab GTPases during early stages of phagocytosis
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The phagocytosis and destruction of pathogens and dead cells by macrophages is important for innate
immunity and tissue maintenance. Multiple Rab family GTPases engage effector molecules to coordinate
the early stages of phagocytosis, which include rapid changes in actin polymerization, membrane
phospholipids, trafficking and the activation of receptors. Defining the spatiotemporal, sequential
recruitment of these Rabs is critical for insights into how phagocytosis is initiated and coordinated. Here,
we screened GFP-tagged Rabs expressed in fixed and live cells to identify and stratify those recruited to
early phagocytic membranes at stages defined by phospholipid transitions. We propose a sequence of
Rabs 35, 13, 8a, 8b, 273, 10, and 31 that precedes and accompanies phagocytic cup closure, followed after
closure by recruitment of endosomal Rabs 5a, 5b, 5¢, 14, and 11. Reducing the expression of individual
Rabs by siRNA knockdown, notably Rabs 35 and 13, disrupts phagocytosis prior to phagocytic cup closure,
confirming a known role for Rab35 and revealing anew the involvement of Rab13. The results enhance our
understanding of innate immune responses in macrophages by revealing the sequence of Rabs that
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initiates phagocytosis.

Introduction

Phagocytosis is employed by cells to ingest large particles
specifically for their destruction, including cellular debris,
dead cells, foreign objects, and pathogens. Macrophages are
‘professional’ phagocytes that reside in most tissues and
interstitial spaces of the body, where they are charged with
maintaining surveillance for pathogens as part of the innate
immune system." The macrophage cell surface is one of the
most dynamic cellular environments known, housing a vari-
ety of cell surface protrusions and a multitude of trafficking
pathways that sustain a high level of constitutive macropi-
nocytosis, endocytosis, and exocytosis to allow induced traf-
ficking through pathways such as phagocytosis. Initiating
the engulfment and internalization of particles or pathogens
during phagocytosis relies on the coordinated polymeriza-
tion of cortical actin, the protrusion of pseudopod arms or
ruffles, and changes in the phospholipid composition of the
plasma membrane.>® The surface-membrane pseudopods or
ruffles that go on to form phagocytic cups are often also
the first contact points between the cell and external par-
ticles or pathogens. Thus a second key function for these
early phagocytic membranes is to house the receptors and
signaling molecules that discern and respond to the nature
of particles or pathogens, and then prime the immune sys-
tem accordingly.* During phagocytosis, the particles or
pathogens are internalized into a sealed phagosome, which
is then modified through fusion of successive endosomes
and eventually lysosomes to form the degradative environ-
ment of the phagolysosome that is critical for pathogen

killing, antigen presentation, and waste disposal."” Several
pathogens that impact significantly on human health have
learned to subvert the processes and machinery of phagocy-
tosis, highlighting the need to better understand this key
cellular pathway.’

The early stages of phagocytic cup formation are demarked
by the accumulation of F-actin, followed by disassembly of the
actin upon closure of the early phagosome.” An accompanying
event is the transition of membrane phosphoinositides (PI)
from the resident phosphatidylinositol-4,5-bisphosphate (PI
(4,5)P,) of the plasma membrane, which supports actin poly-
merization, to PI(3,4,5)P; via the action of phosphoinositide 3-
kinases (PI3Ks).> The action of class I PI3Ks is also subse-
quently needed for phagosome closure.® PI(3,4,5)P5 provides
an important platform for protein sorting and for recruiting
signaling molecules, and thus, this PI has regulatory roles in
mediating many of the receptor-mediated cell responses that
accompany phagocytosis including, cell proliferation, chemo-
taxis, differentiation, survival, metabolic changes, and immune
responses.”’” A well-characterized PI(3,4,5)P;-dependent sig-
naling pathway universal to these processes is the recruitment
of phosphoinositide-dependent kinase 1 (PDK1) for phosphor-
ylation and activation of protein kinase B (Akt).> Thus, the
transitions of membrane phospholipid composition help to
generate both the phagocytic process and associated receptor
signaling.

Phagocytosis employs a vast and complex machinery of
regulatory proteins. Members of multiple small GTPase
(Rho, Arf, and Rab) and heterotrimeric G protein families,
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are recruited to phagocytic membranes. Rab GTPases (>60
in mammalian cells) are deployed on membranes through-
out cells where they engage pleiotropic effectors to bring
about many functions.® Previous proteomic and localization
studies have identified many of the Rabs found on phago-
somes during the uptake of different pathogens and par-
ticles, and roles for some of these Rabs in the
aforementioned functions have been described (summarized
in 9). For instance, there are well-known roles for endoso-
mal Rabs in the trafficking and fusion of successive endo-
somes with the maturing phagosome, while coordinating
actin polymerization for phagocytic cup formation involves
Rab35, together with Arf6.'%! The inactivation or knock-
down of individual Rabs can halt phagosome formation or
block maturation and pathogen killing, highlighting the
essential nature of these GTPases in phagocytosis.’

The task of coordinating the complex, overlapping functions
inherent in the early stages of phagocytosis requires a tightly
linked, temporal sequence of Rabs and accessory proteins - a
Rab cascade - to recruit sequential effectors. The Rab cascade
model proposes that 2 or more Rabs in sequence can be coordi-
nated by counter-currents of guanine nucleotide exchange fac-
tors (GEFs) and GTPase-activating proteins (GAPs), which
recruit and activate Rabs and then deactivate them, respec-
tively.*'*> Thus the GTP-bound form of one Rab binds and
recruits the GEF for the next Rab, and so on. Rabs can also be
linked in cascades through their effectors or tethering factors."’
Examples of Rab cascades have been described in secretory,
endocytic, and phagocytic pathways.">'*"> Our focus in this
study was to screen multiple Rabs to define a linked sequence
of these GTPases required for formation and function of
phagocytic cups and early phagosomes. The results presented
here reveal a sequence of known and novel Rabs that form part
of a putative cascade essential for the early stages of FcyR-
mediated phagocytosis in macrophages.

Materials and methods
Reagents

Bacterial lipopolysaccharide (LPS), purified from Salmonella
enterica serotype Minnesota Re 595, was purchased from Sigma
Aldrich (St. Louis, MO, USA). For phagocytosis, human IgG
(Invitrogen) was conjugated to 3-um latex beads (Sigma
Aldrich), and sheep red blood cells (Australian Ethical Biologi-
cals, VIC, Australia) were conjugated with rabbit anti-sheep
IgG (IgG-sRBCs, Sigma Aldrich). Alexa594-conjugated phalloi-
din and CellMask™ Orange was purchased from Invitrogen.
All other chemicals and reagents were from Sigma Aldrich
(Castle Hill, NSW, Australia).

Constructs

Mouse GFP-tagged Rab constructs were made in our laboratory
or kindly provided by Mitsunori Fukuda (Tohoku University,
Japan). Phosphoinositide probes (GFP-PLCS1-PH, GFP-Akt-
PH; kindly provided by Frederic Meunier, University of
Queensland, Brisbane, Australia) were subcloned into a
pmCherry-C1 vector (Clontech).

Cell culture, DNA and siRNA transfection

The mouse RAW 264.7 macrophage cell line was cultured in
RPMI medium supplemented with 10% heat-inactivated fetal
calf serum (FCS) (Thermo Trace) and 2 mM L-glutamine (Invi-
trogen) in humidified 5% CO, at 37°C as previously
described.'® For transient expression of cDNA constructs, cells
at 50% confluency were transfected using Lipofectamine 2000
or Lipofectamine 3000 (Invitrogen) according to the manufac-
turer’s instructions. Cells were typically used for experiments
18 h after transfection. Rab8a (MSS237261, MSS237262,
MSS275712), Rab8b (MSS215069, MSS215070, MSS215071),

Rabl0 (MSS276679, MSS276680, MSS276681), Rabl3
(MSS250415, MSS250416, MSS250417), Rab31 (MSS272451,
MSS272452,  MSS272453), and Rab35  (MSS233945,

MSS233946, MSS233947) were silenced using the Stealth
siRNA Primer Set from Life Technologies. Non-targeting
siRNA was used as a control. Lipofectamine RNAIMAX was
used to transfect RAW 264.7 cells with siRNA according to the
manufacturer’s instructions (Life Technologies).

Phagocytic assay

Human IgG-conjugated 3-pum latex beads were prepared
according to the manufacturer’s protocol (Sigma), centri-
fuged onto cells at 4°C, and incubated at 37°C to synchro-
nize and initiate phagocytosis. Phagocytosis was allowed to
proceed for a stipulated period and then stopped by adding
4% paraformaldehyde to fix the cells, and externally accessi-
ble beads were immunolabeled with goat anti-human IgG-
Cy3. An image-based assay, previously described,'”” was
used to quantify beads at early stages of phagocytosis.
Externally applied anti-IgG was used to differentiate beads
that remained externally accessible from those that were
fully internalized in closed phagosomes.

Immunofluorescence, fluorescence microscopy,
and live cell imaging

Immunofluorescence staining was performed as previously
described.'® Briefly, cells were fixed with 4% paraformalde-
hyde for 30 min and permeabilized using 0.1% Triton X-
100 for 5 min, then incubated with primary and secondary
antibodies. Coverslips were mounted in ProLong Gold
reagent (Life Technologies). Epifluorescence images were
taken with a 12-Mp differential contrast camera (DP71;
Olympus) on an upright microscope (BX-51; Olympus) fit-
ted for a 60X NA 1.35 oil objective using the associated
DPController software (version 2.1; Olympus). For live cell
experiments, RAW 264.7 macrophages were cultured on
glass-bottom, 35-mm dishes (MatTek). Cells were main-
tained in CO,-independent medium in a 37°C incubation
chamber before and during live cell imaging. Live and fixed
cell imaging were also performed using a Personal DeltaVi-
sion Olympus IX71 inverted widefield deconvolution micro-
scope equipped with Olympus U-apochromat 40X/1.35 oil
DIC plan-apochromat 60X/1.42 oil DIC UPLS-apochromat
100X/1.40 Oil DIC and a 120 W xenon arc lamp. Images
were captured using a Roper Coolsnap HQ2 monochrome
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camera. Imaging analysis of all other data was performed Rab8b (CGGGAGCTCAGCTCTATCCT/CATATGCTCG-

using Image] software (version 1.49; National Institutes of ATCTGATGTG)
Health, Maryland, USA) and Adobe Photoshop CS6. Rab10 (CGGTGCAATCAAGTGTGTCT/CCAATAGTGG-
TCGCTACGTC)
Rab13 (CGCGAGCTCACGCTAGCACT/GCATTAGTGG-

Total RNA was prepared using RNeasy mini-kits (Qiagen,
Valencia, CA) and then reverse transcribed to cDNA using
1 g of total RNA, Superscript III reverse transcriptase (Invi-
trogen, Carlsbad, CA), and an oligo-dT primer. Gene expres-
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sion was quantified by real-time PCR using SYBR Green PCR '
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Figure 1. Defining and measuring early-stage phagocytosis and Rab recruitment Rab8a, Rab8b, Rab10, Rab13, Rab27a, or Rab35 and mCherry-Akt-PH. Macrophages

fA) SChemaﬁf diagram of the progression of FcyR-mediated phagocytosis shovy— were exposed to IgG-opsonized sRBCs (IgG-sRBC) for 5 min and fixed. Exposed
ing the classical enrichment of PI(4,5)P, followed by PI(3,4,5)P; on phagocytic IgG-sRBC surfaces were probed with Alexa405 anti-human IgG. Representative
cups and phagosomes. (B) Representative examples of the presence or absence images show examples of GFP-Rab recruitment to phagocytic cups depicted by
of Rabs on phagocytic cups and phagosomes. Application of an external anti- enrichment of mCherry-Akt-PH and exposed IgG-sRBC. Insets correspond to arrows
body against IgG-sRBC can distinguish the open phagocytic cup (blue signal in depiting representative phagocytic cups. Arrowheads depict recruitment of GFP-
External) from the cI_osed phagosome (loss of blue signal). These parameters cor- Rabs to membrane ruffle domains of the macrophage. Phagocytic cups and phago-
res.pond toaVenn diagram on the ”th wherg percentages of phago§ome popu- somes counted per classification are expressed as percentages and recorded in the
lations are quantified and classified into their corresponding areas in the Venn Venn diagram. At least 40 phagosomes from 5 or more different cells were quanti-

diagram (green shadings). fied in each experiment.
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Rab35 (CGAGAGTTCACATATACACT/GCAATAGTGC-
GTCTGATGTA)
HPRT (GGAGCAGTAGCACCTCCT/CATAACCTGGTT-
CATCATCGCQ).
c¢DNA levels during the linear phase of amplification were
normalized against the HPRT gene.

Statistical analysis

Statistics were calculated using Graphpad Prism version 7.0
(Graphpad Software, San Diego, CA). For all experiments in
this study, Student’s t-tests (Shapiro-Wilk test) were used
unless stated otherwise. One-way ANOVA was used for post-
test analysis of multiple comparisons by the Dunett’s method *,
P < 0.05 ™, P < 0.01; ", P < 0.001; ", P < 0.0001.
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Results

Defining and measuring early-stage phagocytosis
and Rab recruitment

The phagocytosis of opsonized particles (or pathogens) occurs
in a series of defined stages. Several parameters can be used to
track these stages, including the transition of membrane Pls
from PI(4,5)P, in the plasma membrane and initial ruffles, to
PI(3,4,5)P; which gathers at the base of the phagocytic cup and
is gradually enriched as the phagosome seals and internalizes,>*
as depicted in Figure 1A.

In order to identify the Rabs recruited to phagocytic cups
and early phagosomes, we performed a colocalization screen
by transiently co-expressing individual GFP-tagged Rabs
with mCherry-Akt-PH (Akt-PH probe) as a marker for PI
(3,4,5)P; (and PI(3,4)P,). The Akt-PH probe typically labels
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Figure 3. Spatiotemporal recruitment of Rabs during enrichment of PI(4,5)P, and PI(3,4,5); at the phagocytic cups in live macrophages. RAW 264.7 macrophages were
cotransfected to express GFP-tagged Rab8a, Rab8b, Rab10, Rab13, Rab27a, or Rab35 and either mCherry-PLC-PH (A) or mCherry-Akt-PH (B). Representative time lapse
images are shown from 0 s to 210 s where 0 s represents the IgG-sRBC making contact with the cell surface. The quantification of maximum fluorescence intensities from
GFP-Rabs and mCherry-Akt-PH are shown on the right, revealing the enrichment levels of these proteins throughout phagocytosis. Data are shown as mean £ SEM,
n = 6 phagosomes from 3 different cells.



phagocytic cups and early (newly sealed) phagosomes.
Under the conditions used here and previously,”® coexpres-
sion of GFP-Rabs with lipid probes did not alter the mem-
brane recruitment or localization of individual Rabs
compared to cells expressing Rabs alone or with a general
membrane lipid dye (Fig. S1). Cells were fixed for staining
10 mins after adding IgG-opsonized beads to initiate FcyR-
mediated phagocytosis. To demark phagosome closure we
applied an ‘external’ anti-IgG, which can only access the
IgG-coated surface-attached or partially engulfed beads
prior to cup closure.'” Representative images (Fig. 1B) show
how the different staining patterns are interpreted to deter-
mine which Rabs are recruited to early phagocytic cups,
before or after cup closure, and to eliminate those that are
not recruited during this process. A total of 21 mammalian
Rabs were thus expressed and screened by imaging of fixed,
stained cells. Typically, these snapshot images of fixed cells
capture and depict multiple beads per cell, which can be at
different stages of internalization (See Figs. 2, 4 and 7).

Rabs recruited to phagocytic cups prior to cup closure

The results represented in Figure 2 depict several GFP-Rabs
(Rabs 8a, 8b, 10, 13, 27a, 35) that are first recruited to early-
stage, ‘open’, PI(3,4,5)P;-enriched phagocytic cups, based on
costaining the majority of phagocytic events with a GFP-Rab,
an external antibody to detect beads, and Akt-PH. Triple-posi-
tive labeling (external, Akt-PH+, Rab+) was detected in 85%
of GFP-Rab35 phagocytic cups, 80% of Rab13 and Rab8a cups,
70% of Rab8b and Rab27a cups, and 60% of Rab10 cups. For
this group of Rabs, the remaining phagocytosed beads are visi-
ble in closed (no external labeling) structures that are still Akt-
PH positive, consistent with retention of these Rabs on early
phagosomes soon after closure. In addition, enrichment of
these Rabs on phagocytic cups appears to coincide with PI

A GFP-Rab31
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(3,4,5)P5 accumulation, since separate labeling of Akt-PH and
GFP was rarely seen.

Live cell imaging was then used to further dissect the tempo-
ral recruitment of selected Rabs during phagocytosis (same
group as shown in Fig. 2) in cells coexpressing mCherry-PLCS1-
PH (PLC-PH probe for PI(4,5)P,) or Akt-PH (Fig. 3). Represen-
tative time-lapse images track GFP-Rab recruitment after
synchronizing the events based on initial contact of IgG-sRBCs
with the macrophage cell surface (at 0 sec). As diagrammed in
Figure 1A, the PLC-PH probe initially labels phagocytic cups
and the surrounding ruffles of the plasma membrane, but it was
depleted entirely from the membrane of the sealed and internal-
ized phagosome (Fig. 3A). In contrast, the Akt-PH probe is
recruited to the open phagocytic cups and then retained on the
sealed and internalized phagosomes, only beginning to disap-
pear from them by the ~ 4 min endpoint of these movies
(Fig. 3B).

We particularly noted that Rabs 35 and 13 are recruited with
similar timing to the earliest stages of phagocytic cup formation
under the conditions in this study. Both are enriched on the
PLC-PH-labeled ruffles that first begin to form the phagocytic
cup (<30 s) and, at later time points (>150 s), these Rabs per-
sist on the PLC-PH-negative inner leaflet of the internalized
phagosome (Fig. 3A). A line scan of representative GFP-Rab13
localization shows its initial recruitment on PLC-PH-positive
membranes followed by separation from this probe on mem-
branes after cup closure. Though the peak fluorescence of both
Rab35 and 13 coincided with Akt-PH on phagosomal mem-
branes, they persisted after dissociation of PI(3,4,5)P3. (Fig. 3B)
(Low levels of Rab35 can still be observed after PI(3,4,5)P;
dissociation).

A second subset of Rabs recruited prior to cup closure, Rabs
8a, 8b, and 10, also first appear on the PLC-PH-positive ruftles
and phagocytic cups, but then persist on the early phagosomes
after diminution of the PLC-PH labeling. A line scan of

External Rab+

)

Qo

Akt-PH [PI(3,4,5)P ]
30 90 150 210

Quantification
Rab/Akt-PH

Figure 4. Rab31 is recruited upon phagocytic cup closure. (A) RAW 264.7 macrophages were cotransfected to express GFP-Rab31 and mCherry-Akt-PH, and macrophages
were exposed to IgG-sRBC for 5 min and fixed. Exposed IgG-sRBC surfaces were probed with Alexa405 anti-human IgG. A representative image of a transfected macro-
phage is shown. Phagocytic cups and phagosomes counted per classification are expressed as percentages and recorded in the Venn diagram on the right. At least 40
phagosomes from 5 different cells were quantified. (B) Live cell imaging of a GFP-Rab31- and mCherry-Akt-PH cotransfected macrophage shows enrichment of both pro-
teins on the phagosome. The quantification of maximum fluorescence intensities shows that Rab31 accumulates after the peak of PI(3,4,5)P;_Data are shown as mean =+

SEM, n = 6 phagosomes from 3 different cells.
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representative Rab8a labeling highlights, as an additional fea-
ture of this subgroup of Rabs, concentration on tubules and
macropinosomes forming from and fusing with the remodel-
ing phagosomes (Fig. 3A). Rabs 8a, 8b, and 10 are then
enriched on Akt-PH positive early cups, with their enrich-
ment on phagosomal membranes mirroring that of PI(3,4,5)
P; (Fig. 3B). Rab27a is present although less distinct on PLC-
PH-negative phagosomes, and it persists mainly on mem-
brane tubules of the Akt-PH-enriched phagosomes.

These observations confirm that this group of Rabs (Rabs
8a, 8D, 10, 13, 27a and 35) is recruited before cup closure, and
among them we can distinguish at least 2 patterns of recruit-
ment and localization. Typically these Rabs recruited before
cup closure persist on the subsequent phagosome specifically
during the duration of PI(3,4,5)P; and PI(3,4)P,, based on
Akt-PH labeling. By comparing multiple individual movies
for each Rab, the sequence of phagosome recruitment we pro-
pose begins with Rab35, followed by Rab13, Rabs 8a, 8b, and
27a, and finally by Rab10.

Rab31 is recruited just prior to cup closure

We previously showed that Rab31 is recruited to early-stage
phagosomes, where it participates in FcyR signaling.*® Here
we examined its temporal recruitment in fixed and live cells
for comparison with other Rabs under the same conditions.
In fixed cells, GFP-Rab31 phagosomes and phagocytic cups
are colabeled in roughly equal proportions with the Akt-PH
probe and with external antibody, indicating that GFP-Rab31
is recruited just prior to cup closure (Fig. 4). However, many
of the PI(3,4,5);-enriched phagocytic cups are negative for
GFP-Rab31, suggesting that Rab31 is recruited later than the
other pre-closure Rabs. In live cells, Rab31 recruitment begins
upon PI(4,5)P, dissociation and it persists on early phago-
somes during and after accumulation of PI(3,4,5)P; (Fig. 4).
This distribution shows that, while Rab31 begins to appear
early on phagocytic cups, it peaks and persists later than the
previous cascade of Rabs, defining yet another temporal point
for recruitment.

Rabs recruited to early phagosomes after closure

Among those Rabs screened in this study, some are recruited
only after cup closure to early phagosomes still enriched with
PI(3,4,5)P; (no external staining, but Rab+ and Akt-PH+)
(Fig. 5). The Rabs in this category include canonical early
endosomal Rab5a, Rab5b, Rab5c, and Rabl4, the recycling
endosome-associated Rablla, as well as Rabs 20 and 33a.
Rab33a does appear on a minor proportion of phagosomes
that are still open to external antibody staining, suggesting it
is recruited right around the time of phagosome sealing. All
of these Rabs appear as punctate labeling around phagosomes
in the fixed cells (Fig. 5), consistent with their presence on
fusing (or departing) early and recycling endosomes that con-
tribute to phagosome remodeling and subsequent maturation.

In live cells co-expressing the PI probes (Fig. 6), GFP-
Rab5a, Rab5b, and Rab5c are apparent on the membrane of
closed phagosomes after PI(4,5)P, has converted to PI(3,4,5)
P;, with a clear separation of the PLC-PH probe on the outer

% quantified
Rab+

m
x
2
@
13
=
o

GFP-Rab5a mCherry-Akt-PH [Merged

GFP-Rabsb

>
o
o
=X
e

External Rab+

»

mCherry-Akt-PH |Merged

AKEPH+

External Rab+

External Rab+

Figure 5. Rab GTPases recruited to PI(3,4,5)Ps-enriched early phagosomes
after closure. RAW 264.7 macrophages were cotransfected to express GFP-
tagged Rab5a, Rab5b, Rab5¢c, Rab11a, Rab14, Rab20, or Rab33a and mCherry-
Akt-PH. Macrophages were exposed to IgG-opsonized sRBCs (IgG-sRBC) for
5 min and fixed. Exposed lgG-sRBC surfaces were probed with Alexa405 anti-
human IgG. Representative images show examples of GFP-Rab recruitment to
phagocytic cups/phagosomes. Insets correspond to arrows indicating repre-
sentative phagocytic cups/phagosomes. Phagocytic cups and phagosomes
counted per classification are expressed as percentages and recorded in the
Venn diagrams on the right. At least 40 phagosomes from 5 or more cells
were quantified.
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Figure 6. Spatiotemporal recruitment of Rabs after enrichment of PI(4,5)P, and PI(3,4,5); on phagosomes in live macrophages. RAW 264.7 macrophages were cotrans-
fected to express GFP-tagged Rab5a, Rab5b, Rab5c¢, or Rab20 and either mCherry-PLC-PH (left panels) or mCherry-Akt-PH (right panels). Representative time lapse images
of each sample are shown from 0 s to 210 s where 0 s represents the first instance where the plasma membrane contacts with the IgG-sRBC, detected by enrichment of
mCherry-PLC-PH/Akt-PH at the base of the phagocytic cup. Quantification of fluorescence intensities for GFP-Rab in relation to mCherryAkt-PH throughout phagocytosis
is shown in the graphs on the right. Fluorescence is plotted using the mean fluorescence intensity around the circumference of the IgG-sRBC from the GFP and mCherry
channels and data are shown as mean + SEM, n = 6 phagosomes from 3 different cells.

plasma membrane from the GFP-Rab5 labeling on the inner
closed phagosome. GFP-Rab20 overlaps with some of the
PLC-PH probe on the plasma membrane ruffles in live cells,
but its labeling of the phagosomes is weaker than for the Rab5
isoforms. The Rab5 isoforms all accumulate on Akt-PH-labeled
phagosomes and the intensity measurements quantify their
continued presence and accumulation even after loss of PI
(3,4,5)P3, consistent with their roles in ongoing maturation of
PI3P-enriched phagosomes. Taken together, these results show
that the endosomal Rabs form a cohort recruited generally after
closure of the phagocytic cups.

Rabs not recruited during early stages of phagocytosis

The absence of labeling on PI(3,4,5)P;-enriched, Akt-PH-posi-
tive phagocytic cups or early phagosomes in fixed cells serves
to define the GFP-Rabs that are not recruited during early stage
phagocytosis (Fig. 7). This cohort includes Rabs 22a, 29, 30, 32,
40, and 42. Though Rab32 and Rab42 were observed on the
phagosome, their enrichment on phagosomes is similar to their
cytosolic distribution in cells. GFP-Rabs 29, 30, and 42 produce
distinct labeling of perinuclear membranes, confirming that
these Rabs can associate with membranes under the conditions
used, but they are not localized on phagosomes. Rab40 is found

on puncta throughout the cells, some of which abut the phago-
somes, however Rab40 is absent from the phagosomal mem-
branes themselves.

Rab35 and 13 are required for efficient phagocytosis

The Rabs recruited prior to phagocytic cup closure were
selected for functional analysis, using siRNAs to target and
deplete individual Rabs. siRNAs designed to target Rab8a,
Rab8b, Rabl0, Rabl3, Rab31l, and Rab35 depleted their
respective mRNAs by > 80% (Fig. 8A). Control and knock-
down macrophages transiently co-expressing PLC-PH and
Akt-PH probes were imaged as shown in Figure 8B. Control
cells show a patent transition of PI(4,5)P, to PI(3,4,5)P;,
closure of phagocytic cups (at ~60 s), and depletion of PI
(3,4,5)P; (beginning at ~150 s). Wortmannin, which inacti-
vates Class I-PI3Ks, is known to block PI(3,4,5)P; acquisi-
tion and phagocytic cup closure®*' and here we treated
cells with wortmannin as a positive control for disrupting
phagocytosis and as a reference point for comparison with
Rab knockdown cells. Classically we find in wortmannin-
treated cells, that the PI(4,5)P,-labeled phagocytic cups
form around the base of IgG-sRBCs, but instead of closing



e1140615-8 J.C.YEO ETAL.

GFP- Rab223 mCherry-Akt-PH (Merged % quantified
gl External _Rab+

Akt-PH+

S5

GFP- Rab29 mCherry-Akt-PH |Merged

GFP-Rab30 mCherry-Akt-PH [Merged

External _Rab+

l"

External _Rab+

External Rab+

6%3

>
=
o
=
o

External Rab+

Figure 7. Rab GTPases not recruited during early stages of phagocytosis. RAW
264.7 macrophages were cotransfected to express GFP-tagged Rab22a, Rab29,
Rab30, Rab32, Rab40, or Rab42 and mCherry-Akt-PH. Macrophages were exposed
to 1gG-sRBCs for 5 min and fixed with 4% paraformaldehyde to halt phagocytosis.
Exposed 1gG-sRBC surfaces were probed with Alexa405 anti-human IgG. Represen-
tative images of each Rab were chosen based on no observable GFP-Rab recruit-
ment to phagocytic cups or phagosomes, detected by enrichment of mCherry-Akt-
PH. Phagocytic cups and phagosomes counted per classification are expressed as
percentages and recorded in the Venn diagrams on the right. At least 40 phago-
somes from 5 different cells were quantified.

they continue to ‘cradle’ the particles in open phagocytic
cups that do not accumulate PI(3,4,5)P;.

In cells depleted of Rab8a, Rab8b, or Rab10, phagocytosis
proceeds, with a transition from PI(4,5)P, to PI(3,4,5)P; and
sealing of the phagosome, although this is delayed after deple-
tion of Rab8b or Rab10, but not Rab 8a (Fig. 8B). We thus con-
clude that Rabs 8a, 8b, and 10 are not essential for membrane
closure. In contrast, depletion of Rab13 or Rab35 dramatically
perturbs the progression of phagocytosis of IgG-sRBCs; in these

cells, phagocytic cups can form, but do not progress to closure.
Unlike wortmannin-treated cells, PI(3,4,5)P; accumulates in
the aborted cups, although this is more pronounced after loss
of Rab35 than in Rabl3 depletion. This suggests that loss of
Rab35 or 13 does not directly inhibit PI3K action, but that
another facet of cup closure is perturbed in the absence of
either of these 2 Rabs.

We next quantified early-stage phagocytosis using an
image-based assay to quantify surface attached and fully
internalized IgG opsonized beads in cells after knockdown of
individual Rabs'” (Fig. 8C). Compared to control cells,
knockdown of Rab8a, Rab8b, or Rab10 did not significantly
reduce the phagocytic index. However depletion of Rab13 or
Rab35 did significantly reduce the amount of phagocytosis -
by ~35% and 60%, respectively. Representative images of
Rab13- or 35-depleted cells demonstrate these effects
(Fig. 8C). Thus the combined results from fixed and live cell
imaging show that Rab13 and Rab35 are both required for
efficient cup closure and the normal progression of phago-
some internalization. This replicates the known role(s) of
Rab35 and its requirement for successful phagocytosis (dis-
cussed below) and it reveals Rabl3 as a new and essential
mediator of phagocytosis in macrophages. Taken together,
these results reveal that the sequence of Rabs recruited to
phagocytic cups includes Rabs with different roles, pinpoint-
ing Rabs13 and 35 as the only ones with roles in closure and
phagosome formation.

Discussion

Phagocytosis is a multi-stage process that, in its early stages, is
designed to support multiple host cell responses. Rab GTPases
are required at successive stages of phagocytosis in order to
recruit a sequence of effectors to bring about sequential changes
in the composition and trafficking of membranes, cytoskeletal
rearrangements, and receptor signaling. By carefully comparing
the localization of multiple Rabs in fixed and live cells we have
defined their sequential recruitment for the early stages of
phagocytosis, providing a basis to further investigate their coor-
dinated functions. Of 21 Rabs screened, we show that Rabs 35,
13, 8a, 8b, 27a, and 10 are recruited early, before phagocytic cup
closure, and then retained on PI(3,4,5)Ps-positive, early-stage
phagosomes soon after closure (Fig. 9). This cohort of Rabs thus
defines the focus for recruiting effectors required to initiate
phagocytosis through actin or membrane transformations, and
for regulating receptor signaling to activate macrophages. We
propose that this sequence of Rabs forms the basis for a regula-
tory Rab cascade and future studies can now focus on identify-
ing the accessory proteins or effectors that link adjacent Rabs in
this sequence. While the results here are based on the expression
of exogenous GFP-Rabs, we believe our findings faithfully reflect
the behavior of endogenous Rabs, supported by our previous
work showing identical spatiotemporal recruitment of tagged
and endogenous Rab31, for instance, on phagosomes.”’ Simi-
larly, the localization we report for PI probes reflects the known
PI transitions that occur during phagocytosis® and fact that
GFP-Rabs show consistent localization with and without coex-
pressed tags®® (see Fig. S1) suggests that the PI probes as used
here do not alter Rab membrane recruitment.
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Figure 8. Depletion of early recruited Rabs differentially regulates FcyR-mediated phagocytosis. RAW 264.7 macrophages were treated with pooled siRNAs to target each
of the following Rabs - Rab8a, Rab8b, Rab10, Rab13, or Rab35. Cells were siRNA treated for 48h. (A) Quantitative real-time PCR detection of Rab mRNA showing 80%
depletion of Rab8a, Rab8b, Rab10, Rab13, Rab31, and Rab35 in respective samples. Graph values represent mean 4 SEM, n = 3. (B) Cells were cotransfected to express
both GFP-PLC-PH and mCherry-Akt-PH. Phagocytosis of lgG-sRBCs (asterisk) was imaged in live cells and representative time-lapse (0-210 s) images are shown. Control
cells and cells pre-treated with wortmannin demonstrate normal and disrupted progression of phagocytosis. Cells treated with siRNAs to deplete specific Rabs and then
examined in the same regime are then shown. (C) siRNA-treated macrophages were allowed to phagocytose IgG-beads for 15 min then fixed. A phagocytosis assay was
used to determine a phagocytic index (proportion of fully internalized beads in each test cell line relative to control). Graph shows mean £ SEM. At least 200 phagosomes
from 4 fields of view and 3 individual experiments were quantified. Representative images are shown for knockdown of Rab13 and Rab35. Cells are labeled with phalloi-
din488 (green); red indicates the externally exposed beads stained with anti-lgG and white only beads are fully internalized

Our results for the temporal recruitment of individual Rabs
also coincide with their reported functions. More generally,
Rab35 is implicated in peripheral endocytic recycling steps in
cellular processes such as cytokinesis, cell migration, and neu-
rite outgrowth, and it is a known regulator of phagocytosis.”***
Cell surface-associated Rab35 is known to modulate actin and
membrane dynamics and cell shape via regulating the activity
and recruitment of many actin and membrane remodelling
proteins including the GTPases Arf6, Racl, and Cdc42, and the
phosphatase, OCRL.'***** Rab35 is one of the earliest Rabs
recruited to PI(3,4,5)P3-rich phagocytic cups.'™" In a knock-
down screen of Rab GTPases in Drosophila, depletion of Rab35
produced the only marked reduction in hemocyte phagocytosis
of labeled E.coli (by ~50%) (noting that Rabl3 was not
reported in that screen).'® This reflects the similar impairment
of phagocytosis recorded by us after Rab35 depletion in mouse

macrophages and by Egami et al'' in macrophages expressing
either the dominant-negative or constitutively active mutants
of Rab35. Our live imaging also showed that phagocytic cups
cannot fully form after Rab35 depletion and this requirement
for Rab35 might derive from its roles in actin remodeling
through Racl and Cdc42'®'" and/or its recruitment of ACAP2
(an Arf6 GTPase-activating protein [GAP]) during focal exocy-
tosis for pseudopod extension.'' Interestingly, Rab35 and the
scaffolding effector MICAL-L1 also serve to recruit Rab13 and
Rab8a to membranes,”® in keeping with the sequence of Rab
recruitment our results show for early phagocytosis.

The role of Rab13 has not previously been reported in either
macrophages or phagocytosis. Evidence in other cell types
implicates Rab13 in post-Golgi trafficking, cell migration, and
actin reorganisation at the plasma membrane.”” >’ Specifically,
Rabl13 recruits vesicles containing the RhoA GTPase to the
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Figure 9. Summary of sequential Rab recruitment and enrichment during early
stages of phagocytosis. A schematic diagram summarizing the relationships
between Rab and phosphoinositide enrichment on membranes throughout
phagocytosis. Rab35 and Rab13 are present on the PI(4,5)P,-enriched plasma
membrane and are rapidly recruited to phagocytic cups, overlapping with enrich-
ment of PI(3,4,5)Ps;, while Rab13 persists after cup closure. Rab8a, Rab8b, and
Rab27a are locally enriched on the nascent phagocytic cup, mirroring the associa-
tion and dissociation of PI(3,4,5)P5; on the phagosomal membrane. This is followed
by Rab10 in concert with PI(3,4,5)P; enrichment and dissociation. Rab31 is
recruited just prior to cup closure and it persists during phagosome maturation.
Rab5a, Rab5b, Rab5¢c, and Rab20 are distinctly enriched on the phagosome after
dissociation of PI(3,4,5)P5 and all persist during maturation.

leading edge of migrating cells via its effector MICAL-L2,%*%*

and it has been implicated in cancer metastasis.”’ It is thus
tempting to speculate that Rab13 could similarly have a role in
actin dynamics for phagocytosis, given that its depletion
severely compromised phagocytic cup closure without blocking
PI transitions in our experiments - effects that were similar to
those we observed after Rab35 depletion. Thus Rabl3 is
revealed as a new regulator of FcyR-phagocytosis in
macrophages.

Our imaging shows the closely related Rabs 8a, 8b, and 10
recruited in a temporally overlapping window to ruffles preced-
ing phagocytic cup closure. Our depletion experiments further
show that these Rabs are not directly required for phagocytic
closure and the literature supports them each having alternative
functions in receptor signaling or membrane trafficking. In
LPS-activated macrophages, membrane ruffle-associated Rab8a
regulates TLR4 signaling via the recruitment of the p110y sub-
unit of PI3K as an effector.”® Depletion of Rab8a or PI3Ky
attenuates TLR4-mediated Akt and mTORC activation, and
enhances the pro-inflammatory cytokine response.”® Delivery
of TLR4 to the surface and its cytokine output are also regu-
lated by Rab10 in macrophages.

Rabs 35, 13, 8a, 8b, 27a, and 10 thus emerge as putative Rabs
for a cascade that regulates early phagocytosis, by recruiting
sequential effectors to coordinate receptor signaling and phago-
cytic cup closure. The aforementioned studies and others pro-
vide further evidence to support interplay between this series of
Rabs and to flesh-out other molecules that could contribute to
a cascade in early phagocytosis. Indeed, Rab35 and Rabl0 in
different systems both have the Arf6 GAP, ACAP, as effec-
tors,'" and the Rabs 35, 13 and 8a share associations with the
effector MICAL-L1.”® Rabs 8a and 8b have both redundant and
non-redundant roles in different cells, and some roles overlap-
ping with Rab10, as revealed by the phenotypes of single and
double Rab8 knockouts in mice.”" Further studies are needed
to assign relevant GTPase activating proteins (GAPs) and

guanine nucleotide exchange factors (GEFs) to this early
phagocytosis Rab cascade. A previous study outlines a Rab cas-
cade consisting of Rab20, the Rab5 GEF, Rabex5 and Rab5a
recruited at a later stage to interferon-stimulated phagosomes.'”
Thus a series of Rab cascades is likely to operate throughout the
phagocytic process.

Rab5a, Rab5b, Rab5c, Rablla, and Rab14 were identified
on phagosomes, but not on early phagocytic cups enriched
with PI(3,4,5)P3. Rab5 is well established as the classic Rab
that regulates the early endocytic pathway, and as such, it is
crucial for endosomal and phagosomal maturation.”” Accord-
ingly, our results show that Rab5a, Rab5b, and Rab5c persist
on phagosomes after dissociation of PI(3,4,5)P3, consistent
with a known role in the recruitment of effector VPS34, which
regulates the formation of PI(3)P on internalized phago-
somes.”>* Rab14 is recruited for phagosome maturation dur-
ing uptake of Candida albicans and Mycobacterium
tuberculosis where its recruitment to phagosomes favors path-
ogen survival and escape.’”>® Rab11a localizes to early phago-
somes to function in recycling membranes to and from the
phagosome.”” > Several other Rabs previously implicated in
phagocytosis were not observed on the early PI(3,4,5)P3-posi-
tive phagosome by our work. These included Rab22a, Rab29,
Rab30, Rab32, Rab39, Rab40, and Rab42. While some of these
Rabs are not recruited at all for macrophage phagocytosis,
others may act at later stages of phagosome remodeling and
progression to a phagolysosome. The subversion of phagoly-
sosome formation by M. tuberculosis includes inhibiting the
function of Rab22a,**' while Rab39, Rab20, and Rab32 were
also implicated in the later stages of phagocytosis, in processes
such as phagosomal acidification and delivery of cathepsin
D.** Finally, some Rabs are involved at multiple stages of
phagocytosis by recruiting different effectors. A recent struc-
tural study® shows that the recycling endosome-localized
Rablla can simultaneously bind to the effectors FIP3 and
Rabin8, the GEF for Rab8a, indicating the potential for roles
and interactions between pre- and post-closure Rabs in
phagocytosis. Rab27a was identified here on early phagocytic
cups where one of its purported functions is to prolong the F-
actin assembled around the phagocytic cup* that normally
depolymerizes commensurate with closure and internaliza-
tion. However, Rab27a also functions on the later phagolyso-
some in dendritic cells, to control phagosomal pH and
NADPH.* Similarly, Rabl1a has been attributed with deliver-
ing cargo to early and late phagosomes, namely TLR4 and the
NADPH oxidase complex, respectively.””*

In this study, we have systematized information regarding
the sequential recruitment of Rab GTPases to FcyR-mediated
phagocytic cups and early phagosomes. We thereby provide
new information on the necessity of Rabs 35 and 13 for phago-
cytic cup closure. Overall the data will add to our understand-
ing of critical regulators and steps in phagocytosis and receptor
signaling that can be targeted to fight infection or perhaps to
manipulate the removal of cell debris or protein aggregates in
chronic disease.
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