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Macropinocytosis is a prevalent and essential pathway in macrophages where
it contributes to anti-microbial responses and innate immune cell functions.
Cell surface ruffles give rise to phagosomes and to macropinosomes as
multi-functional compartments that contribute to environmental sampling,
pathogen entry, plasma membrane turnover and receptor signalling. Rapid,
high resolution, lattice light sheet imaging demonstrates the dynamic nature
of macrophage ruffling. Pathogen-mediated activation of surface and endoso-
mal Toll-like receptors (TLRs) in macrophages upregulates macropinocytosis.
Here, using multiple forms of imaging and microscopy, we track membrane-
associated, fluorescently-tagged Rab8a expressed in live macrophages, using a
variety of cell markers to demonstrate Rab8a localization and its enrichment
on early macropinosomes. Production of a novel biosensor and its use for
quantitative FRET analysis in live cells, pinpoints macropinosomes as the
site for TLR-induced activation of Rab8a. We have previously shown that
TLR signalling, cytokine outputs and macrophage programming are regulated
by the GTPase Rab8a with PI3 Ky as its effector. Finally, we highlight another
effector, the phosphatase OCRL, which is located on macropinosomes and
interacts with Rab8a, suggesting that Rab8a may operate on multiple levels
to modulate phosphoinositides in macropinosomes. These findings extend
our understanding of macropinosomes as regulatory compartments for
innate immune function in macrophages.

This article is part of the Theo Murphy meeting issue ‘Macropinocytosis’.

1. Introduction

(a) Macropinocytosis—a highway into macrophages

Macrophages play a multitude of roles in homeostasis and innate immunity [1]. As
scavengers and professional phagocytes, they actively engulf debris and dead cells
for the remodelling and maintenance of tissues and seek out invading pathogens
to ingest and destroy. Macrophages constantly sample tissue environments
through macropinocytosis, a pathway for indiscriminate internalization of solutes
and fluids [2]. The gulping of fluid is accomplished by voluminous (greater than
0.2 um) macropinosomes, which are internalized and rapidly shrink as they
deploy membrane and cargo into other intracellular pathways [3,4]. Unlike
other cells, macrophages have both constitutive macropinocytosis and induced
or ‘receptor stimulated’ form of macropinocytosis, which is best known as a
response to growth factor receptor stimulation and results in the formation of
larger macropinosomes and increased fluid uptake [2,5,6]. In innate immune
cells, macropinosomes also support antigen capture and subsequent antigen pres-
entation. Incoming fluid phase cargo is surveilled by scavenger receptors and by
pathogen recognition receptors (PRRs) which detect danger signals and pathogen
signatures [3,7]. The macrophage surface undergoes constitutive ruffling, through
the dynamic formation and collapse of undulating dorsal and peripheral F-actin-
rich membrane ruffles. Upon ruffle closure, they give rise to macropinosomes or to
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phagosomes [8]. While macropinocytosis and phagocytosis
provide portals for the uptake and destruction of microbial
pathogens by macrophages, these pathways can also be sub-
verted by viruses and intracellular bacteria for deliberate
invasion and host colonization [9].

Using macropinocytosis, macrophages can also efficiently
ingest many other things. The uptake of amino acids or protein
as energy sources is a property of macropinosomes [10] and one
that can be upregulated in cancer cells [11], but the use of macro-
pinocytosis for sourcing protein may also be required by innate
immune cells operating in poor nutrient environments at sites of
infection or inflammatory tissue damage. Macrophages have a
metabolic role in the uptake of lipids and lipid particles, which
is accomplished at least partly through macropinocytosis in a
process that can also be pathognomonic in atherosclerosis [12].
Finally, the ardent macropinocytosis pathway in macrophages
is increasingly targeted in biotechnology for the delivery of
nanoparticles, drugs, biologicals, vaccines, labels, inhibitors,
viral vectors, RNA and DNA into macrophages or into
the body [3]. Therefore, learning more about macropinocytosis
in macrophages serves a very broad remit.

Importantly, macropinosomes are also active trafficking
hubs, especially in macrophages which have a plasma membrane
turnover rate far exceeding most other cell types [13]. Macropino-
cytic pathways offer the capacity to handle this constant
membrane internalization and to recycle membrane rapidly
back to the cell surface from macropinosomes via tubules or ves-
icles connecting with the large recycling endosome network in
these cells [14]. All of the steps in macropinosome formation,
beginning from surface ruffles, through closure, internalization
and maturation, require extensive remodelling of the actin cyto-
skeleton and membrane phospholipids and involve multiple
membrane trafficking events. Accordingly, a large array of mol-
ecular machinery, including families of actin-binding proteins,
lipid kinases, GTPases, SNX proteins and many others are
involved in these processes [3,4]. Moreover, an equally complex
machinery is recruited to macropinosomes to regulate the pro-
cesses occurring on macropinosomal platforms, such as cargo
sorting, receptor signalling, pH regulation and protein modifi-
cations. Small GTPases, particularly of the Rab, Rho and Arf
subfamilies [15-18], are required for ruffling and macropinocy-
tosis but also contribute to cargo-related functions. The Rab
small GTPases typically and ubiquitously govern membrane traf-
ficking and receptor signalling pathways. We and others have
previously characterized multiple Rabs (including Rab35, 20, 8,
5,34 and 7) that are recruited and act discretely, but in sequence,
on surface ruffles, macropinosomes or phagosomes and ensuing
endosomal compartments [17,19-23]. Most recently we have
shown a role for Rab13 in forming characteristic tent-pole ruffles
on activated macrophages which give rise to enlarged macro-
pinosomes [24]. As part of this sequence, Rab8a is enriched on
ruffles and early macropinosome membranes, where, like Rab5
and some other Rabs, it is involved in receptor signalling [19,21].

(b) Rab8a as a Toll-like receptor signalling requlator

in macropinosomes
Rab8a is a multifunctional GTPase, promiscuous in its ability
to couple with multiple effectors for roles in different cell
pathways, including cell ruffling and migration, neurite out-
growth and multiple steps of vesicular traffic to and from the
recycling endosome, to polarized plasma membrane domains
and to cilia [25-29]. Fluorescently tagged Rab8a expressed in

macrophages is enriched on dorsal ruffles at the cell surface
and in macropinosomes in live and fixed cells [19,21]. Pre-
viously, using live cell imaging, we identified a peak in Rab8a
enrichment in early macropinosomes, during a window in
time where the signalling phosphoinositide PI(3,4,5)P3 is
enriched, preceding the conversion of the macropinosome to
the early endosome-like, Rab5 and PI(3)P positive state [19].
This early window in maturation of the macropinosome has
been termed the signalling macropinosome in other cell types
[30]. Accordingly, as it transitions between ruffles and the
early macropinosome, Rab8a can be found co-located with
Toll-like receptor (TLR) 4 and TLR adaptor proteins [19,21].

The TLR family members are pattern recognition receptors
and are activated by a wide range of pathogens to guard against
infection. TLRs can be activated on the macrophage cell surface
by contact with pathogens in tissue environments, while other
TLRs are strategically located on intracellular membranes with
the goal of detecting intracellular pathogens or pathogen-
associated nucleic acids [31]. Complex TLR-induced signalling
pathways produce transcription and secretion of arrays of pro-
and anti-inflammatory cytokines and chemokines which shape
inflammatory responses and trigger adaptive immune responses
[32]. TLR signalling and cytokine outputs are varied through the
actions of signalling adaptors, kinases, membrane phosphoino-
sitides, GTPases and transcriptional regulators. There is an
emerging inventory of the molecular machinery involved in
regulating TLR signalling and cytokine secretion and our
research has highlighted a role for macropinosomal Rab8a in
TLR signalling [19,21].

Interest in macrophage Rab8a was piqued upon identifying
a lipid kinase, of the class 1B PI3KYy, as a non-canonical effector
for this GTPase [21]. Evidence from genetic or CRISPR deletion
of PI3Ky or Rab8a implicated this complex in regulating
Akt and mTOR signalling downstream of TLR4, and later of
other TLRs, and this signalling was found to bias cytokine pro-
grammes, limiting the secretion of pro-inflammatory cytokines
and enhancing anti-inflammatory cytokines [19,21]. PI3K+y has
emerged as an important and pharmacologically tractable reg-
ulator in TLR-driven inflammation where it constrains
inflammation and promotes macrophage reprogramming or
polarization towards an M2-like phenotype [21,33]. Several
lines of evidence point to early macropinosomes as the site
for Rab8a-mediated regulation of TLR signalling [19] but
further exploration of Rab8a in this environment is needed.

The current study is motivated by the emerging potential for
Rab8a to serve as a critical and multi-functional switch for TLR
signalling and other functions in macrophage macropinosomes.
A more complete spatial and functional molecular landscape of
these organelles will significantly advance our understanding
about how macropinosomes shape innate immune responses.

2. Material and methods

(a) Reagents, plasmids and biosensor constructs

Antibodies and reagents were sourced commercially as follows:
mouse anti-HA.11 (Covance, MMS-101R); rabbit anti-OCRL1
(Sigma-Aldrich, Cat No. 07640); GFP antibody (LifeTechnolo-
gies, Australia, A6455); 10 K MW Alexa Fluor 647, 70 K MW
Oregon Green-dextran and Texas Red-WGA (Molecular Probes
(Invitrogen)); HRP-conjugated goat anti-mouse and anti-rabbit
antibodies (81-6520) (Zymed Laboratories Inc. San Francisco, CA);
5-(N-Ethyl-N-isopropyl)amiloride (EIPA) (Sigma-Aldrich);
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lipopolysaccharide (LPS), purified from Salmonella enterica serotype
Minnesota Re 595 (Sigma-Aldrich Australia); CpG-containing oli-
gonucleotide ODN-1688 (Genscript); Poly(I:C) (Integrated
Sciences, Chatswood, Australia). LPS, poly(:C), and CpG DNA
were used at 10 ng ml~?, 10 pg ml ™, and 0.3 uM, respectively.

Constructs containing GFP-, tdTomato-, mCherry-Rab8a,
GFP-Rab8a-Tail domain, mCherry-Rab5a, PH-PLCS-GFP,
2xFYVE-mCherry, GFP-Rablla, GFP-Rab35, SidC(P4C)-GFP,
APPL1-GFP have all been described previously [19,34-36].
peGFP-LifeAct, OCRL1-GFP and HA-OCRL1 were kindly
provided by colleagues Fredric Meunier (University of Queens-
land), Sergio Grinstein (University of Toronto) and Christina
Mitchell (Monash University) respectively.

For construction of a Rab8 biosensor, a Rab13 biosensor [37]
was used as the backbone. This biosensor consists of the N-terminal
Rab binding domain of MICAL-L2, linked to the mCerulean3
donor, a linker, mVenus acceptor followed by full-length Rab13.
The small GTPase at the C-terminus acts as the lipid-binding
anchor and has been shown to faithfully replicate Rab13 localiz-
ation when expressed in cells [37]. Mouse Rab8a specific
primers—forward 5'-TATAGAATTCA TGGCGAAGACCTACGA
TTAC-3/, reverse 5'-TATACTCGAGTCACAGGAGACTGCACC
G-3'—were used to PCR the wild-type (WT), Q67 L constitutively
active (CA) and T22N dominant negative (DN) open reading
frames. Rab13 was replaced by restriction digestion with EcoRI
and Xhol. To generate stable cell lines the whole biosensor open
reading frame was transferred to the pEF6/V5-His TOPO (Invitro-
gen, Carlsbad, USA) vector using the GIBSON cloning method
utilizing the NEB Gibson Assembly Master Mix (NEB, Massachu-
setts, USA) and the universal forward primer 5-GCTTGGTA
CCGAGCTCGGATCCTATACCATGGGAGAGGAGCA GCA-¥
and reverse 5'- TCGAGGCTGATCAGCGGGTTTAAACTGATGG
TGATGGTGGTGCTCGAG-3'.

(b) Cell culture and immunoprecipitation

The RAW 264.7 mouse macrophage-like cell line was sourced from
ATCC. Cells were cultured in RPMI 1640 (Thermo Fisher Scientific,
USA) supplemented with 10% heat-inactivated FCS (Thermo
Fisher Scientific, USA) and 2mM L-glutamine (Invitrogen,
Carlsbad, USA) at 37°C in humidified 5% CO,. Transfections
were performed using Lipofectamine 2000 (Thermo Fisher Scienti-
fic, USA) as per the manufacturer protocol. Immunoprecipitation
was performed as described previously [19]. Briefly, RAW264.7
cells stably expressing GFP-Rab8a were lysed by passage through
successive needles in lysis buffer (20 mM Tris pH 7.4, 150 mM
NaCl, 1% NP-40 (Sigma), 5% glycerol) with addition of complete
protease inhibitors (Roche Applied Science) and phosSTOP tablets
(Roche Applied Science). After centrifugation at 17 000g for 15 min
at 4°C, the supernatant was collected and incubated with
GFP-Nanotrap beads (Protein expression facility, University of
Queensland) for 1h at 4°C. Beads were then washed 4 times
with lysis buffer and bound proteins were eluted in SDS-PAGE
sample buffer. 1% of lysates and 20% of eluates were loaded and
separated by 10% SDS-PAGE and analysed by immunoblotting.

(c) Imaging and Forster (or fluorescence) resonance
energy transfer (FRET) calculations

Immunofluorescence staining was performed on cells fixed in 4%
paraformaldehyde, as previously described [38]. Ratiometric ima-
ging of full-length Rab8a versus the Rab8a-tail domain has
previously been described [21]. Live-cell imaging set-up and the
use of the personal Deltavision system, Zeiss 710 confocal and
Zeiss Spinning disk system has previously been described [19].
Microscopes used for imaging are designated in the figure legends.
Briefly, for FRET imaging, the Zeiss Spinning Disk Confocal
System (Zeiss Axiovert 200 with CSU-X1 scanhead) was used

with a LCI Plan-Neofluar 63x/1.30 W Korr DIC M27 lens or
Plan-Apochromat 40 /0.95 Korr M27 with 458 nm laser excitation
dual 512 x 512 EMCCD cameras with a 510LP dichroic and dual
485/30 and 562/45 emission filters. As the FRET biosensor is a
single chain sensor with equimolar concentrations of donor and
acceptor, the FRET measurements were taken as the ratio of
FRET/donor after flat field corrections were performed [39]. For
flat-field correction, we used the average of 20 frames acquired
using an empty dish filled with imaging medium under equivalent
laser and exposure conditions to those used for image acquisition
for in-cell FRET measurements. Imaging of medium alone was per-
formed with and without laser power to generate the dark field
[DF] and light field [LF] images for correction calculations. Correc-
tions were performed as per the following equation; where DF,can
is the mean intensity of the DF image and SF is the scaling factor: a
scaling factor of 1000 for our imaging set-up.

{[Imageraw] — [DF] + [DFean]} x [SF]
{[LF] — [DF] + [DFmean]}

[Imagecorrected] =

A 2 x 2 mean filter was applied to the corrected FRET and cor-
rected donor images before being ratioed and multiplied by a
binary mask of the cells of interest. All statistics were calculated
using Prism v. 7 software.

Scanning electron microscopy (SEM) and cryo-immuno electron
microscopy were performed as previously described [36,40]. For
some live cell imaging and SEM, we used Salmonella enterica
serovar typhimurium (SL1344) added to cells at a multiplicity or
infection (MOI) of 10 during imaging. For live cell imaging using lat-
tice light sheet microscopy (LLSM), RAW264.7 macrophages
expressing GFP-LifeAct were grown on 5 mm glass coverslips over-
night. Cells were imaged in Phenol Red Free Leibovitz’s L15 media
(ThermoFisher), supplemented with 5% FBS, 1% L-glutamine and
penicillin/ streptomycin. Images were acquired on a 3i LLSM micro-
scope (IMB) equipped with a 500 mW 488 nm Coherent Sapphire
laser, and were observed with a Nikon 25x LWD 1.1 NA dipping
objective, 2.5x tube lens and dual Hamamatsu ORCA Flash4.0
camera. The annular mask position used was 0.465/0.5 (inner/
outer NA) with the lattice pattern generated at 488 nm, 1.049 spa-
cing, 35 beams, 0.2 cropping. Images were acquired using 3i
Slidebook with a step spacing of 0.553 wm and 120 steps per capture,
with a time interval of 5s between frames, and were deskewed
(32.8°) using Microvolution. Post processing deconvolution was per-
formed using 30 cycles of deconvolution with a generated PSF
(200 nm beads Thermofisher #F8811) in Microvolution on a Dell
R740 with 1TB of RAM and 2 NVidia V100 GPUs. Movies were
visualized and produced using Imaris 9.2 (Bitplane) at 10 fps.

(d) Dextran uptake assay

Macrophages grown on glass coverslips were inverted over a 50 .l
drop of media containing 100 g ml~" of fluorescent dextran
and incubated for 15 min. Cells were then washed twice in ice
cold PBS prior to fixation with 4% paraformaldehyde. The cell
surface was then labelled with TMR-WGA before analysis. Using
Image] thresholding and the “analyse particles” function, the area
of macropinosomes (thresholded dextran) and the number of
cells (segmented using WGA) were counted for each condition.
All statistics were calculated using Prism 7 software.

3. Results

(a) Macropinocytosis in Toll-like receptor-activated
macrophages

Macrophages ruffle constitutively and upon the activation of the
cells after contact with pathogens or other danger signals. The
active dorsal ruffling on the cell surface is revealed by lattice
light sheet imaging of live RAW 264.7 macrophages stably
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Figure 1. Activation of macrophages enhances ruffling and macropinocytosis. (@) RAW 264.7 macrophages stably transfected with GFP-LifeAct were imaged using
LLSM over a 30 min time-course. Three orientations are shown, an x,y,z perspective (left panel), x,z (upper middle) and x,y (lower middle). GFP-LifeAct is pseu-
docoloured with the GLOW colour map LUT from Imaris. (b) Temporal-colour coding of 65 frames over 5 min and 42 s using the thermal LUT from FIJI. (¢)
Macropinocytosis assay in RAW 264.7 macrophages untreated and treated with 10 ng ml " LPS, 10 g ml™" Poly I:C or 0.3 M CpG-DNA. Cells were prestimulated
for 30 min before addition of 70 K MW 0G-dextran for 15 min. Quantification of total macropinosome area (.m?) per cell. Scale bar, 10 wm.

expressing LifeAct to label F-actin-rich ruffles (figure 1a). Tem-
poral colour coding is used to display the sequential
appearance and short lifetime of individual ruffles on a cell
surface that is in constant motion (figure 1b and electronic
supplementary material, movie S1).

Ruffling results in the formation of macropinosomes and
both ruffling and macropinocytosis can be enhanced in
macrophages by contact with pathogens or by growth factors
[19,41-43]. LPS activation of TLR4 has typically been used in
such studies to show upregulation of macropinocytosis [24].
Here we have extended this analysis to the activation of
other TLRs by quantitatively assaying macropinocytosis in
cells activated by Poly I:C and CpG-DNA, the agonists for
TLR3 and TLR9 respectively (figure 1c). The images and
quantification in figure 1c indicate that, compared to
untreated cells, treatment with LPS and Poly I:C significantly
increased macropinocytic uptake, while treatment with CpG
DNA showed a similar trend. This means that TLR detection
of diverse pathogens, ranging from TLR4 recognition of
external Gram-negative bacteria, to TLR3 and TLR9 detection
of intracellular viral and bacterial DNA, all have in common
the ability to upregulate macropinocytosis.

We previously reported that Rab8a is localized on macrophage
membranes, particularly on ruffles and macropinosomes [19].

Here we set out to explore in more detail the molecular land-
scape and timing of Rab8 recruitment and activation
on macropinosomes which are the purported sites for
Rab8a-mediated TLR signalling. GFP-Rab8a expressed in
macrophages is associated with intracellular vesicles and
macropinosomes but, in addition, Rab8a is found on sections
of the plasma membrane, particularly ruffling edges and
dorsal ruffles on the cell surface near adjacent macropino-
somes (figure 2a). Macropinosomes are co-labelled with
dextran-647 and mCherry-Rab5 which overlap partially with
GFP-Rab8a on the macropinosomes (figure 2a), further
confirming the earlier identification of these Rab8a compart-
ments [19,21]. The specific enrichment of Rab8a on early
macropinosomes can be demonstrated by ratiometric imaging
of full-length tdTomato-Rab8a and the GFP-Rab8a-tail in
live cells using a previously described approach [21]. When
combined with brightfield views, this live imaging can clearly
demonstrate the point of enrichment of full-length Rab8a
soon after ruffle circularization during closure and forma-
tion of early macropinosomal membranes (figure 2b). The
macropinosomes also begin to tubulate at this point (see
inset at 100 and 125) with Rab8a also enriched on the
tubule membranes. We previously demonstrated that Rab8a
resides on macropinosomes transiently and prior to peak
recruitment of Rab5 [19]. This temporal sequence is reinforced
by comparing Rab8a recruitment to that of the Rab5 effector,
APPL1 (figure 2c) and the effector substrate and early
endosomal lipid PI(3)P (figure 2d) which both show Rab8a
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Figure 2. Rab8a recruitment analysis during macropinosome formation. (a) RAW 264.7 cells transiently expressing GFP-Rab8a and mCherry-Rab5a. Cells were pulsed
for 15 min with 647-dextran to label newly formed macropinosomes imaged on a Zeiss Axiolmager. (b) Ratiometric time-lapse imaging of full-length tdTomato-
Rab8a and GFP-Rab8a-Tail domain. Right shows ratio of two channels compared to formation of the macropinosome, depicted by brightfield image. Time-lapse
imaging of cells co-expression of (¢) APPL1-GFP and mCherry-Rab8a and (d) GFP-Rab8a and 2xFYVE-mCherry. Cells in (b) and (c) were imaged using the DeltaVision
Deconvolution microscope. Scale bar, 10 um.

depleting as these markers are enriched on the maturing
macropinosomes. Thus, Rab8a is a bona fide and prominent
component of the early macropinosome.

The early-stage macropinosomes are also sites for major
membrane remodelling and protein sorting as the macropino-
somes mature, condense and move into the cell interior.
Tubulation of membranes driven by BAR domain proteins is
a conspicuous feature of the macropinosomes, contributing
to the sorting of membrane proteins and cargo destined
for recycling endosomes, and other organelles [44]. At an

ultrastructural level, immunogold labelling also depicts
GFP-Rab8a on surface ruffles and resulting macropinosomes
and associated tubules (figure 34). This dynamic tubulation
of macropinosomes and the appearance of Rab8a-positive
tubules is also demonstrated by live cell microscopy. In
figure 3b (electronic supplementary material, movie S2)
multiple large Rab8a positive, peripheral macropinosomes
condense and tubulate over a 12 min time course with tubules
that move into the cell interior (figure 3b). Additionally, the use
of live-cell structured illumination microscopy (SIM) captures
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frame every ~34 s, with arrowheads indicating Rab8 on tubules emanating from a macropinosome and arrows indicating Rab11a on Rab8-positive macropinosomes.
Scale bar, 10 pum.

the initial enrichment of GFP-Rab8a on early macropinosomes, the centre of the cell, where they are often found in close proxi-
followed by its tubulation from the macropinosomal mem- mity to the recycling endosomal Rablla (figure 3c, arrows),
brane (figure 3c, arrowheads). These tubules move towards suggesting a connection of Rab8a with a recycling endosome
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Figure 4. Rab8a recruitment to phagosome-associated macropinosomes. (a) Medium containing |gG opsonized 3 jum latex beads was added to RAW 264.7 macrophages
transiently expressing GFP-Rab8a for 10 min before fixation. Cells were counterstained with TMR-WGA without permeabilisation. (b) RAW 264.7 cells transiently expressing
tdTomato-Rab8a and GFP-Rab35 were imaged after addition of IgG opsonized sheep red blood cells. () SEM of RAW 264.7 macrophages after infection with Salmonella
enterica. Salmonella is pseudo-coloured pink. Scale bar, 5 wm. (d) Live-cell imaging of S. enterica infection of RAW 264.7 macrophages transiently expressing
tdTomato-Rab8a. Still image and inset frames are inverted and represented in grey-scale. Salmonella is pseudo-coloured pink. Scale bar, 10 pm.

trafficking route. Rab11a also sometimes decorates the Rab8a-
positive macropinosomes in the cell periphery, and then in the
perinuclear region, Rab8a and Rab11a are strongly colocalized
on the central recycling endosome (figure 3c). This imaging
depicts macropinosomal tubulation from multiple perspectives
as a process that has been infrequently studied in macrophages.
It also serves to visually connect the Rab8a tubules with the
recycling network, suggesting the recycling endosome as the
post-macropinosomal destination of Rab8a and a proportion
of macropinocytic cargo in these cells.

() Rab8a macropinosomes in pathogen entry
and detection

Peripheral ruffles give rise to both macropinosomes and
phagosomes [14] which share some functional features and
machinery. Both types of structures coexist in areas of active
plasma membrane remodelling and during phagosome
formation, tightening and internalization. In fixed cells,
dextran-loaded macropinosomes are often seen surrounding
newly forming phagosomes (figure 44) and, while GFP-Rab8a
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faintly decorates the phagosomal membrane, it is significantly
more enriched on the surrounding macropinosomes. In
cotransfected live cells, during phagocytosis of opsonized
sheep red blood cells (sRBCs), Rab8a is again clearly recruited
to the surrounding macropinosomes, while the plasma
membrane and phagosome are labelled more strongly and in a
distinct fashion by coexpressed GFP-Rab35 (figure 4b). These
images show that while ruffles may give rise to phagosomes
and macropinosomes, Rabs are partitioned between these
membranes, with Rab8a recruited preferentially to the macropi-
nosomes but not to the phagosomes themselves. Finally,
intracellular bacteria such as Salmonella use and indeed induce
ruffling for cell entry, primarily by macropinocytosis, and these
bacteria-associated and enlarged ruffles are demonstrated in
the scanning electron micrograph in figure 4c. Combined fluor-
escence and bright-field live imaging of td-Tomato-Rab8a
in macrophages shows Rab8a around the Salmonella-induced
macropinosomes, including early compartments with rod-
shaped bacteria and the enlarged macropinosomes that
eventually lose Rab8a labelling (figure 4d). Thus, in these
positions, around phagosomes and on macropinosomes, Rab8a
is exposed to pathogen uptake and entry and it is in a prime
position to be involved in pathogen detection and activation of
the macrophages.

Having shown (in figure 1) that multiple TLR agonists
can enhance macropinocytosis, we next performed labelling
of Rab8a to determine whether Rab8a is localized on
macropinosomes in TLR4-, 3- and 9-activated cells. tdTomato-
labelled Rab8a was imaged on ruffles and early macropinosomes
partially overlapping with a PI(4,5)P2 probe (PH-PLCS-GFP)
(electronic supplementary material, figure S1). Rab8a is thus
found on peripheral macropinosomes in untreated cells and
in cells treated with TLR4, TLR3 and TLR9 agonists. This is
important confirmation that Rab8a is present on this com-
partment, poised to participate in signalling downstream of
multiple TLRs. Finally, growth factors such as CSF-1 are
well known stimulants for generating enlarged macropino-
somes in macrophages [2] and here we also show that
Rab8a is present in these growth-factor enlarged macropino-
somes (electronic supplementary material, figure S1). Thus,
Rab8a is habitually a transient component of ruffles
and macropinosomes in macrophages responding to many
pathogenic or physiological triggers.

(d) Rab8a is activated on macropinosome membranes
Aswith all GTPases, nucleotide exchange is required to generate
the active form of GTP-Rab8a which recruits effectors. We have
demonstrated the activation of Rab8a in cell extracts by TLR
agonists [19], but the actual site for Rab8a activation on cell
membranes has not been determined. To assess in-cell acti-
vation, we prepared a Rab8a biosensor, using the backbone of
a single molecule FRET-based biosensor for Rab13 [37] contain-
ing the MICAL-L2 Rab binding domain (RBD) which not only
binds to Rab13, but also to Rabs 8, 10 and 15 [45] (figure 5a).
To test the ability of this biosensor to function, we expressed
the constitutively active Rab8a (Q67 L mutant) as a high-FRET
control and the dominant negative Rab8a T22N protein as a
low-FRET control (figure 5b). Rab8 Q67L is mainly localized
to the plasma membrane and early macropinosomes, while
the T22N biosensor remains largely in the cytoplasm as well
as showing association with some small endosome-like struc-
tures (figure 5b). The Rab8a WT biosensor localized in a

similar fashion to tdTomato or GFP-Rab8a on the plasma mem-
brane, macropinosomes and tubules (figure 5b). Quantification
was performed on whole-cell FRET measurements and it
demonstrated a biosensor dynamic range of 1.5 fold comparing
Q67L versus T22N mutants (figure 5c¢). Then, in live LPS-
activated cells, FRET measurements using the Rab8a biosensor
in a region of interest (ROI) over peripheral ruffling and macro-
pinosome formation showed the rise and fall of FRET (from
approx. 0.75 rising to 0.91 before dropping back down to
approx. 0.75) demonstrating the transient activation of Rab8a
on these membranes (figure 5d). In the sequence of ROI movie
frames, the most active Rab8a (a ratio of 1.7 at 22 s) was detected
on the macropinosome membrane (figure 54). In these frames,
active Rab8 could also be detected on tubules emanating from
these macropinosomes (figure 5d). Next, the biosensor was
used for FRET on whole cells to demonstrate the LPS-induced
activation of Rab8a (figure 5e). Thus, this Rab8a biosensor is
used here to show for the first time that, despite its multiple
locations in macrophages, Rab8a located on macropinosome
membranes is activated by LPS, coinciding with the site we
proposed for its binding to PI3K+y and regulation of TLR4 signal-
ling. In the future, the biosensor can be used to examine whether
Rab8a is activated at the same site downstream of intracellular
TLRs 3 and 9, or indeed by other macrophage receptors.

(e) Rab8a—a master of multiple macropinosome

effectors?
We have reported that in response to TLR activation, Rab8a
recruits the class IB PI3Ky as an effector to modulate TLR signal-
ling [19,21]. PI3Ky typically promotes the formation of
PI(3,4,5)P3 from PI(4,5)P2 to enhance the recruitment of signal-
ling kinases [46], and live-cell imaging with phosphoinositide
probes confirmed that this lipid transition occurs in the macropi-
nosomes of activated macrophages [19]. Interestingly, another
one of Rab8a’s known effectors is Lowe oculocerebrorenal syn-
drome protein (OCRL1 or INPP5F) [47], a 5 phosphatase that
dephosphorylates the same substrate that is phosphorylated
by PI3K, converting PI(4,5)P2 to PI(4)P [48]. OCRL1 is found
associated with Rab5 and APPL1-positive endosomes and it is
on phagosomes in macrophages [49]. Preliminary experiments
were carried out to explore the possibility that OCRL1 is on
macrophage macropinosomes. Indeed when we express GFP-
OCRL1 with PH-PLC3-mCherry, we could see clear recruitment
of OCRL1 during the depletion of PI(4,5)P2 on macropinosomes
(figure 6a), reflecting similar timing to Rab8a recruitment during
loss of PI(4,5)P2 [19]. Immunostaining here confirms that GFP-
Rab8a and HA-OCRL1 are on peripheral macropinosomes
together and immunoprecipitation shows that GFP-Rab8a
coprecipitates HA-OCRLI (figure 6b,c). Since there is also con-
siderable perinuclear overlap of GFP-Rab8a and HA-OCRL1
staining, co-immunoprecipitation analysis was performed in
the presence and absence of EIPA, to inhibit macropinocytosis
[50] (figure 6c). This analysis reveals that the interaction of
GFP-Rab8a with OCRL1 is inhibited by blocking macropinocy-
tosis. Further evidence suggesting that Rab8a may be
mediating OCRL1 function on the macropinosome is illus-
trated by co-expression and co-localization of Rab8a with
SidC(P4C)-GFP a phosphoinositide marker for PI(4)P [51],
the product of OCRL1-mediated hydrolysis of PI(4,5)P2. This
preliminary data is suggestive of OCRL1 as a second Rab8a
effector that is recruited during early stage macropinocytosis,
opening up the possibility that Rab8a can perform two

LSLOSLOT :PLE § 20S Y "supif “iyd  qisi/jeusnol/bi0°buiysiigndianosieso H



Venus-Acceptor CorrAcceptor

CorrFret =

—~
Q

=
—~
S
~

=

K B
%‘ RBD .

0

Do Yii 5

GDP-Rab8a
‘low-FRET”

whole cell FRET

p=0.006
p<0.0001

1.2 1

Rab8a-Q67L

0.8

0.4 W

\ GTP-Rab8a
% ‘high-FRET’
<\ o

ratio (FRET/mCer3)
P ]
- o
L ]
>
L ]
-

Z

N

g 0 T T T

oj§ Rab8a Rab8a Rab8a

CCZ WT Q67L  T22N
n=17 n=10 n=12

Venus-Acceptor CorrAcceptor
(d) P %

CorrFret =
ROI 1 - FRET measurement

1.0 7

- inset
G frames
2 09
=
m
o
= 0.8
8
g

Rab8a - WT

22 (s)

228

whole cell FRET
201 p<0.0001
a .
o)
@]
£
= 1.5
[aa)]
24
&
g
§ ......
1.0 1
- LPS
n=55 n=60
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functions, one with PI3Ky and the other with OCRL1, as two
effectors that serve to remove PI(4,5)P2 to shape the macropi-
nosome lipid environment. Through further analysis, the
timing and reciprocal binding and functions of Rab8a with
these effectors in macropinosomes can be pursued.

Macropinocytosis is a multifunctional pathway in macro-
phages, serving in several guises for pathogen detection,

receptor activation and signalling and pathogen entry. It is a
key compartment for membrane traffic, supporting the inges-
tion of fluid, protein, lipids and particles and it is a high
capacity pathway for plasma membrane turnover and recy-
cling. In this study we highlight the small GTPase, Rab8a, as
a key component of macropinosomes in macrophages under
several of these conditions. Data herein confirm and extend
our previous findings, showing how Rab8a is poised to sup-
port TLR signalling in macropinosomes, and hinting at more
extensive roles for this GTPase through additional effector
interactions in this compartment.



Macropinocytosis is shown to be enhanced by activation of
TLRs 4, 3 and to a lesser extent, TLRY, indicating that a range
of extracellular and intracellular bacterial and viral pathogens
induce macrophages to upregulate macropinocytic uptake.
This extends our knowledge of macropinocytosis as an induci-
ble process, one that can be tuned to suit physiological
or pathophysiological conditions, ranging from pathogen chal-
lenge to growth factor stimulation, starvation or transformation
in cancer [4,6,10,52]. In macrophages, it is not exactly clear how
enhanced macropinocytosis supports innate immune functions,
but resulting increases in fluid sampling, protein uptake and the
trafficking of surface receptors are all likely to facilitate anti-
microbial responses. Alternatively, or in concert, increased
macropinocytosis may serve as an enhanced platform for phos-
phoinositide metabolism to accommodate receptor signalling
[30,53]. Using various types of imaging, we show here that
Rab8a is localized on macropinosomes in macrophages interact-
ing with pathogens and those activated by different TLR
agonists. We previously reported that LPS, poly I:C and CpG
DNA all activate Rab8a (by increasing levels of GTP-Rab8a)
in macrophages and that resulting TLR signalling and cytokine
outputs are affected after CRISPR knockout of Rab8a [19].
Taken together, current and earlier evidence points to Rab8a,
with its PI3Ky effector, being recruited at the level of macropi-
nosomes by different pathogens for regulation in multiple TLR
signalling pathways. Given the emergent role of PI3Ky as a key
driver of macrophage reprogramming and in supressing
inflammation, its common recruitment by Rab8a downstream
of distinct TLRs sits as a distinguishing feature of these signal-
ling pathways, compared to GPCRs and RTKs pathways which
alternatively employ Ras-recruited PI3Kry [46].

The production and use of a Rab8a biosensor in live cells
provides, for the first time, compelling evidence that macropi-
nosomes in the cell periphery (early macropinosomes) are sites
where active, GTP-bound Rab8a is enriched in LPS-stimulated
macrophages and that Rab8a activation temporally follows ruf-
fling and macropinosome formation. This not only confirms
the macropinosome as a site for Rab8a function, it provides
further evidence that this is a key intersecting locale where
Rab8a meets and can direct signalling from internalizing or
endosomal TLRs, given that Rab8a is not associated directly
with TLR complexes [21]. Furthermore, while the concept of
endosomal sites for signalling from internalized TLR4 is fre-
quently promulgated, the precise endosomal compartment(s)
involved remain ill-defined since many prior studies are
based largely on flow cytometry to detect surface versus intra-
cellular TLRs [42,54]. The concept of the macropinosome as this
site fits with the conversion of PI(4,5)P2 required for adaptor
recruitment on TLR4 [55], it is congruent with internalization
of CD14/MD2/TLR4 complexes independent of a receptor
cytoplasmic tail signals [56] and it supports the localization
of TLR4 and TRAM on these membranes [19]. Moreover, the
labelling shown in this study presents scenarios where macro-
pinosomes neighbour phagosomes and Rablla coexists
transiently on Rab8a macropinosomes, offering opportunities
for the reported Rablla involvement in TLR4 signalling [57].
We believe emerging data from other approaches provide an
increasingly strong case for macropinosomes as key sites for
TLR4 internalization and for TRIF/TRAM signalling from
TLR4 and from intracellular TLRs. With the Rab8a biosensor
now available, we will be able to examine Poly I:C- and
CpG-stimulated cells to determine where Rab8a intersects
with TLRs 3 and 9 for signalling given that signalling sites

have not yet been pinpointed among their intracellular m

membrane locations [19].

We have shown that Rab8a can recruit PI3Ky to mediate
Akt signalling through the production of PI(3,4,5)P3 from
PI(4,5)P2. Now we have also introduced the possibility that
Rab8a is interacting with another phosphoinositide effector
protein, OCRL1. During phagocytosis, Rab5 is responsible
for recruitment of APPL1 and OCRL to hydrolyse PI(4,5)P2
to help remove F-actin for the final stages of particle engulf-
ment [49]. While Rab5 is typically found associated with
both phagosomes and macropinosomes, imaging here shows
that Rab8a is recruited preferentially to macropinosomes and
moreover this occurs before enrichment of Rab5 and APPLI1.
Notably, we have previously found no role for Rab8a in
macropinosome formation since knockdown of Rab8 in macro-
phages does not alter dextran uptake [19,21]. By now showing
that Rab8a can potentially bind to both PI3Kry and to OCRL1
on macropinosomes, it will be interesting to decipher the
precise spatial and temporal interactions involving Rabs 8a
and 5 with OCRL1 and other effectors and accessory proteins
during early macropinosome formation. It is reminiscent
of Rabs being recruited in sequence or in networks to act as
enzymatic cascades [58]. In the newly forming and early
macropinosome, the removal of PI(4,5)P2 is important both
for F-actin depolymerization and macropinosome closure [2],
as well as for TLR signalling [55,59]. The Rab-medjiated recruit-
ment of a phosphatase and a kinase that mediate these actions
highlights a level of spatio-temporal regulation that can
support pathogen ingestion and receptor activation.

5. Conclusion

The ongoing study of macropinosomes, and specifically of
Rab8a on macropinosomes in macrophages, allows us to
draw conclusions that expand our understanding of the
location and behaviour of this GTPase in the context of innate
immune functions. Through multiple forms of imaging in
macrophages, the localization of Rab8a on membranes in
the dynamic dorsal ruffle—macropinosome—tubules—recycling
endosome corridor is herein confirmed. Use of a biosensor
revealed that LPS-induced activation of Rab8a occurs most
intensely on ruffles transitioning to early macropinosomes,
with lesser amounts of active Rab8a on macropinosome-
derived tubules. This pinpoints the sites for LPS-induced
Rab8a recruitment of a known effector, PI3Kwy, and a likely
new effector in this context, OCRL1. The data provide further,
much-needed evidence to define the functional sites for
signalling from multiple TLRs, emerging increasingly as macro-
pinosomes. Finally, Rab8a is a ubiquitous GTPase with many
possible functions, inviting much wider examination of this
GTPase in the context of macropinosomes. Broader studies
will be aided by powerful and diverse experimental systems
that reaffirm, pleasingly, how closely spatio-temporal organiz-
ation and molecular function in macropinocytosis are
recapitulated across species and cell types. Technologically,
further studies will draw upon new imaging and visualization
modalities to reproduce dynamic macropinosomal landscapes.
Physiological and pathophysiological roles for macropinocyto-
sis in immunity, nutrition, migration, cell growth and death
have emerged and cemented this pathway as a critical and
essential portal into cells.
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