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Chasing Uptake: Super-Resolution Microscopy

N Endocytosis and Phagocytosis

Maksim V. Baranov,' Rodica Alis Olea,? and Geert van den Bogaart @,

Since their invention about two decades ago, super-resolution microscopes
have become a method of choice in cell biology. Owing to a spatial resolution
below 50 nm, smaller than the size of most organelles, and an order of magnitude
better than the diffraction limit of conventional light microscopes, super-
resolution microscopy is a powerful technique for resolving intracellular traffick-
ing. In this review we discuss discoveries in endocytosis and phagocytosis that
have been made possible by super-resolution microscopy - from uptake at the
plasma membrane, endocytic coat formation, and cytoskeletal rearrangements
to endosomal maturation. The detailed visualization of the diverse molecular
assemblies that mediate endocytic uptake will provide a better understanding
of how cells ingest extracellular material.

Early Visualization of the Cellular Trafficking System

The mystery of how cells organize endocytic trafficking system has been extensively studied
[1-4]. Endocytosis and phagocytosis (reviewed in [5]) are evolutionarily conserved mechanisms
of internalization of solutes or small particles (endocytosis) or large particles sized above
~0.5pum (phagocytosis). Insight into endocytic and phagocytic trafficking provides understand-
ing of disease mechanisms because they are essential for many physiological processes,
including nutrient uptake, immune clearance of pathogens, and the removal of apoptotic
cells [3]. They are highly dynamic processes that begin with clustering of specialized membrane
receptors at the site of uptake [6], followed by the assembly of coat proteins such as clathrin
(endocytosis) or the engulfment of a particle by rapid actin rearrangements into protrusive
pseudopodia (phagocytosis). Alternatively, many receptors are captured by pre-existing
clathrin sites, thereby facilitating their uptake. Endocytosis and phagocytosis are orchestrated
by the membrane composition, coat proteins, the F-actin (see Glossary) cytoskeleton,
and membrane fission proteins such as dynamin [7]. After their formation, endosomes
and phagosomes undergo a mechanistically similar maturation process in which they are
transported via microtubules to the microtubule organizing center (MTOC) and gradually
convert into late endo/phagosomes and finally into lysosomes [8].

Our current understanding of the nanoscale organization and morphology of endosomes and
phagosomes stems mainly from electron microscopy (EM). From this technique, we know
that cells are very crowded, containing organelles of sizes ranging from tens of nanometers for
small trafficking vesicles to up to several micrometers for the nucleus and large phagosomes
(Figure 1A). Moreover, many organelles have a highly complex and dynamic morphology, such
as the heterogeneous network of recycling endosomes. However, EM can only be used on
fixed or frozen material and cannot follow dynamic processes in living cells, making this technique
unsuitable for research questions related to dynamic alterations and stoichiometries of molecular
assemblies. Live cellimaging is feasible with optical microscopy, but, owing to their small size, in-
dividual organelles are often impossible to resolve with conventional optical microscopy. Starting
about two decades ago, the development of super-resolution microscopy techniques, including
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Highlights

Super-resolution microscopy is widely
available to most cell biologists and has
become the method of choice for study-
ing endocytic and phagocytic trafficking.

Current live imaging techniques allow 3D
super-resolution microscopy with a tem-
poral resolution of seconds to visualize
uptake and trafficking processes at the
whole-cell level.

Quantification strategies combined with
super-resolution microscopy have en-
abled a quantitative understanding of
receptor clustering, the appearance
of signaling lipids, and the dynamics of
F-actin assembly on endosomes and
phagosomes.

Super-resolution microscopy is often
combined with techniques such as elec-
tron microscopy and TIRF to enable
more accurate localization of endocytic
proteins in relation to stage of uptake,
membrane curvature, and protein—
protein interactions.

Although generally of lower spatial reso-
lution compared with other super-
resolution microscopy techniques, struc-
tured illumination microscopy has at
present yielded most new insights in
endocytic trafficking because it com-
bines improved spatial resolution with a
reasonably high temporal resolution and
can be readily used for live cell imaging
applications.
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stimulated emission depletion (STED) (Figure 1B), single-molecule localization microscopy
(SMLM), structured illumination microscopy (SIM), and lattice light sheet microscopy (LLSM),
is helping to overcome this problem (Box 1 for more information on each super-resolution
technique) [9-16]. It is therefore no surprise that these techniques have provided crucial informa-
tion on trafficking, particularly on exocytosis in neurons, neuroendocrine cells, and immune cells
[14,17,18]. This review aims to provide an overview of the breakthrough discoveries that have
been enabled by super-resolution microscopy specifically in endocytosis and phagocytosis.

Organization of Endocytic Receptors at the Plasma Membrane

The clustering of endocytic receptors in distinct regions of the plasma membrane allows the local-
ized uptake of material. SIM microscopy revealed that receptor-mediated caveolar and clathrin-
coated vesicular uptake and nonspecific endocytosis occur at separate locations on the plasma
membrane [19-21]. The spatial clustering and segregation of these different forms of endocytosis
likely enable more efficient uptake and might facilitate the differential sorting of cargoes into differ-
ent types of endosomes. In addition, receptor clustering can promote downstream signaling,
for instance by oligomerization of kinase domains. Indeed, a SIM microscopy study in human
macrophages showed that the Fc receptor FcyRIIA must diffuse laterally to become activated
upon clustering by multivalent targets [22]. SMLM revealed that such clusters are approximately
~70 nm in size and contain ~100 Fc receptors [23], and that they locate adjacent to clusters
enriched in the inhibitor of phagocytosis signal regulatory protein a (SIRPa) [24]. SMLM micros-
copy revealed that two other endocytic receptors, DC-SIGN and the mannose receptor
CD206, both organize in similarly ~80 nm sized domains which, upon binding to fungal patho-
gens, merge into larger disc-shaped clusters of 150-175 nm in diameter, and this facilitates
the ingestion of the pathogen [25-28] (Box 2). Toll-like receptor 4 (TLR4) is also present in
nanodomains of 60-80 nm in size, and it was demonstrated by SMLM that its oligomeric state
is controlled by its ligand endotoxin and its coreceptors MD2 and CD14 [29,30]. Finally, a
SMLM study of endocytic cargo revealed that the vesicular acetylcholine transporter rapidly
diffuses over the membrane until it is trapped for uptake by a membrane structure that contains
clathrin and its adapter protein AP2 [31].

Role of Lipids in Receptor Clustering

The combination of SMLM and total internal reflection fluorescence (TIRF) microscopy en-
ables the tracking of single molecules in time, and revealed that membrane clustering of
glycosylphosphatidylinositol (GPI)-anchored receptors in the outer leaflet of the plasma
membrane is promoted by transmembrane coupling to the long acyl-chain lipid phosphatidylserine
in the inner leaflet [32,33]. Phosphatidylserine directly interacts with F-actin adaptors and thereby
anchors the outer-leaflet receptors to the cortical actin cytoskeleton [32,33]. Several other lipid
species can also contribute to receptor clustering. First, cholesterol-mediated lipid phase separa-
tion is involved in clustering of GPl-anchored proteins [33,34]. Second, domains with
lactosylceramide (LacCer), a glycosphingolipid present in immune phagocytes that contributes to
integrin-mediated phagocytosis, are separated from domains containing another abundant
phosphatidylglucoside (PtdGic) [35]. Finally, domain formation of the WNT receptor LNPG, clathrin,
and its adaptor AP2 depend on coclustering with phosphatidylinositol 4,5-bisphosphate [Pl(4,5)Ps]
lipids [36]. Such clustering of phosphoinositides in membrane domains has been reported for sev-
eral species. For instance, a SMLM study revealed that phosphatidylinositol 4-phosphate (Pl4P),
phosphatidylinositol 4,5-bisphosphate [Pl(4,5)P5] and phosphatidylinositol 3,4,5-triphosphate
[PI(3,4,5)P3] are all present in domains of about 350-400 nm diameter in the plasma membrane
of insulin-secreting INS-1 cells [37]. Membrane domains of phosphoinositides can be highly spe-
cific because plasma membrane domains containing Pl(4,5)P, can segregate from domains
enriched in PI(3,4,5)P3 [38].
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Figure 1. The Advantage of High Spatial Resolution for Resolving Cellular Structures. (A) Human blood
monocyte-derived dendritic cell ultrastructure revealed by transmission electron microscopy (EM). Indicated are the
approximate diffraction limited spatial resolution (~200 nm lateral, x/y; and 1000 nm axial, z) and an example of the
50 nm spatial resolution attainable by super-resolution microscopy. (B) Maximum intensity z-projection and orthogonal
view of confocal, 2D stimulated emission depletion (STED), and 3D STED microscopy of dendritic cells with microtubules
stained with silicon rhodamine (SiR) tubulin [114]. Cross-sections of different colors correspond to intensity profiles. Image
courtesy of Alf Honigmann (Max Planck Institute for Cell Biology and Genetics, Dresden, Germany).

The lateral diffusion of uptake receptors can be obstructed by transmembrane proteins (so-called
pickets), such as CD45 [22,39], that are immobilized by interactions with the cortical cytoskele-
ton. STED microscopy showed that the extracellular domain of CD45 can bind to hyaluronic
acid which forms a pericellular coat and, together with the actin cytoskeleton, limits the mobility
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Glossary

BAR domain: named after three
proteins that contain this domain — bin/
amphiphysin/rvs. BAR domains facilitate
membrane curvature and/or bind to
curved membranes.

Correlative light-electron
microscopy (CLEM): overlapping
fluorescence and electron microscopy
images of the same specimen.
Electron microscopy (EM): a
microscopy technique that uses electron
beams of much shorter wavelength than
visible light, allowing the ultrastructure of
frozen or chemically fixed samples to be
resolved.

F-actin: filamentous actin, a
component of the cytoskeleton.
Fluorescence resonance energy
transfer (FRET): enables the detection
of small changes (nm) in distance
between two fluorophores.
Glycosylphosphatidylinositol (GPI):
a glycolipid that can be post-
translationally coupled to the C-terminus
of proteins.

HaloTag: 33 kDa tag derived from the
bacterial enzyme haloalkane
dehalogenase that can bind fluorescent
dyes via a fluochloroalkane linker.

1gG: immunoglobulin G, a type of
antibody that can be fluorescently
labeled, allowing the location of specific
proteins to be visualized.

Microtubule organizing center
(MTOC): a cellular structure from which
microtubules emerge.

Soluble N-ethylmaleimide-sensitive
factor (NSF) attachment protein
receptor (SNARE): a family of proteins
that facilitate intracellular vesicle docking
and fusion.
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Box 1. Super-Resolution Microscopy Techniques

Several super-resolution microscopy techniques are now available with spatial resolutions well below the diffraction limit of
conventional light microscopy. Total internal reflection fluorescence (TIRF) microscopy uses the evanescent wave of
reflected light at the interface between the microscope cover glass and the specimen for excitation of fluorophores that
are within ~100 nm distance of the cover glass. TIRF thereby has a high axial (z) resolution, whereas the lateral (x,y) reso-
lution remains diffraction-limited. TIRF is often combined with other super-resolution microscopy techniques to achieve
super-resolution in all dimensions. Stimulated emission depletion (STED) microscopy uses two laser beams of different
wavelengths, one surrounding the other and creating a ‘donut’ [16]. The outer beam brings fluorescent molecules into a
dark state of emission depletion, leaving only the fluorescent molecules in the center to actively emit photons, thereby
effectively reducing the size of the excitation spot to below the diffraction limit. A second de-excitation pattern can be
superimposed on the first ‘donut’ for combined lateral and axial super-resolution [103]. The family of single-molecule local-
ization microscopy (SMLM) techniques uses a completely different approach and differentiates fluorophores using time
[104]. The principle is to sequentially image frames with limited numbers of molecules and fit the intensity profiles of
individual fluorophores. This allows the positions of these fluorophores to be obtained with localization accuracies better
than the diffraction limit. By recording a large number of frames, positional information of numerous fluorophores can be
combined to reconstruct a high-resolution image. High 3D resolution can be obtained by deforming the point spread
function with an asymmetric lens or a deformable mirror in the emission light path. SMLM includes a range of techniques
differing in the types of fluorophores used and in the methods for visualizing individual fluorophores, but the best known are
photoactivatable localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM). In struc-
tured illumination microscopy (SIM), super-resolution is obtained using an overlapping pattern of excitation beams,
followed by computational deconvolution. For lattice light sheet microscopy (LLSM), a planar illumination array is created
by multiple beams with tightly controlled spacing oriented perpendicular to the optical light path of the emission [10]. This
list is not complete, and there are other techniques for imaging below diffraction-limited resolution, for instance based on
mathematical reconstruction [105,106]. Finally, fluorescence (super-resolution) microscopy can be combined with EM,
which facilitates determination of the cellular localization of fluorescently labeled molecules by a technique called correlative
light and electron microscopy (CLEM). Several recent reviews describe in detail the technical breakthroughs of super-
resolution microscopy [9-12,16,107].

of phagocytic Fc receptors [22,39]. Such remodeling of the actin fence is necessary to enable Fc
receptor clustering and the initiation of phagocytosis [22,39]. Remodeling of cortical actin is also
essential for some forms of endocytosis [7] because a SIM study showed that actin
rearrangements at the mammalian growth cone of neuronal axons by the F-actin bundling protein
fascin are essential for endophilin-mediated endocytosis but not for clathrin-mediated endocyto-
sis [20].

Thus, the clustering of endocytic receptors results from the interactions with various lipid species,
the cortical cytoskeleton, and pericellular glycosylation. In this respect, it is similar to the clustering
of proteins involved in exocytosis in distinct domains of the plasma membrane, particularly

Box 2. Pathogen Entry

Several super-resolution microscopy studies have explored the nanostructures of the interactions of pathogens with host
cells. SIM revealed that neutrophils prestore Zn?* in lysosomes and azurophilic granules, and utilize Zn®*-toxicity for com-
bating streptococcal infections [108]. Another SIM study on phagosomes formed in mouse macrophages in response to
Candida albicans infection showed enriched SEC5 and inositol (1,4,5)-trisphosphate receptor (InsP3R) colocalization at
phagosomes, and this enhanced phagocytosis and promoted antifungal signaling events [109]. Moreover, by SMLM, it
was revealed how Salmonella enterica employs its virulence factors SifA and Ssed for endosomal tubule formation, and
can thereby survive the acidic vacuoles of host cells [110]. It was found that Ssed hijacks the host motor protein kinesin
for force-driven invasion along microtubules [110]. SMLM was also used to show that Salmonella typhimurium is
surrounded by a heterogeneous coat of ubiquitin in the cytosol of host cells, with different densities of ubiquitination
and of the E3 ubiquitin ligase [111]. Knockdown experiments of the host deubiquitinase OTULIN resulted in increased
methionine-ubiquitin observable by SMLM microscopy, and this in turn promoted NF-kB signaling, leading to restriction
of bacterial proliferation [111]. A SIM study also revealed nonhomogeneous methionine-linked ubiquitination at the surface
of S. typhimurium, and reported a role for the ubiquitin ligase LUBAC in restricting bacterial proliferation through
xenophagy and NF-kB activation [112]. Thus, super-resolution microscopy has made it possible to resolve how host
ubiquitination limits the growth of S. typhimurium. By contrast, Shigella flexneri, another intracellular pathogen, expresses
a protein called IpaH1.4 to negate the effect of LUBAC and promote its escape into the cytosol for survival [112]. Super-
resolution microscopy has also revealed roles of ESCRT in assembly of viral particles, especially for HIV-1, as recently
reviewed elsewhere [113].
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soluble N-ethylmaleimide-sensitive factor (NSF) attachment protein receptors (SNAREs)
(reviewed in [17]). In the future, the increasing number of colors that can be simultaneously resolved
by super-resolution microscopy [40] will facilitate the characterization of the different types of mem-
brane domains enriched in endocytic and phagocytic receptors. A largely unexplored question is
how receptors are precisely organized in intracellular membranes of organelles such as early
endosomes, where STED revealed cholesterol-dependent clustering of SNARE proteins [41].

Endocytosis

Clathrin Coat Formation

Many super-resolution microscopy studies have aimed to resolve the localization, shape, and
time-dependent localization of clathrin and clathrin-associated proteins (Figure 2) [42-44]. For
instance, SMLM in combination with TIRF was used to visualize the different topologies of curved
clathrin-coated pits and flat clathrin plaques [44]. SIM microscopy revealed that mature clathrin-
coated pits assemble as rings of about ~100 nm in diameter that persist for seconds to minutes
and are associated with the actin cytoskeleton [45]. Two correlative light-electron micros-
copy (CLEM) studies mapped the arrangement of multiple endocytic proteins during various
assembly stages of the clathrin coat, and showed that many proteins are primarily located
near the edge (e.g., FCHO1/2, Eps15, dynamin) or the center (epsin, CALM, receptor cargo)
of the clathrin lattice (Figure 2) [46,47]. Pulse-chase approaches in yeast and mammalian
cells also allowed the localization of endocytic proteins to be resolved during various stages
of endocytosis, and revealed that the actin-recruiting protein N-WASP is organized radially in
aring-like pattern during the early stages of clathrin pit formation, and that interactions between
the clathrin coat, N-BAR proteins, and phosphoinositides orchestrate F-actin positioning at
the endocytic site (Figure 2) [48-51]. Nevertheless, the role of actin in clathrin-mediated endo-
cytosis remains controversial. Although actin might only be necessary to limit the lateral move-
ment of endocytic vesicles in yeast [48], F-actin is already present at the base of the forming
clathrin-coated vesicle [49,51], and an F-actin peak can be observed following dynamin recruit-
ment [7,52], arguing for a function in vesicle internalization. Accordingly, a high-throughput
super-resolution SMLM study in yeast showed that WASP family proteins form a ring-
shaped pattern on membranes for future F-actin nucleation, and that this drives membrane
invagination [51]. The latter seems to be also the case in mammalian cells because a SIM
microscopy study in murine fibroblasts showed that actin can accelerate endocytosis and
that clathrin-coated pit internalization is aided by actin filaments in about half of the cases
[45]. A combination of TIRF and CLEM was used to visualize how clathrin coat assembly pro-
duces membrane curvature, which is the rate-limiting step for vesicle formation (Figure 2) [47]. It
was found that clathrin coat assembly is versatile and accommodates membrane bending
concurrently with or after the assembly of the clathrin lattice, and this bending may be regulated
by axillary proteins such as CALM [47].

The process following vesicle fission and shedding of the clathrin coat has been addressed
by SMLM, where it was found in yeast that the levels of phosphatidylinositol 3-phosphate
(PI3P) at internalized endocytic vesicles increased 100-fold after clathrin coat shedding [53].
The yeast homolog of the early endosomal GTPase Rab5 (Vps21p) located to smaller
endosomes (~80 nm-sized) at the initial stages of PI3P production, whereas the homolog of
late endosomal Rab7 (Ypt7p) bound to larger endosomes (~170 nm) with more saturated PI3P
levels [53]. Despite this increase in PI3P levels following endocytosis and during endosomal mat-
uration, PIBP may already play a role during the uptake itself and in recruitment of endocytic
cargo. SMLM on cultured mouse cortical neurons showed that the PI3 kinases ATM and
ATR play a role in synaptic vesicle recycling and colocalize with the clathrin adaptor protein
AP2, with ATR being recruited to nascent inhibitory (VGAT") and ATM to excitatory (VGLUTY)
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Figure 2. Coupling Membrane Curvature to Nanoscale Localization of Endocytic Proteins. (Upper panel) Electron
microscopy (EM) [46,47], atomic force microscopy (AFM) [47], or polarized total internal reflection fluorescence microscopy
(pol-TIRF) [47] have been used to determine the curvature of endocytic membranes. (Lower panel) Super-resolution imaging
using stimulated emission depletion (STED) [50], structured illumination microscopy (SIM) [46,50], or single-molecule
localization microscopy (SMLM) [43,44,46] can be coupled to the membrane curvatures determined with the methods from
the upper panel. This allowed the positions of endocytic proteins (EPS, CALM, BAR-proteins, dynamin, F-actin) to be
mapped during various stages of endocytosis [46,47,50].

vesicles [54]. Moreover, LLSM in SUM159 breast cancer cells expressing probes that bind
clathrin and phosphoinositides revealed a new cascade of phosphoinositide lipids after fission
of clathrin-coated vesicles. A pool of PI3P was already present before phosphatidylinositol
(8,4)-bisphosphate (PI(3,4)P,) and Rab5, and this pool was distinct from the PI3P pool of early
endosomes [55].

Caveolin Coat Formation

Super-resolution microscopy has also allowed new insights into another endocytic coat: caveolin.
Although the structural organization of caveolar structures was already well understood from EM
[66,57], super-resolution studies offered the possibility to image caveolae under various physio-
logical challenges. For instance, SMLM revealed that caveolae under osmotic stress flatten and
increase by ~30% in volume [58]. Although SIM and SMLM showed that caveolin oligomers
can assemble in structures with different shapes (~60-80 nm diameter) [59], individual caveolae
might be able to cluster in much larger (~300 nm) ribbon-like assemblies [45]. The shape and size
of these caveolar structures depend on the isoform of caveolin because flask-shaped invaginat-
ing caveola are fourfold more densely packed with caveolin-1 than are flat caveola, and the den-
sity of caveolin-1 is sensitive to osmotic tensions [60]. Super-resolution microscopy also revealed
signaling-mediated receptor rearrangements at caveolae, as shown by SIM for the purinergic
receptor P2X7R in osteoblasts [61], by CLEM and STED for the Ca?* release channel ryanodine
receptor at the sarcoplasmic reticulum in muscles [62,63], and by STED for the inward rectifier
potassium channel Kir2.1 in human cardiac ventricles [64].

732  Trends in Cell Biology, September 2019, Vol. 29, No. 9



Noncanonical Endocytosis

Endocytosis can also occur in unconventional pathways that do not depend on clathrin and
caveolin. Endophilins are members of the BAR domain superfamily and are involved in nonca-
nonical endocytosis in neuronal [20] and nonneuronal cells [65]. In the axon growth tips (cones)
of neurons, SMLM revealed a novel form of clathrin-independent endocytosis that relies on
endophilin-3 and dynamin-1, and that correlates with fascin-1-dependent F-actin bundling at
the endocytic sites, and F-actin was required for retrograde trafficking of the presynaptic pro-
teins VAMP2, SCAMP1, SV2, and synaptophysin [20]. Endophilins-A1 and A2 interact with
several endocytic proteins, including dynamin, synaptojanin, and lamellipodin, and also with
endocytic cargo proteins via their N-BAR or SH3 domains, leading to uptake of G protein-
coupled protein receptors, receptor tyrosine kinases, and the interleukin-2 receptor [65]. More-
over, SIM revealed that endophilin-A2 reshapes membranes and, together with F-actin and
dynamin, contributes to membrane scission during clathrin-independent uptake of Shiga and
cholera toxins [66].

Endocytosis can be coupled to exocytosis, and this enables the rapid recycling of exocytic
trafficking proteins and cellular homeostasis. STED revealed that hemifused intermediates
(in which the membrane outer leaflet, but not the inner leaflet, is fused) and sometimes fully
fused vesicles are able to fluctuate back to the fully separated or hemifused state [67]. This revers-
ible transition likely resulted from a competition between membrane fusion and Ca®*/dynamin-
dependent membrane fission [67]. Other studies provided evidence for a role for dynamin in
this coupling of endocytosis with exocytosis. By SIM, it was shown that dynamin controls fusion
pore kinetics, promoting closure of the fusion pore, vesicle detachment from the plasmalemma,
and internalization [68]. STED microscopy showed that dynamin in conjunction with the F-actin
cytoskeleton led to the formation of transient fusion pores with sizes ranging up to 490 nm
[69], much larger than was previously thought (<5 nm) [70,71].

Multivesicular Body Formation

Early endosomes mature to form multivesicular bodies where the membrane is bulged into
the lumen of the endosomes by the endosomal sorting complex required for transport (ESCRT)
complex. This results in the formation of intraluminal vesicles which play a role in the degradation
of integral membrane proteins [72]. By LLSM, it was shown that ESCRT-IIl subunits polymerize
rapidly on yeast endosomes, together with the recruitment of at least two hexamers of the
AAA ATPase Vps4 [73]. Intraluminal vesicle formation depended on ATPase activity of Vps4
and was associated with a continuous and stochastic exchange of Vps4 and ESCRT-IIl compo-
nents [73].

Phagocytosis

After a cell encounters a particle, a phagocytic synapse is established by formation of F-actin rich
filopodia-like extensions from the membrane which engulf the particle [4]. This structure is called
the phagocytic cup and creates a physical barrier for organizing the signaling cascade induced by
target binding [22]. Arp2/3 complex-mediated F-actin nucleation and branching at the nascent
phagosome is triggered by the GTPases Rac1, Rac2, and Cdc42, although the contribution of
this actin remodeling depends on the type of phagocytosis. In case of Fc receptor-mediated
phagocytosis, but not for complement C3bi receptor-mediated phagocytosis, a super-
resolution microscopy study showed that branching of F-actin within lamellipodia depends on
Arp2/3 [74]. By SIM on macrophages derived from Cdc42 knockout mice, it was shown that
Cdc42 is dispensable for the formation of filopodia (finger-like protrusions) upon uptake of
yeast particles, but is necessary for the subsequent formation of lamellipodia (the F-actin mesh-
work at the leading edge of a migrating cell) with parallel actin bundles during cell spreading [75].
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STED microscopy was used to resolve the organization of Rac1 and actin during phagocytosis
of yeast cells by dendritic cells [76]. It was found that F-actin, Rac1, and their binding
protein SWAP70 align in parallel arches and sometimes in concentric rings on the surface of
phagosomes [76]. In this case SWAP70 acted as an adapter, tethering the F-actin cytoskeleton
to the phagocytic surface by interacting with Rac1 and phosphatidylinositol (3,4)-bisphosphate.
Although structures such as actin rings or radial actin bundles for parasite internalization
into host cells can already be visible by conventional confocal microscopy [77], the increased
resolution of SMLM allowed the organization of such structures to be resolved and addressed
the bundling of actin filaments, such as for the more accurate measurements of the dimensions
of the 100 nm-sized F-actin ring during Salmonella typhimurium phagocytosis [78]. Although
the nature of these actin rings is still unknown, they could be mediated by septins [79]. Septins
control receptor and phospholipid dynamics and can form ring-like structures by bundling actin
via anillin and myosin binding at the site of pathogen invasion in mammalian cells [79], structures
that are reminiscent of the structures observed during phagocytosis [76]. Moreover, SMLM
revealed that septins can form cables with a thickness of 20-30 nm in complex with Cdc42
and Gic1 in vitro [80]. However, in cells, high-resolution microscopy data on septin collars are
only available for prokaryotes and budding yeast, where septins are involved in cell division and
budding [80], and it would be interesting to resolve potential septin rings in phagocytosing cells
by super-resolution microscopy.

Future Technical Improvements Needed
Super-resolution microscopy has led to important new insights in endocytic trafficking, but some
technical improvements are highly desirable.

Improving Spatial Resolution

Most of the current super-resolution microscopy techniques that are widely used by biologists
offer a spatial resolution between 20-60 nm lateral and about 100 nm axial, but this axial resolu-
tion is still too low to resolve complex organelle morphologies and individual endosomes. Isotro-
pic imaging, with identical resolution in all dimensions, would be beneficial because it allows the
shape and localization of 3D cellular structures to be resolved. To address this problem, new
microscopy developments are increasingly improving the spatial resolution, such as MINFLUX
that allows 1 nm lateral and axial resolution in live cells [81]. However, at such high microscope
resolutions the size of the fluorescent probes becomes the limiting factor (Figure 3). Antibodies
are several nm in size, and, although this has a negligible influence in conventional optical micros-
copy, it is becoming a major problem in super-resolution microscopy because it limits the spatial
resolution (Figure 3) [82]. The same holds true for the ~3 nm-sized fluorescent proteins and pro-
tein tags that can specifically bind to organic fluorophores (e.g., HaloTag [11]). Nanobodies, that
contain only a single antigen-binding fragment, may provide a partial solution to this problem
because they are about twofold smaller than a full-size antibody, and the creation of a library of
nanobodies with high specificities for mouse and rabbit IgGs is an important development [83].
Alternative approaches to replace the large fluorescent proteins are fluorescent non-natural
amino acids (reviewed in [21,84,85]). The need for smaller probes has become evident in
super-resolution imaging studies showing that the glutamate receptor AMPAR clusters in
dynamic and transient membrane domains, instead of in the more stable domains previously
observed by antibody-based labeling [86-88]. However, even organic fluorophores have a
minimum physical size limit and likely cannot be made much smaller, particularly for the conju-
gated ring systems needed for red fluorescent dyes. Therefore, in the long run, the size of the
fluorophores will become limiting for the spatial resolution of fluorescence microscopy, and
other (nonfluorescent) methods would need to be developed to reach even higher spatial
resolutions.
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Figure 3. Spatial Scale of Phagosomes, Clathrin-Coated Vesicles, Coat Proteins, Uptake Receptors, and
Probes Commonly Used in Fluorescence Super-Resolution Microscopy (SRM). All molecules and models are
displayed to scale. Structures are from the Protein Data Bank (PDB): 1xi4, 3zys, 6d8c, 3j2u, 1igt, 3mkgq, 1fdl, 3ogo, 5dty,
3kzy, 3s05, 2c¢l8, 3wjj, 3vg2, 1alo, 3gxa. For comparison, the diffraction-limited point spread function of confocal
microscopy (blue mesh) and an example of the 50 nm resolution attainable by SRM (blue ball) are shown. Abbreviations:
B. taurus, Bos taurus; D. melanogaster, Drosophila melanogaster; G. gallus, Gallus gallus; H. sapiens, Homo sapiens;
M. musculus, Mus musculus; S. cerevisiae, Saccharomyces cerevisiae.

Improving Spectral Resolution
Most current super-resolution microscopy techniques have typically only two colors that can be
discerned simultaneously. One of the reasons for this is that, in SMLM and STED, one channel
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often requires more than one spectral input — the first for image acquisition and the second for
fluorophore switching (localization techniques in SMLM) or because of the doughnut shape of
the emission depletion beam (STED). However, resolving the nanostructure of complex molecular
assemblies, such as protein complexes or organelles, requires more colors. Moreover, multiple
colors would allow functional probes in super-resolution microscopy, such as ratiometric pH
probes [89] or fluorescence resonance energy transfer (FRET) sensors for GTPases [90].
Three- and four-color STED microscopes have been developed, based on adjustable laser inten-
sities [40] and spectral unmixing of fluorescence emission wavelengths and lifetimes [91]. SMLM
can also be performed with multiple colors, for instance by careful selection of dyes and excitation
schemes [92] or by sequential exchange of antibodies or probes [93,94]. These new techniques
will be important for the endocytic trafficking field because they will, for instance, enable the differ-
ent types of early, recycling, and late endosomes and lysosomes to be resolved.

Improving Temporal Resolution

The low speed of image acquisition is a third limitation of current super-resolution techniques
because this precludes the visualization of endo/phagosomal maturation and cytoskeletal trans-
port (Figure 4). One issue that is apparent from this review is that most of the results discussed
here have been obtained with SIM, even though this technique generally has a lower spatial res-
olution than either SMLM or STED. Indeed, SIM offers the advantage that it combines improved
spatial resolution with a reasonably high temporal resolution (seconds), and thereby allows the
dynamics of spatiotemporal recruitments, stoichiometries, and interactions between proteins
and organelles to be resolved. SMLM and STED are intrinsically slow techniques because
SMLM requires the acquisition of many (thousands) of images, and laser scanning in STED re-
quires a very small pixel step to attain high spatial resolution. SIM is faster, but still requires the
acquisition of multiple optical planes, and the spatial resolution of this technique is typically rela-
tively modest compared with STED and SMLM. LLSM combines fast imaging with a high lateral
and axial spatial resolution, has the additional advantage of low light exposure [10], and enables
imaging of up to six colors [95], but this approach is not yet broadly available. For events at the

(B)

PIP conversion over time @
Scission

Movement
N . towards MTOC

L ]
L] L]
Pathogen ‘.. ‘@ ./\. .
‘4 . ° o
g © . >
Phagosomal o ‘ .
maturation e e
Fusion with
lysosome

PI(4,5)P2
== P|(3 4)P2
= P|(3,4,5)Ps
= p|(3)P

-100 0 100 200
Time (s)
Trends in Cell Biology

Figure 4. Temporal Resolution for Imaging of Intracellular Trafficking. (A) Confocal live cell imaging showing
intracellular transport of phagosomes containing yeast particles. Individual phagosomes (labeled with stars) are
transported by microtubules from the cell periphery towards the cell center over minutes after uptake. Scale bar, 10 ym.
(B) Time-dependent conversion of signaling lipid phosphoinositides (PIP) during phagosomal maturation (data from [76]).
Time O is the time of phagosomal cup sealing (i.e., complete particle ingestion). Abbreviation: min, minutes; MTOC, microtubule
organizing center.
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proximity of the microscopy coverslip, SIM can be combined with TIRF, thereby enabling both
high spatial and temporal resolution [45]. Very recently, deconvolution approaches in combination
with low photon dose and submillisecond exposure times have been developed to improve
applications of SIM in live cell imaging [96]. Many other developments in super-resolution micros-
copy also aim to increase the speed of image acquisition, and live cell SMLM is possible now with
~10 s temporal resolution [97], for instance by ‘moving-window binning’ [98,99]. In SMLM,
improved optics, more sensitive and faster cameras, and improved image processing algorithms
[96] allow not only faster acquisition of individual frames but also higher labeling densities, reduc-
ing the number of frames necessary to compute a high-resolution image in SMLM [100]. There
also are ongoing technological developments in STED, where the image acquisition rate was
substantially improved by so-called parallelization, which involves scanning with optical lattices
of the excitation and depletion beams [101]. All techniques will benefit from machine-learning
approaches for image evaluation that allow improved resolution and prediction of structures
[39,102]. These developments will allow fast events in endocytic trafficking to be resolved with
not only high spatial but also temporal resolution [67-69].

Concluding Remarks

In conclusion, super-resolution microscopy techniques have enabled the visualization of
endosomal structures with nanoscale resolution, allowing membrane curvature and stages of
endosome and phagosome formation to be linked with protein and lipid contents. There are
still longstanding questions that will be addressable by these new techniques (see Outstanding
Questions). Ongoing technological developments in super-resolution microscopy will lead to fur-
ther improved spatial, temporal, and spectral resolution, enabling more applications in endocytic
trafficking. Given the central role of membrane trafficking in eukaryotic cells, this will not only allow
fundamental longstanding questions in cell biology to be resolved but will also lead to new under-
standing of the development and progression of diseases.
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Outstanding Questions

How are receptors organized in the
membranes of organelles to facilitate
sorting of cargo and trafficking proteins
for different intracellular destinations?

What is the precise role of the F-actin
cytoskeleton for different types of
endocytosis?

What is the role of calcium for mem-
brane fusion and fission in organellar
trafficking?

How is membrane fusion and fission
coupled in organellar trafficking?

How do membranes bend in endocy-
tosis and organellar trafficking pro-
cesses that do not involve known
cage proteins?

How do lipid turnover and transfer at
membrane contact sites between
endosomes, the ER, and the plasma
membrane contribute to endosomal
maturation?

Nearly three-quarters of the 70 members
of the Rab family in humans are involved
in endocytic trafficking, and they play a
role in endosomal maturation, coordina-
tion of vesicle budding and fusion, effec-
tor recruitment, and coordination of
endosomal signaling. What are their
precise localizations, interactions, and
stoichiometries?
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