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The endosomal pathway constitutes a highly dynamic intracellular transport system, which is composed of vesicular
and tubular compartments. Endosomal tubules enable geometry-based discrimination between membrane and
luminal content. Extended tubular endosomes were suggested to deliver a steady stream of membrane proteins to one
location more reliable and effective than vesicular endosomes. Recently, we demonstrated that human dendritic cells
(DCs) form a large elongated tubular endosomal network, e.g. ETEN, upon distinct triggers. LPS-stimulation triggered
late endosomal tubulation. Additional clustering of class | MHC and ICAM-1 by a cognate interaction between antigen-
laden DC and antigen-specific CD8" T-cells induces formation of transferrin-positive tubules emanating from the
endosomal recycling compartment (ERC). We here discuss cell-biological mechanisms that are involved in membrane
bending and possibly underlie initiation, elongation, and stabilization of ETEN in human DCs. Using a knock-down
approach we demonstrate that MICAL-L1 is necessary for ETEN remodeling originating from ERC in human DCs.

Introduction

The endosomal pathway is a highly dynamic membrane sys-
tem composed of vesicular and tubular lipid bodies, which is
involved in intracellular transport. Endosomal compartments are
best known for incorporating membrane molecules derived from
the cell surface, and sorting these molecules for either degrada-
tion or recycling back to the cell surface. Within seconds after
uptake of cell-surface molecules through endocytosis, these mole-
cules are targeted to Early Endosomes (EEs). Components that
are destined for degradation are enriched in membrane subdo-
mains that are remodelled to form intra-luminal vesicles. As time
passes by, more intra-luminal vesicles accumulate in this com-
partment, while simultaneously the vesicles mature into a Late
Endosomal compartment (LE). Eventually, LE can fuse with
lysosomes upon which the luminal content is degraded. In paral-
lel, cargo may be rescued from this degradation pathway by sort-
ing vesicles toward tubular transport intermediates that direct
cargo to the trans-Golgi network, or recycles these back to the
cell surface either directly or via the perinuclear endocytic recy-
cling compartment (ERC) A

It was estimated that cells internalize the equivalent of their

. 2 .
cell surface one to 5 times per hour,” demonstrating the
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importance of endosomal recycling to normal cellular function.
Recycling is under tight structural and motor control by a variety
of proteins that include microtubules, motor proteins, SNARE
proteins, and various small GTPases. Multiple recycling path-
ways co-exist in parallel; including the Rab22a, Rab8-EHDI,
Rab35-EHD1, and Rab11-Rab4-SNX4 as previously reviewed
by us and others.>*

We recently demonstrated that LPS stimulation of human
dendritic cells (DCs) drives LE (LDL") endosomes remodelling
into elongated tubular structures leading to formation of an elon-
gated tubular endosomal network, e.g., ETEN.? This corrobo-

. . . . 6-8
rates earlier studies in murine DCs,

thereby showing
conservation of this mechanism between mice and man. Electron
microscopic studies showed that tubules emanating from LEs
extend toward the periphery with small transport vesicles pro-
truding toward the plasma membrane.” These data suggest that
activation-induced LE tubules represent transport intermediates
for cell surface-directed transport.

However, the vast majority of endosome-cell surface transport
occurs normally via aforementioned ERC, which is known to
form short tubular transport intermediate structures.'’ One
apparent question was whether ETEN is derived from ERC-
derived membranes. Therefore, we investigated whether the
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characteristic recycling marker transferrin (Tfn) may also be
recycled via ETEN.> Tfn™ ETEN in human DCs did not arise
upon LPS stimulation as in mouse DCs, but did so upon subse-
quent cognate interaction with antigen-specific CD8" T cells.
These Tfn™ elongated endosomal tubules emanate from a juxta-
nuclear region where the ERC is located. Further support that
ERC contributes to ETEN came from use of the recycling inhibi-
tor primaquine: Tfn™ tubules were lost when human DCs are
briefly treated with a low dose of primaquine at 30 minutes prior
to T cell contact. These data suggested that these induced tubular
structures are indeed involved in cell-surface directed transport,
which is crucial for DC function as antigen presenting cells. We
underscored the importance of this tubular cell-surface directed
transport to adaptive immune activation by showing decreased
antigen-specific CD8" T cell activation upon treatment of DCs
with either primaquine or nocodazole (disruptor of microtu-
bules).’ Below we will discuss possible requirements and underly-
ing mechanisms involved in ETEN formation.

Tubular Transport Intermediates in
Endosomal Transport

Endosomal tubulation is a phenomenon known for many
years, with the vast majority of reported endosomal tubules hav-
ing a size maximal up to 1.5 wm in length. In contrast, tubule
length of ETEN can extend up to 15 wm in DCs.”® The short
tubules that are more established form the tubular endosomal
network (TEN) or tubular sorting endosomes (TSEs) 1011
account for about 2-thirds of the surface area of an endosome,
but only one-third of its volume."? This high surface-to-volume
ratio enables a geometry-based discrimination between mem-
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brane and luminal content, by which mainly lipids and mem-
brane-bound cargo, but not luminal content, are exchanged
between endosome and receiving organelle. It also suggests that
endosomal tubules are designated to transport mainly lipids and
membrane proteins. Indeed, many surface receptors are shown to
be transported via tubular transport intermediates. Examples
include transferrin receptors, class I MHC molecules, B-integ-
rins, and several more.'®!3

Endosomal tubules may be a more reliable transport interme-
diate than vesicular endosomes in terms of delivering high
amount of cargo to one target membrane location, as a tubule
may deliver the same amount of transmembrane cargo in a single
package as what would be transported by multiple distinct endo-
somes. Moreover, efficient endosomal trafficking relies on collab-
oration of multiple motor proteins. Kinesin and myosin-V were
shown to enhance each other’s processivity iz vitro.'t During
endosomal transport across the cytoskeletal meshwork, proper
function of motor proteins requires their temporal detachment
of a particular cytoskeletal element and attachment to another
cytoskeletal element. Therefore endosomal tubules may also be a
more reliable transport intermediate as they should allow for
more interaction with motor proteins connected over an
extended distance.
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Another important feature of tubules is compartmentalization
of endosomal signaling. High membrane curvature in endosomal
tubules can induce sorting of lipids and proteins. Lipids may
respond to membrane curvature by concentrating into lipid
microdomains induced by the curvature, as was demonstrated by
lipid segregation into tubules during tubule-pulling experi-
ments.'” In support, endosomal tubules have a lipid composition
significantly different from the compartment from which they
originate.'® In its turn, proteins may be directed to endosomal
tubules by recognizing these sorted lipids and/or the high
curvature.'”

Recently the importance of endosomal tubules in compart-
mentalization of endosomal signaling was demonstrated 77
Nakamura et al., demonstrated that TLR-stimulated
ETEN emanating from LE are a preferred compartment for bac-
terial sensing and NOD?2 signaling iz vivo."®

A final consideration regarding endosomal transport and

. 18
vivo.

compartment morphology, is that the endosomal membrane is
a typical lipid bilayer, in which the tendency to be continuous
and avoiding edges outcompetes the resistance to bending by
intramolecular interaction between the lipid molecules. The
same fundamental rules steer the spherical shapes of vesicular
endosomes. Tubules are simply not the energetically favored
conformation of lipid bilayers in soluble surroundings. How-
ever, we have shown that both LDL" and Tfn™ ETEN are sta-
ble for at least 6 hours in human DCs, thus there should be a
concerted action of several factors that model and stabilize
these endosomal tubules. Such factors are subject of the next

paragraphs.

Membrane Remodeling Mechanisms

Initiation of tubules

Changing the energy-favorable spherical shape of endosomes
in order to initiate tubular remodeling requires changes of the
bilayer structural properties thereby making it asymmetric, or to
apply force to the bilayer surface that provides sufficient energy
proportional on the extent of deformation.'”

As schematically depicted in Figure 1A, bilayer asymmetry
can be achieved by altering the lipid composition and/or different
number of lipids per layer in the bilayer.”® For example, flippases
facilitate translocation of phospholipids from one side of a mem-
brane to the other. As a consequence, a transmembrane asymmet-
rical lipid distribution is established. Every inserted lipid
molecule lowers the energy required for bending the lipid bilayer.
Hence, insertion of even a small proportion of lyso-PC into a
Giant Unilamellar vesicle (GUV) is accompanied by the forma-
tion of a single bud.”" Another approach to asymmetrically dis-
place lipids in the outer leaflet, is the shallow insertion of short
hydrophobic or amphipathic protein domains in only the outer
lipid monolayer, such as achieved by BAR domain proteins.*?

The lipid composition may be altered by chemical modifica-
tion of lipids, or by displacement of lipids themselves, by de novo
generation, retention, selection, or recruitment from elsewhere.
As lipids can diffuse fast within membrane planes, local
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A. Initiation
Lipid composition

Lipid distribution

Diffusion barriers

B. Extension & stabilisation
Scaffolding & deep insertion

C.Scission
Scaffolding & shallow insertion

Figure 1. Candidate molecular mechanisms involved with endosomal tubulation. (A) Formation of tubules is triggered by the initial bending of
membranes by either (from left to right) altering membrane lipid composition, inducing asymmetrical lipid distribution between juxtapositioned mono-
layers, or creating domains by establishing diffusion barriers. (B) Tubules are extended and stabilized by (from left to right) membrane-bound scaffolds
that either imprint their shape into the membrane, deeply insert amphipathic helices, or simply by protein crowding, or by support or pulling forces
enabled by the cytoskeleton. (C) Membrane fission mediated in ATP-dependent and independent manner by members of the dynamin-super family.

generation would be insufficient unless lipid diffusion can be
deterred. Indeed, actin alone or in combination with Ezrin/
Radixin/Moesin proteins can limit lipid diffusion.*® Phospha-
tidic acid (PA) is an example of such a generated lipid. It has
an intrinsic negative curvature and is synthesized by phospho-
lipase D. Adding PA to v-SNARE vesicles increases the rate
of fusion with targeted -SNARE containing vesicles. In
contrast, addition of PA to t-SNARE vesicles inhibits
SNARE-mediated fusion.?* As PA also affects other unrelated
molecular mechanisms in a similar manner,”” it is believed
that PA promotes fusion via a biophysical mechanism, proba-
bly with its negative curvature. Thus, lipid-lipid interactions
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such as PA present in outer leaflet of an endosome may con-
tribute to (limited) bending of membranes.

Alternatively, presence of PA may act as a signpost for the
recruitment of proteins and complexes that can apply mechanical
forces required for membrane tubulation.®® This corroborates
with the notion that lipid headgroups commonly serve as attach-
ment sites for peripheral membrane proteins, thereby recruiting
proteins necessary for the generation of membrane curvature.
Especially, phosphoinositides (PtdIns) seem pivotal for recruit-
ment of curvature generating proteins as their inositol headgroup
can easily reversibly phosphorylated and thereby acting as chemi-
cal switch.
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Elongation or stabilization of tubules

An example of such PtdIns-binding proteins, are some
members of the Bin/Amphiphysin/Rvs (BAR) domain protein
superfamily. While this BAR domain protein superfamily
lacks a consensus sequence motif, all members contain the
banana-shaped BAR domain that typically form homo or het-
erodimers with the aid of complementary positioned charged
residues in the hydrophobic dimerization pocket. This BAR
domain has an arced structure with positively charged resi-
dues at its concave side that associates with membranes. The
membrane-associated BAR domains can oligomerize into sta-
ble helices. /n vitro studies on liposomes show that the arced
structure allows them to bind curved membrane. By insertion
of amphipathic helices,** scaffolding,27 or crowding28
(Fig. 1B), BAR domain protein can stabilize pre-existing
and/or induce extensive membrane curvatures.”

The BAR protein Endophilin Al induces different membrane
shapes by changing its conformation upon phosphorylation.
Endophilin A asymmetrically displaces lipids from the outer leaf-
let by shallow insertion of its amphipathic helices, thereby form-
ing small vesicles with high membrane curvature. Accordingly,
deep insertion of the amphipathic helices and close interaction of
membrane and BAR domain drives tubule formation.”* Of note,
BAR domains appear somewhat flexible: the SNX9-BAR domain
was shown to adopt 2 different arced structures in solution.””
Whether this means that BAR domain proteins are less-specific
in recognizing and binding distinct curved membranes is yet
unknown.

Actin and other cytoskeleton components can assist in sup-
porting tubular transport intermediates in various ways. Long
actin filaments can stabilize tubular endosomes (Fig. 1C).
Indeed, actin-associated B2-adrenergic receptor® tubular endo-
somes are much less dynamic than Tfn™ tubules, and actin inhi-
bition decreases TEN tubules by 25%.’° Moreover, the
cytoskeleton allows motor proteins to apply mechanical force to
pull and extend the membrane, or alternatively drive membrane
deformations directly upon polymerization.'® Indeed, an intact
cytoskeleton is pivotal to recycling of membrane proteins to the
cell surface via ETEN from both LE and ERC.>!

Scission of endosomal tubular transport intermediates

A second group of proteins that was brought forward to possi-
bly mediate the induction or stabilization of endosomal tubula-
tion is the Eps15 homology domain (EHD) containing protein
family. In vitro liposome assays demonstrated that all 4 mamma-
lian EHD proteins are capable of tubule formation by forming
oligomeric ring-like structures. EHDs have been linked to a
number of Rab proteins through their association with mutual
effectors and thereby have a coordinating role in endocytic traf-
ﬁcking.3 2 EHD proteins harbor a nucleotide-binding domain,
which ATPase activity is stimulated by membrane association.
ATP activity allows oligomerization and tubule formation in
vitro by EHD2 protein.”® However, EHD proteins show ~70%
sequence similarity with Dynamin. Dynamin is known for scis-
sion of budding endosomes in ATP-independent manner. There-
fore, it was hypothesized that EHD proteins are perhaps involved
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in membrane fission 77 vive. Recently, the ability of each EHD
protein to tubulate or vesiculate recycling ETEN was assessed by
reconstituting semi-permeabilized cells with purified EHD pro-
teins. These data indeed showed that EHD1, EHD2, and
EHD4, but not EHD3, are directly involved in scission of
ETEN, similar as Dynamin for budding endosomes during
endocytosis.>*

Putative mechanisms underlying ETEN formation
that emanates from ERC in human DCs

We demonstrated that ETEN arise from the ERC upon
cognate interaction between human DC and antigen-specific
CD8" T cells. More specifically, beads cross-linking class I
MHC and/or ICAM-1, but not CD45, mimic CD8" T cells
in respect to induction of Tfn™ ETEN.? It is known that
cross-linking ICAM-1 and/or HLA-A2 leads to an increased
association between these molecules and recruitment of Src
kinases.”” Inactive Src localizes to perinuclear endosomes,
whereas active Src localizes to site of stimulated integrin
receptor.’® Whereas Tfn is known to recycle via various path-
ways, recycling of Src kinases is limited to 2 pathways of
which only one overlaps with Tfn recycling. This pathway is
recently demonstrated by J. Reinecke et al. and involves the
molecules MICAL-L1 and EHD1.”

Are MICAL-L1 and EHDI1 related to Tfn™ ETEN? First con-
sidering EHD1, this protein is best known as a marker for elon-
gated endosomal tubules emanating from the ERC in Hela
cells,*®>? which resemble the Tfn™ ETEN in human DCs.’ Sim-
ilar to Tfn* ETEN in human DCs, these EHD 1-positive tubules
require an intact microtubule cytoskeleton. EHD1-knock out
embryonic fibroblasts exhibit delay in Tfn recycling to the plasma
membrane with accumulation of Tfn in the ERC, thereby con-
firming EHD1’s role in Tfn recycling. In addition, EHD1 was
found to associate with ETEN containing both Arf6 and class I
MHC. Opverexpression of EHDI1 enhances class I MHC
recycling.’®

When considering MICAL-L1 next for its possible relation-
ship to Tfn™ ETEN, it has a calponin homology (CH), LIM,
proline-rich (PxxP) region including a NPF motif, and coiled-
coil domains. The CH domain of MICAL-LI shares high simi-
larity to the CH domains identified in various actin-associated
proteins. MICAL-L1 interacts with various important regulators
of Tfn recycling, including Rab8*® and a few BAR domain pro-
teins, such as Syndapin 2 (Synd2). Synd2 has a BAR, NPF, and
SH3 domains.” Recently it was demonstrated that MICAL-LI,
Synd2, and EHD1 decorate the same endosomal tubules.’”*
The membrane interaction of both proteins is stabilized by bind-
ing to each other and EHD1. Moreover, depletion of EHD1
does not affect tubular localization of MICAL-L1 or Synd2,40
while depletion of MICAL-L1 or Synd2 does decrease tubular
localization of the other proteins.”® Thus, MICAL-L1 and/or
Synd2 may recruit EHD1 to pre-existing tubules decorated with
MICAL-L1 and Synd2. Synd2 harbors a BAR domain, therefore
we believe this molecule is driving the elongation of recycling
endosomes. /n vitro Synd2 has shown to form tubules. Interest-
ingly, Synd2 prefers to tubulate PA-containing liposomes and
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Figure 2. MICALL1 is required for Tfn-positive endosomal tubules formation in human dendritic cells. (A) MICAL-LT RNA expression is efficiently
silenced after 36 hrs by 3 unique 27 mer siRNA targeting MICAL-L1 (gray bars) and not by scrambled control siRNA (black bars). (B) Confocal image of
stimulated moDCs (200 ng/ml LPS, 5 ug/ml polyl:C, and 3 ug/ml pp65 antigen) 36 hours after 10 nM siRNA treatment (left, control siRNA; right, MICALL1
siRNA). Prior to (upper part) and 60-80 minutes post (lower part) addition of antigen-specific CD8+ T cells. Red depicts LDL, Green Transferrin, and yellow
co-localization of LDL and Tfn. (C) The percentage of stimulated moDCs (200 ng/ml LPS, 5 ug/ml polyl:C, and 3 ug/ml pp65 antigen) with LDL+ endoso-
mal tubules expressing tubular Tfn+ endosomes upon antigen-specific CD8+ T cells, 36 hrs after indicated siRNA treatment (10 nM scrambled or
MICALL1-targeting siRNA). Data represents mean + SE of three independent experiments. Two-tailed, Mann-Whitney U test; *P < 0.05.

PA generated by Arf6 is pivotal to Tfn recycling.*’ Further inves-
tigation shows that Arf6 inhibition decreases MICAL-L1 tubule
association."? The coiled-coil of MICAL-L1 and BAR-domain of
Synd2 prefers to associate with PA™ membranes. Therefore, it

seems that the local generation of PA by Arf6 may recruit
MICAL-L1 and Synd2 to initiate ETEN formation. In its turn,
tip-to-tip or wedge loop-mediated lateral interaction would
enable Synd2 to induce endosomal tubulation.*?
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MICAL-L1 Expression Required for Tfn" Elongated
Tubular Endosomal Network (ETEN)

We considered that impairment of Syndapin function inter-
feres with clathrin-dependent endocytosis*® and that Tfn is taken
up in a clathrin-dependent manner. As a candidate protein that
facilitates the formation of Tfn™ ETEN, we therefore decided to
investigate the role of MICAL-LI and not Syndapin. One way to
examine MICAL-L1 function in Tfn ETEN, would be to inter-
fere with MICAL-L1 endogenous function by overexpressing
mutant MICAL-L1. However, in a computational model Stacho-
wiak et al. demonstrated that membrane bending can be solely
driven by protein crowding via steric pressure.”® Hence, we
decided to knock-down the expression of MICAL-L1 by siRNA
treatment of human DCs. MICAL-L1 knock-down was shown
in HeLa cells to be effective to decrease MICAL-L1 RNA expres-
sion previously.*’

Human monocyte-derived DCs were treated with control or
MICAL-LLI targeting siRNA by electroporation at day 4, accord-
ing to protocol of Hobo et al.** 36 hours later, MICAL-L1
RNA expression was decreased by 75% as determined by quanti-
tative PCR (Fig. 2A).

To assess MICAL-L1 function in either induction or stabiliza-
tion of Tfn™ ETEN, we pulsed both scrambled and MICAL-L1-
siRNA treated moDCs for 4 h with 3 pg of our model antigen
pp65, in the presence of 200 ng/ml LPS and 5 pg/ml poly(I:C).
Hereafter LE and ERC (30 min, 37°C) are stained with 20 g/
ml Dil-LDL and 5 pg/ml Alexa Fluor 647-conjugated Ttn,
respectively. Vesicle-to-tubule transformation was stimulated by
co-culture of antigen-specific NLVPMVATV) CD8" T cells for
60-80 minutes.”** We next analyzed labeled moDCs for ETEN
formation by live cell confocal microscopy prior and post addi-
tion of antigen-specific CD8" T cells. The fraction of moDCs
that exhibit late endosomal tubulation (as scored by Dil-LDL
fluorescence) showing Tfn™ ETEN were determined by 2 inde-
pendent investigators as published.” Representative pictures are
shown in Figure 2B.

MICAL-L1 siRNA but not control siRNA treatment of
moDCs resulted in a significant reduction in moDCs with Tfn™
ETEN from 40% to approximately 17% (Fig. 2C). Thus, Tfn™*
ETEN in human DCs require MICAL-L1 expression in our
experimental setup. This suggests that the endosomal Tfn™
tubules emanating from ERC in human DCs are indeed induced
or stabilized by MICAL-L1.
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