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 LC3-ASSOCIATED PHAGOCYTOSIS: A SORTING 
MECHANISM FOR UBIQUITINATED MEMBRANE 
PROTEINS?

ABSTRACT

The process of LC3-associated phagocytosis (LAP) combines elements of phagocytosis 
and autophagy. LAP is involved in clearance of pathogens and cell debris, antigen 
presentation, and immune signaling. However, the mechanistic role of LAP is 
incompletely understood. Based on observations from Chapter 2, we propose that 
LAP might serve as a sorting mechanism to cluster proteins destined for degradation 
into discrete domains of the phagosomal membrane.

LAP is hallmarked by the formation of so-called LAPosomes, where Atg8-family 
protein member MAP1LC3B/LC3 directly conjugates to the single membrane of 
phagosomes1. In this process, LC3 is converted from a soluble, cytosolic LC3-I form to 
the phosphatidylethanolamine (PE)-conjugated LC3-II form. LAPosomes have been 
commonly observed in immune phagocytes, such as macrophages and dendritic 
cells (DCs), for multiple phagocytic cargoes2-4. Selectively targeting LAP or canonical 
autophagy will facilitate studies aimed at distinguishing the mechanisms and functional 
roles of these processes. In addition, it will aid translational research for treatment of 
LAP and autophagy-related diseases, including infectious and autoimmune diseases.

However, a problem is that the mechanisms of LAP and canonical autophagy are 
mostly shared, making it challenging to develop drugs that target one process without 
affecting the other. For example, both processes depend on lysosomal acidification5, 
and drugs that target the V-ATPase can be expected to affect both. Moreover, the 
ubiquitin-like conjugation system that anchors LC3 to the target membrane is also 
shared between autophagy and LAP and hence cannot be used as a target to distinguish 
between these processes6. Similarly, while the receptors that trigger LAP, such as toll-
like receptors, C-type lectins, IgG receptors, and scavenger receptors, are not involved 
in autophagy7-11, targeting these receptors will affect other important cellular processes, 
including inflammatory signaling, endo/phagocytosis, and antigen degradation. The 
protein RUBCN/rubicon regulates autophagy and LAP differently, as it inhibits autophagy 
but promotes LAP12-14. However, although interfering with RUBCN might inhibit LAP, the 
increased levels of autophagy could mask or interfere with downstream effects.

To address this challenge, we searched for compounds that selectively inhibit 
autophagy, but do not affect LAP. In Chapter 2, we studied the effect of two new 
autophagy inhibitors on LAP: SAR405, which inhibits the phosphatidylinositol 
3-kinase PIK3C3/VPS3415, a critical regulator of both autophagy and LAP, and ethyl 
(2-(5-nitrothiophene-2-carboxamido) thiophene-3-carbonyl) carbamate (EACC), 
which inhibits STX17 (syntaxin 17)-mediated fusion between autophagosomes and 
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lysosomes16. We compared these inhibitors with two canonical inhibitors of autophagy: 
the V-ATPase inhibitor bafilomycin A1 and the lysosomotropic base chloroquine. In 
human dendritic cells (DCs) loaded with zymosan particles, we found that bafilomycin 
A1 and SAR405 inhibit both autophagy and LAP. However, chloroquine and EACC seem 
to affect autophagy but not LAP: whereas chloroquine increases the cellular levels of 
LC3-II, as is well known, and EACC decreases the levels of total LC3, these compounds 
do not significantly affect LC3 recruitment to the phagosomes. Thus, chloroquine and 
EACC might be used to distinguish canonical autophagy from LAP.

However, our finding that EACC reduces the total cellular pool of LC3 in DCs was 
surprising, as this contrasted with previous findings in HeLa cells where EACC results 
in a reduction of only LC3-II, and not of LC3-I16. In DCs, EACC still reduces levels of LC3 
in the presence of bafilomycin A1, indicating that this reduction is not due to lysosomal 
degradation and hence unlikely to be related to its interference with STX17. Instead, 
co-incubation experiments with the proteasome inhibitor MG132 suggested that EACC 
promotes the breakdown of LC3 by the proteasome. Moreover, experiments with the 
ribosomal inhibitor cycloheximide reveal a fast turnover of LC3 in DCs, with ~80% of 
LC3 already being degraded within five hours even in absence of EACC. Hence, our 
data suggest that EACC promotes the degradation of LC3 by the proteasome, possibly 
via an off-target effect of EACC.

It has previously been shown that LC3 is degraded by the proteasome following 
its ubiquitination17, and the fast turnover of LC3 in DCs might indicate that LC3 is 
rapidly ubiquitinated in DCs. Such rapid ubiquitination could help to explain another 
observation from our study: In our immunofluorescence microscopy experiments, we 
noticed a non-uniform localization of LC3 at the phagosomal membrane. Compared 
to immunolabeled CYBB/gp91ph°x, a phagosomal membrane protein, LC3 clusters at 
discrete punctate structures at the phagosomal membrane (Fig. 1A). Ubiquitinated 
proteins are delivered to the proteasome by receptor proteins, such as SQSTM1/
p6218. SQSTM1 non-covalently binds to the ubiquitin moiety by its UBA domain19,20 
and SQSTM1 can also directly interact with LC3 with its LC3-interacting region (LIR) 
motif18. SQSTM1 interacts with the proteasome via its PB1 domain21. However, the PB1 
domain also enables oligomerization of SQSTM122,23. This oligomerization is well known 
to result in aggregation of ubiquitinated proteins in cells with defects in autophagy24,25. 
It therefore seems possible that SQSTM1, and/or other receptor proteins, clusters 
(ubiquitinated) LC3 and ubiquitinated proteins at the phagosomal membrane, which 
would result in the observed punctate structures. Supporting this, we observe both 
ubiquitin and SQSTM1 localizing at phagosomes in DCs.

Interestingly, based on our own observations and the examination of published 
microscopy images, overexpressed GFP-tagged LC3 does not seem to locate in these 
punctate structures, but instead forms a ring at the phagosomal membrane. Perhaps 
the clustering of GFP-tagged LC3 is prevented due to the elevated expression levels 
or due to steric interference by the GFP tag.
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FIG. 1: Unproven hypothesis for clustering of membrane proteins by LC3. 
(A) Confocal micrograph of human dendritic cell with ingested zymosan particles, and 
immunostaining for CYBB (magenta in merge) and LC3 (green). Image was taken from a 
published dataset [1]. Note the non-uniform, punctate appearance of LC3 at the surface of the 
LAPosome. Scale bar: 10 µm. (B) Hypothesis figure: clustering of (ubiquitinated) LC3 together with 
ubiquitinated cargo proteins by SQSTM1 receptor protein in the membrane of the LAPosome.

An open question is, what is the function of the punctate structures? It is tempting to 
speculate that by the formation of these structures, LC3 and SQSTM1 (and/or other 
receptor proteins) cluster ubiquitinated cargo proteins that are destined for degradation 
into discrete regions of the phagosomal membrane (Fig. 1B). This clustering might 
facilitate the degradation of these proteins, as it could enhance their sorting into 
intralumenal vesicles by the endosomal sorting complex required for transport (ESCRT) 
machinery. Alternatively, the LC3-enriched membrane regions might somehow be 
pinched off from the phagosomal membrane into the cytosol, and subsequently be 
degraded by canonical autophagy. While purely speculative, such a mechanism would 
allow cells to efficiently degrade a subset of their phagosomal membrane proteins, 
which could be important for the functions of LAP.

ESCRT STRUCTURES
In Chapter 3, we discovered a new type of integrin adhesions. In contrast to regular 
integrin adhesions, these adhesions are devoid of actin and are surrounded by 
micrometer-sized worm-shaped ESCRT structures. The structures are formed in cells 
cultured in the absence of serum on glass supports, and in the presence of serum in 
3D collagen matrices. Inhibiting actin polymerization increased the number of ESCRT 
structures and concomitantly increased cell adhesion. As ESCRT proteins are known 
to repair plasma membrane damage, we compared the permeability of the plasma 
membrane in cells cultured in the absence of serum (ESCRT structures are formed) to 
that of cells cultured in the presence of serum (no ESCRT structures are formed). The 
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cells cultured without serum were leakier, suggesting that the ESCRT structures are 
indeed formed in conditions that compromise plasma membrane integrity. As live cell 
imaging revealed that the ESCRT proteins remain stable at the plasma membrane for 
the entire duration of the experiment (>3 hr), we propose a mechanism in which ESCRT 
structures provide a cytoskeleton-like support to the plasma membrane.

Functions of the ESCRT structures

Selective cargo sequestration followed by endocytosis or formation of 
extracellular vesicles
ESCRT proteins are known to selectively sequester ubiquitinated membrane proteins 
for subsequent expelling (‘budding’) of the membrane containing these proteins into 
intraluminal vesicles (ILVs), thus forming multivesicular bodies (MVBs). It has been shown 
that certain integrins, e.g., α5β1 integrin, are also degraded via this mechanism26,27. 
Although ESCRT proteins typically bulge membranes away from the cytosol, like in ILV 
formation, it has been reported that ESCRTs can also bud the membrane inwards into 
the cytosol resulting in the formation of membrane tubules28. As the worm-shaped 
ESCRT structures that we discovered are located at the plasma membrane, they are 
not involved in MVB formation. However, their role at the plasma membrane may 
involve sorting of proteins into endosomes by budding the membrane inwards, or 
into extracellular vesicles by budding the membrane outwards (Fig. 2: red arrow). 
Indeed, we found that ubiquitin co-localized with the ESCRT structures. Moreover, it 
was located mainly at the center of the structures, possibly suggesting cargo sorting 
into vesicles. In addition, we observed that TSG101, one of the ESCRT proteins capable 
of binding ubiquitin29, is present in the ESCRT structures. Also, the finding that integrins 
β2 and αM, but not integrin β1, are wrapped by ESCRT structures, pleads for selective 
cargo sorting over random sequestration of membrane proteins. Together, these 
data could point at ESCRT-mediated sorting of specific integrins (and possibly other 
proteins) destined for either endocytosis or for extracellular vesicles. However, ESCRT-III 
proteins are also ubiquitinated themselves. For instance, deubiquitination of CHMP1B 
is proposed to favor its assembly into polymers30. Possibly, the presence of ubiquitin in 
the ESCRT structures points at a mechanism in which polymerized ESCRT proteins are 
ubiquitinated to control polymer growth. In addition, the findings that β1 integrin also 
forms clusters, despite not being wrapped by ESCRT proteins, and that not all β2 and 
αM integrin clusters are wrapped by ESCRT proteins, argues against the involvement 
of ESCRT proteins in the formation of integrin clusters.

Blocking polyubiquitination, e.g., by introducing a dominant-negative form of 
ubiquitin in which lysine is substituted by arginine, followed by quantification of the size 
and number of integrin clusters may unveil whether the integrin clusters are formed due 
to selective sequestration of ubiquitinated cargo. In addition, it would be valuable to 
find out how disruption of the ESCRT structures affects the formation of integrin clusters. 
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However, as ESCRT proteins are involved in many vital processes, generating a cell line 
in which for example IST1 is knocked out will most likely disturb other functions of the 
cell. By performing siRNA-mediated IST1 or TSG101knockdown, which his performed 48 
hours prior to the experiment, we sought to limit the side-effects of ESCRT depletion. 
However, this method only moderately decreased expression levels.

Ideally, one would selectively target the ESCRT proteins located at the plasma 
membrane. As this is currently not possible, the most suitable method to investigate 
the function of the ESCRT structures is inducible depletion. This could for example 
be achieved using the recently developed auxin-inducible degron technology31. This 
technique enables the rapid and reversible depletion of degron-fused proteins. Fusion 
of the degron-tag to endogenous proteins is realized by CRISPR-Cas9-based knock-
in. Upon addition of auxin to the culture media, the fusion-protein is ubiquitinated by 
an E3-ligase, followed by degradation of the fusion-protein in the proteasome. The 
E3-ligase that is active in this technique consists of the plant protein OsTIR1, which is 
introduced by plasmid transfection, and endogenous Skp1-Cul1-F box components. 
However, as the ESCRT-III proteins in the ESCRT structures are part of a polymer, they 
may not be accessible for the proteasome. Therefore, the application of this technique 
in the research on ESCRT structures should be further explored.

Possible ESCRT-mediated endocytosis or extracellular vesicle formation could be 
further investigated by determining whether the membrane bulges towards or away 
from the cytosol. It would be interesting to determine this shape, for example by 
using a membrane probe that is compatible with stimulated emission depletion (STED) 
microscopy. As a possible lack of membrane curvature towards the glass support 
could also be an artifact caused by the rigid glass, this experiment should also be 
performed on cells cultured on a softer, more deformable culturing support, or in 
collagen matrices.

Electron microscopy on cross sections of cells perpendicular to the culture support 
could also provide information on the shape of the membrane, but has proven to be 
difficult, perhaps due to the close proximity of the ventral plasma membrane at the 
ESCRT structures to the culturing surface.

Although the shape of the membrane at the ESCRT structures was not determined, 
we determined the shape of the ESCRT structures themselves using STED microscopy. 
We observed that the ESCRT structures are flat spirals. In contrast, ESCRT polymers 
involved in the scission of HIV-1 virions are conical, with the wide side facing the 
cytosol, as has been shown with deep-etch EM32. Therefore, the flat shape of the ESCRT 
structures argues against the formation of extracellular vesicles. However, as discussed 
above, this experiment should be repeated on a deformable culture support to exclude 
that the flat shape is an artifact.

Integrin degradation or recycling
Although ESCRT proteins contribute to integrin recycling by mediating the fission of 
endosomal recycling tubules33, a role for ESCRT proteins in integrin recycling at the 
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plasma membrane has so far not been reported. Instead, the known mechanisms for 
integrin internalization from the plasma membrane comprise formation of circular 
dorsal ruffles in micropinocytosis34, clathrin-dependent endocytosis35 and clathrin-
independent endocytosis, e.g., via lipid rafts36 or via caveolae-dependent pathways37. 
Thus, if the ESCRT structures at the plasma membrane are involved in integrin uptake 
at the plasma membrane this would be a new finding. However, as next to other cellular 
processes, the ESCRT system is involved in many protein recycling processes, it is hard 
to explore the roles of the ESCRT structures in integrin degradation or recycling using 
methods involving ESCRT depletion. Therefore, it would be more informative to record 
the dynamics of the ESCRT structures and the adjacent integrins over time. So far, it 
has proven to be difficult to capture the live formation of ESCRT structures, possibly 
because phototoxicity of the microscope laser interferes with their formation. However, 
we observed that once formed, the ESCRT structures stay localized at the plasma 
membrane for multiple hours, arguing against both endocytosis and the formation of 
extracellular vesicles.

Another informative experiment would be to investigate if the ESCRT structures 
disassemble upon proteolysis of the integrin clusters located at their centers, as this 
would point at frustrated endocytosis. In a similar experiment performed by Baschieri 
et al., integrin detachment was achieved by trypsin treatment38. In an additional 
experiment, integrins containing an Arginine-Glycine-Aspartic acid-binding cleft 
(integrins α5β1, αVβ3, αVβ6, αVβ1, α8β1 and αIIβ3 integrin) were detached using the 
drug Cilengitide, which outcompetes extracellular matrix (ECM) ligands in binding this 
cleft38. Future research on the ESCRT structures could build on these methods.

A question that was not addressed in this thesis is whether the integrins in the ESCRT 
structures are active; i.e., whether they are binding to the substrate. Inactive, unbound 
integrins would plead for ESCRT-mediated removal of (damaged or superfluous) 
integrins destined for degradation. On the other hand, if the ESCRT-wrapped clusters 
contain active, substrate-binding integrins, this could point at a failed attempt to detach 
the integrins from the ECM, e.g., due to insurmountable binding strength. Although 
we did not investigate the activation state of the integrins, the findings that the ESCRT 
structures are immobile during >4 hours of live cell imaging and that plasma membrane 
fragments containing the ESCRT structures wrapping integrin clusters remain attached 
to the glass after harvesting cells with cold-procedure, strongly suggests that the 
integrins in the structures are bound to the glass support. On the other hand, talin is 
not present at the ESCRT-surrounded integrin clusters. As integrins normally recruit 
talin upon ligand binding (outside-in signaling), and talin can activate leukocyte β2 
integrins (inside-out signaling)39,40, the absence of talin argues for the closed, inactive 
integrin conformation.
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FIG. 2: Possible causes of the formation of ESCRT structures.

To directly investigate the role of the ESCRT structures in cell adhesion, we performed 
knockdowns of IST1 and TSG101. Neither of the knockdowns affected cell adhesion with 
the actin-polymerization inhibitor Latrunculin B, suggesting that the ESCRT structures 
are not involved in integrin degradation or recycling. Although IST1 knockdown did 
significantly reduce the size of the IST1 structures (i.e., immunostained with an antibody 
directed against IST1), the protein levels after knockdown may not be reduced enough 
to interfere with adhesion.

Protein delivery to the plasma membrane

Integrin delivery
ESCRT proteins are known to regulate the delivery of certain integrins (e.g. α5β1) to 
the plasma membrane41. However, as argued above, the finding that IST1 or TSG101 
knockdown does not affect cell adhesion with Latrunculin B suggests that the structures 
are not involved in integrin delivery (Fig. 2: purple arrow). This is in line with the finding 
that not all integrin clusters are surrounded by ESCRT proteins and early stage ESCRT 
structures are not positive for integrins.

Src delivery
The tyrosine kinase Src is involved in the disassembly and turnover of adhesions42. It 
has been shown that ESCRT proteins are involved in the trafficking of active Src from 
late endosomes to focal adhesions43. Lobert et al. proposed a mechanism in which the 
Src-induced phosphorylation of focal adhesion kinase (FAK) leads to phosphorylation 
of myosin light-chain kinase (MLCK) and activation of myosin light-chain (MLC), 
thereby eventually leading to cell contraction and subsequent adhesion disassembly41. 
We hypothesized that the ESCRT structures would be the result of excessive ESCRT-
mediated delivery of Src due to failure to disassemble these adhesions, resulting in 
ESCRT accumulation at the plasma membrane (Fig. 2: green arrow). 
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Src (sc-8056)IST1 Merge

Src af3389IST1 Merge

FIG. 3: Src does not seem to colocalise with IST1 structures. 
Confocal micrographs of monocyte-derived dendritic cells (moDC) immunostained for IST1 
(magenta in merge) and Src (green in merge). Each second row shows the zoom of the 
indicated region of interest. Two different antibodies for Src were used. In the top panel, 
mouse monoclonal IgG2aκ (Santa Cruz, sc-8056) was used. In the lower panel, Src was labeled 
using polyclonal goat anti-Src IgG (R&D Systems, af3389). Blue: DAPI. Scale bars: 10 μm.
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However, immunofluorescence microscopy did not show the presence of Src at the 
ESCRT structures (Fig. 3), causing us to dismiss this hypothesis.

If ESCRT structures are neither formed to sequester cargo (Fig. 2: red arrow) nor 
as a by-product of the delivery of ESCRT-containing endosomes (Fig. 2: purple and 
green arrow), they may be formed in response to the formation of actin-free integrin 
clusters (Fig. 2: blue arrow). If so, they may serve several functions. Possible functions 
are; repair of damaged plasma membrane, regulation of proteins secretion through 
holes in the plasma membrane, and support of the plasma membrane.

Repair of damaged plasma membrane
To date, IST1 has not been shown to be involved in plasma membrane repair. However, 
we observed that in addition to recruitment to the plasma membrane, IST1-GFP is 
recruited to phagosomes containing silica chips (Fig. 4), which are known to disrupt the 
integrity of the phagosomal membrane triggering inflammasome activation44. Moreover, 
in one monocyte-derived dendritic cells of one donor, we observed recruitment of 
endogenous IST1 to the nuclear envelope (Fig. 5). The cells were cultured in collagen 
matrices and were present in the matrix during the polymerization of the collagen. Many 
cells, including the cells displaying IST1 at the nuclear envelope, showed apoptotic blebs 
or deformed nuclei, suggesting that these cells may suffer from nuclear membrane 
damage, thus possibly recruiting IST1 to this location for repair.

IST1-GFP IgG-coated silica chips

FIG. 4: IST1-GFP is recruited to engulfed silica chips. 
Confocal micrograph of a moDC expressing IST1-GFP (red) that has engulfed IgG-coated silica 
chips (green). Blue: DAPI. Scale bar: 10 μm. This experiment was performed by Maxim Baranov.
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FIG. 5: IST1 forms rings at the nuclear envelope. 
Z-projections and montages of Z-stacks of confocal micrographs of 2 monocyte-derived 
dendritic cells (moDC) cultured in collagen matrices and immunostained for IST1 (magenta). 
Green: phalloidin. Blue: DAPI. Scale bars: 10 μm.

These data suggest that IST1 is involved in membrane repair. In addition, next to IST1, 
we also identified ESCRT proteins that are known to be involved in plasma membrane 
repair (e.g., CHMP1 and CHMP445,46) in the ESCRT structures.

As repair is only required in the case of damage, we sought to identify a cause 
for membrane damage in the area containing the ESCRT structures. Using live cell 
imaging, we noticed that ESCRT structures remain stable at their position, and our 
data suggest that the cells eventually leave the structures behind upon migration 
(see below). We therefore speculate that strong adhesion to the cellular support 
combined with cell migration poses mechanical stress to the plasma membrane. In 
the absence of a supporting actin meshwork, this might cause the membrane to tear. 
Indeed, we found that the plasma membranes of cells cultured in the absence of 
serum (inducing the formation of ESCRT structures) were leakier than cells cultured with 
serum. However, migration-induced tension is expected to be highest at sites located 
in-between adhesions and the direction of movement of the cell. We therefore predict 
that membrane tears and therefore ESCRT structures would mainly be present there. 
However, the localization of the ESCRT structures with regard to the nearest integrin 
cluster lacks such a pattern. In addition, the large ring- and worm-shaped assemblies of 
the ESCRT structures do not resemble the scattered ESCRT accumulations recruited to 
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laser-induced plasma membrane wounds45,47. This argues against a role for the ESCRT 
structures in plasma membrane repair.

The assembly of ESCRT proteins at damaged sites in the plasma membrane is 
dependent on Ca2+ influx45. The ESCRT structures we observed may also be recruited 
in response to increased Ca2+ levels. Possibly, ESCRT structures are formed in response 
to Ca2+ influx from the extracellular space caused by tears in the plasma membrane. 
Alternatively, the ESCRT structures might be recruited in response to increased Ca2+ 
levels that are part of Ca2+-dependent integrin detachment mechanisms. For example, 
the calcium-dependent protease calpain, cleaving for example talin, is an important 
player in rear detachment48,49. In addition, it has been shown that elevated levels of 
Ca2+ are required for the release of α5β1 integrins bound to fibronectin in neutrophils, 
potentially by interfering with integrin affinity or cellular contractility50.

Regulating the size of functional holes:
Our data showed that the plasma membrane of cells cultured in the absence of serum 
is leakier compared to cells cultured with serum, suggesting that there are holes in 
the plasma membrane. Possibly, these holes have a function and ESCRT structures 
regulate the leakage of cytoplasmic proteins (e.g. enzymes) and/or metabolites into 
the microenvironment. Proteins that may potentially be secreted via this route are for 
example galectins52 and interleukin-1β53. These proteins have extracellular functions, 
but the molecular mechanism underlying their secretion is largely unclear, because they 
lack canonical signal sequences for co-translational ER import. It would be interesting 
to study in different cell types whether the extracellular levels of such proteins is related 
to the formation of the ESCRT structures, for instance by culturing the cells in the 
absence of serum.

Supporting the plasma membrane:
When the cell moves with respect to the ECM, the integrin adhesions are subject to 
mechanical forces. To protect the plasma membrane from tearing in the absence of 
supporting cortical actin, these forces should be transduced to the ESCRT structures. 
An interesting question is: what connects ESCRT proteins to the adhesion? Possibly, an 
adaptor protein physically links the polymers to the integrins. However, the absence 
of such a connection argues against a supportive function of the ESCRT structures.

Altogether, our data suggest that the ESCRT structures serve to repair and/or 
support the plasma membrane at actin-free adhesions. This leaves us with the question; 
what is the function of actin-free adhesions?

Functions of the actin-free adhesions

Another question is how the integrin-clusters can be devoid of F-actin. First, the integrin 
clusters might be formed by regular (actin-containing) integrin-clustering mechanisms 
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initiated by for example binding of the ECM. Subsequent removal of actin would then 
lead to the formation of the actin-free adhesions (Fig. 2: blue arrow). Such actin removal 
could be due to migration-induced actin retraction from the rear of the cell. This 
would be in line with the finding that the ESCRT structures are often located at the 
rear of the cell. Alternatively, the actin-free integrin clusters may remain actin-free from 
their formation onwards, if integrin binding does not result in tethering to the F-actin 
cytoskeleton in these adhesions.

Upon maturation of dendritic cells, F-actin depolymerization increases and the 
number of vinculin-containing adhesions decreases54. If the ESCRT structures are 
formed in response to actin depolymerisation, it would be expected that mature 
dendritic cells form more ESCRT structures than their immature counterparts. However, 
we did not observe an effect of lipopolysaccharide-induced maturation on the number 
of ESCRT structures. This could be explained by the limited time interval in which 
ESCRT structures are formed after seeding. The ESCRT structures often grouped closely 
together in a single cluster and this cluster often seems to be located at the rear of the 
cell, suggesting that the ESCRT structures are formed exclusively at the sites where they 
first came in contact with the glass support. Possibly, this is because ESCRT-triggering 
adhesions are formed exclusively early after seeding, when the glass support is not 
yet “coated” with cellular and medium components. As a result, lipopolysaccharide 
may not have affected F-actin depolymerization until after the formation of ESCRT 
structures, explaining the finding that lipopolysaccharide did not affect the formation 
of ESCRT structures.

Adhesion
Canonical integrin adhesions are linked to F-actin to enable cell contractility and 
motility55. As the ESCRT adhesions are devoid of F-actin, they possibly do not play an 
active role in these processes. Therefore, the adhesions might function to allow the 
cell to stay in place. This could be useful to prevent the cells from being flushed away 
by for example blood flow or lymph flow. Increased extracellular pressure due to e.g., 
tissue swelling or muscle contractions could also induce undesired cellular movement. 
Thus, although an unproven hypothesis, the ESCRT adhesions may function to anchor 
cells to their current location in situations where they experience external forces.

Migration
ESCRT-surrounded integrin adhesions do not contain actin, and therefore are unlikely 
to contribute to cell migration. However, we observed that infiltrating cells in temporal 
artery biopsies from giant cell arteritis patients are highly IST1-positive. Additionally, 
we showed that infiltrating cells in the tonsils and the (always mildly inflamed) appendix 
are highly positive for IST1. As these cells are terminally differentiated and thus no 
longer divide, the presence of IST1 in these cells cannot be attributed to its roles in 
cytokinesis. However, as explained above, IST1 may be present to repair infiltration-
induced plasma membrane damage. In addition, IST1 may provide plasma membrane 
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support in infiltrating cells, possibly not only surrounding adhesions but also in other 
areas of the plasma membrane that are prone to damage during invasion. In this way, 
ESCRT proteins could work side by side with cortical actin. Alternatively, the presence 
of IST1 could possibly be explained by its involvement in endosomal processes. Future 
research should address the role of ESCRT structures in infiltration, by targeting ESCRT 
proteins and subsequently monitoring their capacity to infiltrate (increasingly stiff) 
collagen matrices.

As migration though soft tissues requires less mechanical strength compared to 
migrating through rigid tissues, we hypothesized that the actin-independent adhesions 
may play a role in migration in soft tissues, e.g. the brain. However, neurons, astrocytes 
and microglia did not seem to form IST1-positive structures.

Alternatively, the actin-independent adhesions may be formed in conditions 
in which the actin-dependent adhesions fail to ensure anchoring to the ECM. For 
example, it has been reported that in circumstances of stress/hypoxia, HIF signaling 
leads to calpain-2-mediated cleavage of talin-1, and subsequent downregulation of 
cell adhesion in epithelial cells56. As we found that the actin-independent adhesions 
do not contain talin, they will probably be resistant to this mechanism. In this way, the 
talin-free adhesions we identified in migratory adhesive cells (and not in epithelial cells), 
may ensure calpain-resistant adhesion in hypoxic/stressful environments to these cell 
types. This could be investigated by determining the effect of hypoxic conditions or 
small molecule inhibitors or agonists of HIF on cell adhesion in cells cultured without 
serum, versus cells cultured with serum.

Possible functions of left behind plasma membrane patches

Approximately 1 hour after seeding, the dendritic cells start to shed the part of the 
plasma membrane containing the ESCRT structures (Chapter 3, supplementary figure 
3D). These flat patches contain membrane proteins, such as HLA-DR. As not only the 
ESCRT structures, but also the surrounding plasma membrane is shed, these patches 
are not a type of extracellular vesicles. The finding that dendritic cells shed ESCRT 
structures is emphasized by the observation that ESCRT structures and other proteins 
(e.g., ALIX) were left behind at the culturing support after harvesting cells (Chapter 3, 
supplementary figure 4B). The shed patches of ESCRT structure-containing plasma 
membrane may serve a function.

Signaling platforms
Similar to exosomes57 and other extracellular vesicles58,59 like migrasomes60, the patches 
of plasma membrane left behind by the cells may have signaling functions. Supporting 
this, is the presence of signaling molecules such as HLA-DR and s100a8 in these patches. 
The membrane patches are adhered to the ECM and may therefore ensure longer 
located signaling compared to extracellular vesicles, as vesicles can fuse to cells or 
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be drained from the tissue by the lymphatic system. Possibly, this could for example 
enable prolonged stimulation of immune cells at the site of infection or in the tumor 
environment.

Regulation of fibrosis
The ESCRT structures are formed in cells cultured on glass, which is a stiff material. In 
addition, they are formed by cells cultured in collagen matrices. As collagen fibers are 
also stiff, it should be investigated whether the number of structures, and subsequently 
the amount of left behind plasma membrane patches, is correlated with the stiffness 
of the environment. If this is the case, one could speculate about possible mechanisms 
of the membrane patches in the regulation of tissue stiffness.

Another intriguing possibility is that the ESCRT membrane patches play a role in the 
activation and differentiation of T cells, as they contain HLA molecules.

For this and other purposes, it would be informing to isolate the shed membrane 
patches, and to determine their components by mass spectrometry. In addition, the 
composition of the adhesions in the cells should be investigated. One approach would 
be to isolate ventral membrane preparations61.

Implication to coat implants
Studies investigating the immunogenicity of biomaterials show that cellular adherence 
to the implanted material is mainly due to integrins which bind to proteins adsorbed 
on the implanted material62,63. Binding of integrin αMβ2 to fibronectin is known to be 
involved in the induction of inflammatory reactions64,65 and therefore plays a pivotal 
role in the immune response to implants63. The actin-free adhesions we observed also 
contain integrin αM and integrin β2. Moreover, we showed that these adhesions are 
formed on culture supports that are uncoated and therefore free of adsorbed proteins. 
This suggests that cellular adhesion to implants lacking adsorbed proteins might be 
increased compared to adhesion to protein-coated implants. This could implicate that 
in the early minutes after implantation, when the implant is not yet coated with the 
patient’s ECM proteins, the implant is most prone to cellular adhesion and therefore to 
inflammatory reactions. Interfering with integrin interactions during the first phase after 
implantation of the biomaterial may therefore reduce the risk of (chronic) inflammation. 
Integrins could be inhibited by peptidomimetic antagonists. For example, blocking 
osteoclast integrin αVβ3 reduced osteoporosis66. Alternatively, antibodies could block 
integrins, as monoclonal antibodies blocking murine α1 and α2 significantly reduced 
inflammatory responses in arthritis67

ASSESSING T CELL PROLIFERATION USING EDU
In Chapter 4, we examined the final task in the life of the dendritic cell: activation of 
T cells. The efficiency of T cell activation is commonly assessed by quantification of 
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T cell proliferation, as this is a hallmark of activated T cells. We compared an assay 
employing the nucleoside analog 5-ethynyl-2′-deoxyuridine (EdU) to CellTrace, which is 
a standard assay in the field. Human T cells were stimulated by allogenic moDCs or by 
dynabeads displaying anti-CD3 and anti-CD28 antibodies. Key findings were that EdU is 
less toxic and offers better signal-to-background ratio. In addition to the data shown in 
Chapter 3, we also compared EdU to CellTrace in an assay comprising antigen-specific 
T cell activation. In this experiment, we exposed moDCs to a long peptide carrying an 
epitope from the cancer antigen NY-ESO-1. Subsequently, we cocultured these moDCs 
with autogenic CD8+ T cells expressing a transgenic T cell receptor specific for the 
NY-ESO-1 epitope in the context of MHC class I allotype HLA-A2.01. Although we only 
performed this assay in two donors, the data show that EdU is again less toxic, results 
in a lower background signal and enables better detection of interferon-ƴ compared 
to CellTrace (Fig 6).

The number of T cells that is specific for a certain antigen is generally only >0.1% 
of all blood lymphocytes68,69. Detection of antigen-specific T cell responses is central 
to several diagnostic assays, for example for diagnosis of type 4 hypersensitivities. 
So far, detection of antigen-specific T cell responses using flow cytometry has been 
challenging due to the low numbers of antigen-specific T cells. In dilution-based 
probes like CellTrace, these cells cannot be detected with high confidence due to 
high background caused by staining heterogeneities. As the background signal in the 
EdU assay is very low, this assay may enable identification of these low numbers of 
proliferating cells, and may therefore allow for more sensitive detection of antigen-
specific T cell responses using flow cytometry. The EdU assay could also be a cheaper 
alternative to current assays, as it does not require the use of expensive antibodies.

In addition to its implications in T cells, EdU might also be highly suitable for the 
assessment of proliferation of other cell types. For example, as EdU is only added two 
hours prior to the end of the experiment, its effects on the viability and proliferation 
of other cell types is predicted to be very low, too. Therefore, the EdU assay could be 
a valuable tool in different areas of research such as stem cell research and cancer 
research. In addition, the EdU assay may potentially be further improved by the addition 
of a second click-able nucleoside-analog. As this can duplicate the signal of proliferating 
cells, this is predicted to lead to an even better signal-to-background ratio.

Next to its applications in proliferation, clickable uridine has other interesting 
applications. 5-Ethynyl Uridine, the RNA variant of EdU, is currently on the market to 
visualize RNA transcription70. Although it does not allow monitoring of protein-specific 
transcription, it can be used for temporal and spatial visualization of transcription71. 
Potentially, this could function as a tool to identify senescent cells. In addition, clickable 
Ethynyl Uridine may have applications in mRNA vaccines, as it enables the addition 
of clickable chemical moieties to mediate its targeting to uptake-receptors. For 
example, coupling mRNA to antibodies might promote its uptake via Fc-receptors. In 
addition, modified nucleotides have been shown to affect both the transcription and 
immunogenicity of RNA72.



179

Discussion

50

300

600

900

1200

1500

1800

2100

2400

2700

 

0

100

200

300

+ + + +
NY-ESO
TCRNY-ESO

+ - + -

+ + + +
+
+

+
+
-

+
+
+

+
+
-

+

+
+ + - - + + -+ -

moDC + + + +
NY-ESO
TCRNY-ESO

+ - + -

CD8+ + + + +
+
+

+
+
-

+
+
+

+
+
-

+

+
+ + - - + + -+ -

B.
CellTrace
EdU

0

20

40

60

80

100

0

20

40

60

80

100

moDC + + + +
NY-ESO
TCRNY-ESO

+ - + -

CD8+ + + + +
+
+

+
+
-

+
+
+

+
+
-

+

+
+ + - - + + -+ -

moDC + + + +
NY-ESO
TCRNY-ESO

+ - + -

CD8+ + + + +
+
+

+
+
-

+
+
+

+
+
-

+

+
+ + - - + + -+ -

Li
ve

 c
el

ls
 (e

78
0- , 

%
)

 C
el

lT
ra

ce
-d

ilu
te

d 
or

 E
dU

-lo
ad

ed
C

D
3+ 

(%
)

C .

moDC
CD8+

D. E .

IF
N

-γ
 (p

g/
m

L)

IL
2 

(p
g/

m
L)

N=2, 
4 replicates

N=2

N=2 N=2

Generation of immunological synapses
day 0 day 1 day 2 day 3 day 4

Add CD8+  
to moDC

Pre-stain CD8+

with CellTrace 
Supernatant

ELISA

day -1

Transfect CD8+ with mRNA of 
NY-ESO-specific TCR

NY-ESO
Antigen to 

moDC

 EdU - 2h

Detect proliferating
cells with 

flow cytometry

A.

FIG. 6: Performance of EdU vs. CellTrace in an assay comprising NY-ESO-1-mediated 
stimulation of human CD8+ T cells. 
(A) Scheme of the experiment. Monocyte-derived dendritic cells (moDCs) from an HLA-A2.01-pos-
itive donor were exposed to a long peptide fragment of NY-ESO-1. One day later, T cells were 
transfected with mRNA coding for a T cell receptor recognizing an epitope from NY-ESO-1 
in the context of HLA-A2.01. Subsequently, moDCs and T cells were co-cultured. After four 
days, cytokines in the supernatant, cell viability and cell proliferation was measured. N=2. (B) 
Interferon-ƴ levels as determined by ELISA. (C) Same as panel A but now showing interleukin-2 
levels. (D) Cell viability as determined with the live-dead staining eFluor780. (E) Proliferating 
cells (EdU-positive), as percentages of all CD3+ cells. This experiment was performed by Maxim 
Baranov and Alexine de Wit.
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An interesting finding is that expression of the activation marker CD40L is lower in cells 
exposed to CellTrace compared to EdU cells. Possibly, CellTrace inhibits T cell activation 
due to its binding to free amines. This potentially also affects intracellular signaling 
required for T cell activation. Although not significant, we also observed lower secretion 
of interleukin-2 in cells exposed to CellTrace. This may possibly also be explained by 
binding of CellTrace to amines.
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