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A B S T R A C T

Microtubules (MTs) are tubular polymers of tubulin that are highly dynamic and found throughout the cyto-
plasm. MTs are involved in maintaining cell structure and, together with microfilaments and intermediate fi-
laments, form the cytoskeleton. Recent findings on MT structure and function contributed to the understanding
of their potential role as players in the innate and adaptive immune systems. Additionally, studies suggest an
essential role for these cellular structures in the gut. Here, we review recent data on interactions between MT and
various arms of the immune system and propose a model that represents gut MTs as potential targets for im-
munotherapy, and specifically for oral immunotherapy.

1. Introduction

Many current immune-based therapeutic methods target lympho-
cytes or alter the secretion of mediators (e.g., cytokines) from immune
cells. Recent findings on microtubule (MT) structure and function
contribute to the understanding of their potential roles as players in the
innate and adaptive immune systems (Ilan, 2019). Additionally, studies
suggest a potential role for these cellular structures in the gut. This
review summarizes data regarding the role of MT in the immune system
and suggests a model in which they can serve as potential novel targets
for immunotherapy and specifically for gut-immune-system-based oral
immunotherapy.

1.1. Microtubules

MTs, tubular polymers of tubulin, are highly dynamic and found
throughout the cytoplasm (Pilhofer et al., 2011). MTs are involved in
maintaining cell structure and, together with microfilaments and in-
termediate filaments, form the cytoskeleton. MTs also comprise the
internal structure of cilia and flagella (Vale, 2003), and are involved in
chromosome mitosis and meiosis as constituents of mitotic spindles
(Derivery et al., 2015). Additionally, MTs provide platforms for in-
tracellular transport, movement of secretory vesicles, organelles, and
intracellular macromolecular assemblies. Proteins that bind to MTs
include kinesin, dynein, and katanin (Howard and Hyman, 2007). In
polarized interphase cells, MTs are disproportionately oriented from
MT-organizing centers (MTOCs) toward the site of polarity (Luders and
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Stearns, 2007). Dynamic MTs regulate levels of G proteins that regulate
cell contractility and spreading and are required to trigger focal-adhe-
sion disassembly, which is necessary for migration (Ezratty et al.,
2005).

Several drugs that bind tubulin also modify its properties (Ganguly
et al., 2010). These drugs are capable of stopping the cell cycle in order
to promote programmed cell death or apoptosis, although interference
with MT dynamics is insufficient to block cells undergoing mitosis
(Ganguly et al., 2010). However, suppression of MT dynamics inhibits
cell migration (Yang et al., 2010). Drugs that alter MT dynamics include
anti-neoplastic agents (paclitaxel and docetaxel) that block dynamic
instability by stabilizing GDP-bound tubulin in the MT, epothilones
(e.g., ixabepilone, nocodazole, vincristine, and colchicine) that have an
opposite effect and prevent tubulin polymerization into MT, and eri-
bulin, which binds to the favorable growing end of MTs and triggers
cancer-cell apoptosis (LaPointe et al., 2013).

MT-associated proteins (MAPs) are involved in regulating MT dy-
namics (Barsegov et al., 2017). The rate of MT polymerization and
depolymerization varies depending on the type of MAPs that are pre-
sent and classified based on their molecular weight. Tau (τ) proteins
bind to MTs to promote nucleation, prevent disassembly, and induce
the formation of parallel arrays (Sayas and Avila, 2014). Another class
of MAPs is separated into MAP-1, MAP-2, MAP-3, and MAP-4. MAP-1
proteins are involved in the retrograde transport of vesicles and can
associate with cytoplasmic dynein, an MT motor. MAP-2 proteins are
located in neuronal dendrites and bodies, where they bind other cy-
toskeletal filaments. MAP-4 proteins are found in a majority of cells and
stabilize MTs (Halpain and Dehmelt, 2006; Maiato et al., 2004;
Cassimeris and Spittle, 2001). In addition to MAPs that have a stabi-
lizing effect on MT structure, other MAPs destabilize MTs either by
cleavage or through induction of MT depolymerization (Ghosh et al.,
2012; Salinas et al., 2007), with the proteins katanin, spastin, and
fidgeting capable of regulating the number and length of MTs through
their destabilizing activities.

1.2. Microtubules and immune cells

1.2.1. The role of MTs in the immune synapse: polarization during T cell
activation

An essential feature of T cell recognition is the formation of an
immunological synapse (IS) between a T cell and the cell that it re-
cognizes (Dustin and Baldari, 2017). Synapses rely upon cell–cell con-
tacts formed between T lymphocytes and antigen-presenting cells
(APCs). The formation of an IS correlates with cytotoxicity in the case of
killer cells (mostly CD8+), T cell activity, robust cytokine release, and
proliferation in cases of a longer-lived IS formed by CD4+T helper
(Th) cells. In the IS, T cells release chemokines via a multidirectional
pathway directed away from the synapse (Huse et al., 2008).

Intracellular organelles are polarized and highly constrained by the
cytoskeleton. This relationship is established for neurons and epithelial
cells and also occurs in T lymphocytes (Martin-Cofreces et al., 2014). T
cell receptor (TCR) signal transduction initially directs cytoskeletal- and
vesicle-traffic polarization, which establishes IS design to regulate T cell
activation (Soares et al., 2013; Ritter et al., 2013). The function of the IS
depends upon an active T cell polarization process, which results from
cross-talk between antigen-receptor signal-transduction machinery,
actin, and MT cytoskeletons (Soares et al., 2013). Electron microscopy
studies show that the initial interaction between T cells and target cells
occurs through projections from the T cell that form an inter-digitated
contact area between cells (Sanderson and Glauert, 1979), with the
initial stage of IS formation involving invasive T cell pseudopodia that
penetrate deeply into the APC, almost to the nuclear envelope. T cell
projections also predominate in new synapses formed by CD4+T cells
(Ueda et al., 2011).

Several dynamic changes in MT organization occur below the IS
(Ueda et al., 2011). Organelle polarization occurs in the early phase of

T cell activation, with the IS determining the rhythm of organelle
motion and the spread of signal activation to the nucleus (Martin-
Cofreces et al., 2014). Centrioles and the Golgi complex are located
beneath the synapse, with centrioles shifted toward the late contact
zone with either B lymphocytes or bone-marrow-derived dendritic cells
(DCs). Thin, lengthy processes on the surface of the T cells originate
predominantly from the area next to the Golgi apparatus and are in-
volved in orientation during the initial phases of attachment, which
precede IS formation (Arkhipov and Maly, 2015). The primary cilium is
a sensory organelle that integrates multiple signals from the environ-
ment into a cellular response (Singla and Reiter, 2006). The IS and the
primary cilium may facilitate contact between the centrosome and the
plasma membrane during ciliogenesis (de la Roche et al., 2016); how-
ever, the centrosome, which communicates with the plasma membrane,
and the Golgi apparatus are polarized toward the plasma membrane at
the site of centrosome contact (Hildebrandt and Otto, 2005). Dynein
drives centrosome repositioning in T cells via MT end-on capture-
shrinkage operating at the center of the IS (Yi et al., 2013). Centrosome
repositioning can be impaired by inhibiting dynein or MT depolymer-
ization (Yi et al., 2013; Martin-Cofreces et al., 2008). The actin cytos-
keleton controls the organization and activation of signaling micro-
clusters at the IS in a nitric oxide (NO) dependent manner. NO
generated by endothelial nitric oxide synthase (eNOS) controls the
coalescence of protein kinase C-theta (PKC-theta) at the central supra-
molecular activation cluster (c-SMAC) of the IS (Garcia-Ortiz et al.,
2017) Nitrosylation of actin through eNOS centrosomal/Golgi-resident
enzyme plays a role in this process.

Immune cells lack a cilium, with the IS representing a type of sur-
rogate cilium that utilizes machinery associated with ciliogenesis, in-
cluding MT nucleation at the centrosome (Cooley et al., 2016). Many
similarities exist between the IS and cilium (de la Roche et al., 2016),
and these functional similarities raise the possibility that the adaptive
immune system has modified an ancient organelle to create a sensory
and signaling structure to focus secretion and provide a regulated me-
chanism for communicating between cells. Both structures have a
membrane-docked centrosome that reduces cortical actin in a region
where the centrosome attaches at the plasma membrane (Francis et al.,
2011; Cooley et al., 2016; Francis et al., 2011; Ritter et al., 2015;
Stinchcombe et al., 2006). Intraflagellar-transport proteins essential for
the assembly and maintenance of cilia and flagella are found in
CD4+T cells (Rosenbaum and Witman, 2002; Finetti et al., 2009), and
ciliary transforming growth factor-β (TGFβ) signaling is regulated by
endocytosis at the ciliary pocket (Clement et al., 2013). In addition to
their roles in signaling, both primary cilia and IS form specialized Ca2+-
signaling structures. The efficiency of energy supply by the mitochon-
dria depends on its proper positioning within the cytosol. In lympho-
cytes, mitochondria preferentially localize into the vicinity of the IS, a
process which is regulated by motor-based cytoskeleton-mediated
transport (Quintana and Hoth, 2012). The IS as a critical cellular
compartment for Ca(2+) dependent lymphocyte activation (Quintana
et al., 2011, 2009; Kummerow et al., 2009). Ca2+ influx is locally
generated at the synapse through a stromal-interaction molecule 1
(STIM1)-activated Ca2+-release-activated Ca2+ (CRAC) channel in
the plasma membrane and is required for effective TCR signaling
(Hogan et al., 2010). IS formation induces the accumulation of CRAC/
ORAI1 Ca(2+) channels, the CRAC/ORAI channel activator STIM1, K
(+) channels and plasma membrane Ca(2+) ATPase (PMCA) within
the IS (Quintana and Hoth, 2012). The primary cilia play roles in dif-
ferent signaling pathways (Huangfu et al., 2003; Rohatgi et al., 2007).
The Hedgehog (Hh)-signaling pathway is involved in T cell develop-
ment in the thymus during the differentiation of naive CD4+T cells
into Th2 cells, as well as in the CD8 synapse (Crompton et al., 2007). Hh
signaling is required for upregulation of Ras-related C3 botulinum toxin
substrate (RAC)1, which plays a role in actin and MT dynamics
(Wittmann et al., 2003).

Similar to primary cilium that shed vesicles (Dubreuil et al., 2007),
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T cells secrete vesicles at the IS, cytotoxic granules, and microvesicles
carrying bioactive molecules, microRNAs, and TCRs (Choudhuri et al.,
2014; Mittelbrunn et al., 2011). There are differences between synapses
and cilia. Cilia are stable structures that persist for days, whereas IS are
transient, existing only for a few minutes in cytotoxic T lymphocytes
(CTLs). Several studies challenge the idea that the centrosome directly
contacts the plasma membrane in the IS, and suggest that the centro-
some polarizes toward the synapse with granules being delivered by
short MTs that bridge the gap between the centrosome and the secre-
tion site at the plasma membrane (Bertrand et al., 2013). The mother
centriole docks at the plasma membrane of the IS through its distal
appendages, and MTs radiate outward from the subdistal appendages to
provide a mechanism for granule delivery directly to the synapse
membrane (de la Roche et al., 2016).

CTLs are triggered to undergo rapid, polarized secretion of cytolytic
granules to promote TCR signaling within minutes. Once CTLs re-
cognize their target cells on the periphery, a synapse is formed, and the
cytolytic granules are secreted. CTLs build a cytolytic IS with their
target cell following actin and MT-cytoskeleton restructuring, which
orients the centrosome near the plasma membrane at the point of TCR
signaling (de la Roche et al., 2016). CTLs kill target cells via the po-
larized secretion of cytotoxic granules recruited around the polarized
MTOC at the IS. In a dynein-dependent transport process, the granules
move along the MTs toward the MTOC in the minus-end direction and
in a kinesin-1-dependent process (Kurowska et al., 2012), whereas se-
cretory granules move toward the centrosome and are delivered to the
point of secretion. CTLs destroy pathogen-infected cells by polarized
exocytosis of secretory lysosomes containing the pore-forming protein
perforin, which involves movement of the centrosome in order to
contact the plasma membrane at the center of the IS formed between
killer and target cells. However, other studies suggest that MTOC po-
larization is not essential for efficient, lethal hit delivery (Bertrand
et al., 2013). In CTL/target-cell conjugates, lytic granule secretion
precedes MT polarization, and inhibition of MTOC and centrosome
polarization impairs neither lytic granule release at the CTL synapse nor
killing efficiency. Disorganization of the T cell MT cytoskeleton abro-
gates cytotoxic granule exocytosis and the synaptic secretion of che-
mokines (Franciszkiewicz et al., 2014).

IS formed by naive CD8+T cells and fully differentiated CTLs with
their APCs are similar. Both cell types form a central supramolecular
activation cluster (cSMAC) of TCRs, polarize their centrosomes (the
MTOC in T cells) to the contact site with the APC, and reorganize their
actin cytoskeleton to form a distal SMAC (dSMAC) (Stinchcombe et al.,
2006). TCR signaling is triggered at the IS by the generation of signaling
complexes that associate into dynamic TCR microclusters (TCR-MCs).
For TCR signaling, TCR-MCs coalesce in the center of the IS to form the
cSMAC (Grakoui et al., 1999), which is dependent upon F-actin flow
and MT movement driven by dynein motors (Hashimoto-Tane et al.,
2011). F-actin flow regulates TCR-MC movement at the IS periphery,
with dynein-mediated transport of TCR-MCs along the MT occurring in
the center of the IS. Dynein and the MT plus-end binding 1 (EB1)
protein, which recruits dynein to the plus-end of the MT, co-im-
munoprecipitate with the TCR-complex component CD3 (Zyss et al.,
2011; Martin-Cofreces et al., 2012; Liu et al., 2013). The minus-end-
directed MT motor protein dynein is recruited to the dSMAC down-
stream of diacylglycerol (DAG) and controls centrosome translocation
(Lin et al., 2009). It is possible that dynein pulls MTs from the IS per-
iphery using a cortical sliding mechanism to translocate the centrosome
to the activation site (Kuhn and Poenie, 2002). By contrast, another
study suggests that centrosome translocation to the IS occurs by a
capture-shrinkage mechanism, in which pioneer MTs that extend be-
tween the centrosome and plasma membrane at the synapse use the
dynein motor force together with depolymerization to shorten (Yi et al.,
2013).

When T cells recognize a peptide–MHC complex on APCs, TCR-MCs
are generated and move along MTs toward the center of the IS and in

the direction of the T cell–APC interface in a dynein-dependent manner
in order to form cSMAC. This movement regulates T cell activation
(Hashimoto-Tane et al., 2011), and the dynein motor complex re-
portedly co-immunoprecipitates with the TCR complex. T cells with
impaired cSMAC formation exhibit enhanced cellular activation, in-
cluding protein phosphorylation and IL-2 production (Hashimoto-Tane
et al., 2011).

To control centrosome polarization, TCR activation triggers actin
reorganization and initiates centrosome polarization and translocation
of the associated secretory organelles to the IS. Rapid actin re-
organization occurs as the cytolytic synapse forms, with actin flow
creating a mechanical force required to activate the integrin and ensure
tight adhesion between T cells and the APC as they meet (Comrie et al.,
2015). In the first 20 s after contact is made between a CTL and a target
cell, actin accumulates at the IS; however, within the next 20 s–40 s,
actin is depleted across the synapse (de la Roche et al., 2016). Si-
multaneous with this membrane reorganization, plasma-membrane-
associated TCRs cluster at the center of the actin-depleted area to form
a cSMAC within 2min of contacting the target cell (Ritter et al., 2015).
The initial contacts in the IS occur via actin-rich protrusions at the
leading edge of migrating T cells, which are regulated by protein kinase
Cδ (PKCδ), RAC1, and downstream effectors of actin polymerization,
including Wiskott–Aldrich syndrome protein (WASP) (Wei et al., 2014).
These protrusions form the first point of contact between cells as the IS
forms, and they correspond to the actin foci reportedly required for
activation of phospholipase Cγ1 (PLCγ1) via WASP (Kumari et al.,
2015). Contact mapping microscopy was used to study the fractal or-
ganization of microvilli showing that the majority of opposing surfaces
occur within 1min. Stabilization of the microvilli was independent of
tyrosine kinase signaling and the actin cytoskeleton, suggesting a spe-
cific selection of TCR microclusters (Cai et al., 2017).

CD4+T cell activation and IS formation are associated with mi-
gration of the MTOC and organelles toward the APCs. MTs are essential
for directing cytokines into the IS, but are not involved in the number of
cytokines produced early after its formation. MTs also play a role in
mobilizing organelles toward the IS during T cell activation and in
stabilizing organelles against a force generated through actin poly-
merization to ensure their movement toward the APCs (Ueda et al.,
2015). CD4+T cells treated with an MT-destabilizing agent (vinblas-
tine) following IS formation display dispersed MTOCs along with the
movement of other major cellular organelles away from the IS. Cyto-
kines are not directed toward the IS, but are randomly secreted in
quantities similar to those observed in IS secretion (Ueda et al., 2015).

The close interdependence between cytoskeletal dynamics in T cells
and Ca2+ signaling provides positive feedback for T cell activation
(Babich and Burkhardt, 2013). Ca2+ channels regulate both ciliary
activity and exocytosis via an influx of extracellular Ca2+ and the re-
lease of Ca2+ from specialized alveolar sacks, which is reminiscent of
Ca2+ release from secretory lysosomes found in T cells (Plattner, 2015).
Inositol cleavage by PLCγ1 simultaneously triggers both the release of
endoplasmic reticulum stores and DAG-dependent MTOC reorientation,
thereby depleting the pool of phosphatidylinositol-4,5-bisphosphate, an
activator of multiple actin-regulatory proteins (Huse et al., 2008). Cy-
toskeletal dynamics promote Ca2+ signaling in two phases. During the
first phase, Ca2+ is released from endoplasmic reticulum stores, and the
actin cytoskeleton encourages mechano-transduction and serves as a
dynamic scaffold for microcluster assembly. Proteins that drive actin
polymerization, such as WASP and hematopoietic lineage cell-specific
protein 1, promote signaling through PLCγ1 and Ca2+ release from
endoplasmic reticulum stores (Huse et al., 2008). The second phase
involves STIM1 clustering and CRAC-channel activation. In this phase,
the WASP-family verprolin homologous protein complex and the MT
cytoskeleton promote STIM1 clustering at sites of plasma-membrane
apposition, thereby opening membrane channels. Conversely, elevated
intracellular Ca2+ activates cytoskeletal remodeling (Huse et al., 2008).

Several molecules are involved in the regulation of T cells via an

T. Ilan-Ber and Y. Ilan Molecular Immunology 111 (2019) 73–82

75



effect on the cytoskeleton. IQ motif-containing GTPase-activating pro-
tein 1 (IQGAP1) is a cytoskeleton-interacting scaffold protein that
mediates chemokine receptor 4 cell-surface expression and signaling
(Bamidele et al., 2015). The Rho GTPase cell-division control protein 42
(Cdc42) coordinates regulation of the actin and MT cytoskeletons by
binding and activating WASP. Cdc42 plays a role in the motility of
mature B cells, their interaction with T cells, and their differentiation
into antibody producing cells (Gerasimcik et al., 2015). Deletion of
Cdc42 in B cells is associated with the formation of smaller germinal
centers and reduced antibody response, as well as impaired formation
of protrusions that contain F-actin, MTs, and Cdc42-interacting protein
4. GTPase, a member of the immunity associated protein (GIMAP) fa-
mily, is highly expressed on immune cells. Additionally, GIMAP4 ex-
hibits GTPase activity, and its transcription is regulated during early
human CD4+Th differentiation. GIMAP4 localizes to cytoskeletal
elements and controls cytokine secretion in early differentiating human
CD4+Th lymphocytes and, in particular, the secretion of interferon-γ
(Heinonen et al., 2015). GIMAP5 functions in T lymphocytes are asso-
ciated with facilitation of MT-dependent mitochondrial buffering of
Ca2+ (Chen et al., 2013). Additionally, GIMAP5 deficiency in T cells
impairs Ca2+ entry via plasma-membrane channels. Disruption of MTs,
but not the actin cytoskeleton, abrogates mitochondrial Ca2+ seques-
tration in T cells.

Activated interleukin (IL)-7 receptors embedded in membrane mi-
crodomains induce actin-microfilament meshwork formation, an-
choring MTs that grow radially from rafted receptors to the nuclear
membrane. Phosphorylated signal transducer and activator of tran-
scription 5 is loaded onto kinesins and slides along MTs across the cy-
toplasm to reach the nucleus following IL-7 stimulation (Tamarit et al.,
2013).

T cell activation requires the growth of MTs mediated by the plus-
end-specific protein EB1, interaction of which with TCR is essential for
controlling TCR sorting (Martin-Cofreces et al., 2012). Activated ex-
tracellular signal-regulated kinases (ERKs) are localized at the IS, with
their activation critical for MTOC polarization (Filbert et al., 2012).
Taxol (which inhibits microtubule depolymerization) and ciliobrevin (a
dynein inhibitor) block centrosome polarization when used together,
whereas taxol alone slows polarization. Pioneer MT, which plays a role
in the formation of protrusions at the leading edge of migratory cells, is
regulated by RAC1 and stathmin and forms complexes involved in
centrosome polarization (Wittmann et al., 2003; de la Roche et al.,
2013; Gomez et al., 2007). Stathmin is an ERK substrate and a regulator
of the MT network during T cell activation, at which time ERK is re-
cruited to the IS to allow its phosphorylation of stathmin molecules
(Filbert et al., 2012). The cytoskeletal-adaptor protein paxillin localizes
to the MTOC in T cells and upon target-cell binding is recruited to the
SMAC. Paxillin is recruited to sites of integrin engagement and con-
tributes to MTOC reorientation required for degranulation (Robertson
and Ostergaard, 2011).

Ezrin is a membrane-microfilament linker that regulates IS archi-
tecture and T cell activation via interaction with the scaffold protein
discs large homolog 1 (Dlg1). Ezrin plays a role in microcluster dy-
namics and TCR signaling through its ability to establish MT-network
organization at the IS. Along with Dlg1 and MTs, it promotes the or-
ganization of the IS and TCR-signal downregulation (Lasserre et al.,
2010). Aurora A is a serine/threonine kinase that contributes to mitosis
progression by inducing MT nucleation and plays a role in antigen-
driven T cell activation. Aurora A is phosphorylated at the IS during
TCR-driven cell contact, and inhibition of Aurora A disrupts MT dy-
namics and CD3 zeta-bearing vesicles at the IS. Additionally, absence of
Aurora A activity impairs activation of early signaling molecules
downstream of TCRs, as well as expression of IL-2, CD25, and CD69
(Blas-Rus et al., 2016). The MT-damaging agent aruncin B exerts
apoptogenic activity, with its exposure to T cells causing apoptosis, MT
damage, G2/M-arrest, B cell lymphoma 2 (Bcl-2) phosphorylation, Bcl-2
homologous antagonist/killer activation, loss of mitochondrial

membrane potential, cytochrome c release, activation of multiple cas-
pases, and poly(ADP-ribose) polymerase degradation (Han et al., 2012).
Sperm-associated antigen 6 is a component of the central apparatus of
the axoneme, plays a role in ciliary and flagellar motility, and regulates
IS function (Cooley et al., 2016). It is expressed in lymphoid tissues and
is associated with the centrosome in lymphocytes, where its deficiency
results in IS disruption due to loss of centrosome polarization and actin
clearance at the synaptic cleft, defective CTL functions, impaired hu-
moral immunity, reduced germinal centers, and decreased production
of class-switched antibodies (Cooley et al., 2016).

Antibody blockade of co-inhibitory receptor lymphocyte activation
gene-3 (LAG3) and programmed cell death 1 (PD1) or knockout of
LAG3 and PD1 enhances T-effector function. LAG3 and PD1 co-localize
in activated CD8+T cells at trans-Golgi vesicles, early/recycling en-
dosomal compartments, lysosomes, and MTOCs. The association of
LAG3 with PD1 contributes to their trafficking to the IS, leading to
synergistic inhibition of T cell signaling (Huang et al., 2015). These
data support a close association between several molecules associated
with MT–lymphocyte interconnections in the IS.

1.2.2. MTs and B cell function
The ability of B cells to capture external antigens and present them

as peptide fragments on major histocompatibility complex (MHC) class
II molecules to CD4+T cells is vital to the adaptive immune response
(Yuseff et al., 2013). The interaction of B cells with antigens presented
on the surface of neighboring cells in secondary lymphoid organs
triggers the formation of an IS that facilitates efficient processing of
membrane antigens. The establishment of an IS is coupled to an arrest
in B cell migration, which enables antigen acquisition. B cells use cell
polarity to coordinate the events that lead to efficient humoral re-
sponses (Yuseff et al., 2013).

The MT network is essential for B cell synapse formation. The me-
chano-sensing ability of B cells is dependent upon MTs and linked to the
actin cytoskeleton (Wan et al., 2013), which is important for the traf-
ficking of B cell receptor (BCR)–antigen complexes (Yuseff et al., 2013).
The BCR comprises a plasma membrane immunoglobulin coupled to a
signaling module formed by the Igα–Igβ dimer, which contains im-
munoreceptor tyrosine-based activation motifs, in which tyrosine re-
sidues are phosphorylated by SRC family kinases upon antigen en-
gagement (Reth and Wienands, 1997). This results in recruitment and
activation of SYK, followed by induction of calcium signaling, involved
in initiating gene transcription required for B-cell function (Baba and
Kurosaki, 2011). The early events of B-cell activation induce a rapid
actin-dependent membrane-spreading response at the antigen-contact
site, which increases the number of BCR-antigen encounters (Harwood
and Batista, 2010). Antigens are gathered into BCR microclusters, fol-
lowed by a contraction phase in which antigen-BCR complexes join into
a central cluster. This contraction is caused by the concerted actions of
rearrangements of the cortical actin cytoskeleton and is mediated by
ERM proteins that link plasma membrane proteins to the actin cytos-
keleton, and the MT-based motor protein dynein (Treanor et al., 2011).

The actin cytoskeleton is also required for internalized BCR-antigen
complexes to be stored within non-terminal lysosomal compartments in
which antigen degradation is limited. BCR-dependent actin remodeling
also controls the trafficking of MHC class II molecules, stimulating the
formation of the antigen-processing compartment. Following BCR en-
gagement, actin-associated motor myosin II is activated and regulates
the polarized transport of MHC class II molecules towards internalized
antigens (Weber et al., 2008). B cell polarity is essential for B cell ac-
tivation. B cells rapidly polarize their MTOC, together with MHC class
II+ lysosomes, towards the antigen contact site (Yuseff et al., 2013).
Following antigen acquisition, B cells continue to show a polarized
phenotype.

Dynein is required to concentrate BCR microclusters at the IS.
Similar to IS established CTLs, B cells rapidly relocate their MTOC to
the site of antigen encounter (Yuseff et al., 2011). The MT network
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guides lysosome trafficking to the IS that forms upon BCR engagement
with the immobilized antigen. BCR engagement initially induces fast
depolymerization of the actin cytoskeleton, followed by a polarized re-
polymerization. Coupling of BCR signaling and dynamic actin cytos-
keletal reorganization is required. BCR engagement triggers tyrosine
phosphorylation of actin-binding protein which promotes dynamin re-
cruitment and actin rearrangements that enable receptor internaliza-
tion into late-endosome compartments, where antigen processing oc-
curs (Onabajo et al., 2008).

Tunneling nanotubes (TNTs) are extended intercellular connecting
structures providing a particular transport route between two neigh-
boring cells and have been reported in T cells, natural killer (NK) cells,
DCs, and macrophages. Mature B cells form extensive TNT networks
under conditions resembling the physiological environment.
Spontaneous growth of TNTs is either reduced by BCRs or increased by
LPS signals, supporting the role of cytoplasmic Ca2+ in the regulation of
TNT formation. Transport of GM1/GM3+ vesicles, lysosomes, and
mitochondria inside of TNTs and intercellular exchange of MHC-II and
B7-2 (CD86) molecules might serve as pathways of intercellular com-
munication and immunoregulation (Osteikoetxea-Molnar et al., 2016).
Downstream BCR effectors, including the Rho GTPases RAC1 and
RAC2, regulate actin-cytoskeletal rearrangements that promote actin
polymerization, after which actin-cytoskeleton reorganization occurs
through activation of the actin-severing protein cofilin (Freeman et al.,
2011). These data support a role for MTs and MT-related proteins in B
cell function and synapse formation.

1.2.3. MTs and innate cells: NK, NKT, and DCs
The cytoskeleton also acts as a central regulator of innate immune

cells (Lagrue et al., 2013). NK cells discriminate between target cells by
using activating and inhibitory signals at the IS and similarly polarize
their centrosome to CTLs (Stinchcombe et al., 2006); however, integrin
activation alone triggers centrosome and granule polarization in NK
cells, but not in CTLs (March, 2011). The integrin signal in NK cells is
mediated by integrin-linked kinase, which forms a heterotrimeric
complex involved in cell adhesion, spreading, and polarity (Legate
et al., 2006). The dynamics of filamentous actin are essential for or-
ganizing NK-cell receptors, establishing cellular polarity, and co-
ordinating immune receptor and integrin-mediated signaling, as well as
directing secretion of lytic granules and cytokines (Lagrue et al., 2013).

Centrosome polarization is a mechanism involved in secretory ly-
sosome delivery to the IS in NK and NK-T cells (Stinchcombe et al.,
2011). The MT network determines the distribution of lytic granules
and vesicles containing cytokines to the synapse. Exocytic and en-
docytic organelles polarized toward the centrosome at the plasma
membrane form a focal point for exocytosis and endocytosis within the
IS. Patients with loss-of-function mutations in the dedicator of cyto-
kinesis-8 protein display low T cell number, and their NK cells have
reduced cytotoxicity (Zhang et al., 2009). Additionally, patients lacking
coronin 1 A, an actin-regulatory protein, display loss of NK-cell activity
linked to a failure to reorganize synaptic cortical actin, which inhibits
granule release (Mace and Orange, 2014).

DCs rapidly extend their class II MHC-positive late endosomal
compartments into tubular structures, a process induced by Toll-like
receptor (TLR) triggering. Tubular endosomes within DCs polarize to-
ward antigen-specific CD4+ T cells, with TLR triggering inducing late-
tubular endosomes in DCs. TLR triggering was insufficient for tubula-
tion of transferrin-positive endosomal recycling compartments (ERCs)
in DCs, as tubulation of ERCs within human DCs requires antigen-spe-
cific CD8+ T cell interactions. MT disintegration abolished tubular
ERCs, which coincided with reduced antigen-dependent CD8+ T cell
activation (Compeer et al., 2014).

These findings demonstrate the importance of cytoskeleton-related
proteins in the function of innate immune cells.

1.2.4. MTs and lymphocyte movement
Diapedesis of leukocytes across endothelial cells is a crucial step

involved in both the innate and adaptive immune responses. MTs are
required for persistent migration and chemotaxis, and endothelial MTs
are essential for diapedesis (Mamdouh et al., 2008). Transendothelial
migration (TEM) involves a series of distinct interactions regulated
sequentially by molecules concentrated at the endothelial-cell border,
including platelet/endothelial-cell-adhesion molecule (PECAM), polio-
virus receptor (CD155), and CD99. These molecules are components of
the lateral-border recycling compartment (LBRC), with targeted re-
cycling of LBRC requiring kinesin to move the membrane along MTs
(Muller, 2014). The interaction between PECAM on leukocytes and at
the endothelial border triggers focused recycling of the membrane from
reticulum localization close to the lateral border of the endothelial cell.
Additionally, targeted recycling from the LBRC is required for diaped-
esis and mediated by kinesin-family molecular motors, which usually
require functioning endothelial MTs. Disruption of MTs blocks targeted
recycling and monocyte diapedesis.

mDia1−/− T cells exhibit impaired lymphocyte-function-associated
antigen 1 (LFA-1)-mediated T cell adhesion, migration, and in vivo
trafficking. These are related to impaired MT polarization and stabili-
zation, altered MT dynamics, and reduced peripheral clustering of the
MT plus-end protein adenomatous polyposis coli and results in T cell
migration following LFA-1 engagement (Dong et al., 2013). DCs present
lipidated peptides through an endocytosis-independent pathway in
order to promote potent antitumor effects in vivo (Song et al., 2011).
The uptake of non-lipidated peptides by DCs is inhibited by depoly-
merization of actin filaments or MTs. By contrast, internalization of
lipidated peptides is not inhibited when actin filaments or MTs are
depolymerized. The mammalian diaphanous-related formin (mDia1), a
Rho-regulated cytoskeletal modulator, promotes T lymphocyte che-
motaxis and interaction with APCs (Dong et al., 2013).

Effector memory CD4 T cells transmigrate across endothelial-cell
monolayers in response to inflammatory chemokines or TCR recogni-
tion of antigens presented on the surface of endothelial cells. The MTOC
and cytosolic granules follow the nucleus across the endothelium
during chemokine-driven TEM. MTOC reorientation to the contact re-
gion between the T cell and the endothelial cell accompanied by dy-
nein-driven transport of granzyme-containing granules to the contact
region, as well as exocytosis at the contact region, are early events in
TCR-driven, but not chemokine-driven, TEM. In the final stages of TCR-
driven TEM, the MTOC precedes the nucleus across the endothelium
(Manes and Pober, 2014).

Regulation of MT stability and Ras homolog gene family member A
(RhoA)/Rho-associated protein kinase activity alters T cell migration
from lamellipodium-based persistent migration to bleb-based migration
(Takesono et al., 2010). Nocodazole-mediated disruption of MTs in T
cells prevents the formation of a stable uropod or lamellipodium, with T
cells instead moving via membrane blebbing with reduced migratory
persistence. MTs are explicitly required for uropod stability. IQGAP1 is
an adaptor protein that binds to filamentous actin and MTs at inter-
endothelial junctions during lymphocyte TEM. IQGAP1 contributes to
MT stability at endothelial junctions and is involved in junction re-
modeling required for efficient lymphocyte diapedesis (Nakhaei-Nejad
et al., 2010).

During leukocyte adhesion to the activated endothelium, lympho-
cyte mitochondria redistribute to the adhesion zone together with the
MTOC in an integrin-dependent manner. Mitochondrial redistribution
and efficient lymphocyte adhesion to the endothelium requires the
function of mitochondrial Rho GTPase-1 (Miro-1), an adaptor molecule
that couples mitochondria to MTs (Morlino et al., 2014). Mitochondria
accumulate around the MTOC in a process regulated by Miro-1, sug-
gesting that Miro-1 controls lymphocyte adhesion and migration
through the regulation of mitochondrial redistribution (Morlino et al.,
2014). These findings support a role for MTs in lymphocyte migration.
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1.2.5. MTs and immune-associated disorders
The cytoskeleton plays a role in immune-associated diseases. In

multiple sclerosis, the most prevalent autoimmune disease of the cen-
tral nervous system, polarized CD4 Th1, Th17, CD8 T cells, and NK cells
induce MT destabilization within neurites, which occurs prior to signs
of apoptosis. MT destabilization is restricted to axons, thereby sparing
dendrites. Lymphocytes with cytolytic activity directly drive MT axonal
destabilization in a bystander manner that is independent of neuronal
death (Miller et al., 2013). In fibrosis, RhoA activation is dependent
upon an intact MT network. Upregulation of the pro-fibrotic cytokine
connective-tissue growth factor by mechanical strain is dependent upon
RhoA activation and inhibited by MT disruption. Colchicine, an MT-
depolymerizing agent, inhibits glomerular RhoA activation and at-
tenuates glomerular sclerosis and interstitial fibrosis (Guan et al.,
2013). Additionally, MT disruption decreases renal infiltration of lym-
phocytes and macrophages.

1.3. MTs and the gut

1.3.1. MTs and the gut immune system, neuroimmune interactions, and the
gut microbiome

The cytoskeleton plays a role in several gut functions. The dynamic
process of organ elongation of embryonic structures requires a me-
chanism that modulates intercellular adhesion to allow cells to change
position without compromising structural integrity. Jun N-terminal
kinase (JNK) is necessary for tissue elongation of the gut tube and
regulates MT architecture to preserve adhesive contacts between gut
cells and the establishment of MT stability and tissue cohesion (Dush
and Nascone-Yoder, 2013). Tao-1 can destabilize MTs at the actin-rich
cortex, thereby controlling the cytoskeletal architecture of cells.
Knockdown of Tao-1 causes disordered migration of primordial germ
cells out of the gut epithelium and subsequent cell death (Pflanz et al.,
2015). As gut epithelial cells are associated with the immune system in
the bowel, it indirectly implies an association between Tao-1 and im-
mune response (Cukrowska et al., 2017; Kurashima and Kiyono, 2017).

Disruption of the gut cytoskeleton is relevant to several systemic
disorders. Oxidant injury to epithelial cells and gut-barrier disruption
are vital factors in the pathogenesis of inflammatory bowel disease.
Oxidants induce disruption of epithelial-barrier integrity by dis-
assembling the cytoskeleton largely through activation of the PKC-
lambda isoform, which is sufficient for disruption of the cellular cy-
toskeleton and monolayer-barrier permeability (Banan et al., 2005).
Additionally, actin and MTs are essential for Klebsiella pneumoniae in-
vasion into colonic epithelial cells (Hsu et al., 2015). Macrophages are
activated upon exposure to proinflammatory cytokines and pathogenic
stimuli, such as LPS (Xu and Harrison, 2015). Stathmin, an MT-cata-
strophe protein, is reduced in activated macrophages, which contain
significantly more stabilized MT, as part of an LPS-specific response
that induces proteasome-mediated degradation of stathmin (Xu and
Harrison, 2015). Deletion of the endogenous ppkl gene in the malaria
parasite Plasmodium causes abnormal ookinete development and dif-
ferentiation and dissociation of apical MTs from the inner-membrane
complex and was associated with generation of an immotile phenotype
and a failure to invade the mosquito mid-gut epithelium. These ob-
servations were substantiated by changes in localization of cytoskeletal
tubulin and actin, and the micronemal circumsporozoite- and TRAP-
related protein in knockout mutants (Guttery et al., 2012).

Neuroimmune interactions in the gut are associated with main-
tenance of intestinal immune homeostasis and the pathogenesis of
several immune-mediated diseases. Calcitonin gene-related peptide
(CGRP) is a neurotransmitter of intrinsic enteric sensory neurons and
that is found at elevated levels near one another in the colon of mice
used as a food-allergy (FA) model. CGRP augments MT reorganization
in resting and A23187-activated mouse bone-marrow-derived mast
cells. CGRP-enhanced MT reorganization augments IgE-independent/
non-antigenic stimuli-induced mucosal mast-cell degranulation,

contributing to FA development (Kim et al., 2014). Enteric neurons
controlling gut functions are prone to oxidative insult that damages
mitochondria during intestinal inflammation, with mitochondrial
transport in guinea pig myenteric neurites blocked by colchicine-
mediated MT disruption and alteration of actin-filament stabilization
(Vanden Berghe et al., 2004).

MT dynamic instability is characteristic of their cellular activity
(Kilner et al., 2016). Short-chain fatty acids (SCFAs), acetate, propio-
nate, butyrate, and valerate are produced by the gut microbiome
(Kilner et al., 2016), and odd-chain SCFAs exert an anti-mitotic effect in
colon cancer cells by disrupting MT structural integrity via tubulin
dysregulation. Simulations of untreated and butyrate-treated cells re-
flected MT behavior in interphase or untreated control cells, with
propionate and valerate simulations displaying increased frequencies
and more extended periods of MT shrinkage. The enhanced dynamicity
of the MTs was dissimilar to that observed in mitotic cells, but paral-
leled that induced by MT-destabilizing treatments (Kilner et al., 2016).
These data support an essential role for MTs in various gut functions,
inflammatory conditions, and associations with the microbiome.

1.3.2. Oral immunotherapy and gut MTs
Oral immunotherapy is a novel method for altering the systemic

immune system by generating an immune signal in the gut (Ilan, 2009a,
2016a,b) and reportedly effective in animal models of various immune
disorders (Ilan et al., 2016; Israeli et al., 2015a; Mizrahi et al., 2012;
Israeli and Ilan, 2010; Shibolet et al., 2004; Nagler et al., 2000; Ilan
et al., 1998, 2017). Preliminary data support the potential use of this
method in humans with immune-associated diseases (Ilan, 2016a,b;
Israeli and Ilan, 2010; Lalazar et al., 2015; Halota et al., 2015; Margalit
et al., 2006; Lalazar et al., 2017). This new class of drugs includes
several compounds being developed as potent immune-modulatory
agents targeting immune-associated inflammatory, metabolic, in-
fectious, and malignant disorders. Among these compounds are those
associated with viral proteins used to treat chronic hepatitis B and C
virus infections (Ilan, 2004; Israeli et al., 2004; Safadi et al., 2003);
liver-extracted proteins, glycosphingolipids, soy-derived extracts, and
oral anti-CD3, anti-tumor necrosis factor (TNF), and anti-LPS antibodies
(Ilan, 2016b; Ilan et al., 2016; Lalazar et al., 2015; Halota et al., 2015;
Lalazar et al., 2017; Khoury et al., 2015; Zigmond et al., 2014; Ilan,
2013; Elinav et al., 2006; Ilan et al., 2010); non-absorbable 6-mercap-
topurine, gut-derived proteins, glycosphingolipids, and an oral anti-
TNF antibody for treating inflammatory bowel disease (Israeli et al.,
2015a; Israeli and Ilan, 2010; Ilan et al., 2017; Ben Ya’acov et al., 2015;
Israeli et al., 2015b); and non-absorbable disease-related antigens used
to treat liver cancer and graft-versus-host disease (Ilan et al., 2007,
2005; Zigmond et al., 2007). These methods show efficacy as mod-
ulators of the immune system without inducing immune suppression.

A role for innate immune cells, including NK T cells and DCs in the
gut, was described as underlying the mechanism associated with this
mode of immune modulation (Ilan, 2016a,b; Ilan et al., 2010). Acti-
vation of these cells promotes the activation of regulatory cells, thereby
enabling systemic immune modulation in a target-organ-specific
manner. A potential role for glycosphingolipids was demonstrated in
this process partly through effects on NK T cells, as well as by affecting
lipid rafts in cell membranes (Lalazar et al., 2009, 2008a; Lalazar et al.,
2008b). NK T cells are subsets of lymphocytes that are activated by
glycosphingolipids (Heymann and Tacke, 2016; Marrero et al., 2015),
several of which were recently described as playing a role in enabling
NK T cell type II lymphocytes (Nair et al., 2015), with oral gluco-
sylceramide exerting an immunomodulatory effect via alteration of NK
T cells (Shuvy et al., 2009; Ilan, 2009b; Zigmond et al., 2009, 2008;
Adar and Ilan, 2008; El Haj et al., 2007; Lalazar et al., 2006). Cell
membranes comprise discrete protein and lipid domains with various
functions, with the structural and biological properties of these domains
represented as cholesterol-dependent membrane (CDM) domains (i.e.,
membrane rafts) (Byrum and Rodgers, 2015). Glycosphingolipids are
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constituents of membrane rafts, and oral immunotherapy using glyco-
sphingolipids reportedly alters raft structure (Lalazar et al., 2009,
2008a; Lalazar et al., 2008b).

In T cells, CDMs regulate the Src family kinase Lck (p56lck) by se-
questering it from its activator CD45. The actomyosin cytoskeleton
plays an integral role in the formation of CDM domains (Byrum and
Rodgers, 2015), and alteration of MTs changes raft membranes. One of
the first events occurring upon antigen activation of mature T cells is
failure of TCR-stimulated CD4+CD8+ thymocytes to polarize their
MTOC (Cunningham et al., 2011). Unstable MTs are a feature of im-
mature murine CD4+CD8+ thymocytes, which exhibit higher levels of
glycogen synthase kinase 3 (GSK3) activity, a known inhibitor of MT
stability. CD4+CD8+ thymocytes acquire the ability to polarize their
MTOC in response to TCR signals upon GSK3 inhibition (Cunningham
et al., 2011). Altering glycosphingolipids results in cytoskeleton mod-
ification. Additionally, glycosphingolipids can serve as mediators of MT
alteration in innate NK T cells, thereby enabling immune modulation
via the gut immune system.

Treatment with MT stabilizers, such as colchicine, efficiently pre-
vents bacterial internalization and translocation of nonpathogenic
Escherichia coli, suggesting that epithelia under metabolic stress in-
crease their endocytotic activity to promote MT-dependent bacterial
internalization and transcytosis (Nazli et al., 2006).

Targeting MTs in gut immune cells as a form of oral immunotherapy
is advantageous, because it requires a relatively low dose of drugs. As
for most oral immunotherapeutic agents, no absorption is required to
achieve a therapeutic effect, thereby allowing a more moderate treat-
ment modality that is less toxic and exhibits fewer side effects. Fig. 1
shows a potential scheme whereby drugs targeting the MT system in the
gut can improve oral immunotherapy. This mechanism suggests a po-
tential role for glycosphingolipids to promote cross-talk in the NKT
cells, T cells and DC cytoskeletons.

2. Summary

Much data has accumulated in recent years concerning the im-
portance of MTs as players in both the innate and adaptive immune
systems. Studies also suggest an essential role for these cellular struc-
tures in the gut and the gut immune system. Interactions in the gut
between the cytoskeleton and cell membranes of innate immune cells
represent attractive targets for new therapeutic interventions involving

immunotherapy and specifically for oral immunotherapy. This mode of
therapy can potentially provide a means of modulating deleterious
immune responses by targeting the cytoskeleton of cells associated with
the gut immune system.

Disclosure

T. Ilan-Ber is the CMO of Oberon Sciences; Y. Ilan is the medical
director of Exalenz Biosciences; Oberon Sciences, and a consultant for
Teva; Enzo Biochem; Protalix; Therapix; Nasvax; Immuron;
Immunepharma; Tiziana; and Natural Shield.

References

Adar, T., Ilan, Y., 2008. Beta-glycosphingolipids as immune modulators. J.
Immunotoxicol. 5, 209–220.

Arkhipov, S.N., Maly, I.V., 2015. Microtubule appendages mediating T-cell motility and
polarity. Integr. Biol. (Camb.) 7, 1143–1153.

Baba, Y., Kurosaki, T., 2011. Impact of Ca2+ signaling on B cell function. Trends
Immunol. 32, 589–594.

Babich, A., Burkhardt, J.K., 2013. Coordinate control of cytoskeletal remodeling and
calcium mobilization during T-cell activation. Immunol. Rev. 256, 80–94.

Bamidele, A.O., Kremer, K.N., Hirsova, P., et al., 2015. IQGAP1 promotes CXCR4 che-
mokine receptor function and trafficking via EEA-1+ endosomes. J. Cell Biol. 210,
257–272.

Banan, A., Zhang, L.J., Farhadi, A., et al., 2005. Critical role of the atypical {lambda}
isoform of protein kinase C (PKC-{lambda}) in oxidant-induced disruption of the
microtubule cytoskeleton and barrier function of intestinal epithelium. J. Pharmacol.
Exp. Ther. 312, 458–471.

Barsegov, V., Ross, J.L., Dima, R.I., 2017. Dynamics of microtubules: highlights of recent
computational and experimental investigations. J. Phys. Condens. Matter 29, 433003.

Ben Ya’acov, A., Lichtenstein, Y., Zolotarov, L., et al., 2015. The gut microbiome as a
target for regulatory T cell-based immunotherapy: induction of regulatory lympho-
cytes by oral administration of anti-LPS enriched colostrum alleviates immune
mediated colitis. BMC Gastroenterol. 15, 154.

Bertrand, F., Muller, S., Roh, K.H., et al., 2013. An initial and rapid step of lytic granule
secretion precedes microtubule organizing center polarization at the cytotoxic T
lymphocyte/target cell synapse. Proc. Natl. Acad. Sci. U. S. A. 110, 6073–6078.

Blas-Rus, N., Bustos-Moran, E., Perez de Castro, I., et al., 2016. Aurora A drives early
signalling and vesicle dynamics during T-cell activation. Nat. Commun. 7, 11389.

Byrum, J.N., Rodgers, W., 2015. Membrane-cytoskeleton interactions in cholesterol-de-
pendent domain formation. Essays Biochem. 57, 177–187.

Cai, E., Marchuk, K., Beemiller, P., et al., 2017. Visualizing dynamic microvillar search
and stabilization during ligand detection by T cells. Science 356.

Cassimeris, L., Spittle, C., 2001. Regulation of microtubule-associated proteins. Int. Rev.
Cytol. 210, 163–226.

Chen, X.L., Serrano, D., Mayhue, M., et al., 2013. GTPase of the immune-associated nu-
cleotide-binding protein 5 (GIMAP5) regulates calcium influx in T-lymphocytes by
promoting mitochondrial calcium accumulation. Biochem. J. 449, 353–364.

Choudhuri, K., Llodra, J., Roth, E.W., et al., 2014. Polarized release of T-cell-receptor-

Fig. 1. Potential associations between the gut immune system,
the cytoskeleton, and intracellular glycosphingolipids. Drugs
that target the MT system, as well as glycosphingolipids in the
gut, can potentially improve the efficacy of oral im-
munotherapy through alterations in cross-talk occurring in the
cytoskeleton between NKT cells, T cells and DCs.

T. Ilan-Ber and Y. Ilan Molecular Immunology 111 (2019) 73–82

79

http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0005
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0005
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0010
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0010
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0015
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0015
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0020
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0020
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0025
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0025
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0025
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0030
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0030
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0030
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0030
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0035
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0035
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0040
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0040
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0040
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0040
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0045
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0045
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0045
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0050
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0050
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0055
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0055
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0060
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0060
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0065
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0065
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0070
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0070
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0070
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0075


enriched microvesicles at the immunological synapse. Nature 507, 118–123.
Clement, C.A., Ajbro, K.D., Koefoed, K., et al., 2013. TGF-beta signaling is associated with

endocytosis at the pocket region of the primary cilium. Cell Rep. 3, 1806–1814.
Compeer, E.B., Flinsenberg, T.W., Boon, L., et al., 2014. Tubulation of endosomal struc-

tures in human dendritic cells by Toll-like receptor ligation and lymphocyte contact
accompanies antigen cross-presentation. J. Biol. Chem. 289, 520–528.

Comrie, W.A., Babich, A., Burkhardt, J.K., 2015. F-actin flow drives affinity maturation
and spatial organization of LFA-1 at the immunological synapse. J. Cell Biol. 208,
475–491.

Cooley, L.F., El Shikh, M.E., Li, W., et al., 2016. Impaired immunological synapse in
sperm associated antigen 6 (SPAG6) deficient mice. Sci. Rep. 6, 25840.

Crompton, T., Outram, S.V., Hager-Theodorides, A.L., 2007. Sonic hedgehog signalling in
T-cell development and activation. Nat. Rev. Immunol. 7, 726–735.

Cukrowska, B., Sowinska, A., Bierla, J.B., et al., 2017. Intestinal epithelium, in-
traepithelial lymphocytes and the gut microbiota—key players in the pathogenesis of
celiac disease. World J. Gastroenterol. 23, 7505–7518.

Cunningham, N.R., Hinchcliff, E.M., Kutyavin, V.I., et al., 2011. GSK3-mediated in-
stability of tubulin polymers is responsible for the failure of immature CD4+CD8+
thymocytes to polarize their MTOC in response to TCR stimulation. Int. Immunol. 23,
693–700.

de la Roche, M., Ritter, A.T., Angus, K.L., et al., 2013. Hedgehog signaling controls T cell
killing at the immunological synapse. Science 342, 1247–1250.

de la Roche, M., Asano, Y., Griffiths, G.M., 2016. Origins of the cytolytic synapse. Nat.
Rev. Immunol. 16, 421–432.

Derivery, E., Seum, C., Daeden, A., et al., 2015. Polarized endosome dynamics by spindle
asymmetry during asymmetric cell division. Nature 528, 280–285.

Dong, B., Zhang, S.S., Gao, W., et al., 2013. Mammalian diaphanous-related formin 1
regulates GSK3beta-dependent microtubule dynamics required for T cell migratory
polarization. PLoS One 8, e80500.

Dubreuil, V., Marzesco, A.M., Corbeil, D., et al., 2007. Midbody and primary cilium of
neural progenitors release extracellular membrane particles enriched in the stem cell
marker prominin-1. J. Cell Biol. 176, 483–495.

Dush, M.K., Nascone-Yoder, N.M., 2013. Jun N-terminal kinase maintains tissue integrity
during cell rearrangement in the gut. Development 140, 1457–1466.

Dustin, M.L., Baldari, C.T., 2017. The immune synapse: past, present, and future. Methods
Mol. Biol. 1584, 1–5.

El Haj, M., Ben Ya’acov, A., Lalazar, G., et al., 2007. Potential role of NKT regulatory cell
ligands for the treatment of immune mediated colitis. World J. Gastroenterol. 13,
5799–5804.

Elinav, E., Pappo, O., Sklair-Levy, M., et al., 2006. Amelioration of non-alcoholic stea-
tohepatitis and glucose intolerance in ob/ob mice by oral immune regulation towards
liver-extracted proteins is associated with elevated intrahepatic NKT lymphocytes
and serum IL-10 levels. J. Pathol. 208, 74–81.

Ezratty, E.J., Partridge, M.A., Gundersen, G.G., 2005. Microtubule-induced focal adhesion
disassembly is mediated by dynamin and focal adhesion kinase. Nat. Cell Biol. 7,
581–590.

Filbert, E.L., Le Borgne, M., Lin, J., et al., 2012. Stathmin regulates microtubule dynamics
and microtubule organizing center polarization in activated T cells. J. Immunol. 188,
5421–5427.

Finetti, F., Paccani, S.R., Riparbelli, M.G., et al., 2009. Intraflagellar transport is required
for polarized recycling of the TCR/CD3 complex to the immune synapse. Nat. Cell
Biol. 11, 1332–1339.

Francis, S.S., Sfakianos, J., Lo, B., et al., 2011. A hierarchy of signals regulates entry of
membrane proteins into the ciliary membrane domain in epithelial cells. J. Cell Biol.
193, 219–233.

Franciszkiewicz, K., Boutet, M., Gauthier, L., et al., 2014. Synaptic release of CCL5 storage
vesicles triggers CXCR4 surface expression promoting CTL migration in response to
CXCL12. J. Immunol. 193, 4952–4961.

Freeman, S.A., Lei, V., Dang-Lawson, M., et al., 2011. Cofilin-mediated F-actin severing is
regulated by the Rap GTPase and controls the cytoskeletal dynamics that drive
lymphocyte spreading and BCR microcluster formation. J. Immunol. 187,
5887–5900.

Ganguly, A., Yang, H., Cabral, F., 2010. Paclitaxel-dependent cell lines reveal a novel
drug activity. Mol. Cancer Ther. 9, 2914–2923.

Garcia-Ortiz, A., Martin-Cofreces, N.B., Ibiza, S., et al., 2017. eNOS S-nitrosylates beta-
actin on Cys374 and regulates PKC-theta at the immune synapse by impairing actin
binding to profilin-1. PLoS Biol. 15, e2000653.

Gerasimcik, N., Dahlberg, C.I., Baptista, M.A., et al., 2015. The Rho GTPase Cdc42 is
essential for the activation and function of mature B cells. J. Immunol. 194,
4750–4758.

Ghosh, D.K., Dasgupta, D., Guha, A., 2012. Models, regulations, and functions of mi-
crotubule severing by katanin. ISRN Mol. Biol. 2012, 596289.

Gomez, T.S., Kumar, K., Medeiros, R.B., et al., 2007. Formins regulate the actin-related
protein 2/3 complex-independent polarization of the centrosome to the im-
munological synapse. Immunity 26, 177–190.

Grakoui, A., Bromley, S.K., Sumen, C., et al., 1999. The immunological synapse: a mo-
lecular machine controlling T cell activation. Science 285, 221–227.

Guan, T., Gao, B., Chen, G., et al., 2013. Colchicine attenuates renal injury in a model of
hypertensive chronic kidney disease. Am. J. Physiol. Renal Physiol. 305, F1466–76.

Guttery, D.S., Poulin, B., Ferguson, D.J., et al., 2012. A unique protein phosphatase with
kelch-like domains (PPKL) in Plasmodium modulates ookinete differentiation, moti-
lity and invasion. PLoS Pathog. 8, e1002948.

Halota, W., Ferenci, P., Kozielewicz, D., et al., 2015. Oral anti-CD3 immunotherapy for
HCV-nonresponders is safe, promotes regulatory T cells and decreases viral load and
liver enzyme levels: results of a phase-2a placebo-controlled trial. J. Viral Hepat. 22,
651–657.

Halpain, S., Dehmelt, L., 2006. The MAP1 family of microtubule-associated proteins.
Genome Biol. 7, 224.

Han, C.R., Jun do, Y., Woo, H.J., et al., 2012. Induction of microtubule-damage, mitotic
arrest, Bcl-2 phosphorylation, Bak activation, and mitochondria-dependent caspase
cascade is involved in human Jurkat T-cell apoptosis by Aruncin B from Aruncus
dioicus var. kamtschaticus. Bioorg. Med. Chem. Lett. 22, 945–953.

Harwood, N.E., Batista, F.D., 2010. Early events in B cell activation. Annu. Rev. Immunol.
28, 185–210.

Hashimoto-Tane, A., Yokosuka, T., Sakata-Sogawa, K., et al., 2011. Dynein-driven
transport of T cell receptor microclusters regulates immune synapse formation and T
cell activation. Immunity 34, 919–931.

Heinonen, M.T., Kanduri, K., Lahdesmaki, H.J., et al., 2015. Tubulin- and actin-asso-
ciating GIMAP4 is required for IFN-gamma secretion during Th cell differentiation.
Immunol. Cell Biol. 93, 158–166.

Heymann, F., Tacke, F., 2016. Immunology in the liver—from homeostasis to disease.
Nat. Rev. Gastroenterol. Hepatol. 13, 88–110.

Hildebrandt, F., Otto, E., 2005. Cilia and centrosomes: a unifying pathogenic concept for
cystic kidney disease? Nat. Rev. Genet. 6, 928–940.

Hogan, P.G., Lewis, R.S., Rao, A., 2010. Molecular basis of calcium signaling in lym-
phocytes: STIM and ORAI. Annu. Rev. Immunol. 28, 491–533.

Howard, J., Hyman, A.A., 2007. Microtubule polymerases and depolymerases. Curr. Opin.
Cell Biol. 19, 31–35.

Hsu, C.R., Pan, Y.J., Liu, J.Y., et al., 2015. Klebsiella pneumoniae translocates across the
intestinal epithelium via Rho GTPase- and phosphatidylinositol 3-kinase/Akt-de-
pendent cell invasion. Infect. Immun. 83, 769–779.

Huang, R.Y., Eppolito, C., Lele, S., et al., 2015. LAG3 and PD1 co-inhibitory molecules
collaborate to limit CD8+ T cell signaling and dampen antitumor immunity in a
murine ovarian cancer model. Oncotarget 6, 27359–27377.

Huangfu, D., Liu, A., Rakeman, A.S., et al., 2003. Hedgehog signalling in the mouse re-
quires intraflagellar transport proteins. Nature 426, 83–87.

Huse, M., Quann, E.J., Davis, M.M., 2008. Shouts, whispers and the kiss of death: di-
rectional secretion in T cells. Nat. Immunol. 9, 1105–1111.

Ilan, Y., 2004. Oral immune regulation toward disease-associated antigens: results of
phase I clinical trials in Crohn’s disease and chronic hepatitis. Ann. N. Y. Acad. Sci.
1029, 286–298.

Ilan, Y., 2009a. Oral tolerance: can we make it work? Hum. Immunol. 70, 768–776.
Ilan, Y., 2009b. Alpha versus beta: are we on the way to resolve the mystery as to which is

the endogenous ligand for natural killer T cells? Clin. Exp. Immunol. 158, 300–307.
Ilan, Y., 2013. Immune therapy for nonalcoholic steatohepatitis: are we there yet? J. Clin.

Gastroenterol. 47, 298–307.
Ilan, Y., 2016a. Oral immune therapy: targeting the systemic immune system via the gut

immune system for the treatment of inflammatory bowel disease. Clin. Transl.
Immunol. 5, e60.

Ilan, Y., 2016b. Review article: novel methods for the treatment of non-alcoholic stea-
tohepatitis—targeting the gut immune system to decrease the systemic inflammatory
response without immune suppression. Aliment. Pharmacol. Ther. 44, 1168–1182.

Ilan, Y., 2019. Microtubules: from understanding their dynamics to using them as po-
tential therapeutic targets. J. Cell. Physiol. 234, 7923–7937.

Ilan, Y., Sauter, B., Chowdhury, N.R., et al., 1998. Oral tolerization to adenoviral proteins
permits repeated adenovirus-mediated gene therapy in rats with pre-existing im-
munity to adenoviruses. Hepatology 27, 1368–1376.

Ilan, Y., Margalit, M., Ohana, M., et al., 2005. Alleviation of chronic GVHD in mice by oral
immuneregulation toward recipient pretransplant splenocytes does not jeopardize
the graft versus leukemia effect. Hum. Immunol. 66, 231–240.

Ilan, Y., Ohana, M., Pappo, O., et al., 2007. Alleviation of acute and chronic graft-versus-
host disease in a murine model is associated with glucocerebroside-enhanced natural
killer T lymphocyte plasticity. Transplantation 83, 458–467.

Ilan, Y., Maron, R., Tukpah, A.M., et al., 2010. Induction of regulatory T cells decreases
adipose inflammation and alleviates insulin resistance in ob/ob mice. Proc. Natl.
Acad. Sci. U. S. A. 107, 9765–9770.

Ilan, Y., Ben Ya’acov, A., Shabbat, Y., et al., 2016. Oral administration of a non-absorb-
able plant cell-expressed recombinant anti-TNF fusion protein induces im-
munomodulatory effects and alleviates nonalcoholic steatohepatitis. World J.
Gastroenterol. 22, 8760–8769.

Ilan, Y., Gingis-Velitski, S., Ben Ya’aco, A., et al., 2017. A plant cell-expressed re-
combinant anti-TNF fusion protein is biologically active in the gut and alleviates
immune-mediated hepatitis and colitis. Immunobiology 222, 544–551.

Israeli, E., Ilan, Y., 2010. Oral administration of Alequel, a mixture of autologous colon-
extracted proteins for the treatment of Crohn’s disease. Ther. Adv. Gastroenterol. 3,
23–30.

Israeli, E., Safadi, R., Melhem, A., et al., 2004. Induction of oral immune regulation to-
wards liver-extracted proteins for treatment of chronic HBV and HCV hepatitis: re-
sults of a phase I clinical trial. Liver Int. 24, 295–307.

Israeli, E., Zigmond, E., Lalazar, G., et al., 2015a. Oral mixture of autologous colon-ex-
tracted proteins for the Crohn’s disease: a double-blind trial. World J. Gastroenterol.
21, 5685–5694.

Israeli, E., Goldin, E., Fishman, S., et al., 2015b. Oral administration of non-absorbable
delayed release 6-mercaptopurine is locally active in the gut, exerts a systemic im-
mune effect and alleviates Crohn’s disease with low rate of side effects: results of
double blind phase II clinical trial. Clin. Exp. Immunol. 181, 362–372.

Khoury, T., Ben Ya’acov, A., Shabat, Y., et al., 2015. Altered distribution of regulatory
lymphocytes by oral administration of soy-extracts exerts a hepatoprotective effect
alleviating immune mediated liver injury, non-alcoholic steatohepatitis and insulin
resistance. World J. Gastroenterol. 21, 7443–7456.

Kilner, J., Corfe, B.M., McAuley, M.T., et al., 2016. A deterministic oscillatory model of
microtubule growth and shrinkage for differential actions of short chain fatty acids.

T. Ilan-Ber and Y. Ilan Molecular Immunology 111 (2019) 73–82

80

http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0075
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0080
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0080
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0085
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0085
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0085
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0090
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0090
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0090
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0095
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0095
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0100
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0100
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0105
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0105
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0105
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0110
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0110
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0110
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0110
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0115
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0115
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0120
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0120
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0125
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0125
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0130
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0130
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0130
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0135
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0135
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0135
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0140
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0140
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0145
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0145
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0150
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0150
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0150
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0155
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0155
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0155
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0155
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0160
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0160
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0160
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0165
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0165
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0165
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0170
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0170
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0170
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0175
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0175
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0175
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0180
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0180
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0180
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0185
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0185
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0185
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0185
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0190
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0190
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0195
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0195
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0195
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0200
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0200
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0200
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0205
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0205
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0210
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0210
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0210
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0215
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0215
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0220
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0220
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0225
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0225
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0225
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0230
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0230
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0230
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0230
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0235
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0235
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0240
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0240
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0240
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0240
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0245
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0245
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0250
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0250
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0250
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0255
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0255
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0255
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0260
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0260
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0265
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0265
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0270
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0270
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0275
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0275
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0280
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0280
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0280
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0285
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0285
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0285
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0290
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0290
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0295
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0295
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0300
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0300
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0300
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0305
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0310
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0310
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0315
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0315
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0320
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0320
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0320
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0325
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0325
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0325
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0330
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0330
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0335
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0335
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0335
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0340
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0340
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0340
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0345
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0345
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0345
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0350
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0350
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0350
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0355
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0355
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0355
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0355
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0360
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0360
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0360
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0365
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0365
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0365
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0370
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0370
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0370
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0375
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0375
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0375
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0380
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0380
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0380
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0380
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0385
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0385
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0385
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0385
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0390
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0390


Mol. Biosyst. 12, 93–101.
Kim, J.H., Yamamoto, T., Lee, J., et al., 2014. CGRP, a neurotransmitter of enteric sensory

neurons, contributes to the development of food allergy due to the augmentation of
microtubule reorganization in mucosal mast cells. Biomed. Res. 35, 285–293.

Kuhn, J.R., Poenie, M., 2002. Dynamic polarization of the microtubule cytoskeleton
during CTL-mediated killing. Immunity 16, 111–121.

Kumari, S., Depoil, D., Martinelli, R., et al., 2015. Actin foci facilitate activation of the
phospholipase C-gamma in primary T lymphocytes via the WASP pathway. Elife 4.

Kummerow, C., Junker, C., Kruse, K., et al., 2009. The immunological synapse controls
local and global calcium signals in T lymphocytes. Immunol. Rev. 231, 132–147.

Kurashima, Y., Kiyono, H., 2017. Mucosal ecological network of epithelium and immune
cells for gut homeostasis and tissue healing. Annu. Rev. Immunol. 35, 119–147.

Kurowska, M., Goudin, N., Nehme, N.T., et al., 2012. Terminal transport of lytic granules
to the immune synapse is mediated by the kinesin-1/Slp3/Rab27a complex. Blood
119, 3879–3889.

Lagrue, K., Carisey, A., Oszmiana, A., et al., 2013. The central role of the cytoskeleton in
mechanisms and functions of the NK cell immune synapse. Immunol. Rev. 256,
203–221.

Lalazar, G., Preston, S., Zigmond, E., et al., 2006. Glycolipids as immune modulatory
tools. Mini Rev. Med. Chem. 6, 1249–1253.

Lalazar, G., Ben Ya’acov, A., Lador, A., et al., 2008a. Modulation of intracellular ma-
chinery by beta-glycolipids is associated with alteration of NKT lipid rafts and
amelioration of concanavalin-induced hepatitis. Mol. Immunol. 45, 3517–3525.

Lalazar, G., Ben Ya’acov, A., Eliakim-Raz, N., et al., 2008b. Beta-glycosphingolipids-
mediated lipid raft alteration is associated with redistribution of NKT cells and in-
creased intrahepatic CD8+ T lymphocyte trapping. J. Lipid Res. 49, 1884–1893.

Lalazar, G., Ben Ya’acov, A., Livovsky, D.M., et al., 2009. Beta-glycoglycosphingolipid-
induced alterations of the STAT signaling pathways are dependent on CD1d and the
lipid raft protein flotillin-2. Am. J. Pathol. 174, 1390–1399.

Lalazar, G., Mizrahi, M., Turgeman, I., et al., 2015. Oral administration of OKT3 MAb to
patients with NASH, promotes regulatory T-cell induction, and alleviates insulin re-
sistance: results of a phase IIa blinded placebo-controlled trial. J. Clin. Immunol. 35,
399–407.

Lalazar, G., Zigmond, E., Weksler-Zangen, S., et al., 2017. Oral administration of beta-
glucosylceramide for the treatment of insulin resistance and nonalcoholic steatohe-
patitis: results of a double-blind, placebo-controlled trial. J. Med. Food 20 (5),
458–464.

LaPointe, N.E., Morfini, G., Brady, S.T., et al., 2013. Effects of eribulin, vincristine, pa-
clitaxel and ixabepilone on fast axonal transport and kinesin-1 driven microtubule
gliding: implications for chemotherapy-induced peripheral neuropathy.
Neurotoxicology 37, 231–239.

Lasserre, R., Charrin, S., Cuche, C., et al., 2010. Ezrin tunes T-cell activation by con-
trolling Dlg1 and microtubule positioning at the immunological synapse. EMBO J. 29,
2301–2314.

Legate, K.R., Montanez, E., Kudlacek, O., et al., 2006. ILK, PINCH and parvin: the tIPP of
integrin signalling. Nat. Rev. Mol. Cell Biol. 7, 20–31.

Lin, J., Hou, K.K., Piwnica-Worms, H., et al., 2009. The polarity protein Par1b/EMK/
MARK2 regulates T cell receptor-induced microtubule-organizing center polarization.
J. Immunol. 183, 1215–1221.

Liu, X., Kapoor, T.M., Chen, J.K., et al., 2013. Diacylglycerol promotes centrosome po-
larization in T cells via reciprocal localization of dynein and myosin II. Proc. Natl.
Acad. Sci. U. S. A. 110, 11976–11981.

Luders, J., Stearns, T., 2007. Microtubule-organizing centres: a re-evaluation. Nat. Rev.
Mol. Cell Biol. 8, 161–167.

Mace, E.M., Orange, J.S., 2014. Lytic immune synapse function requires filamentous actin
deconstruction by Coronin 1A. Proc. Natl. Acad. Sci. U. S. A. 111, 6708–6713.

Maiato, H., Sampaio, P., Sunkel, C.E., 2004. Microtubule-associated proteins and their
essential roles during mitosis. Int. Rev. Cytol. 241, 53–153.

Mamdouh, Z., Kreitzer, G.E., Muller, W.A., 2008. Leukocyte transmigration requires ki-
nesin-mediated microtubule-dependent membrane trafficking from the lateral border
recycling compartment. J. Exp. Med. 205, 951–966.

Manes, T.D., Pober, J.S., 2014. Polarized granzyme release is required for antigen-driven
transendothelial migration of human effector memory CD4 T cells. J. Immunol. 193,
5809–5815.

March, M.E., Long, E.O., 2011. Beta2 integrin induces TCRzeta-Syk-phospholipase C-
gamma phosphorylation and paxillin-dependent granule polarization in human NK
cells. J. Immunol. 186, 2998–3005.

Margalit, M., Israeli, E., Shibolet, O., et al., 2006. A double-blind clinical trial for treat-
ment of Crohn’s disease by oral administration of Alequel, a mixture of autologous
colon-extracted proteins: a patient-tailored approach. Am. J. Gastroenterol. 101,
561–568.

Marrero, I., Ware, R., Kumar, V., 2015. Type II NKT cells in inflammation, autoimmunity,
microbial immunity, and cancer. Front. Immunol. 6, 316.

Martin-Cofreces, N.B., Robles-Valero, J., Cabrero, J.R., et al., 2008. MTOC translocation
modulates IS formation and controls sustained T cell signaling. J. Cell Biol. 182,
951–962.

Martin-Cofreces, N.B., Baixauli, F., Lopez, M.J., et al., 2012. End-binding protein 1 con-
trols signal propagation from the T cell receptor. EMBO J. 31, 4140–4152.

Martin-Cofreces, N.B., Baixauli, F., Sanchez-Madrid, F., 2014. Immune synapse: con-
ductor of orchestrated organelle movement. Trends Cell Biol. 24, 61–72.

Miller, N.M., Shriver, L.P., Bodiga, V.L., et al., 2013. Lymphocytes with cytotoxic activity
induce rapid microtubule axonal destabilization independently and before signs of
neuronal death. ASN Neuro 5, e00105.

Mittelbrunn, M., Gutierrez-Vazquez, C., Villarroya-Beltri, C., et al., 2011. Unidirectional
transfer of microRNA-loaded exosomes from T cells to antigen-presenting cells. Nat.
Commun. 2, 282.

Mizrahi, M., Shabat, Y., Ben Ya’acov, A., et al., 2012. Alleviation of insulin resistance and
liver damage by oral administration of Imm124-E is mediated by increased Tregs and
associated with increased serum GLP-1 and adiponectin: results of a phase I/II clinical
trial in NASH. J. Inflamm. Res. 5, 141–150.

Morlino, G., Barreiro, O., Baixauli, F., et al., 2014. Miro-1 links mitochondria and mi-
crotubule Dynein motors to control lymphocyte migration and polarity. Mol. Cell.
Biol. 34, 1412–1426.

Muller, W.A., 2014. How endothelial cells regulate transmigration of leukocytes in the
inflammatory response. Am. J. Pathol. 184, 886–896.

Nagler, A., Pines, M., Abadi, U., et al., 2000. Oral tolerization ameliorates liver disorders
associated with chronic graft versus host disease in mice. Hepatology 31, 641–648.

Nair, S., Boddupalli, C.S., Verma, R., et al., 2015. Type II NKT-TFH cells against Gaucher
lipids regulate B-cell immunity and inflammation. Blood 125, 1256–1271.

Nakhaei-Nejad, M., Zhang, Q.X., Murray, A.G., 2010. Endothelial IQGAP1 regulates ef-
ficient lymphocyte transendothelial migration. Eur. J. Immunol. 40, 204–213.

Nazli, A., Wang, A., Steen, O., et al., 2006. Enterocyte cytoskeleton changes are crucial for
enhanced translocation of nonpathogenic Escherichia coli across metabolically
stressed gut epithelia. Infect. Immun. 74, 192–201.

Onabajo, O.O., Seeley, M.K., Kale, A., et al., 2008. Actin-binding protein 1 regulates B cell
receptor-mediated antigen processing and presentation in response to B cell receptor
activation. J. Immunol. 180, 6685–6695.

Osteikoetxea-Molnar, A., Szabo-Meleg, E., Toth, E.A., et al., 2016. The growth determi-
nants and transport properties of tunneling nanotube networks between B lympho-
cytes. Cell. Mol. Life Sci. 73, 4531–4545.

Pflanz, R., Voigt, A., Yakulov, T., et al., 2015. Drosophila gene tao-1 encodes proteins
with and without a Ste20 kinase domain that affect cytoskeletal architecture and cell
migration differently. Open Biol. 5, 140161.

Pilhofer, M., Ladinsky, M.S., McDowall, A.W., et al., 2011. Microtubules in bacteria:
ancient tubulins build a five-protofilament homolog of the eukaryotic cytoskeleton.
PLoS Biol. 9, e1001213.

Plattner, H., 2015. Calcium signalling in the ciliated protozoan model, Paramecium: strict
signal localisation by epigenetically controlled positioning of different Ca(2)
(+)-channels. Cell Calcium 57, 203–213.

Quintana, A., Hoth, M., 2012. Mitochondrial dynamics and their impact on T cell func-
tion. Cell Calcium 52, 57–63.

Quintana, A., Kummerow, C., Junker, C., et al., 2009. Morphological changes of T cells
following formation of the immunological synapse modulate intracellular calcium
signals. Cell Calcium 45, 109–122.

Quintana, A., Pasche, M., Junker, C., et al., 2011. Calcium microdomains at the im-
munological synapse: how ORAI channels, mitochondria and calcium pumps gen-
erate local calcium signals for efficient T-cell activation. EMBO J. 30, 3895–3912.

Reth, M., Wienands, J., 1997. Initiation and processing of signals from the B cell antigen
receptor. Annu. Rev. Immunol. 15, 453–479.

Ritter, A.T., Angus, K.L., Griffiths, G.M., 2013. The role of the cytoskeleton at the im-
munological synapse. Immunol. Rev. 256, 107–117.

Ritter, A.T., Asano, Y., Stinchcombe, J.C., et al., 2015. Actin depletion initiates events
leading to granule secretion at the immunological synapse. Immunity 42, 864–876.

Robertson, L.K., Ostergaard, H.L., 2011. Paxillin associates with the microtubule cytos-
keleton and the immunological synapse of CTL through its leucine-aspartic acid do-
mains and contributes to microtubule organizing center reorientation. J. Immunol.
187, 5824–5833.

Rohatgi, R., Milenkovic, L., Scott, M.P., 2007. Patched1 regulates hedgehog signaling at
the primary cilium. Science 317, 372–376.

Rosenbaum, J.L., Witman, G.B., 2002. Intraflagellar transport. Nat. Rev. Mol. Cell Biol. 3,
813–825.

Safadi, R., Israeli, E., Papo, O., et al., 2003. Treatment of chronic hepatitis B virus in-
fection via oral immune regulation toward hepatitis B virus proteins. Am. J.
Gastroenterol. 98, 2505–2515.

Salinas, S., Carazo-Salas, R.E., Proukakis, C., et al., 2007. Spastin and microtubules:
functions in health and disease. J. Neurosci. Res. 85, 2778–2782.

Sanderson, C.J., Glauert, A.M., 1979. The mechanism of T-cell mediated cytotoxicity. VI.
T-cell projections and their role in target cell killing. Immunology 36, 119–129.

Sayas, C.L., Avila, J., 2014. Crosstalk between axonal classical microtubule-associated
proteins and end binding proteins during axon extension: possible implications in
neurodegeneration. J. Alzheimers Dis. 40 (Suppl 1), S17–22.

Shibolet, O., Alper, R., Zlotogarov, L., et al., 2004. Suppression of hepatocellular carci-
noma growth via oral immune regulation towards tumor-associated antigens is as-
sociated with increased NKT and CD8+ lymphocytes. Oncology 66, 323–330.

Shuvy, M., Ben Ya’acov, A., Zolotarov, L., et al., 2009. Beta glycosphingolipids suppress
rank expression and inhibit natural killer T cell and CD8+ accumulation in alle-
viating aortic valve calcification. Int. J. Immunopathol. Pharmacol. 22, 911–918.

Singla, V., Reiter, J.F., 2006. The primary cilium as the cell’s antenna: signaling at a
sensory organelle. Science 313, 629–633.

Soares, H., Lasserre, R., Alcover, A., 2013. Orchestrating cytoskeleton and intracellular
vesicle traffic to build functional immunological synapses. Immunol. Rev. 256,
118–132.

Song, Y.C., Chou, A.H., Homhuan, A., et al., 2011. Presentation of lipopeptide by den-
dritic cells induces anti-tumor responses via an endocytosis-independent pathway in
vivo. J. Leukoc. Biol. 90, 323–332.

Stinchcombe, J.C., Majorovits, E., Bossi, G., et al., 2006. Centrosome polarization delivers
secretory granules to the immunological synapse. Nature 443, 462–465.

Stinchcombe, J.C., Salio, M., Cerundolo, V., et al., 2011. Centriole polarisation to the
immunological synapse directs secretion from cytolytic cells of both the innate and
adaptive immune systems. BMC Biol. 9, 45.

Takesono, A., Heasman, S.J., Wojciak-Stothard, B., et al., 2010. Microtubules regulate
migratory polarity through Rho/ROCK signaling in T cells. PLoS One 5, e8774.

T. Ilan-Ber and Y. Ilan Molecular Immunology 111 (2019) 73–82

81

http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0390
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0395
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0395
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0395
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0400
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0400
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0405
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0405
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0410
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0410
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0415
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0415
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0420
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0420
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0420
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0425
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0425
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0425
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0430
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0430
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0435
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0435
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0435
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0440
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0440
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0440
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0445
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0445
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0445
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0450
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0450
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0450
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0450
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0455
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0455
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0455
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0455
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0460
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0460
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0460
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0460
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0465
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0465
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0465
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0470
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0470
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0475
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0475
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0475
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0480
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0480
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0480
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0485
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0485
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0490
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0490
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0495
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0495
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0500
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0500
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0500
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0505
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0505
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0505
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0510
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0510
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0510
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0515
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0515
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0515
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0515
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0520
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0520
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0525
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0525
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0525
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0530
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0530
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0535
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0535
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0540
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0540
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0540
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0545
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0545
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0545
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0550
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0550
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0550
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0550
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0555
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0555
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0555
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0560
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0560
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0565
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0565
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0570
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0570
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0575
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0575
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0580
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0580
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0580
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0585
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0585
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0585
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0590
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0590
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0590
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0595
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0595
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0595
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0600
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0600
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0600
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0605
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0605
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0605
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0610
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0610
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0615
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0615
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0615
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0620
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0620
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0620
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0625
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0625
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0630
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0630
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0635
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0635
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0640
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0640
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0640
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0640
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0645
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0645
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0650
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0650
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0655
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0655
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0655
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0660
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0660
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0665
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0665
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0670
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0670
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0670
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0675
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0675
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0675
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0680
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0680
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0680
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0685
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0685
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0690
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0690
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0690
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0695
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0695
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0695
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0700
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0700
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0705
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0705
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0705
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0710
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0710


Tamarit, B., Bugault, F., Pillet, A.H., et al., 2013. Membrane microdomains and cytos-
keleton organization shape and regulate the IL-7 receptor signalosome in human CD4
T-cells. J. Biol. Chem. 288, 8691–8701.

Treanor, B., Depoil, D., Bruckbauer, A., et al., 2011. Dynamic cortical actin remodeling by
ERM proteins controls BCR microcluster organization and integrity. J. Exp. Med. 208,
1055–1068.

Ueda, H., Morphew, M.K., McIntosh, J.R., et al., 2011. CD4+ T-cell synapses involve
multiple distinct stages. Proc. Natl. Acad. Sci. U. S. A. 108, 17099–17104.

Ueda, H., Zhou, J., Xie, J., et al., 2015. Distinct roles of cytoskeletal components in im-
munological synapse formation and directed secretion. J. Immunol. 195, 4117–4125.

Vale, R.D., 2003. The molecular motor toolbox for intracellular transport. Cell 112,
467–480.

Vanden Berghe, P., Hennig, G.W., Smith, T.K., 2004. Characteristics of intermittent mi-
tochondrial transport in guinea pig enteric nerve fibers. Am. J. Physiol. Gastrointest.
Liver Physiol. 286, G671–82.

Wan, Z., Zhang, S., Fan, Y., et al., 2013. B cell activation is regulated by the stiffness
properties of the substrate presenting the antigens. J. Immunol. 190, 4661–4675.

Weber, M., Treanor, B., Depoil, D., et al., 2008. Phospholipase C-gamma2 and Vav co-
operate within signaling microclusters to propagate B cell spreading in response to
membrane-bound antigen. J. Exp. Med. 205, 853–868.

Wei, S.Y., Lin, T.E., Wang, W.L., et al., 2014. Protein kinase C-delta and -beta coordinate
flow-induced directionality and deformation of migratory human blood T-lympho-
cytes. J. Mol. Cell Biol. 6, 458–472.

Wittmann, T., Bokoch, G.M., Waterman-Storer, C.M., 2003. Regulation of leading edge
microtubule and actin dynamics downstream of Rac1. J. Cell Biol. 161, 845–851.

Xu, K., Harrison, R.E., 2015. Down-regulation of stathmin is required for the phenotypic
changes and classical activation of macrophages. J. Biol. Chem. 290, 19245–19260.

Yang, H., Ganguly, A., Cabral, F., 2010. Inhibition of cell migration and cell division
correlates with distinct effects of microtubule inhibiting drugs. J. Biol. Chem. 285,
32242–32250.

Yi, J., Wu, X., Chung, A.H., et al., 2013. Centrosome repositioning in T cells is biphasic
and driven by microtubule end-on capture-shrinkage. J. Cell Biol. 202, 779–792.

Yuseff, M.I., Reversat, A., Lankar, D., et al., 2011. Polarized secretion of lysosomes at the
B cell synapse couples antigen extraction to processing and presentation. Immunity
35, 361–374.

Yuseff, M.I., Pierobon, P., Reversat, A., et al., 2013. How B cells capture, process and
present antigens: a crucial role for cell polarity. Nat. Rev. Immunol. 13, 475–486.

Zhang, Q., Davis, J.C., Lamborn, I.T., et al., 2009. Combined immunodeficiency asso-
ciated with DOCK8 mutations. N. Engl. J. Med. 361, 2046–2055.

Zigmond, E., Preston, S., Pappo, O., et al., 2007. Beta-glucosylceramide: a novel method
for enhancement of natural killer T lymphoycte plasticity in murine models of im-
mune-mediated disorders. Gut 56, 82–89.

Zigmond, E., Shalev, Z., Pappo, O., et al., 2008. NKT lymphocyte polarization determined
by microenvironment signaling: a role for CD8+ lymphocytes and beta-glyco-
sphingolipids. J. Autoimmun. 31, 188–195.

Zigmond, E., Zangen, S.W., Pappo, O., et al., 2009. Beta-glycosphingolipids improve
glucose intolerance and hepatic steatosis of the Cohen diabetic rat. Am. J. Physiol.
Endocrinol. Metab. 296, E72–8.

Zigmond, E., Tayer-Shifman, O., Lalazar, G., et al., 2014. Beta-glycosphingolipids ame-
liorated non-alcoholic steatohepatitis in the Psammomys obesus model. J. Inflamm.
Res. 7, 151–158.

Zyss, D., Ebrahimi, H., Gergely, F., 2011. Casein kinase I delta controls centrosome po-
sitioning during T cell activation. J. Cell Biol. 195, 781–797.

T. Ilan-Ber and Y. Ilan Molecular Immunology 111 (2019) 73–82

82

http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0715
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0715
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0715
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0720
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0720
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0720
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0725
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0725
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0730
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0730
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0735
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0735
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0740
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0740
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0740
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0745
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0745
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0750
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0750
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0750
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0755
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0755
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0755
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0760
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0760
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0765
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0765
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0770
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0770
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0770
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0775
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0775
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0780
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0780
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0780
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0785
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0785
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0790
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0790
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0795
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0795
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0795
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0800
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0800
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0800
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0805
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0805
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0805
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0810
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0810
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0810
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0815
http://refhub.elsevier.com/S0161-5890(19)30095-1/sbref0815

	The role of microtubules in the immune system and as potential targets for gut-based immunotherapy
	Introduction
	Microtubules
	Microtubules and immune cells
	The role of MTs in the immune synapse: polarization during T cell activation
	MTs and B cell function
	MTs and innate cells: NK, NKT, and DCs
	MTs and lymphocyte movement
	MTs and immune-associated disorders

	MTs and the gut
	MTs and the gut immune system, neuroimmune interactions, and the gut microbiome
	Oral immunotherapy and gut MTs


	Summary
	Disclosure
	References




