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In this review, we summarized data on the formation and
structure of the long and highly adhesive membrane
tubulovesicular extensions (TVEs, membrane tethers or
cytonemes) observed in human neutrophils and other
mammalian cells, protozoan parasites and bacteria. We
determined that TVEs are membrane protrusions characterized
by a uniform diameter (130-250 nm for eukaryotic cells and
60-90 nm for bacteria) along the entire length, an outstanding
length and high rate of development and a high degree of
flexibility and capacity for shedding from the cells. This review
represents TVEs as protrusions of the cellular secretory process,
serving as intercellular adhesive organelles in eukaryotic
cells and bacteria. An analysis of the physical and chemical
approaches to induce TVEs formation revealed that disrupting
the actin cytoskeleton and inhibiting glucose metabolism or
vacuolar-type ATPase induces TVE formation in eukaryotic
cells. Nitric oxide is represented as a physiological regulator of
TVE formation.

Introduction

Cell-cell communication through highly dynamic and long
tubular filopodia or cytonemes was described 40 years ago for sea
urchin and later for insect embryonic cells."* The formation of
similar tubular structures, called membrane tethers, membrane
tubulovesicular or thread-like extensions was also observed in
human neutrophils and primary splenic lymphocytes.>'? Later,
many studies concerning cell-cell communication through “tun-
neling nanotubes” or “membrane nanotubules” were initiated
after thin intercellular connections were detected in rat pheochro-

mocytoma cells and a variety of mammalian immune cells.!*"
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Many nanotubule studies have focused on the “detection” of
nanotubules in different cell types and have not employed experi-
mental approaches to initiate the formation of these structures
in cells. Thus, the mechanism underlying nanotubule forma-
tion remains undetermined. The size of nanotubules is near the
threshold of resolution for optic microscopy. However, nanotu-
bules are primarily examined using phase contrast and fluorescent
microscopy, as fine membrane structures are easily destroyed dur-
ing preparation for electron microscopy. The intrinsic difficulties
in the studies of thin membrane structures have broadened our
understanding of the term “nanotubules” and nanotubule func-
tions. Currently, tubular, taper and branched filopodia varying in
diameter from 50 to 2,000 nm are all typically described using
the terms cytonemes or nanotubules."""” Nanotubules are pre-
sented as F-actin-driven intercellular connections for the cell-cell
transport of ions, cytoplasmic and membrane proteins, intracel-
lular organelles, bacteria or viruses.'s2

In this review, we summarize the data concerning the origin,
structure and function of a special type of membrane tubulo-
vesicular extensions (T'VEs, membrane tethers or cytonemes).
TVEs are characterized by a strictly uniform diameter along the
entire length in the range of 130-250 nm for eukaryotic cells
and 60-90 nm for bacteria, which varies depending on the con-
ditions. TVEs are also characterized by an outstanding length
and high rate of development and a high degree of flexibility and
capacity for shedding from the cells. We have only reviewed stud-
ies that clearly described methods, which were utilized to initiate
TVE formation in the experiments.

In addition, we have focused on studies performed on human
neutrophils. As polymorphonuclear leukocytes, neutrophils play
an important role in host defense due to their capacity to pen-
etrate blood vessel walls, migrate to infected tissues and phago-
cytose and kill bacteria. Membrane tethers can be extracted from
the human neutrophils in vitro through micropipette manipula-
tion or using laser tweezers.>**1>2!22 The formation and shed-
ding of membrane tethers or TVEs are involved in main aspects
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of neutrophil physiology. In the bloodstream, the pulling and
shedding of membrane tethers from neutrophil cell bodies under
shear stress controls the rolling velocity of neutrophils.”!%2-5
The increased nitric oxide (NO) concentration in infected lesions
induces formation of TVEs in neutrophils. Extracellular binding
of bacteria by neutrophil TVEs represents an alternative phago-
cytotic mechanism to bind and kill pathogens.?**

Notably, there are principle differences between TVEs and
so-called “neutrophil extracellular traps,” or NETs. According
to Zychlinsky and colleagues, neutrophils exposed to uncoated
coverslips in the presence of phorbol ether for 46 h “extrude”
chromatin and granule proteins that form NETs for binding
and killing pathogens.?* NETs were described as fibers of 15-17
nm in diameter aggregated in 50-nm threads that are not sur-
rounded by membranes.®® Subsequent studies have shown that
the release of DNA and NET formation resulted from neutrophil
cell death and plasma membrane rupture.» Whether the forma-
tion of NETs occurs in vivo remains unknown.?? The release of
highly aggressive neutrophil bactericides upon neutrophil break
can significantly injure surrounding tissues, thus devaluating the
contribution of NETs in the host defense.

TVEs or cytonemes are 200 nm-wide membrane tubulove-
sicular extensions of living cells with intact nuclei that develop
during 20 min. According to our hypothesis, TVEs represent
protrusions of the neutrophil secretory process, which establish
direct contacts with other cells and bacteria.

Protozoan parasites and bacteria also form membrane teth-
ers and tubulovesicular extensions to adhere to each other and
to eukaryotic cells.**** Cell-cell communications via long, thin
secretory membrane tubulovesicular protrusions appear to be
common in prokaryotic and eukaryotic cells.

Pulling and Shedding of Membrane Tethers from the
Neutrophil Bodies

Thin membrane tethers can be pulled from neutrophils using
applied forces through physiological flow.”!*!>%-% The pulling
of long membrane tethers from human neutrophil bodies was
observed through high speed, high resolution video microscopy
of neutrophils flowing over spread platelets or P-selectin-coated
surfaces.” Thin membrane tethers with an average length of 6 um
were pulled from the neutrophil bodies at an average rate of 6-40
wm/s at a wall shear rate of 100-250 sec. Tether formation was
blocked using antibodies against P-selectin or PSGL-1, but not
with anti-CDI18 (common { subunit of B2 integrin) antibod-
ies. Thus, the formation of membrane tethers could result from
the binding of PSGL-1 located on neutrophil microvillus tips
to P-selectin and following microvillus elongation under shear
stress. In the bloodstream, neutrophils stabilize the rolling veloc-
ity through rapid adjustments in the tether number in response
to changes in wall shear stress.”'®"® The characteristic jerking
motion of neutrophils over P-selectin coated surfaces has been
observed with tether growth, whereas tether breakage resulted in
an acute increase in the rolling velocity. The tether number rap-
idly increased with increasing wall shear stress and diminished as
wall shear stress declined.??
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The membrane tethers formed during the rolling process on a
ligand-bearing substrate under physiological flow are susceptible
to shedding from the cells. The detached tethers were 100-200
nm in diameter reaching 100 pm in length.” The pretreatment
of neutrophils with actin depolymerizing agents, such as latrun-
culin A or cytochalasin D, increased the average projected mem-
brane tether length and prolonged the average tether lifetime.”

Using micropipette manipulation or optical trapping (twee-
zers) and antibody-coated beads, Shao and Hochmuth and others
demonstrated that under a pulling force, a neutrophil microvil-
lus of =0.2 wm in diameter and =0.3 pm in length can form a
long, thin membrane cylinder (the pulling force < 60 pN).>¢222
The threshold force required to pull a membrane tether did not
depend on the coating bead antibodies, medium osmolality or
temperature increase from 22°C to 37°C. The disruption of the
actin cytoskeleton using latrunculin A or cytochalasin D relieved
the pulling of membrane tethers from human neutrophils.”!#2"%

Structure and Functions of TVEs Formed in Human
Neutrophils upon Adhesion to Fibronectin

TVEs, resembling neutrophil membrane tethers in size and
behavior, develop on the surface of neutrophils during adhesion
to fibronectin.® Resting neutrophils adhere and spread (Hatten)
onto the fibronectin-coated substrata (Fig. 1A) in a 32-integrin-
dependent manner. Neutrophils plated onto fibronectin in Na*-
deficient extracellular medium or in the presence of chemical
agents [inhibitor of vacuolar-type ATPase 7-chloro-4-nitrobenz-
2-oxa-1,3-diazole (NBD-CI), alkylating agent 4-bromophenacyl
bromide (BPB), NO donor diethylamine NONOate, microbial
alkaloid staurosporine, and agents that induce actin cytoskel-
eton depolymerization, such as cytochalasins B and D] develop
multiple surface tubulovesicular extensions. These extensions
interconnected neutrophils and attached cells to substrata
(Figs. 1B—F and 2A). Neutrophils plated onto fibronectin in the
presence of NBD-Cl or BPB are anchored to fibronectin-coated
substrata through TVEs (Figs. 1C and 2B). Monoclonal anti-L-
selectin antibodies inhibited BPB-treated neutrophil adhesions
in this case, and monoclonal anti-Bl-integrin and anti-CDI18
(common B subunit of all B2-integrins) antibodies, separately
or in combination, did not reduce neutrophil attachment. These
data demonstrated that TVEs attach cells to the substrata in
a selectin-dependent, but B2- and Pl-integrin-independent,
manner.52°

TVEs with unattached tips were flexible and had a tendency
to shed from the cells. The extensions interconnecting neutro-
phils were either flexible or straight. The formation of straight
connections could reflect the binding and entering of the TVE
from one neutrophil into another neutrophil. TVE tips are either
endocytosed by neighboring cells or fused with the plasma mem-
brane. In addition, we cannot exclude that straight membrane
tethers could be pulled from neutrophil bodies when cells are
dispersed after contact.

Scanning electron microscopy revealed that TVEs had a
uniform diameter along the entire length and comprised inter-
connected tubular and vesicular fragments. The uniform TVE
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diameter varied in the range of 160-240
nm, depending on the conditions.®*"%
TVEs can obtain lengths of greater than
80 nm in 20 min. Fluorescent micros-
copy using cytoplasmic and lipid dyes
demonstrated that TVEs are covered
with membrane and contain neutrophil
cytoplasm.?"

In neutrophils, TVEs grow unhin-
dered in the presence of the microtu-

bule-destabilizing agent colchicine or in
the presence of agents that disrupt the
actin cytoskeleton, such as cytochalasin
B or D (Fig. 2).%%® These data indicate
that the development of TVEs occurs
independently of the cytoskeleton, i..,
neutrophil TVEs are not F-actin- or
microtubule-driven protrusions.
Whether membrane tethers pulled
from neutrophil bodies are identical

to neutrophil TVEs developed after
neutrophil adhesion in the presence
of chemical agents remains unknown.
TVEs and tethers are similar in size
and behavior. However, TVEs also have
a strictly uniform diameter along the
entire length, with an ability to reach
extraordinary lengths and a capacity for
shedding from the cells. Actin depoly-
merization stimulates the development
of both membrane tethers and TVEs.

Metabolic Regulation of TVE
Formation in Human Neutrophils
upon Adhesion to Fibronectin

The analysis of the chemical drugs that

Figure 1. Formation of TVE in human neutrophils upon adhesion to the fibronectin-coated sub-
strata. Scanning electron microscopy images of human neutrophils plated onto fibronectin-coated
substrata for 20 min at 37°C: (A) in control conditions; (B) in the presence of inhibitor of V-ATPase
NBD-CI (100 m); (C) in the presence of BPB (10 wM); (D) in the extracellular medium, where Na*ions
were substituted with K* ions; (E) in the presence of the NO donor diethylamine NONOate (1 mM) or
(F) microbial alkaloid staurosporine (200 nM).%26-28

induce TVE formation in neutrophils
facilitated the discrimination of these
agents into the groups: (1) inhibitors of glucose uptake and
glycolysis, (2) inhibitors of vacuolar-type ATPase (V-ATPase),
(3) inhibitors of Cl' channels and Na*-deficient extracellular
medium, (4) agents disrupting actin cytoskeleton and (5) nitric
oxide donor diethylamine NONOate.®*"28:3¢

Similar to malignant cells, leukocytes possess a high rate of
glycolysis, even in the presence of oxygen.”” The extrusion of
TVEs from the cells occurred upon neutrophil adhesion to the
fibronectin-coated substrata in the presence of iodoacetic acid,
an inhibitor of the glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) or phloretin, an inhibitor of facilita-
tive glucose transporters. The inhibition of oxidative phosphory-
lation did not induce the formation of membrane extensions.*®
Experiments inhibiting the three main classes of proton-trans-
locating ATPases, i.e., P-, V- and F-type ATPases,*® revealed
that tubulovesicular extensions developed in neutrophils in the

presence of inhibitors of V-ATPase, such as NBD-CI (Fig. 1B),
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NEM or bafilomycin A. Inhibitors of P-or F-type ATPases did
not induce cytoneme formation.*

V-ATPase couples the hydrolysis of cytosolic ATP to proton
transport out of the cytosol. This enzyme comprises a peripheral
domain (V,) that contains the ATP biding sites and an integral
membrane domain (V,), which form the proton pore. V| and
V, can exist separately, but they must combine to pump pro-
tons.”” The V-ATPase proton-pumping activity is tightly regu-
lated through glucose metabolism.*® V-ATPase and glycolytic
enzymes, such as phosphofructokinase-1 and aldolase, interact
at the protein level, providing a basis for coupling the ATP-
generating glycolytic pathway directly to the ATP-hydrolyzing
proton pump.?"#* The glycolytic enzyme GAPDH was also phys-
ically associated with the aldolase-V-ATPase complexes.**

We propose that in neutrophils, TVEs represent secretory
protrusions as membrane tubular or vesicular exocytotic carriers.

These carriers fuse with the neutrophil plasma membrane upon
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Cytochalasin D

[8] Cytochalasin D

Figure 2. TVEs and invaginations on neutrophil bodies. Scanning elec-
tron images of neutrophils plated onto fibronectin in the presence of
the actin-disrupting agent cytochalasin D (10 .g/ml) for 20 (A) and 40
(B) min. TVEs and specific invaginations were observed on the cell body.
(B) The invaginations on the neutrophil bodies resemble “porosomes”
of exocrine and neuroendocrine cells, with two depressions.

neutrophil spreading on the substrata (Fig. 1A) or extend from
the cell surface as TVEs, when fusion is impaired (Fig. 1B—F).
Complex interactions between V-ATPase and glycolytic enzymes
control TVE formation via membrane fusion events. This
hypothesis is based on the data demonstrating the involvement
of V-ATPase and the glycolytic enzymes GAPDH and enolase
in membrane fusion events.*" It has been suggested that the V
domains of V-ATPase from two opposing membranes undergo-
ing fusion form a channel. The radial expansion of this channel
leads to membrane fusion.**% The involvement of V-ATPase in
membrane fusion and fission events was demonstrated for yeast

44,45

vacuoles,*® synaptic vesicles exocytosis in fly neurons,®*' the

release of exosomes from multivesicular bodies and exocytosis of

morphogenes in worms, 4

and for insulin secretion from pan-
creatic islets in mice.*” A growing amount of evidence has shown
that the glycolytic enzymes GAPDH and enolase also play a role
in membrane fusion.’>?°

The capacity of NO and agents that disrupt the actin cyto-

skeleton to induce TVE formation could be realized via the
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modulation of glucose metabolism and V-ATPase activity. NO
inhibits both V-ATPase and glycolytic enzyme GAPDH.”
Filamentous actin directly binds the B and C subunits of the V,
domain of V-ATPase as well as glycolytic enzymes thus regulat-
ing the assembly of V-ATPase and V-ATPase/glycolytic enzyme
complexes.®*-¢
interactions between V-ATPase and glycolytic enzymes upon

3 The depolymerization of actin filaments impairs

the fusion of exocytotic carriers with the neutrophil plasma
membrane.

V-ATPase is an electrogenic enzyme.” The Cl efflux through
chloride channels perform charge compensation for protons
pumped out of the cells through V-ATPase to regulate V-ATPase
activity.>* Blocking chloride channels thus can initiate TVE for-
mation via the inhibition of V-ATPase activity. How the extra-
cellular Na* ion deficit induces TVE formation in neutrophils
remains unknown. The role of the extracellular Na* ions concen-
tration and Cl- ion efflux in the development of tubulovesicular
extensions seems to be strongly associated with water influx, as
electrolytes and water transport affect membrane tension and
provide the driving force for cytoneme formation.

Cytoneme Formation in Embryonic, Blood and Other
Eukaryotic Cells

During gastrulation, sea urchin embryo cells migrate from the
vegetal pole to a site below the equator of the embryo. As these
cells migrate, they extend dynamic thin filopodia that interact
with the basal lamina, which lines the blastocoel and underlying
ectoderm. These filopodia serve as sensory organelles, anchoring
appendages and intercellular connections that join cell bodies and
execute long distance cell-cell communications associated with
signaling and patterning during gastrulation. Isolated primary
mesenchyme cells also develop similar filopodia upon adhesion
to the extracellular matrix or fibronectin in the presence of extra-
cellular material from mesenchyme blastula. Filopodia extend at
a rate of 1 wm/min from cells migrating in vitro or as rapidly
as 10-25 wm/min in vivo and reach 30-80 wm in length. The
filopodia diameter varies from 0.2 to 0.4 pm.">%

In primary splenic lymphocytes and Bal 17 cells, the engage-
ment of B-cell antigen receptor by IgM, which is a surrogate for
antigen, can induce the formation of thread-like projections or
cytonemes." IgM-induced cytonemes that are 0.2-0.4 pm in
diameter and reach 80 pwm in length after 30 min may participate
in long-distance communication between the antigen-stimulated
B cells and the other immune cells. The time course for cytoneme
appearance is consistent with a potential role in the presentation
of antigen uptake from the BCR to helper T cells.

The transfection of the B144/LST1 gene in a variety of
eukaryotic cells induces the development of flexible and dynamic
cytoneme-like filopodia reaching 300 pwm in length.® The B144/
LST1 gene encoded within the human major histocompatibility
complex is highly expressed in dendritic cells and professional
antigen-presenting cells. The occurrence of dynamic long cellular
extensions is a potential mechanism for occasionally obtaining a
T cell receptor to recognize antigens presented on the dendritic
cell.
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The binary actin-ADP-ribosylating toxins CDT, Clostridium
botulinum C2 toxin and Clostridium perfringens iota toxin induce
the rearrangement of microtubules and the formation of long (up
to 150 pm) microtubule-based protrusions with a diameter rang-
ing from 0.05 to 0.5 pm at the surface of human colon carcinoma
cells (Caco-2 cells).®*” Scanning electron microscopy demon-
strated that CDT-induced protrusions form a dense meshwork
at the cell surface, which wraps and embeds bacterial cells, thus
increasing the adherence of Clostridia. The formation of pro-
trusions seemed to be a consequence of the ability of bacterial
toxins to affect the cellular actin cytoskeleton. Cytochalasin D
and latrunculin A induced the formation of similar protrusions
in intestinal epithelial cells.

The suspension of breast tumor cells (MCF10A human or
EpH4 mouse mammary epithelial cells) over ultra-low-attach-
ment plates or 2% agarose coated plates produced long and
dynamic protrusions of the plasma membrane.®® The protrusions
were enhanced through actin depolymerization with cytochala-
sin D or latrunculin A to promote efficient cell-cell attachment
and homotypic aggregation. These protrusions were described as
microtubule-driven (the protrusions were partially clocked using
colchicine) and enriched in detyrosinated a-tubulin. Because
blood-borne metastasis depends on both cell-cell and cell-matrix
attachments, protrusions in detached transformed mammary
epithelial cells provide a novel mechanism that influences the
metastatic spread of breast tumors.

The Role of Actin Cytoskeleton in TVE Formation
in Neutrophils and Other Cells

The analysis of drugs that induce cytoneme formation revealed
that many of these agents initiate actin depolymerization. Cell
permeable and potent inhibitors of actin polymerization cytocha-
lasins D and B (mycotoxins produced by Helminthosporium and
other molds) and latrunculin A (a natural toxin produced by cer-
tain sponges, including genus Latrunculia) stimulated cytoneme
formation in neutrophils,**® colon and breast carcinoma cells,**¢*
and relieve the pulling of membrane tethers from the cell bodies
with a physiological flow? or upon the pulling of membrane teth-
ers through micropipette manipulation.”!#

The ability of staurosporine (STS), a natural product origi-
nally isolated from the bacterium Streptomyces staurosporeus, and
Ro-31-8220, a structural analog of STS, to induce TVE forma-
tion in neutrophils was also coupled to the depolymerization
of the actin cytoskeleton. Central cytoskeletal regulators also
include actin-depolymerizing factor (ADF)/cofilin, which depo-
lymerizes actin filaments. The phosphorylation of cofilin blocks
this activity. The neutrophil serine 3-cofilin kinase is constitu-
tively active and insensitive to a variety of selective antagonists of
protein kinases. STS specifically inhibits the neutrophil serine 3
cofilin protein kinase, thus maintaining actin in a depolymerized
state.”’

Another target of STS is the leukocyte-specific actin-bundling
protein L-plastin, which is phosphorylated in response to adhe-
sion or phagocytosis.”®”! STS”? and Ro-31-8220,7 but not other

protein kinases inhibitors, inhibit L-plastin phosphorylation.
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L-plastin is a single cytosolic protein in neutrophils that binds
BPB, an inducer of TVE formation.” In murine macrophages,
L-plastin is one of the major S-nitrosylation targets for NO, a
natural inducer of TVE formation.”7

NO also promotes actin depolymerization through the ADP
ribosylation of B/ actin.”” A similar mechanism is involved in
the formation of tubulin-containing protrusions in colon car-
cinoma cells induced through Clostridium botulinum C2 and
CDT toxins.*®® The ADP-ribosylation of actin is an important
mechanism by which various bacterial toxins, including the
Clostridium botulinum C2 toxin, affect eukaryotic cell func-
tions. Hypervirulent Clostridium difficile strains generate the
binary CDT, which comprises an ADP-ribosyltransferase and
a separate binding component that participates in the transport
of the enzymatic component into the cytosol of target cells. In
the cytosol, the enzymatic component of the toxin ribosylates
G-actin at Arginine-177, thus blocking actin polymerization.*®%

The actin cytoskeleton also acts as a physical barrier, prevent
ing granule access to the plasma membrane, and the disassembly
of actin filaments relieves exocytosis in neutrophils and other
cells.”8#% The disruption of actin filaments provides exocytotic
carriers with access to the plasma membrane; however, accord-
ing to our hypothesis, the disruption of actin filaments impairs
the fusion of the carriers with the plasma membrane. As a result,
tubulovesicular extensions protrude from the cell bodies.

Cytochalasin-induced TVEs are characterized by rapid
development and simultaneous rapid destruction.?®® Scanning
electron microscopy studies revealed the presence of TVEs
and specific invaginations on the cytochalasin D-treated neu-
trophils formed during first 10-20 min of experiment. After
40-60 min of neutrophil adhesion in the presence of cytocha-
lasin D TVEs were practically disrupted (Fig. 2).*® Similar
invaginations were observed on the neutrophil bodies after
shedding of TVEs as a result of interactions with bacteria.”
The diameter of the invaginations was similar to that of TVEs,
at 200-230 nm.” The invaginations resemble porosomes of
exocrine and neuroendocrine cells.®! The porosomes resembled
circular pits of 0.4-1.2 pm in diameter containing 3—4 depres-
sions of 100-150 nm in diameter. The depressions served as
fusion pores, where membrane-bound secretory vesicles tran-
siently dock and fuse to expel vesicular contents.® The neutro-
phil invaginations resembled porosomes with two depressions,
potentially fulfilling the same role in cell secretion as porosomes
(Fig. 2). However, the invaginations could also represent the
sites of compensatory endocytosis, which accompanies neutro-
phil secretion via the shedding of vesicles and tubules from the
TVE tips. Both invaginations and TVEs are vulnerable struc-
tures, and the mechanism of TVE extrusion from the neutro-
phil remains to be elucidated.

Cytochalasin D-induced cytonemes are short-lived structures.
Many investigators consider that nanotubules or cytonemes are
F-actin- or actin-polymerization-driven protrusions, as nanotu-
bules were not detected after pre-treatment with cytochalasin D.
Thus, we propose that the formation and destruction of cyto-
nemes is completed after the cells are incubated with cytochala-
sin D for 30—60 min.
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granules contain more myeloperoxidase,
cathepsin G and defensins HNP 1-3.
The proteome analysis of the neu-
trophil TVE content was performed to
confirm the secretory origin of these
structures. The TVEs developed in neu-
trophils plated on fibronectin in the pres-
ence of nitric oxide donor diethylamine
NONOate, BPB and cytochalasin D

were disrupted following the removal

S. Typhimuriungs.

of the inducers. High-performance

[B]Diethylamine NONOategw liquid chromatography and mass spec-

trometry investigations indicated that
TVE disruption released (a) the granu-
lar bactericides lactoferrin, lipocalin,
myeloperoxidase, cathepsin G and
defensins HNP 1-3, (b) energy metabo-
lism enzymes, such as transketolase,
glucose-6-phosphate
and glycolytic enzymes phosphoglu-
cose isomerase, enolase, GAPDH and

A

dehydrogenase

hexokinase II, (c) the actin cytoskel-
eton proteins moesin, L-plastin, 8- and
vy-actin, (d) S1I00A8, S100A9, S100A8/
A9, S100A12 proteins and (e) other pro-
teins, such as glutathione transferase,
annexin 1 and ov-serpin.?’

The presence of specific and pri-
mary granular bactericides including
lactoferrin, lipocalin, mieloperoxidase,

cathepsin G and defensins HNP 1-3

in neutrophil TVEs confirmed the

formation (B-E) bound and held bacteria through TVEs.?2%

Figure 3. Neutrophil TVEs bind and hold pathogenic bacteria Salmonella enterica serovar Typhimuri-
um over long distances. Scanning electron microscopy images of human neutrophils plated onto
fibronectin-coated substrata for 20 min at 37°C: (A) in the control conditions, (B) in the presence of
staurosporine (200 nM), (C) in the presence of BPB (10 M) or (E) in the presence of the NO donor
diethylamine NONOate (1 mM). At the end of incubation, serum-opsonized S. Typhimurium bacteria
(bacteria/cells ratio 20:1) were added to neutrophils for 5 min. The neutrophils plated at control
conditions phagocytosed the bacteria. “Ruffles” formed on the cell surface where bacteria entered
the cell [(A), arrows]. The neutrophils plated onto fibronectin in the presence of inducers of TVE

hypothesis that TVEs represent protru-
sions of neutrophil secretory bactericide
trafficking.”” The abundant occurrence
of glycolytic enzymes, actin cytoskeletal
proteins, annexinl and S100 proteins
in TVEs might be required to execute
TVEs fusion with the neutrophil plasma
membrane.

The role of glycolytic

Proteome Analysis Revealed Neutrophil TVEs as
Protrusions of Secretory Bactericide Trafficking

Neutrophils are phagocytic cells that constitute the first line
of host defense against bacterial infections due to the ability of
neutrophils to engulf and kill microorganisms. A microbicidal
function has been ascribed to the abundant cytoplasmic granules
that are discharged into phagocytic vacuole containing microbes.
Neutrophil bactericides are packaged into four types of intracel-
lular secretory granules: azurophil (primary), specific (second-
ary) and gelatinase (tertiary) granules and secretory vesicles.?>%
The bactericide content of granules overlaps. The specific gran-
ules contain more lactoferrin and lipocalin, and the azurophil

www.landesbioscience.com

enzymes and the actin cytoskeleton in
membrane fusion and TVE formation
was discussed above. Annexins attach
and bring different membranes into close proximity to facili-
tate fusion.** Annexin 1 and GAPDH appear to be the major
fusion proteins of neutrophils shown to promote aggregation and
fusion neutrophil granules.>®#¢ The SI00A8/A9 protein binds
and transports arachidonic acid,® an essential component of
annexin-mediated membrane fusion.®®

Neutrophil TVEs Capture Bacteria and Yeast:
A Novel Pathogen Scavenging Mechanism

Under the control conditions, neutrophils spread on fibronec-
tin-coated substrata and phagocyte (engulf) bacteria (Fig. 3A)
or yeast (Fig. 4A). During phagocytosis, tubular and vesicular
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bactericide carriers fused with the membrane of phagosome con-
taining microbes and expelled their contents into phagosomes.
The spreading of neutrophils on substrata might also represent
unsealed phagocytosis, in which the neutrophil engulfs a huge
particle (Fig. 1A). Subsequently, exocytotic carriers expel their
contents from the unsealed phagosomes into the extracellular
medium.

In the presence of inducers of cytoneme formation, bacteri-
cide tubulovesicular trafficking extends from the cells as TVEs
and binds and holds Salmonella Typhimurium or opsonized
zymosan particles (dried yeast particles coated with serum)
over a long distance (Figs. 3B—E and 4B).*2¢?%3¢ The binding
of bacteria or yeast via TVEs did not represent an initial stage
of phagocytosis, but it resulted in the shedding, swelling and
lysis of TVEs together with bound microbes.”” The extracellular
binding of bacteria via TVEs containing primary and specific
granule bactericides and the subsequent killing of bound bacteria
through bactericides released from TVEs upon lysis represents a
novel mechanism for eliminating bacteria via neutrophils.?” This
mechanism could share some of the advantages of phagocytosis.
The micrometer-long TVEs greatly widen the area, where bac-
teria are subjected to neutrophilic attack. Bacteria cannot enter
the cells, where they can survive and multiply. The membrane-
packed content and outstanding length of TVEs might allow tar-
geted neutrophil secretion of aggressive bactericides over a long
distance without dilution and injury to the surrounding tissues.

A similar mechanism for binding Clostridia via CDT toxin-
induced protrusions was described for the human carcinoma cell
line Caco-2.°%" The protrusions strongly increased the coloniza-
tion of intestinal epithelium with Clostridium difficile.

Protozoan Parasites Initiate the Development
of Finger-Like Filopodia in Human Neutrophils

High-resolution scanning and transmission electron microscopy
studies of rat neutrophil interactions with infectious tachyzoites
form of the parasitic protozoan Toxoplasma gondii have demon-
strated that after a 30 min incubation with parasites at rates of
5:1 (zoites:neutrophil), the surface of the neutrophils was full
of finger-like projections.®”” These projections resembled TVEs
in size and engulfed the parasites. Another protozoan parasite
Trichomonas vaginalis also induced the formation of similar fin-
ger-like filopodia on the neutrophil surface. The filopodia were
involved in parasites binding, as revealed through scanning elec-
tron microscopy.”

Protozoan parasites can induce finger-like filopodia by stimu-
lating production of NO, an effective inducer of cytoneme forma-
tion in neutrophils. Neutrophils exposed to Trichomonas vaginalis
produced nitric oxide and interleukin-8.°*! Interleukin-8 along
with the other cytokines can, in turn, stimulate NO synthesis.”?

Nitric Oxide as a Physiological Regulator
of TVE Formation in Neutrophils

Nitric oxide, endothelium-derived relaxing factor, plays an impor-
tant role in regulation of neutrophils adhesion to endothelium
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Figure 4. NO alters human neutrophil interactions with yeast.

(A) The neutrophils plated onto fibronectin under the control condi-
tions phagocytosed opsonized zymosan particles (dried yeast coated
with serum) forming specific “cups” (white arrows) on the cell surface
or bound yeast particles onto the cell surface (black arrows). (B) The
neutrophils plated onto fibronectin in the presence of the NO donor
diethylamine NONOate (1 mM) bound opsonized zymosan particles
through TVEs.?

lining the vessel walls. In the blood stream, neutrophils roll along
vessel walls, temporarily adhering to the endothelium via micro-
villus-like membrane tethers in a selectin-dependent manner.
Metabolic disturbances, such as hypoxia or ischemia and reper-
fusion, stimulate firm B2-integrin-mediated leukocyte adhesion
to vessel walls.”® The attached neutrophils injure the endothe-
lium through the secretion of lytic enzymes and reactive oxygen
species. The firm adhesion of neutrophils to the endothelium is
responsible for capillary closure and the development of diabetic
angiopathies.””

In the circulation, shear stress and a network of mediators,
such as prostanoids and nitric oxide (NO) prevent firm leukocyte
adhesion to the endothelium.”® Both endothelial cells and neu-
trophils express constitutively active NO synthase isoforms, such
as eNOS in endothelial cells and nNOS (neuronal) and iNOS
(inducible) in neutrophils, for the production of NO.”” NO
derived from both nNOS and eNOS is critical for the regulation
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synthesis facilitates neutrophil adhesion
via 32-intergins.

NO play an important role in host
defense against multiple bacterial infec-
tions.!””!"! To resist the antimicrobial
action of the NO generated in host cells,
some bacteria, such as Salmonella, pos-
sesses NO-metabolizing enzymes, such
as the flavohemoglobin Hmt, which is
required for the Salmonella virulence in

mice.'>!"? One of the targets of NO in
host defense is the enhancement of the
bactericidal activity of human phago-
cytes (macrophages and neutrophils)
against Salmonella species.'®!""!"* The
induction and activation of NO syn-
thases and excessive production of NO
are common features of inflammation
and infection lesions.”?

Our data demonstrated that NO

initiated TVE formation in human

neutrophils and potentiated long-range
binding of bacterial or yeast patho-
gens by TVE, while the inhibition of
NO synthesis stimulated phagocyto-
sis of bacteria. Extracellular binding of
pathogens by TVE and following kill-
ing of bound pathogens by bactericides
released from TVEs upon lysis repre-
sents a novel mechanism of elimination
of bacteria by neutrophils, which might

be more effective than phagocytosis. We

derived from the outer membrane of the bacteria (E and F).>*

Figure 5. Cytonemes of bacteria. The scanning electron microscopy images show Salmonella
enterica serovar Typhimurium attached to the surface of the control neutrophils (A) or to the TVEs
of BPB-treated neutrophils (B) through cytonemes. Salmonella of the virulent C53 strain (C) and the
non-flagellated SJW880 strain (D) were interconnected through cytonemes in biofilms grown on
the surface of gallstones. Transmission electron microscopy images of 60-nm membrane tubules

propose that NO-induced the transition
of neutrophil-bacteria (Fig. 3D and E)
and neutrophil-yeast (Fig. 4B) interac-
tions from phagocytosis to the long-
range extracellular binding of pathogens

of leukocyte-endothelial cell interactions.’®® NO reduces firm
leukocyte adhesion to the endothelium and relieves the endo-
thelial damage induced through adherent leukocytes.'?** The
inhibition of NO synthesis via Nw-nitro-L-arginine methyl ester
(L-NAME) induced an increase in leukocyte adhesion via CD18,
a common [-chain of B2-integrins.'*>!% In contrast, NO or NO
donors inhibited the adherence of B2 integrin-mediated neutro-
phils to endothelial cells or fibrinogen-coated plates, but did not
affect P-selectin-dependent neutrophil rolling.'**'* No direct
effect of NO on the expression of CD18 was observed.!0>!0410¢
Our data revealed NO as an inducer of TVE formation in neu-
trophils.?*?”?* We propose that NO regulates neutrophil adhesive
interactions via the formation of long and dynamic TVEs, which
attach neutrophils to the endothelium in a long-range selectin-
dependent manner.?** In this case the role of integrins, which
are located on the cell bodies, in neutrophil adhesion is reduced.
The inhibition of TVE formation as a result of blocking NO

www.landesbioscience.com

through TVE plays an important role
in NO contribution to the host defense
against bacterial infections.?®*

According to our hypothesis, NO induces TVE formation via
inhibition of the fusion of exocytotic carriers with the plasma
membrane, thus blocking the emptying of tubular and vesicu-
lar exocytotic carriers. This hypothesis was based on data dem-
onstrating the capacity of NO to block a late step of exocytosis
(granule emptying) in chromaffin cells, and inhibit the exocyto-
sis of Weibel-Palade bodies in endothelial cells, dense, lysosomal
and a-granules from human platelets and cytolytic granules from
lymphokine-activated killer cells.">" In contrast to the inhibi-

tory effects on exocytosis, NO accelerates endocytosis."®

Cytonemes of Protozoan Parasites
Highly adhesive, thread-like filopodia arising from the surface

of trypanosomes were described 40 years ago.”® Recently, the
development of dynamic membrane tubulovesicular filaments
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was observed on the surface of the gametes of malaria pathogen
Plasmodium falciparum.® The sexual phase of the malaria para-
site development occurs in the mosquito midgut. Plasmodium
gametocytes enveloped within human erythrocytes are activated
in the mosquito midgut through a reduction in temperature and
egress from erythrocytes. Filaments actively form within minutes
after gametocyte activation in both the emerging macrogametes
(female) and exflagellating microgametocytes (male). The length
of the protrusions varied between 2 and 180 pm, with an average
length of 10-20 pm. Adhesion proteins, such as Pfs230, Pfs48/45
or P25, which are typically found in gametes, were expressed on
the surface of these filaments. Electron microscopy revealed that
the filaments represented 200 nm-wide membranous protrusions
of the gamete plasma membrane, with a beaded structure con-
taining cytoplasm. Immunofluorescence studies revealed that the
parasite filaments contained the actin isoform Pfact2, but did
not contain tubulin. The filaments produced by parasite gametes
exhibited a pronounced similarity, in structure and behavior, to
neutrophil TVEs. The malaria parasite can utilize these extraor-
dinary long cellular connectives to facilitate intracellular contacts
between female and male gametes during the sexual reproduc-
tion stage in the mosquito midgut.

Cytonemes of Bacteria

Scanning electron microscopy revealed that contact with eukary-
otic cells results in the formation of unusually wide (60 nm in
diameter) tubular appendages of S. Typhimurium intercon-
necting bacteria and attaching bacteria to the eukaryotic cells
(Fig. 5).7341"7118 These appendages strongly exceeded bacterial
flagella (15-20 nm in diameter) or pili (6—7 nm in diameter).
Further studies estimated that tubular appendages interconnect-
ing S. Typhimurium in biofilms varied in diameter between 60
and 90 nm.* Transmission electron microscopy revealed that
tubular bacteria appendages represent membrane tubules, which
are formed as extensions of the outer membrane.**

Bacterial membrane tubules, in their size, structure and
behavior, correspond to the so-called “membrane sheaths” of bac-
teria. Early studies of flagella of Vibrio metchnikovii, Bdellovibrio
bacteriovorus or Helicobacter pylori using electron microscopy
reveled an internal electron-dense filament and a surround-
ing flagellar sheath exhibiting the typical bilayer structure of a
membrane."”'*' The tubular membrane structures were 3 to 4
times thicker than typical bacterial flagella. Moreover, forma-
tions of tubular membrane structures that do not contain flagella
filament have been observed in some strains of Beneckea. These
tubular membrane evaginations of the outer membrane of the
cell wall are often beaded to a variable degree.'?* Although these
structures were observed many years ago, the function of mem-
brane sheaths of flagella remains unknown.!?*'2¢

The membrane tethers can be extracted from bacteria
Escherichia coli using optical tweezer manipulation.'” Similar
to tethers pulled from eukaryotic cells, the bacterial tethers are
extremely long and are primarily composed of the asymmetric
lipopolysaccharide-containing bilayer of the outer membrane.
Recently, bacterial dynamin-like protein was prepared from
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cyanobacteria, suggesting that bacterial dynamin-like proteins
play a role in membrane tubulation/vesiculation identical to that
of eukaryotic dynamins.!?¢'%

Bacterial tubular appendages, such as the cytonemes of neu-
trophils and other eukaryotic cells, have a uniform diameter
along the extraordinary length and demonstrate a high rate of
development, flexibility and capacity for shedding from the cell

surface.

Membrane Tubulovesicular Structures Created
by Bacterial and Protozoan Pathogens Inside the
Host Cells

Notably, intracellular bacterial or protozoan pathogens induce
the formation of membrane tubulovesicular structures in the
host cells, which serve as secretory organelles. The malaria pro-
tozoan parasite Plasmodium falciparum establishes membrane
tubulovesicular structures or “Maurer clefts” within host eryth-
rocytes to direct parasitic proteins across the host cell cytoplasm
to the erythrocyte surface.'”® A unique feature of Salmonella-
infected cells is the presence of tubular structures originated from
Salmonella-containing vacuole. The Salmonella-induced tubular
network comprises different types of tubules, including tubules
containing the secretory carrier membrane protein 3 (SCAMP3),
a post-Golgi secretory pathway protein.'?

Conclusion and Future Perspectives

In summary, eukaryotic cells, protozoan parasites and bacteria
develop long membrane tubules or tubulovesicular membrane
extensions. Long-range communications via membrane tubu-
lovesicular extensions are a new adhesive and communicative
mechanism common to eukaryotic cells and bacteria. TVEs
have been described as cellular secretory protrusions that estab-
lish direct contact between cells and bacteria over long distances.
The membrane-packed content and outstanding length of TVEs
might facilitate targeted cellular secretion over a long distance
without dilution or injury to surrounding tissues.

The mechanism of TVE extrusion and membrane reservoir
for TVE formation remains unknown. TVEs or cytonemes, as
thin membrane structures, have an enormous surface square/
volume ratio and a high rate of development. To build these
numerous and long membrane structures, additional membrane
must be quickly delivered to the plasma membrane. It has been
shown that fusing the endoplasmic reticulum with the macro-
phage plasmalemma, underneath phagocytic cups, is a source
of additional membrane for phagosome formation in macro-
phages.”” In neutrophils, phagosome maturation includes the
incorporation of multiple subcellular compartments, such as
the endoplasmic reticulum, plasma membrane, specific and azu-
rophilic granules and mitochondria.’® We speculate that the
reorganization of membrane trafficking and the contribution
of multiple intracellular compartments provide membrane for
cytoneme building.

Another important question for further studies is the driv-
ing force for TVE formation. Cytoneme growth is an actin
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cytoskeleton-independent process, as actin depolymerization ini-
tiates TVE formation. Moreover, the development of cytonemes
occurs in the presence of inhibitors of microtubule formation.
Thus, it is our opinion that water and ion fluxes play a crucial role
in the extrusion, swelling and lysis of fine lipid structures.

The mechanism responsible for tubule and vesicle intercon-
nections within a TVE unit and TVE shedding from the cells
also requires further examination. In human neutrophils, TVE
shedding occurred upon interactions with bacteria or opsonized
zymosan particles.””?® Whether neutrophils or bacteria initiate
shedding of TVEs from neutrophils and whether bacteria or neu-
trophils benefit from this process is still unknown.

How do cytonemes facilitate cell-cell communication? We
suggest that cytonemes move as a unit from one cell to another,
as cytoneme movement results from the secretion of tubular

and vesicular exocytotic carriers from one neutrophil and from
the simultaneous endocytic uptake of carriers by the connected
neutrophil. Cytoneme movement could execute the transport
of membrane and cytoplasm molecules between interconnected
cells. Investigations in this field might further our understand-
ing of fundamental cellular processes, such as membrane traf-
ficking during endocytosis, phagocytosis and exocytosis and
degranulation.
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