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ABSTRACT Trogocytosis is part of an emerging, exciting theme of cell-cell interac-
tions both within and between species, and it is relevant to host-pathogen interac-
tions in many different contexts. Trogocytosis is a process in which one cell phys-
ically extracts and ingests “bites” of cellular material from another cell. It was first
described in eukaryotic microbes, where it was uncovered as a mechanism by which
amoebae kill cells. Trogocytosis is potentially a fundamental form of eukaryotic cell-
cell interaction, since it also occurs in multicellular organisms, where it has functions
in the immune system, in the central nervous system, and during development.
There are numerous scenarios in which trogocytosis occurs and an ever-evolving list
of functions associated with this process. Many aspects of trogocytosis are relevant
to microbial pathogenesis. It was recently discovered that immune cells perform tro-
gocytosis to kill Trichomonas vaginalis parasites. Additionally, through trogocytosis,
Entamoeba histolytica acquires and displays human cell membrane proteins, en-
abling immune evasion. Intracellular bacteria seem to exploit host cell trogocytosis,
since they can use it to spread from cell to cell. Thus, a picture is emerging in which
trogocytosis plays critical roles in normal physiology, infection, and disease.

KEYWORDS cell death, complement, Entamoeba, Francisella, macrophages,
neutrophils, phagocytosis, Trichomonas, trogocytosis

rogocytosis (trogo-: nibble) is an underappreciated theme in eukaryotic biology that
is gaining ground (Fig. 1) (1, 2). In this process, one cell physically extracts and
ingests “bites” of cellular material from another cell. Trogocytosis contrasts with phago-
cytosis (phago-: devour), where one cell ingests another cell in its entirety. Trogocytosis
has been distinguished from other mechanisms for cell-cell exchange, such as nano-
tubes or exosomes, by its requirement for direct contact between living cells (3-5), its
fast time frame (3, 6), and its transfer of intact proteins (7, 8). Since the underlying
molecular mechanism has not been fully defined, it is not clear if all examples of
trogocytosis that have been described represent the same, conserved molecular pro-
cess, or if they represent multiple distinct mechanisms. If trogocytosis is a unified n
. . N . . 2020. Biting off what can be chewed:
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FIG 1 Trogocytosis is a broad, developing concept. In the central nervous system, microglia use
trogocytosis to remodel neuronal synapses, and the parasite N. fowleri kills human cells through trogocytosis.
Immune cells take bites out of other human cells. Bacteria such as F. tularensis exploit trogocytosis/
merocytophagy to spread between cells. Macrophages can perform trogocytosis to kill antibody-opsonized
cells. E. histolytica kills human cells by performing trogocytosis. Neutrophils kill T. vaginalis through trogocy-
tosis. Primordial germ cells in C. elegans are nibbled by endodermal cells. D. caveatum Kkills other Dictyostelium
species through trogocytosis. (Courtesy of Anita Impagliazzo, reproduced with permission.)

microbes by immune cells (19). Trogocytosis can result in display of acquired mem-
brane proteins by the nibbling cell, a process that can enable microbial immune
evasion when acquired host proteins are displayed (20). In light of these recent
paradigm changes, here we will discuss the wide-ranging biology of trogocytosis, its
underlying mechanism, the display of membrane proteins acquired through trogocy-
tosis, and the major outstanding questions about this process.

BIOLOGY OF TROGOCYTOSIS
Trogocytosis is used by microbes for cell killing. Trogocytosis was first described
in eukaryotic microbes, where it was uncovered as a mechanism by which amoebae kill
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E. histolytica . vaginalis

Macrophages’ Amoebae

FIG 2 Examples of trogocytosis within and between species. (a) E. histolytica kills human cells through
trogocytosis. E. histolytica is stained with cell tracker green, and human Jurkat T cell membranes are
stained with DiD (pink). Arrows, ingested bites. (b) Neutrophils kill T. vaginalis through trogocytosis. T.
vaginalis membranes are stained with streptavidin-488 (green), and neutrophils are stained with cell
tracker deep red (pink). Arrows, ingested bites. (c) Macrophages can perform trogocytosis to kill
antibody-opsonized cells. Macrophages are stained with anti-CD45 (green), Raji B cells are opsonized
with trastuzumab (red), and nuclei are stained with Hoechst stain (blue). Arrows, ingested bites. (d) E.
histolytica acquires and displays human cell membrane proteins through trogocytosis. E. histolytica is
stained with cell tracker green, human anti-MHC-| is shown in red, and nuclei are stained with
4',6'-diamidino-2-phenylindole (DAPI) (blue). Arrows, acquired MHC-I. (Reprinted from references 20, 41,
and 96 with permission.)

other eukaryotic cells. However, it has been studied in only a few microbes, and the
molecular details are limited. The “brain-eating” amoeba Naegleria fowleri appears to
kill mammalian cells by nibbling them (9). The term “trogocytosis” was coined for the
first time to describe this process (9). It was later shown that the predatory soil amoeba
Dictyostelium caveatum kills D. discoideum by “nibbling” (10). In addition to these
studies, there are descriptions of pathogens, including Acanthamoeba and Hartman-
nella, that nibble on host cells (11, 12). More recently, it was shown that Entamoeba
histolytica performs trogocytosis to kill human cells (Fig. 2a) (21). Trogocytosis was
required for invasion of explanted mouse intestinal tissue by E. histolytica, suggesting
relevance to pathogenesis (21).

While all examples of trogocytosis by microbes involve amoebae, it is important to
recognize that amoebae are not a phylogenetic group. “Amoeba” is a morphology that
is found in many branches of the eukaryotic tree. The amoebae that perform trogocy-
tosis belong to several eukaryotic supergroups, supporting the idea that trogocytosis
may be fundamental to eukaryotes.

Trogocytosis is used for cell-cell communication and cell killing in the immune
system. (i) Immune cells use trogocytosis for cell-cell communication and cell
signaling. In multicellular organisms, trogocytosis was first seen in mammalian im-
mune cells, where nibbling occurs at the immunological synapse (3). This was charac-
terized by the transfer of cell membrane proteins from one cell to another (13). In the
immune cell literature, the term “trogocytosis” has been used broadly, making it not
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entirely clear if different studies describe the same process. Some studies have simply
defined trogocytosis as the acquisition of membrane and membrane proteins from
another cell, without resolving the subcellular localization, while other studies have
defined trogocytosis as the internalization of material acquired from another cell. Here
we will refer to immune cell trogocytosis in both of these ways that it has been defined.

Instead of a cell-killing mechanism, immune cell trogocytosis has historically been
described as a benign form of cell-cell communication (3, 15) that can serve to
modulate the immune response (14). Protein transfer between immune cells was
initially detected in studies that used major histocompatibility complex (MHQ)-
mismatched mice (22, 23), and other studies suggested that antigen could be trans-
ferred from macrophages to lymphocytes (24, 25). Later, the transfer of MHC-I mole-
cules from antigen-presenting cells to T cells was observed, and acquisition of MHC-I
peptide complexes was linked to T cell fratricide, suggesting that trogocytosis could
modulate the immune response (14). Many groups reported transfer of antigen and
plasma membrane proteins from donor cells to T cells (6, 26-28). In the early 2000s, this
process was named trogocytosis (13), making this the second time that the term
trogocytosis was coined, following the original definition of the term in studies of N.
fowleri (9). Since then, trogocytosis has been seen in T cells, B cells (29), NK cells (30),
dendritic cells (31), macrophages (32), neutrophils (5), and basophils (4), and the
transfer of many different types of molecules has been reported.

It is not entirely clear which cellular components are transferred during immune cell
trogocytosis. The accepted view is that only membrane and membrane proteins are
transferred, without intracellular components. This is based on a few studies that used
fluorescent cytoplasmic dyes and flow cytometry and that did not detect cytoplasm
transfer (6, 8). Microscopy would be a more sensitive assay, although even with
microscopy, cytoplasm transfer is more difficult to detect than membrane transfer (21).
Thus, the use of sufficiently bright cytoplasmic markers, together with microscopy,
would be the best way to resolve this issue. Supporting the idea that cytoplasm might
be transferred, recent microscopy data appear to show neutrophils acquiring cytoplas-
mic calcein dye during trogocytosis (33). Likewise, cytoplasmic bacteria spread between
macrophages through a process that resembles trogocytosis, which results in transfer
of bacteria together with cytoplasmic calcein dye and cell membrane (18). Finally,
transfer of carboxyfluorescein succinimidyl ester (CFSE)-labeled cytoplasmic proteins
from herpes simplex virus (HSV)-infected monocyte-derived dendritic cells to plasma-
cytoid dendritic cells has been observed (34). Membrane proteins were also transferred,
consistent with trogocytosis (34). More studies are needed to resolve which cellular
components are transferred, but it appears likely that immune cell trogocytosis involves
the transfer of intracellular components.

(ii) Neutrophils use trogocytosis to kill parasites. Although immune cell trogo-
cytosis has historically been thought of as a benign form of cell-cell interaction, it has
become clear that it can also be used for cell killing. A recent study revealed that
neutrophils can perform trogocytosis to kill parasites (Fig. 2b) (19). Neutrophils killed
Trichomonas vaginalis in a dose- and contact-dependent manner (19). Canonical mech-
anisms by which neutrophils kill microbes include phagocytosis, secretion of antimi-
crobial peptides, and release of neutrophil extracellular traps (NETSs) (35). Surprisingly,
these mechanisms were not involved in the killing of T. vaginalis (19). Instead, neutro-
phils surrounded T. vaginalis parasites and killed them by taking bites. Interestingly,
neutrophils performed trogocytosis to nibble live parasites and performed phagocyto-
sis to engulf dead parasites (19). This is similar to E. histolytica, which nibbles live human
cells and performs phagocytosis to engulf dead human cells (21). The discovery of
neutrophil trogocytosis adds a new weapon to the arsenal of neutrophil cell-killing
mechanisms and shows that trogocytosis is relevant to infection.

(iii) Macrophages and neutrophils use trogocytosis to kill cancer cells. Trogo-
cytosis by macrophages and neutrophils has recently been linked to cell killing in the
context of antibody therapy for cancer. The general principle of antibody therapy is that
binding of antibodies to the surface of a cancer cell can directly downregulate growth
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factors or lead to cancer cell death via several mechanisms: cell-mediated cytotoxicity,
complement-dependent cytotoxicity, or phagocytosis (36). Trogocytosis has a known
role in interfering with antibody therapy, since nibbling can remove both antigens and
therapeutic antibodies such as anti-CD20 (e.g., the leukemia treatment rituximab) from
the cancer cell surface, allowing the cancer cell to evade therapy (37, 38). This has been
called “shaving.” Dosing regimens have been developed to attempt to minimize the
detrimental shaving effect of trogocytosis (39, 40).

In contrast to the detrimental effects of trogocytosis, in which therapeutic antibod-
ies are removed, new studies have shown that trogocytosis can also result in cancer cell
death. Three-dimensional microscopy approaches revealed that macrophages kill tras-
tuzumab antibody-opsonized HER2-breast cancer cells through trogocytosis (Fig. 2c)
(41). Increasing the IgG1 affinity for the Fcy receptor (FcyR) caused higher levels of
trogocytosis and cell death, supporting that cell killing was dependent on binding of
the therapeutic antibody by the macrophage FcyR (41). In another key study, Kupffer
cells, specialized macrophages in the liver, killed invariant natural killer (iNKT) cells
through trogocytosis (42). Kupffer cells grabbed and ripped the trailing edge of iNKT
cells that moved over them, causing iNKT cell death (42). Further experimentation
showed that iNKT opsonization with the antibody CXCR3-173 was necessary for cell
killing, together with iNKT movement and Kupffer cell FcyR (42). This was described as
antibody-dependent fragmentation since the cell fragments were potentially larger
than most immune cell trogocytosis bites (42), but there is no clear size cutoff that
specifically defines trogocytosis. Together, these studies show that various kinds of
macrophages can perform trogocytosis to kill cancer cells.

Neutrophils also engage trogocytosis to kill cancer cells (33). Killing of cancer cells
by neutrophils required an antibody such as trastuzumab, together with CD11b/CD18
interaction (33). Conjugate formation was independent of the CD47-SIRP«a “don’t-eat-
me” signal that is overexpressed on cancer cells, and blocking the CD47-SIRP« inter-
action enhanced conjugate formation (33). The proportion and accumulation of tro-
gocytosis events correlated with the lytic or necrotic cell death of antibody-opsonized
cancer cells. That study used the term “trogoptosis” to refer to trogocytosis that results
in cell death (33).

Trogocytosis is used to remodel cells in the nervous system. Trogocytosis has
expanded beyond the immune system, and the known functions of trogocytosis are
also broadening. Moving beyond cell-cell communication and cell killing, new exam-
ples of trogocytosis in the nervous system and during embryonic development have
added cellular remodeling to the repertoire of trogocytosis.

(i) Microglia use trogocytosis to remodel synapses. In the nervous system,
microglia shape and prune neuronal cells through trogocytosis (16). Microglia are
motile glial cells that remodel neuronal synapses to create the mature synaptic
connections (43). Microglia were previously thought to remodel synapses by using
phagocytosis (43). In a study that used correlative light and electron microscopy (CLEM)
techniques, microglia were seen directly contacting dendritic spines and ingesting
presynaptic structures (16). Using this technique, the spine encapsulations that were
previously thought to involve phagocytosis were recognized to be apposition events,
rather than ingestion events (16). When ingestion occurred, the small size of the
ingested material was consistent with trogocytosis, rather than phagocytosis. Time-
lapse imaging further showed that trogocytosis occurred briefly and rapidly and
required contact with filopodia (dendritic membrane protrusions) (16).

(ii) Astrocytes use trogocytosis to remodel axons. Beyond microglia, there are
examples of apparent cell nibbling by astrocytes, which are central nervous system glial
cells (44). Astrocytes have been shown to nibble parts of neurons in the myelination
transition zone (45). Astrocytes ingested bites containing mitochondria from retinal
ganglion cell axon protrusions in the optic head nerve (46). These mitochondria were
further digested in a mitophagy-independent manner within the Lamp1+ lysosome of
the astrocyte, as seen through terminal deoxynucleotidyltransferase-mediated dUTP-
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biotin nick end labeling (TUNEL) and MitoFISH (46). Interestingly, astrocytes capable of
ingesting axon protrusions were seen throughout the central nervous system, hinting
that cell nibbling might occur in other sites, beyond the myelination transition zone
(46). Astrocytes are also crucial to shortening the myelinated axons of the Xenopus
laevis optic nerve during late metamorphosis (47). The entrapment of myelin protru-
sions that have been seen is morphologically similar to trogocytosis, and expressing
dominant negative forms of genes involved in astrocyte phagocytosis caused deficits in
myelin clearance (47). Taking these examples together, astrocytes appear to perform
cell nibbling to remodel the size and organelle composition of neurons.

Trogocytosis is used to remodel cells during embryonic development. Trogo-
cytosis has also been found to play a role in cellular remodeling during embryonic
development in Caenorhabditis elegans and X. laevis. Primordial germ cells attach to
intestinal precursor cells for proper gastrulation (48). In C. elegans, these primordial
germ cells develop “lobes,” which later disappear in a manner that suggests they have
been nibbled (49). Through confocal microscopy, the neighboring endodermal cells
were found to nibble and ingest the lobes. Through the removal of these lobes/bites,
the primordial germ cells became remodeled, since the number of mitochondria, cell
body volume, and cellular composition were changed (17). Interestingly, the mitochon-
dria removed from primordial germ cells were oxidant rich (17). Thus, trogocytosis may
allow primordial germ cells to dispense with organelles that are damaging or no longer
needed.

During X. laevis gastrulation, endodermal cells were shown to move in an amoeboid-
like manner and to elongate and have undulating membranes (50). Interestingly, the
formation of double-membraned vesicles also occurred and culminated in the retrac-
tion, remodeling, and reabsorption of the trailing edge of the endodermal cell (50). This
process involving ingestion of cellular material by another cell has been interchange-
ably called both macropinocytosis and transendocytosis, and it resembles trogocytosis
morphologically. Together, the examples in C. elegans and X. laevis show that endo-
dermal cells, a cell type previously not linked to ingestion, have an important role in
performing trogocytosis for development of gastrulating cells.

Trogocytosis is exploited by intracellular pathogens. Fitting with its potentially
fundamental role in eukaryotic biology, intracellular pathogens exploit trogocytosis.
Francisella tularensis and Salmonella enterica serovar Typhimurium reside in the mac-
rophage cytoplasm and can transfer from one macrophage to another through trogo-
cytosis (18, 51). In this scenario, plasma membrane, cytoplasm, and live bacteria from
an infected cell were transferred to a new cell via a bite of ingested material (18). After
trogocytosis occurred, bacteria resided in double-membraned vesicles that contained
both donor and recipient cell membranes, and the bacterial type VI secretion system
was required for escape from this compartment (51). The process was initially referred
to as trogocytosis (18) and was subsequently renamed “merocytophagy” (51). The
authors proposed that while trogocytosis might involve recycling of acquired material,
merocytophagy involves trafficking of acquired material for endocytic degradation.
Since both F. tularensis and S. Typhimurium can spread from cell to cell through
merocytophagy/trogocytosis, it is possible that this may apply more broadly to other
infections.

Eukaryotic intracellular pathogens also engage trogocytosis. Red blood cells in-
fected with Plasmodium falciparum transferred membrane material and malaria anti-
gens to endothelial cells in an actin-dependent manner (52). This increased the immune
response to endothelial cells and opened endothelial cell intercellular junctions, both
of which have potentially detrimental implications for cerebral malaria (52).

THE MOLECULAR MECHANISM UNDERLYING TROGOCYTOSIS

Despite its widespread occurrence, the molecular mechanism underlying trogocy-
tosis has not yet been well defined in any organism. Without an established molecular
mechanism, it not clear if the wide variety of cell nibbling scenarios that have been
described are all examples of the same, conserved molecular process. Since it is not
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clear if there is a single, unified, underlying trogocytosis molecular mechanism, here we
will organize our discussion of the molecular mechanism by cell types and organisms.

The molecular mechanism underlying trogocytosis in multicellular organisms.

(i) Trogocytosis versus phagocytosis. It is presently unclear how much of the
trogocytosis mechanism is distinct from the phagocytosis mechanism. It is possible that
trogocytosis is essentially failed phagocytosis, where a bite is ingested instead of an
entire cell. However, when a macrophage fails to perform phagocytosis because the
target is too large, it does not ingest bites. Rather, the macrophage attempts to
surround the target in a futile process called “frustrated phagocytosis” (53, 54). There-
fore, when phagocytosis fails due to the excessive size of a target cell, trogocytosis is
not the outcome. If trogocytosis does represent a failure of phagocytosis in other
scenarios, it would likely necessitate the use of scission machinery in order to physically
extract a bite from a live target cell, an act that is likely to require mechanical force.
Thus, even if trogocytosis does represent an outcome of failed phagocytosis, it is still
likely to require a scission mechanism that is not a normal feature of phagocytosis.
Fitting with this idea, and outlined in detail below, trogocytosis requires proteins
involved in membrane bending and scission (17, 55) and a small GTPase (56), none of
which normally have roles in engulfment and internalization of target cells during
phagocytosis.

Trogocytosis does not represent a random failure of phagocytosis, as it occurs in
specific situations. In some organisms, trogocytosis is performed to nibble live cell
targets, while phagocytosis is performed to engulf dead cell targets (19, 21). As outlined
below, expression of engineered receptors can induce macrophages to nibble on target
cells that they would normally ingest through phagocytosis (57). Expression of these
receptors in nonprofessional phagocytes can induce them to perform trogocytosis (57),
further supporting that trogocytosis not simply a failure of a phagocyte to fully ingest
a target. Potential distinctions between trogocytosis and phagocytosis are highlighted
in more detail in the sections that follow.

(ii) The phagocytosis mechanism in immune cells. Phagocytosis by immune cells
provides a general starting point for discussion of the mechanism of trogocytosis. The
molecular mechanism of phagocytosis is the most well studied in the case of
FcyR-mediated phagocytosis (58). Once opsonized target cells are bound by FcyR,
clustering of FcyR triggers their intracellular phosphorylation by Src kinases (59).
Phosphorylated FcyR then recruits Syk kinase, leading to the activation of lipid-
modifying enzymes (e.g., phosphatidylinositol 3-kinase [PI3K] and phospholipase C),
kinases (e.g., protein kinase C [PKC]), and small GTPases (e.g., Rac and Cdc42), resulting
in actin reorganization and pseudopod extension (59). The phagocytic cup extends to
surround the target cell until the target is fully engulfed and ultimately contained
within a phagosome (58). Finally, actin is depolymerized, and the phagosome matures
into a phagolysosome for degradation of its contents (60).

(iii) The trogocytosis mechanism in immune cells. In general, immune cell
trogocytosis requires cell-cell contact mediated by receptor-ligand interactions, actin,
and PI3K. In specific cell types, roles for TC21, RhoG, Src, Syk intracellular calcium, and
myosin light-chain kinase have also been defined. All of these proteins are also involved
in phagocytosis, with the exception of TC21.

immune cell trogocytosis is initiated either by the formation of the immunological
synapse or by engagement of Fcry receptors (Fig. 3a). Trogocytosis in T cells, B cells, and
natural killer cells occurs with formation of the immunological synapse (7, 61). Cytotoxic
lymphocytes acquire antigenic peptides and plasma membrane fragments from target
cells through engagement of the T cell receptor (6), and the T cell receptor then
becomes internalized after acquisition of antigen (14). Trogocytosis has also been
described in models where phagocytes recognize antibody-coated target cells through
engagement of their Fcy receptors (41, 62).

TC21 and RhoG appear to be required for T cell trogocytosis, and only RhoG has a
known role in phagocytosis (56). This conclusion is based on a study that found that T
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FIG 3 The molecular mechanism underlying trogocytosis. (a) T cell trogocytosis. T cell receptors engage with antigen bound
by MHC. The small GTPases TC21 and RhoG play roles in trogocytosis, along with PI3K and actin. Membrane proteins from the
antigen-presenting cell are ultimately displayed on the T cell. The cells separate and remain viable. (b) C. elegans endodermal
cell trogocytosis. The small GTPase CED-10/Rac1 plays a role in trogocytosis, along with actin, Lst-4/SNX9, and dynamin-1.
Lst-4/SNX9 has a role in membrane bending, and dynamin-1 has a role in membrane scission. Some P-granules and
mitochondria are removed from the primordial germ cell. The cells separate without cell death, and after trogocytosis, the
primordial germ cell is smaller and contains fewer P-granules and mitochondria. (c) E. histolytica trogocytosis. Glycoproteins
on the human cell surface are engaged by the Gal/GalNAc lectin. The kinase EhC2PK plays a role in trogocytosis, together with
PI3K and actin. Membrane proteins from the human cell are ultimately displayed on the amoeba. The cells separate once the
human cell is killed. (Courtesy of Anita Impagliazzo, reproduced with permission.)

cells were capable of phagocytosis of latex beads along with internalization of the T cell
receptor. Ingestion of beads required actin, PI3K, TC21, and RhoG (Fig. 3a) (56). The
molecules that were required for bead ingestion were inferred to be required for
trogocytosis, and consistent with this, trogocytosis of membrane fragments and MHC-II
molecules was dependent on PI3K, TC21, and RhoG (56). Actin along with Src, Syk, and
PI3K have all been implicated in T cell trogocytosis (29). Similarly, actin, Src, and Syk
were involved in MHC-II transfer from dendritic cells to basophils (4).

There is potentially a role for receptor engagement in activating either trogocytosis
or phagocytosis (57). A family of chimeric antigen receptors were engineered to direct
macrophages to perform phagocytosis (CAR-Ps). These CAR-Ps had an extracellular
antibody fragment that recognized target cell antigens and an intracellular signaling
domain, such as the intracellular domain from Megf10 or FcyR, that contained immu-
noreceptor tyrosine-based activation motifs (ITAMs) phosphorylated by Src family
kinases (57). These CAR-Ps caused macrophages to primarily perform trogocytosis,
instead of phagocytosis, to ingest target cells. Enrichment of phosphotyrosine at the
synapse between cells increased trogocytosis of target cells. Expression of CAR-Ps in
nonprofessional phagocytes, like fibroblasts, led them to nibble (57). These results
suggest that specific ligand interactions are important for the initiation of either
trogocytosis or phagocytosis (57).
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When immune cells use trogocytosis as a cell-killing mechanism, it appears to
require the same machinery as benign immune cell trogocytosis. Neutrophil trogop-
tosis (killing of cancer cells via neutrophil trogocytosis) required a reduction in CD47-
SIRP« interaction, together with CD11b/CD18 conjugate formation (33). Additionally,
Syk, intracellular calcium, PI3K, and myosin light-chain kinase were required (33). During
neutrophil killing of T. vaginalis, neutrophil serine proteases were involved in trogocy-
tosis but not phagocytosis, potentially working together with granules (19). Anti-
human iC3b and anti-human immunoglobulin bound to parasites, indicating a role for
human serum components such as antibodies and complement (19). Additionally,
blocking the neutrophil FcyR inhibited killing of T. vaginalis, underscoring that killing
was dependent on FcyR engagement (19).

(iv) The trogocytosis mechanism in embryonic development. As outlined below,
there is new evidence for membrane bending and scission activities during embryonic
trogocytosis. Dynamin and Lst-4 (SNX9) can deform and pinch membranes (63, 64).
They have known roles during phagocytosis, after the target has been fully engulfed,
where they aid in phagosome sealing and maturation (65, 66). In contrast, in newly
defined roles in embryonic trogocytosis, these proteins localize to the site where a bite
of material is being pinched (the “neck”), and they are required for excision and
internalization of nibbled material (17, 55).

Aspects of the mechanism underlying Eph/ephrin trogocytosis have been defined.
During development, cellular rearrangements such as repulsion (50, 67, 68) can be
mediated by the removal of adhesive receptor-ligand Eph/ephrin complexes. These
complexes can be internalized and effectively removed through trogocytosis, which
has also been called transendocytosis (50). Internalization of Eph/ephrin through
trogocytosis required Src/Tyr signaling (69), Rac GTPases, and the guanine nucleotide
exchange factor Tiam2 (70). More recently, it was shown that Gulp-1 (CED-6) regulates
Eph/ephrin trogocytosis (55). Gulp-1 is involved in recognizing and engulfing apoptotic
cells (71), a well-established phagocytosis pathway in C. elegans. Cells lacking Gulp1
directly contacted each other and did not disengage, which decreased trogocytosis
(55). Gulp-1 was recruited to Eph/ephrin clusters by Tiam2, and it further recruited the
GTPase dynamin-2 for membrane scission and extraction of bites (55).

It appears that trogocytosis during C. elegans embryonic development follows a
similar model. During trogocytosis of C. elegans primordial germ cells, Rac1, dynamin-1,
and Lst-4 (SNX9) were required for removal and scission of bites (Fig. 3b) (17). Lst-4 is
a sorting nexin, containing a lipid-binding PX domain and a BAR domain that functions
in membrane bending (64). Thus, this fits with the model that includes membrane
scission via dynamin that was established in the Eph/ephrin model and adds
membrane-bending activities to this model. Rac1 induces actin polymerization, and in
C. elegans, Rac1 has a role in trogocytosis that is independent from its role in phago-
cytosis (17). Rac1 is one of the players in Eph/ephrin trogocytosis (55), further linking
the C. elegans and Eph/ephrin models.

The same working model may also hold true in X. laevis embryonic trogocytosis. In
X. laevis, trogocytosis was linked with the endocytosis-associated Rab5 GTPase (72), as
well as ephrin, which both accumulate in membrane clusters and localize to the trailing
end of moving endodermal cells (50). Ephrin was also found in double-membraned
vesicles, consistent with the Eph/ephrin model of trogocytosis (50). Additionally, injec-
tion of dominant negative Gulp-1 in the X. lagevis gastrula significantly changed its
normal developmental shape, pointing toward Gulp-1 regulation of endoderm migra-
tion and Eph/ephrin-dependent membrane uptake (50).

(v) The trogocytosis mechanism in the nervous system. Microglia use trogocy-
tosis to remodel neuronal synapses. In this process, there is a hint of a mechanism
distinct from phagocytosis. Complement signaling is known to promote ingestion by
microglia (73). Interestingly, mice without the complement receptor CR3 had no deficit
in microglial trogocytosis, indicating that this pathway may have a specific role in
phagocytosis and is not required for microglial trogocytosis (16).
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Trogocytosis by astrocytes shares features with that by immune cells and embryonic
cells. In order to perform trogocytosis of axonal protrusions with mitochondria, astro-
cytes upregulated the known phagocytic marker Mac2 (45), which requires stable
y-synuclein. Astrocytes involved in X. laevis myelination shortening during develop-
ment expressed Rac1 to perform trogocytosis (47). Rac1 has a known role in phago-
cytosis and, as outlined above, is linked to trogocytosis during embryonic development.
Astrocyte expression of Mfge8, a protein associated with immune cell phagocytosis
(74), was also important in demyelination (47).

The molecular mechanism underlying trogocytosis in microbes. Distinctions
between trogocytosis and phagocytosis in microbes have been proposed but are not
yet fully clear. Trogocytosis in N. fowleri involves actin (9). Beyond this information from
N. fowleri, essentially all of the mechanistic studies of microbial trogocytosis have been
carried out in E. histolytica.

E. histolytica performs trogocytosis to nibble live human cells and, in contrast,
performs phagocytosis to engulf dead human cells (21). Since E. histolytica is capable of
performing both trogocytosis and phagocytosis, it presents a useful model to compare
and contrast these processes. In E. histolytica, both processes require actin, signaling
initiated by the Gal/GalNAc lectin, PI3K, and the kinase EnC2PK (Fig. 3¢) (21). It has been
suggested that the kinase EhAGCK1 is specific to E. histolytica trogocytosis, while
EhAGCK2 is involved in trogocytosis, phagocytosis, and pinocytosis (75). However, that
study did not directly test for a trogocytosis defect (75) and used a human cell-killing
assay that is confounded by amoebic protease activity (76). The EhAGCK1 knockdown
mutants used in the study were generated using an approach that affects the expres-
sion of off-target genes (77). It has been suggested that E. histolytica phosphatidylino-
sitol 3-phosphate (PI3P) membrane glycerophospholipid-binding proteins such as Vsps
and SNXs might be involved in trogocytosis and phagocytosis (78). Further work is still
needed to determine which mechanisms are specific to E. histolytica trogocytosis.

Inhibition of E. histolytica lysosome acidification led to a reduction in trogocytosis,
which was consistent with an impairment in continued ingestion of human cell material
(79). Phagocytosis was also inhibited, suggesting that lysosomes play a general role in
both processes. Inhibition of amoebic cysteine proteases with E-64 resulted in a specific
defect in trogocytosis and not phagocytosis (80). This fits with the finding that E-64
treatment inhibited human cell killing by E. histolytica (81). It is unclear if cysteine
proteases play a specific role in degradation of material ingested during trogocytosis or
if trogocytosis is especially sensitive to cysteine protease inhibition, as it appears to
occur with faster kinetics than phagocytosis (20), and thus, ingested material may be
trafficked to the lysosome more rapidly.

ANOTHER LAYER TO TROGOCYTOSIS: MEMBRANE PROTEIN DISPLAY

A feature of trogocytosis that has, until recently, only been described in immune
cells is the transfer of membrane proteins from the donor cell membrane to the
recipient cell membrane. This process modulates the immune response by allowing
cells to take on and display new molecules. The mechanism of membrane protein
transfer is still mostly unclear; however, in T cells it appears to be initiated at the
immunological synapse.

Membrane protein display by immune cells. Dendritic cells can acquire intact
peptide-MHC complexes from other cells via trogocytosis and present them to lym-
phocytes (82) in a process termed “cross-dressing” (83, 84). Dendritic cells that acquire
peptide-MHC complexes through trogocytosis are able to present them and stimulate
T cells (15, 31). Acquisition of membrane proteins via trogocytosis can also suppress the
immune response in the context of transplantation (85) and has also been well
documented in regulatory T cells (86, 87). Acquisition of MHC-II molecules seems to
enhance the suppressive activity of regulatory T cells through lymphocyte activation
gene 3 (88, 89). Finally, acquisition of membrane proteins via trogocytosis appears to
be a driver of the T,,2 immune response. CD4™" T cells that performed trogocytosis were
associated with a T;;2 phenotype (90). Similarly, basophils that acquired peptide-MHC-II
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complexes via trogocytosis were able to stimulate peptide-specific naive CD4™ T cells
in vitro, in a manner consistent with a T,2 phenotype (4).

Membrane protein display and complement evasion by E. histolytica. Extending
membrane protein display beyond immune cells, E. histolytica acquires and displays
human cell membrane proteins after performing trogocytosis (Fig. 2d) (20). Amoebic
display of human cell membrane proteins was quantitatively inhibited when amoebae
were treated with cytochalasin D, consistent with a requirement for trogocytosis (20).
This suggests that the acquisition and display of membrane proteins potentially
constitutes a conserved feature of trogocytosis.

The display of human cell membrane proteins by E. histolytica may impact many
host-pathogen interactions. After performing trogocytosis, E. histolytica was protected
from lysis by human serum (20). Protection was specific to trogocytosis, as it required
actin and direct cell-cell contact, and amoebae were not protected after performing
phagocytosis (20). The molecular mechanism by which amoebae become protected
from complement by displaying human cell proteins is not yet clear. It is possible that
complement regulatory proteins are displayed by amoebae and directly provide pro-
tection. Multiple factors may act together to protect amoebae from complement.
Amoebic cysteine proteases have a role in cleavage of complement components
(91-93), and the heavy chain of the Gal/GalNAc lectin can act as a CD59 mimic (94).
Since trogocytosis occurs in other microbes, this strategy, in which acquired membrane
proteins contribute to immune evasion, could potentially apply to other infections.

MAJOR QUESTIONS

Taking together the many diverse examples of trogocytosis in different organisms
and scenarios, there are many outstanding questions about this process. A central
question is the identity of the mechanism underlying trogocytosis. There are clearly
shared features between trogocytosis and phagocytosis but also emerging hints that
aspects of the trogocytosis mechanism are distinct. How does a cell “decide” to initiate
trogocytosis or phagocytosis? Many cells are capable of both trogocytosis and phago-
cytosis, such as E. histolytica, neutrophils, or mammalian macrophages. There may be
roles for receptor-ligand interactions, since expression of engineered receptors can
induce macrophages to perform trogocytosis of target cells that they would normally
ingest via phagocytosis (57). Additionally, in some cases, trogocytosis and phagocytosis
are differentially performed during the ingestion of live and dead cells (19, 21), which
have different surface ligands.

What is (or isn't) ingested during trogocytosis? An overall theme is that cell mem-
brane is transferred from one cell to another during trogocytosis. Additionally, in many
different scenarios, cytoplasm, mitochondria, and other organelles are also transferred
(9, 17, 21, 46). In immune cell trogocytosis, it is generally accepted that only cell
membrane is transferred, but empirical evidence is likely insufficient to rule out the
transfer of other cellular components. Conversely, in many cases, nuclei are not
ingested during trogocytosis (11, 21). Is the acquisition and display of membrane
proteins a universal feature of trogocytosis? While this occurs in immune cells and E.
histolytica, it has not yet been investigated in other systems.

An almost totally unexplored area is the response of the cell that has been nibbled.
Why does trogocytosis only sometimes result in cell death? This is especially relevant
to cell types that are capable of nibbling with or without killing, such as macrophages
and neutrophils. Are additional factors, such as toxins, needed to kill cells through
trogocytosis? Since cell killing via trogocytosis requires direct contact, toxins would
need to be specifically targeted to the cell that is being nibbled, or they could be
generally secreted but result in the death of only cells that have been nibbled. In E.
histolytica, there is a very large amount of polymerized actin at the site of interaction
between the amoeba and the human cell (21), making secretion of toxins at this site
less likely. When cells are killed by nibbling, why do they die? Is a cell death pathway
activated, or do nibbled cells die due to the accumulation of physical damage? In some
studies, it is clear that the nibbled cell initially retains membrane integrity and even-
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tually loses membrane integrity after many bites have been taken, potentially because
the nibbled cell has become too damaged to be repaired (9, 21). Conversely, when cells
are not killed by trogocytosis, how do they retain cellular integrity? Fitting with the idea
that cellular repair pathways might be activated in nibbled cells, an influx of extracel-
lular calcium occurs in human cells nibbled by E. histolytica (21), and calcium influx is
a trigger of plasma membrane repair (95).

SUMMARY

Trogocytosis is a broad, rapidly developing theme that is relevant to eukaryotic

biology in general and to human biology, from normal physiology to disease. Trogo-
cytosis applies to host-pathogen interactions in many contexts, including pathogens
that nibble host cells, pathogens that acquire and display host proteins, bacteria that
subvert trogocytosis, and pathogens that are attacked and killed by host trogocytosis.
Given its apparently fundamental nature and relevance to disease, eukaryotic trogo-
cytosis demands further investigation. It seems probable that more new examples of
trogocytosis will be uncovered in the future. Quite a few fundamental questions have
arisen, and many areas of trogocytosis are ready to be “chewed on” in future studies.
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