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Abstract

Trogocytosis is an endocytic process that is present in many eukaryotes
including multicellular organisms and unicellular microbes. Paradoxically, it can be used
as a benign form of cell-cell interaction, and it can also be used as a mechanism for
cell-mediated killing. Trogocytosis is characterized by ingestion of small pieces of living
cells. Additionally, in mammalian immune cells, and in the pathogen Entamoeba
histolytica, trogocytosis results in the transfer of membrane proteins from one cell to
another. Here, we give a broad overview of trogocytosis, its functions, and proposed
molecular mechanisms in different cell types. These studies also reveal trogocytosis as
a novel immune evasion mechanism employed by E. histolytica, the parasite
responsible for the diarrheal disease amoebiasis. We demonstrate that E. histolytica
displays human proteins after performing trogocytosis on human cells, and that this
leads to protection from complement lysis. Trophozoites (amoebae) are protected from
complement lysis following trogocytosis of live cells but not phagocytosis of dead cells.
Amoebic trogocytosis leads to decreased deposition of the complement protein C3b.
Furthermore, amoebae acquire and display human CD59 and CD46, which are known
negative regulators of the complement pathway. While deletion of one or two
complement regulatory proteins from human cells was not sufficient to alter conferred
protection, amoebae mutants that exogenously expressed human CD46 or CD55 were
protected from lysis. Thus, surface display of an individual negative regulator of
complement is sufficient to protect amoebae from lysis. These findings indicate that

amoebae likely acquire multiple redundant complement regulators from trogocytosis of



human cells which leads to robust protection from complement lysis. Finally, we
developed an assay to quantify trogocytosis in mammalian immune cells and generated
mutant amoebae trogocytosis and phagocytosis defects. These tools can be used for

future study of this important eukaryotic process.
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Chapter 1
Biting off What Can Be Chewed: Trogocytosis in Health, Infection and Disease
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Abstract

Trogocytosis is part of an emerging, exciting theme of cell-cell interactions both
within and between species, and it is relevant to host-pathogen interactions in many
different contexts. Trogocytosis is a process in which one cell physically 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 Kkill 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 trogocytosis to kill Trichomonas vaginalis
parasites. Additionally, through trogocytosis, Entamoeba histolytica acquires and
displays human cell membrane proteins, enabling 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 from normal

physiology to infection and disease.



Introduction

Trogocytosis (trogo-: nibble) is an underappreciated theme in eukaryotic biology
that is gaining ground (Fig. 1.1) (1, 2). In this process, one cell physically extracts and
ingests “bites” of cellular material from another cell. Trogocytosis contrasts with
phagocytosis (phago-: devour), where one cell ingests another cell in its entirety.
Trogocytosis has been distinguished from other mechanisms for cell-cell exchange,
such as nanotubes or exosomes, by its requirement for direct contact between living
cells (8-5), its fast timeframe (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 process, or if they represent multiple distinct mechanisms. If trogocytosis is a
unified molecular process, it is likely to be fundamental to eukaryotic biology, as it is
seen in at least three supergroups.

Trogocytosis was first described in microbes in the late 1970s to mid 1980s,
where microbes were seen using trogocytosis to attack and kill other cells (9—12). Later,
trogocytosis was seen between mammalian immune cells. Since the early 2000s (3, 13,
14), trogocytosis by immune cells has been actively studied. In immune cells,
trogocytosis has been characterized as a benign form of cell-cell interaction, without cell
death (3, 15). Within the last five years, trogocytosis has expanded broadly.
Trogocytosis has now been detected in many different cell types, including cells of the
nervous system (16) and embryonic cells (17). Its functions have broadened to include

remodeling of one cell by another (16, 17), cell-cell spread of intracellular bacteria (18),



and killing of microbes by immune cells (19). Trogocytosis can result in display of
acquired membrane 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

trogocytosis, and the major outstanding questions.

Fig. 1.1: 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.
5 o ) Francisella histolytica kills human cells by performing
i tularensis trogocytosis. Neutrophils kill T. vaginalis through
\ el : trogocytosis. Primordial germ cells in C. elegans
are nibbled by endodermal cells. D. caveatum
kills other Dictyostelium species through
trogocytosis.

epithelial
cell

N / Dictyostelium
Caenorhabditis caveatum
elegans :




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 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 Hartmannella that nibble on host cells (11, 12). More
recently, it was shown that Entamoeba histolytica performs trogocytosis to kill human
cells (Fig. 1.2A) (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

trogocytosis 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



Fig. 1.2: 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

L ; with streptavidin-488 (green) and
E. histolytica T. vagindlilly " : neutrophils are stained with cell
e el tracker deep red (pink). (C)
Macrophages can perform
trogocytosis to kill antibody-
opsonized cells. Macrophages are
stained with a-CD45 (green), Raji B
cells are opsonized with
Trastuzumab (red), and nuclei are
stained with Hoechst (blue). Arrows,
8 ingested bites. (D) E. histolytica
acquires and displays human cell
membrane proteins through
trogocytosis. E. histolytica is stained
with cell tracker green, human a-
MHC-I is shown in red, and nuclei
are stained with DAPI (blue). Arrows,
acquired MHC-I. Reprinted from (20,
21, 41, 96) with permission.

Macrophages’ Amoebae

In multicellular organisms, trogocytosis was first discovered in mammalian
immune cells, where nibbling occurs at the immunological synapse (3). This was
characterized 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
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 by 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 MHC-mismatched mice (22, 23), and other studies
suggested that antigen could be transferred from macrophages to lymphocytes (24, 25).
Later, the transfer of MHC-I molecules 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 2000’s, this process was named trogocytosis (13), making this
the second time that trogocytosis was coined, following the original definition of the term
in 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. Supporting the idea that cytoplasm might be



transferred, recent microscopy data appear to show neutrophils acquiring cytoplasmic
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 CFSE-labeled cytoplasmic proteins from HSV infected monocyte-derived dendritic
cells to plasmacytoid dendritic cells has been observed (34). Membrane proteins were
also transferred, consistent with trogocytosis (34). More studies are needed, but it
appears likely that immune cell trogocytosis involves the transfer of intracellular

components.

(i) Neutrophils use trogocytosis to Kill parasites

Although immune cell trogocytosis 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.
1.2B) (19). Neutrophils killed Trichomonas vaginalis in a dose- and contact-dependent
manner (19). Canonical mechanisms by which neutrophils kill microbes include
phagocytosis, secretion of antimicrobial peptides, and release of extracellular traps
known as NETs (35). Surprisingly, these mechanisms were not involved in the killing of
T. vaginalis (19). Instead, neutrophils surrounded T. vaginalis parasites and killed them
by taking bites. Interestingly, neutrophils performed trogocytosis to nibble live parasites,
and performed phagocytosis 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

Trogocytosis 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 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
antibodies are removed, new studies have shown that trogocytosis can also result in
cancer cell death. 3-D microscopy approaches revealed that macrophages kill
Trastuzumab antibody-opsonized HER2-breast cancer cells through trogocytosis (Fig.
1.2C) (41). Increasing the IgG1 affinity for the 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 iINKT cells that moved over
them, causing iNKT cell death (42). Further experimentation showed that iINKT
opsonization with the antibody CXCR3-173 was necessary for cell killing, together with
iINKT 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 cut off 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-
SIRPa “don’t eat me” signal that is overexpressed on cancer cells, and blocking the
CD47-SIRPa interaction enhanced conjugate formation (33). The proportion and
accumulation of trogocytosis events correlated with the lytic or necrotic cell death of
antibody-opsonized cancer cells. This 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 examples of trogocytosis in the nervous system and during embryonic
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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). The small size of
the ingested material was consistent with trogocytosis, rather than phagocytosis. Time
lapse imaging further showed that trogocytosis occurred briefly, 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 TUNEL and

11



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 protrusions that have been seen are
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 perform cell nibbling to remodel the size

and organelle composition of neurons.

Trogocytosis is used to remodel cells during embryonic development

Trogocytosis has also been found to play a role in cellular remodeling during
embryonic development in Caenorhabditis elegans and X. laevis. C. elegans primordial
germ cells attach to intestinal precursor cells for proper gastrulation (48). These
primordial germ cells then 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 mitochondria 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.
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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 retraction, remodeling, and reabsorption of the trailing edge of the
endodermal cell (50). This process involving ingestion of cellular material by another cell
has been interchangeably called both macropinocytosis and trans-endocytosis, and it
resembles trogocytosis morphologically. Together, the examples in C. elegans and X.
laevis show that endodermal 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 typhimurium
reside in the macrophage cytoplasm and can transfer from one macrophage to another
through trogocytosis (18, 51). In this scenario, plasma membrane, cytoplasm, and live
bacteria from an initially 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

13



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
infected with Plasmodium falciparum transferred membrane material and malaria
antigens 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
trogocytosis 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 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 vs. 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
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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). Therefore, 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 non-professional 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.
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(i) 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 Fc receptor-mediated phagocytosis (58). Once opsonized
target cells are bound by Fc receptors, clustering of Fc receptors triggers their
intracellular phosphorylation by Src kinases (59). The phosphorylated Fc receptors then
recruit Syk kinase, leading to the activation of lipid-modifying enzymes (e.g., PI3K and
phospholipase C), kinases (e.g., 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, and 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 by either the formation of the immunological
synapse or by engagement of Fcy receptors (Fig. 1.3A). 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

16



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
cells were capable of phagocytosis of latex beads along with internalization of the T cell
receptor. Ingestion of beads required actin, phosphatidylinositol-3-kinase (PI3K), TC21
and RhoG (Fig. 1.3A) (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 FCcRy
that contained Immunoreceptor Tyrosine-based Activation Motifs (ITAMs)
phosphorylated by Src family kinases (57). These CAR-Ps caused macrophages to

primarily perform trogocytosis to ingest target cells, instead of phagocytosis. Enrichment

17



of phosphotyrosine at the synapse between cells increased trogocytosis of target cells.
Expression of CAR-Ps in non-professional 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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Fig. 1.3: 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 in size 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.
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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 trogoptosis
(killing of cancer cells via neutrophil trogocytosis) required a reduction in CD47-SIRPa
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
trogocytosis 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 Fc receptor inhibited killing of T. vaginalis, underscoring that

killing was dependent on Fc receptor 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 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)
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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 trans-endocytosis (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. 1.3B) (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
phagocytosis (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
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(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, injection of dominant negative Gulp-1 in the X. laevis gastrula significantly
changed its normal developmental shape, pointing towards Gulp-1 regulation of

endoderm migration and Eph/ephrin-dependent membrane uptake (50).

(v) The trogocytosis mechanism in the nervous system

Microglia use trogocytosis 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).

Trogocytosis by astrocytes shares features with immune cells and embryonic
cells. In order to perform trogocytosis of axonal protrusions with mitochondria,
astrocytes upregulated the known phagocytic marker Mac2 (45), which requires stable
y-synuclein. Astrocytes involved in X. laevis myelination shortening during development
expressed Rac1 to perform trogocytosis (47). Rac1 has a known role in phagocytosis,
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).
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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. fowleriinvolves 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 by 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. 1.3C)
(21). It has been suggested that the kinase EhRAGCK1 is specific to E. histolytica
trogocytosis, while EhAGCK2 is involved in trogocytosis, phagocytosis and pinocytosis
(75). However, this 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 in this study were generated using an approach that
affects the expression of off-target genes (77). It has been suggested that E. histolytica
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
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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

One characteristic 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 lymphocytes (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
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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 TH2 immune
response. CD4+ T cells that performed trogocytosis were associated with a Tn2
phenotype (90). Similarly, basophils that acquired peptide-MHC-II complexes via
trogocytosis were able to stimulate peptide-specific naive CD4+ T cells in vitro, in a

manner consistent with a T2 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.
1.2D) (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 is potentially 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
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complement regulatory proteins are displayed by amoebae and directly provide
protection. 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. A central question is: what is 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 phagocytosis, 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

membrane is transferred from one cell to another during trogocytosis. Additionally, in
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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 could be
generally secreted but only result in the death of 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 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 eventually
loses membrane integrity after many bites have been taken, potentially because the
nibbled cells 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
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that cellular repair pathways might be activated in nibbled cells, influx of extracellular
calcium occurs in human cells nibbled by E. histolytica (21), and calcium influx is a

trigger of plasma membrane repair (95).
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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.
Trogocytosis applies to host-pathogen interactions in many contexts, from 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
trogocytosis 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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Abstract

We previously showed that Entamoeba histolytica kills human cells through a
mechanism that we termed trogocytosis (trogo-: nibble), due to its resemblance to
trogocytosis in other organisms. In microbial eukaryotes like E. histolytica, trogocytosis
is used to kill host cells. In multicellular eukaryotes, trogocytosis is used for cell-killing
and cell-cell communication in a variety of contexts. Thus, nibbling is an emerging
theme in cell-cell interactions both within and between species. When trogocytosis
occurs between mammalian immune cells, cell membrane proteins from the nibbled cell
are acquired and displayed by the recipient cell. In this study, we tested the hypothesis
that through trogocytosis, amoebae acquire and display human cell membrane proteins.
We demonstrate that E. histolytica acquires and displays human cell membrane
proteins through trogocytosis and that this leads to protection from lysis by human
serum. Protection from human serum only occurs after amoebae have undergone
trogocytosis of live cells, but not phagocytosis of dead cells. Likewise, mutant amoebae
defective in phagocytosis, but unaltered in their capacity to perform trogocytosis, are
protected from human serum. Our studies are the first to reveal that amoebae can
display human cell membrane proteins and suggest that acquisition and display of
membrane proteins is a general feature of trogocytosis. These studies have major
implications for interactions between E. histolytica and the immune system and also
reveal a novel strategy for immune evasion by a pathogen. Since other microbial
eukaryotes use trogocytosis for cell killing, our findings may apply to the pathogenesis

of other infections.
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Importance

Entamoeba histolytica causes amoebiasis, a potentially fatal diarrheal disease.
Abscesses in organs such as the liver can occur when amoebae are able to breach the
intestinal wall and travel through the bloodstream to other areas of the body. Therefore,
understanding how E. histolytica evades immune detection is of great interest. Here we
demonstrate for the first time that E. histolytica acquires and displays human cell
membrane proteins by taking “bites” of human cell material in a process named
trogocytosis (trogo-: nibble), and that this allows amoebae to survive in human serum.
Display of acquired proteins through trogocytosis has only been previously
characterized in mammalian immune cells. Our study suggests that this is a more
general feature of trogocytosis not restricted to immune cells and broadens our
knowledge of eukaryotic biology. These findings also reveal a novel strategy for immune

evasion by a pathogen and may apply to the pathogenesis of other infections.
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Introduction

Entamoeba histolytica is the protozoan parasite responsible for amoebiasis, a
potentially fatal diarrheal disease. Amoebiasis is most prevalent in developing countries,
in areas with poor sanitation (1-3). A recent study found that nearly 80% of infants living
in an urban slum in Bangladesh had been infected with E. histolytica by two years of
age (4). The infection has a wide range of clinical symptoms that include asymptomatic
infection, diarrhea, bloody diarrhea, and fatal abscesses outside of the intestine. Bloody
diarrhea arises when amoebic trophozoites (amoebae) invade and ulcerate the
intestine. Amoebae that have invaded the intestine can disseminate and cause
abscesses in other tissues, most commonly in the liver. Although amoebic liver
abscesses are rare, they are fatal if untreated. Little is known about the mechanisms
that allow E. histolytica to evade immune detection and disseminate upon entering the
bloodstream.

The parasite was named “histolytica” for its ability to damage tissue (histo-:
tissue; lytic-: dissolving) (5—7). Despite this name-giving property, precisely how
amoebae invade and damage tissues is not clear. The most well-known virulence factor
is the amoeba surface D-galactose and N-acetyl-D-galactosamine (Gal/GalNAc) lectin
(8, 9), which mediates attachment to human cells and intestinal mucin (10-13). Surface-
localized and secreted cysteine proteases contribute to proteolysis of substrates
including mucin and extracellular matrix (10—13). The profound cell killing activity of
amoebae is likely to drive tissue damage. Amoebae can kill almost any type of human

cell within minutes. Direct contact with human cells is required for killing to occur (8, 9).

48



Until recently, the accepted model was that the pore-forming amoebapores act as
secreted toxins (14—17). However, the contact-dependence of cell killing (8, 9), and the
lack of killing activity in cell lysates and supernatants (6, 7, 18), are not consistent with
the presence of secreted toxins. Furthermore, transfer of amoebapores to human cells
has not been demonstrated.

We previously established a new paradigm by showing that E. histolytica kills
human cells through a mechanism that we termed trogocytosis (trogo-: nibble), due to
its resemblance to trogocytosis in other organisms (19). During trogocytosis, amoebae
kill human cells by extracting and ingesting “bites” of human cell membrane and
intracellular contents (19). We defined that trogocytosis requires amoebic actin
rearrangements (19). It also requires signaling initiated by the Gal/GalNAc lectin,
phosphatidylinositol 3-kinase (PI3K) signaling and an amoebic C2 domain-containing
kinase (EhC2PK) (19). By applying multiphoton imaging using explanted mouse
intestinal tissue from fluorescent-membrane mice, we found that trogocytosis was
required for tissue invasion, demonstrating relevance to pathogenesis (19).

Trogocytosis is not unique to E. histolytica, as it can be observed in other
eukaryotes (20). Examples in microbes include reports of trogocytosis by Naegleria
fowleri (21) and Dictyostelium caveatum (22). In multicellular eukaryotes, trogocytosis is
used for a variety of cell-cell interactions in the immune system (23, 24), in the central
nervous system (25, 26), and during development (27). It is not yet clear how
trogocytosis can paradoxically be both a benign form of cell-cell interaction and a

mechanism for cell-killing. The previous paradigm was that microbes engage
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trogocytosis for cell-killing, and trogocytosis in multicellular organisms was believed to
be a benign form of cell-cell interaction. However, recent reports have now shown that
neutrophils can use trogocytosis to kill parasites (28), and neutrophils and macrophages
can use trogocytosis to kill cancer cells in a form of antibody-dependent cell-mediated
cytotoxicity (29, 30). Trogocytosis is therefore likely to be a conserved, fundamental
form of eukaryotic cell-cell interaction that can be cytotoxic or benign, depending on the
context.

One intriguing outcome of trogocytosis between mammalian immune cells is that
it changes the makeup of cell surface proteins on both the donor and the recipient cell.
The nibbling cell displays the acquired membrane proteins from the nibbled cell on its
own surface (24, 31). Acquired membrane proteins appear as foci or patches on the
recipient cell. This allows the recipient cell to take on new properties that impact its
subsequent interactions with other cells (24, 31). For instance, uninfected dendritic cells
can acquire and display pre-loaded major histocompatibility complex class Il (MHC II)
molecules by nibbling infected dendritic cells, and thus they can present peptides from
microbes they have not directly encountered, which has been termed “cross-dressing”
(24). Transferred molecules are not limited to MHC complexes as induced regulatory T
cells can acquire cluster of differentiation (CD) molecules from mature dendritic cells
including CD80 and CD86 (32). It has also been shown that monocytes, NK cells, and
granulocytes can acquire CD22, CD19, CD21, and CD79b from antibody-opsonized B

cells (33). In addition to allowing the nibbling cell to display newly acquired membrane
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proteins, since membrane fragments are removed from the nibbled cell, trogocytosis
also affects the nibbled cell by effectively downregulating surface proteins (34).

Since mammalian immune cells acquire and display membrane proteins through
trogocytosis, we hypothesized that amoebae may acquire and display human cell
membrane proteins. Amoebic display of human proteins would have significant
implications for host-pathogen interactions. We predicted that one outcome of amoebic
human cell protein display could be the inhibition of lysis by human complement.
Previous studies have suggested that amoebae become more resistant to complement
after interacting with host cells or tissues, and that complement resistance appears to
involve proteins on the amoeba surface (35-37).

Here we show that E. histolytica acquires and displays human cell membrane
proteins. Acquisition and display of human cell membrane proteins requires actin and
direct contact, and is associated with subsequent protection from lysis by human serum.
Protection from human serum occurs after amoebae have undergone trogocytosis, but
not phagocytosis, suggesting protection is not generally associated with ingestion.
Collectively, these findings support that amoebae acquire and display human cell
membrane proteins through trogocytosis and that this leads to protection from lysis by
human serum complement. These studies have major implications for interactions
between E. histolytica and the immune system.

(This article was submitted to an online preprint archive (38).)
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Results
Amoebae acquire and display human cell membrane proteins.

We first asked whether trogocytosis by E. histolytica could result in transfer of
human cell membrane proteins to the cell membrane of the amoeba. Human Jurkat T
cells were surface-biotinylated and then co-incubated with amoebae. After co-
incubation, cells were fixed and labeled with fluorescently-conjugated streptavidin (Fig.
2.1A). Since cells were not permeabilized, this approach required human cell proteins to
be surface-exposed and to retain correct orientation for recognition by streptavidin. After
five minutes of co-incubation, patches of streptavidin-labeled human cell proteins were
detected on the surface of amoebae (Fig. 2.1B — 2.1C, arrows). Similar to immune cell
“cross-dressing” (24), the biotin-streptavidin label appeared as foci on the amoeba
surface. To track an individual human cell membrane protein, immunofluorescence was
used to detect human major histocompatibility complex class | (MHC |) (Fig. 2.1D).
Following co-incubation, cells were fixed without permeabilization, and MHC | was
detected using a monoclonal antibody. Comparable to the biotin-streptavidin labeling
experiments, MHC | was detected in foci on the surface of amoebae after five minutes
of co-incubation (Fig. 2.1E — 2.1F). Thus, human cell membrane proteins were acquired

and displayed by amoebae.
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Fig. 2.1: Following interaction with human cells, human cell membrane proteins are displayed
by amoebae

(A) Human cell membrane proteins were labeled with biotin prior to co-incubation with CMFDA-
labeled amoebae. Cells were co-incubated for 5 minutes and immediately fixed. Following fixation,
samples were labeled with fluorescently-conjugated streptavidin and DAPI. (B) Representative
images of amoebae incubated alone or co-incubated with biotinylated human cells. Amoebae are
shown in green and streptavidin is shown in red. Nuclei are shown in blue. Arrow indicates a patch of
biotin-streptavidin localized to the amoeba surface. (C) 3D rendering of Z stack images taken from
panel B. Arrow indicates transferred biotin. (D) Human cells were labeled with cell tracker deep red
(CTDR) prior to co-incubation with CMFDA-labeled amoebae. Cells were co-incubated for 5 minutes
and immediately fixed. Following fixation, samples were labeled with DAPI and MHC-1 was detected
using immunofluorescence. (E) Representative images of amoebae incubated alone or co-incubated
with CTDR-labeled human cells. Amoebae are shown in green, human cell cytoplasm is shown in
red, MHC-I is shown in yellow and nuclei are shown in blue. Arrow indicates MHC-I present on the
amoeba surface. (F) 3D rendering of Z stack images taken from E. Arrow indicates transferred MHC-
I. For panels B-F, images were collected from 4 independent experiments. For Biotin experiments,
76 images of amoebae with human cells and 21 images of amoebae alone were collected. For MHC-
| experiments, 83 images of amoebae with human cells and 40 images of amoebae alone were
collected.

Acquisition and display of human cell membrane proteins requires actin.
Trogocytosis by E. histolytica requires actin rearrangements and is inhibited by
cytochalasin D (19). Therefore, we asked whether acquisition of human cell membrane
proteins required actin. Imaging flow cytometry was used to quantify biotinylated human
cell membrane proteins on the amoeba surface. It was important to distinguish between
amoebae that displayed human cell membrane proteins and amoebae that were
attached to intact, extracellular human cells. While the latter amoebae may also display
human cell membrane proteins, we focused our analysis on images that lacked
extracellular human cells as this allowed for the highest stringency in quantifying
displayed human cell membrane proteins. Since human cell nuclei are not internalized
by amoebae during trogocytosis (19), human cell nuclei were fluorescently labeled, and

this was used to gate images that contained or lacked extracellular human cells.
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Fig. 2.2: Acquisition of human cell membrane proteins is inhibited with cytochalasin D treatment
CMFDA-labeled amoebae were pre-treated with either cytochalasin D (Cyto. D) or DMSO (Control) and
were then combined with Hoechst-labeled human cells. Immediately after co-incubation, cells were
placed on ice to halt ingestion and stained with fluorescently-conjugated streptavidin. Samples were
quantitatively analyzed using imaging flow cytometry, with 10,000 images collected for each sample. (A)
Gate used to identify single amoebae from total cells. Focused cells were gated on single amoebae
using aspect ratio and intensity of CMFDA fluorescence. (B) Representative plots of images with and
without human cell nuclei (Hoechst high or low populations) are shown. The Hoechst high population
contained images of amoebae with human cells and the Hoechst low population contained images of
amoebae without human cells. (C) Overlap of biotin and CMFDA fluorescence was measured, and biotin
positive images were gated. Representative plots of DMSO and cytochalasin D treated samples are
shown. (D) Quantification of plots from panel B. DMSO treated samples are shown in blue and
cytochalasin D treated samples are shown in orange. (E) Quantification of plots from panel C. (F)
Representative images of the populations shown in panel C. Amoebae are shown in green, cell nuclei
are shown in blue, and biotin is shown in magenta. Arrows indicate patches of transferred biotin. Whole
human cells with stained nuclei are marked with asterisks. n=6 from 3 independent experiments.
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Human cell nuclei were labeled with Hoechst, and human cell membrane
proteins were biotinylated prior to co-incubation with amoebae. After gating on single
amoebae out of total cells (Fig. 2.2A, Fig. $2.1), Hoechst staining was used to gate on
images of amoebae with and without extracellular human cells (Fig. 2.2B, D, F). Next,
the extent of overlap of fluorescent-streptavidin and individual amoebae was quantified
(Fig. 2.2C, E). In the dimethyl sulfoxide (DMSOQ) treated control amoebae, 25% of
amoebae contained foci of biotin labeling (Human Cell Nuclei-/Biotin+), while in the
cytochalasin D treated amoebae, 5% of amoebae contained foci of biotin labeling (Fig.
2.2E). Thus, amoebae acquire and display human cell membrane proteins through an
actin-dependent process, consistent with trogocytosis. Moreover, only 3% of biotin-
positive amoebae had undergone phagocytosis (Fig. $2.2), consistent with a
predominant role for trogocytosis in acquisition and display of human cell membrane

proteins.

Interaction with human cells leads to protection from lysis by human serum.

The acquisition and display of human cell membrane proteins has many potential
implications for host-parasite interactions. One possible implication is in resistance to
lysis by complement in human serum, particularly since it has been previously
suggested that ingestion of human erythrocytes protects amoebae from lysis by human
complement (35). Amoebae preferentially perform trogocytosis on live human cells (19),
therefore amoebae were incubated in the presence or absence of live human cells and

then exposed to human serum (Fig. 2.3A, Fig. $2.3). Using imaging flow cytometry,
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amoeba viability (Fig. 2.3C — D), and trogocytosis were simultaneously measured (Fig.

2.3B, Fig. S2.4). Amoebae that had interacted with live human cells, and had thus

undergone trogocytosis and acquired human cell membrane proteins, were

quantitatively protected from lysis by human serum (Fig. 2.3C — 2.3D, Fig. $2.5).

Among amoebae that had been incubated with human cells, amoebae that were lysed

by human serum had undergone quantitatively less trogocytosis than amoebae that
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Fig. 2.3: Interaction with human cells leads to protection from lysis by human serum

(A) CMFDA-labeled amoebae were incubated alone or in the presence of DiD-labeled human cells for 1
hour. Cells were then exposed to either active human serum, heat-inactivated human serum, or M199s
medium. Following exposure to serum, samples were stained with Live/Dead Violet and viability was
quantified using imaging flow cytometry, with 10,000 images collected for each sample. (B)
Representative plots showing internalization of human cells in each condition. (C) Representative plots
comparing amoebic death in the active serum, and heat-inactivated serum conditions. (D) Quantification
of amoebic death for all experimental conditions. Cells exposed to M199s medium are shown in grey,
heat-inactivated human serum in red, and active human serum in blue. % Death was normalized to the
amoeba alone samples that were treated with active human serum. (E) Representative images of live
and dead amoebae from amoebae co-incubated with human cells and exposed to active human serum.
Amoebae are shown in green, human cells in red, and dead cells in violet. (F) Representative
histograms showing the mean fluorescence intensity (MFI) of DiD in live and dead amoebae from
samples exposed to human serum. (G) Quantification of the DID MFI shown in panel F. n=10 from 5
independent experiments.

survived exposure to human serum (Fig. 2.3E — 2.3G). Therefore, trogocytosis is

associated with subsequent protection from lysis by human serum.

Protection from human serum lysis is dependent on contact with human cells.

We next asked if protection from serum lysis required direct contact between
amoebae and human cells, in order to determine if protection is a consequence of
trogocytosis, or if protection could be acquired through secreted human cell proteins or
exosomes. Amoebae and human cells were co-incubated in transwell dishes, with or
without direct contact (Fig. 2.4A). Human cells were not able to pass through transwell
membranes (Fig. 2.4B). Protection from complement lysis occurred only when
amoebae and human cells were incubated together in the same chamber of the
transwell, but not when they were separated (Fig. 2.4C). Protection from human serum
thus required direct contact between amoebae and human cells, supporting a

requirement for trogocytosis in the acquisition of protection.
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Fig. 2.4: Protection from human serum lysis is dependent on contact with human cells

(A) Depiction of each transwell condition used in panels B-C. CMFDA-labeled amoebae and DiD-
labeled human cells were incubated alone, together or separately in four different transwell conditions.
Condition 1: amoebae alone in the lower chamber; condition 2: amoebae and human cells together in
the lower chamber; condition 3: human cells in the upper chamber and amoebae in the lower chamber;
and condition 4: amoebae and human cells together in the upper chamber and amoebae in the lower
chamber. Cells were co-incubated in transwells for 1 hour and then cells from the lower chambers were
harvested, exposed to human serum and analyzed. Viability was assessed using Live/Dead Violet dye
and imaging flow cytometry (B) Quantification of human cell positive amoebae in conditions 1-4. (C)
Quantification of amoebic death in conditions 1-4 from panel A. % Death was normalized to amoebae
alone (condition 1). n=10 from 5 independent experiments.

Protection from human serum requires actin.

Since acquisition and display of human cell membrane proteins requires actin
(Fig. 2.2), we next asked if treatment with cytochalasin D would also abrogate
protection from human serum. Amoebae were treated with cytochalasin D, incubated in
the presence or absence of human cells, and then exposed to human serum. Imaging
flow cytometry was used to simultaneously measure trogocytosis (Fig. 2.5A) and
amoeba viability (Fig. 2.5B). Amoebae that were treated with cytochalasin D were
impaired in their ability to undergo trogocytosis and were not protected from serum lysis
after co-incubation with human cells. Since cytochalasin D inhibits cell motility,
centrifugation was used to bring amoebae and human cells into contact (Fig. S2.6). In

these conditions, cytochalasin D-treated amoebae were still impaired in their ability to
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undergo trogocytosis, and were not protected from subsequent serum lysis. Thus,
centrifugation does not rescue the defect in cytochalasin D-treated amoebae. Actin

rearrangements are therefore required for subsequent protection from lysis by human

serum.
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Fig. 2.5: Protection from human serum is actin-dependent.
CMFDA labeled amoebae were incubated alone or in the presence of DiD-labeled human cells for 1
hour and then exposed to active human serum. Samples were then stained with Live/Dead Violet
viability dye and analyzed by imaging flow cytometry. (A) Amoebae were either pretreated with
cytochalasin D (light grey) or DMSO (dark grey) for 1 hour. Quantification of internalization of human
cells. (B) Quantification of amoebic death is shown. % Death has been normalized to the amoeba alone
DMSO-treated samples. n=6 from 3 independent experiments.
Protection occurs after trogocytosis and does not occur after phagocytosis.

To ask if protection from human serum specifically occurs after trogocytosis, or if
any form of ingestion leads to protection from serum, we compared amoebae that had
undergone trogocytosis with those that had undergone phagocytosis. We previously

showed that amoebae undergo trogocytosis of live human cells, and in contrast,

undergo phagocytosis of pre-killed human cells (19). Therefore, we asked if
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phagocytosis of pre-killed cells could also provide protection from complement lysis.
Human cells were pre-killed by pre-treating with staurosporine to induce apoptosis (Fig.
2.6A). Amoebae were co-incubated with live or pre-killed human cells or incubated in
the absence of human cells. Amoebae that had undergone trogocytosis or phagocytosis
ingested a similar amount of human cell material (Fig. 2.6B), however, amoebae were
only protected from lysis by human serum after undergoing trogocytosis (Fig. 2.6C).

Therefore, protection from lysis by human serum occurs specifically after trogocytosis of

live cells.
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Fig. 2.6: Protection requires trogocytosis but not phagocytosis of human cells.

(A) Human cells were pretreated with staurosporine (dark grey) or DMSO (light grey). The human cell
viability before co-incubation is shown. (B) Quantification of human cell internalization by amoebae. (C)
Quantification of amoebic death. % Death was normalized to the amoebae alone samples. n=8 from 4
independent experiments.

To further distinguish between requirements for trogocytosis and phagocytosis,
we tested mutants deficient in rhomboid protease 1 (EhROM1) (EHI_197460), a
protease with roles in attachment and ingestion (39, 40). EhNROM1 mutants have been
shown to be deficient in phagocytosis and pinocytosis, and attachment to live cells (39,

40). Furthermore, silencing of EhAROM1 does not change susceptibility to serum lysis,
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Fig.2.7: EhNROM1 knockdown mutants defective in phagocytosis but not trogocytosis are
protected from serum lysis.

Amoebae were stably transfected with an EhAROM1 knockdown plasmid (EhRROM1) or vector control
plasmid (Control). (A) Silencing of EAROM1 was verified by using RT-PCR. Reverse transcriptase (RT)
was included (+) or omitted (-) as a control. GAPDH was used to control for loading. (B) EhAROM1 and
vector control transfectants were incubated on ice with live human cells for 1 hour, then fixed and
analyzed using confocal microscopy. The percentage of amoebae with 3 or more attached human cells
for each condition is displayed; vector control is shown with open bars and the EhNROM1 knockdown
mutant is shown with blue bars. n=4 replicates from 2 independent experiments. 20 images were
collected per slide and 195-252 individual amoebae were counted per condition. (C) Representative
images from panel B. Amoebae are shown in green and human cells are shown in red. Arrow indicates
an amoeba with a rosette of attached human cells. (D) CMFDA-labeled EhRROM1 knockdown mutants
(blue circles) or vector control (open circles) transfectants were incubated alone or in the presence of live
DiD-labeled human cells for 0, 5, 20, 40 or 80 minutes. Internalization of human cell material was
quantified using imaging flow cytometry. n=20 from 10 independent experiments. (E) CMFDA-labeled
EhRROM1 knockdown mutants (blue circles) or vector control (open circles) transfectants were incubated
alone or in the presence of heat-killed CTDR-labeled human cells for 0, 5, 20, 40 or 80 minutes.
Internalization of human cell material was quantified using imaging flow cytometry. n=4 from 2
independent experiments. (F) ENROM1 (blue bar) or vector control (open bar) amoebae were co-
incubated with live human cells for 1 hour, and then exposed to human serum. Viability was assessed
using Live/Dead Violet dye and imaging flow cytometry. % protection was calculated by subtracting the
total lysis of amoebae co-incubated with human cells from the total lysis of amoebae incubated alone. n=
9-10 from 5 independent experiments. Protection data displays means of 2 replicates from all 5
experiments.

making these mutants an ideal tool for testing the effects conferred by ingestion of
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human cells (39, 40). We generated stable ENROM1 knockdown mutants (Fig. 2.7A),
which were deficient in attachment to healthy human cells (Fig. 2.7B-C), consistent with
previous studies (40). Also consistent with previous studies, EANROM1 mutant amoebae
incubated alone were not more susceptible to serum lysis then control amoebae (Fig.
$2.7B). EhROM1 mutants did not exhibit a trogocytosis defect (Fig. 2.7D, Fig. S2.8).
As expected, ENROM1 mutants were defective in phagocytosis (Fig. 2.7E). After
trogocytosis, EAROM1 mutants were no more or less protected from lysis by human
serum than control amoebae (Fig. 2.7F, Fig. S2.7). Therefore, a mutant deficient in
phagocytosis does not exhibit a difference in protection from serum, further supporting
that phagocytosis is not involved in resistance to lysis by human serum. Moreover,
resistance to lysis by human serum is not associated with simple attachment to human
cells, since EhNROM1 mutants are impaired in binding to live human cells but still exhibit
no difference in resistance to human serum. Together, these finding further underscore
that protection from lysis by human serum is not associated with phagocytosis.

Collectively, these results support a new model of immune evasion in which
amoebae perform trogocytosis on live human cells and through trogocytosis, acquire
and display human cell membrane proteins. Display of human cell membrane proteins
then leads to protection from human serum, most likely by inhibiting complement-

mediated lysis (Fig. 2.8).
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Fig. 2.8: Proposed model of protection from serum lysis.

Amoebae encounter live human cells while invading the intestine or disseminating in the blood stream
and perform trogocytosis. Trogocytosis leads to acquisition and display of human cell membrane proteins
on the amoebae surface. One potential mechanism for the acquisition and display of human cell
membrane proteins could be through fusion of the amoebic and human cell plasma membranes during
trogocytosis. Human cell proteins could be directly transferred to the amoeba surface through membrane
fusion at the site of trogocytosis without being first internalized. Another potential mechanism could be
through internalization of bites during trogocytosis. The ingested membrane proteins could then be
trafficked to the amoeba surface. Display of human cell membrane proteins then protects the amoebae
from lysis in the blood by inhibiting the complement cascade.
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Discussion

Our studies revealed that amoebae acquire and display human cell membrane
proteins. This process is actin-dependent and is associated with resistance to lysis by
human serum. Protection from lysis by human serum requires direct contact between
amoebae and human cells, is actin-dependent, and is specifically associated with
trogocytosis, not phagocytosis. Collectively, these data suggest that amoebae acquire
and display human cell membrane proteins through trogocytosis, and that this leads to
protection from lysis by human serum complement.

Complement resistance by amoebae is relevant to invasive disease. Once
amoebae have invaded intestinal tissue, they can spread from the intestine to the liver
through the portal vein (41), and they can ingest erythrocytes (42), thus they are
capable of surviving in the bloodstream. A study that depleted complement by using
cobra venom factor in the hamster model of amoebic liver abscess, found that loss of
complement was correlated with greater severity of liver lesions (43). Additionally,
serum from women was more effective in killing amoebae then serum from men, and
men are known to be more susceptible to invasive amoebiasis (44). Furthermore,
pathogenic amoebae have been shown to resist complement. E. histolytica appears to
evade complement deposition, while the closely related nonpathogenic species
Entamoeba dispar does not (45). Similarly, amoebae isolated from patients with
invasive infection resist complement, while strains isolated from asymptomatic patients

are complement-sensitive (46).
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Previous studies have hinted that amoebae become more resistant to
complement after interacting with host cells or tissues, and that complement resistance
involves proteins on the amoeba surface. It has previously been demonstrated that
amoebae that were made resistant to complement lysis by hamster liver passage, lost
resistance after treatment with trypsin (36), suggesting that complement-resistance is
associated with proteins on the amoeba surface. It has also been shown that amoebae
acquire serum resistance after ingestion of live human erythrocytes, and that resistant
amoebae stained positive with antiserum directed to erythrocyte membrane antigens
(35). Though this previous study described ingestion of erythrocytes as
erythrophagocytosis, we now know that amoebae are also capable of performing
trogocytosis on live erythrocytes (19). In older literature, amoebae were also seen to
ingest bites of erythrocytes in a process that was termed microphagocytosis (47).
Therefore, we propose a model in which invasive amoebae are able to evade
complement detection in the blood by trogocytosis of human cells and display of human
cell membrane proteins.

Other mechanisms of complement resistance in E. histolytica have been
described such as mimicry of the complement regulatory protein CD59 (48, 49), an
inhibitor of the membrane attack complex (MAC). Amoebic cysteine proteinases play a
role in cleavage of complement components (50-52). Amoebae are also made
temporarily resistant to complement lysis through treatment with increasing doses of
heat-inactivated human serum, though the mechanism remains unclear (37, 53), and it

was recently found that amoebae do not develop resistance to serum from rats by this
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method (54). As the percentage of amoebae lysed after exposure to human serum in
our assays never reached 100%, even in conditions where amoebae were incubated
alone, it is likely that multiple factors contribute to complement resistance in E.
histolytica, including display of human cell membrane proteins.

It will be of great interest to determine which human proteins are displayed by
amoebae. It is possible that complement regulatory proteins such as CD55 or CD46 are
displayed by amoebae and that this directly promotes resistance to complement lysis.
Displayed human cell membrane proteins may also bind to soluble factors in human
serum, such as factor H. It is notable that acquired human cell membrane proteins do
not have an even distribution on the amoeba surface, and instead appear in foci. This
was similar for both biotin-streptavidin and MHC-| staining. In mammalian immune cells,
similar focal localization of acquired membrane proteins is seen, with biotin-streptavidin
staining, fluorescently-tagged proteins, and immunofluorescence (24, 55). It is not clear
if the acquired membrane proteins are present in lipid microdomains (e.g., lipid rafts), or
are in clusters. It is also possible that while patchy foci of acquired membrane proteins
are clearly seen, these proteins may also be found throughout the membrane at lower
concentrations below the limit of detection. In any case, the distribution of human cell
proteins appears sufficient to confer protection from complement.

We used EhROM1 knockdown mutants that were defective in phagocytosis but
not trogocytosis to test whether protection was specifically associated with trogocytosis.
Consistent with the original description of EAROM1 mutants (40), we found that they

were still capable of attachment to human cells, but were defective in attaching to
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multiple human cells at the same time. Amoebae attached to numerous human cells are
termed “rosettes.” The phenotype of EAROM1 mutants is consistent with the E.
histolytica literature in general, where attachment phenotypes do not manifest as
abolishment of all attachment, but instead result in decreased rosette formation
compared to control amoebae (40, 56, 57). Since most EAROM1 mutants still attached
to at least one human cell, it appears that the lowered levels of attachment were
sufficient to allow trogocytosis to proceed and to allow acquisition of human cell
membrane proteins, since the mutants were still protected from lysis by human serum.
With the discoveries of amoebic trogocytosis and display of human cell
membrane proteins, a new paradigm for amoeba-human cell interactions is emerging.
We previously showed that when amoebae kill cells, they do not ingest dead cell
corpses (19). Prior to this, amoebae were thought to fully ingest the corpses of the cells
they had killed (5, 58, 59). Now, with the discovery of acquisition and display of human
cell membrane proteins, together with the lack of ingestion of cell corpses, a different
paradigm is emerging. It is possible that rather than acquiring nutrition by killing and
ingesting entire cells, amoebae nibble and acquire membrane proteins that contribute to
immune evasion. Invasive disease involves survival of amoebae in blood vessels. Since
trogocytosis contributes to tissue invasion (19), it is possible that amoebae acquire
human cell membrane proteins as they invade the intestine. Amoebae would then be
equipped to survive in the bloodstream and to spread to other tissues. Moreover, since
there is the potential for a variety of human cell proteins to be displayed, display of

human cell proteins may impact host-amoeba interactions in many ways.
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Display of human cell proteins acquired during trogocytosis is a novel strategy for
immune evasion by a pathogen. Since other microbial eukaryotes use trogocytosis for
cell killing, including N. fowleri, there is the potential for display of acquired membrane
proteins to apply to the pathogenesis of other infections. Furthermore, our studies
extend acquisition and display of membrane proteins beyond mammalian immune cells,
suggesting that this may be a fundamental feature of eukaryotic trogocytosis. How
membrane proteins are acquired and displayed by immune cells during trogocytosis is
not well understood. Thus, ongoing studies in amoebae may shed light on acquisition
and display of membrane proteins during trogocytosis in general.

In summary, amoebae display human cell membrane proteins on their surface
and are protected from lysis by human serum after trogocytosis. We propose a new
model of immune evasion by E. histolytica, whereby amoebae survive complement
attack in the bloodstream through trogocytosis and display of human cell membrane
proteins. This work broadens our understanding of trogocytosis as a conserved feature

of eukaryotic biology, as well as our understanding of the pathogenesis of amoebiasis.
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Materials and Methods
Cell culture.

HM1: IMSS (ATCC) E. histolytica trophozoites (amoebae) were cultured at 35°C
in TYI-S-33 media supplemented with 80 Units/mL penicillin and 80 pg/mL streptomycin
(Gibco), 2.3% Diamond Vitamin Tween 80 Solution 40x (Sigma-Aldrich) and 15% heat-
inactivated adult bovine serum (Gemini Bio-Products). Amoebae were harvested when
tissue culture flasks reached 80-100% confluency and then resuspended in M199s
media (Gibco medium M199 with Earle’s Salts, L-Glutamine, 2.2 g/L Sodium
Bicarbonate and without Phenol Red) supplemented with 5.7 mM L-cysteine, 25 mM
HEPES and 0.5% bovine serum albumin.

Human Jurkat T cells from ATCC (Clone E6-1) were cultured at 37°C and 5%
CO2 in RPMI Medium 1640 (Gibco RPMI with L-Glutamine and without Phenol Red)
supplemented with 10 mM HEPES, 100 Units/mL penicillin and 100 pg/mL streptomycin
and 10% heat-inactivated fetal bovine serum (Gibco). human cells were harvested

between 5x10% and 2x108 cells/ml and resuspended in M199s media.

Generation of EAROM1 mutants.

The EhRROMT1 silencing construct, made from a pEhEx plasmid backbone, was
generated by Morf et al. as described in (60). The construct contained 132 base pairs of
the trigger gene EHI_048600 fused to the first 537 base pairs of ENROMA1
(EHI_197460). Amoebae were transfected with 20 pg of the EhAROM1 silencing

construct using Attractene Transfection Reagent (QIAGEN). Transfectants were then
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maintained under selection with Geneticin at 6 yg/ml. Clonal lines were generated by
limiting dilution in a 96-well plate contained in a BD GasPak EZ Pouch System (BD
Biosciences), and silencing was confirmed with RT-PCR. An individual clonal line was
used for all experiments. A vector control line was generated by transfection with the

pEhEXx-trigger construct backbone, using the same approach.

Confocal immunofluorescence assays.

In the biotin transfer experiments, human cells were resuspended in 1X
Dulbecco’s Phosphate Buffered Saline (PBS: Sigma-Aldrich) and then biotinylated with
EZ-Link Sulfo-NHS-SS-Biotin (Thermo Fisher Scientific) at 480 yg/ml in 1X PBS for 25
minutes at 4°C. 1M Tris-HCL pH 8 was added to the samples for a final concentration of
100 mM to quench the reaction. Cells were next washed in 1X PBS containing Tris-HCL
pH 8 at 100 mM, and then resuspended in M199s. Amoebae were washed and labeled
in M199s with CellTracker Green CMFDA (Invitrogen) at 310 ng/ml for 10 minutes at
35°C. Amoebae and human cells were combined at a 1:5 ratio in M199s and co-
incubated for 5 minutes at 35°C. Following co-incubation, cells were fixed with 4%
paraformaldehyde (Electron Microscopy Sciences) for 30 minutes at room temperature
and stained with an Alexa Fluor 633 streptavidin conjugate (Invitrogen) at 20 pyg/ml for 1
hour at 4°C. After fixation, samples were stained with DAPI (Sigma-Aldrich) for 10
minutes at room temperature. Samples were then incubated on coverslips pre-coated
with collagen (Collagen |, Rat Tail: Gibco), according to the manufacturer’s instructions,

for 1 hour at room temperature and mounted on glass slides using VECTASHIELD
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(Vector Laboratories). In some experiments, samples were incubated on Superfrost
Plus Micro Slides (VWR) for 1 hour, and coverslips were then mounted with
VECTASHIELD. Samples were imaged on an Olympus FV1000 laser point-scanning
confocal microscope or on an Intelligent Imaging Innovations Hybrid Spinning Disk
Confocal-TIRF-Widefield Microscope. Images were collected from 4 independent
experiments, including 76 images of amoebae with human cells and 21 images of
amoebae alone.

For the MHC class | immunofluorescence experiments, human cells and
amoebae were separately washed and resuspended in M199s. Amoebae and human
cells were then combined at a 1:5 ratio in M199s and co-incubated for 5 minutes at
35°C. Following co-incubation and fixation with 4% paraformaldehyde, samples were
blocked for 1 hour in PBS-T (0.1% Tween 20 in 1X PBS) supplemented with 20% Goat
Serum (Jackson Immunoresearch Labs Inc.) and 5% bovine serum albumin. Samples
were then washed in PBS-T and incubated overnight with an MHC class | monoclonal
primary antibody (Thermo Fisher Scientific HLA-ABC Monoclonal Antibody W6/32) at 10
pg/ul, followed by washing with PBS-T and incubation with an anti-mouse Cy3
secondary antibody (Jackson Immunoresearch Labs Inc.) at 3.5 ng/ml at room
temperature for 1 hour. Samples were stained with DAPI and mounted on glass slides
as above. Images were collected from 4 independent experiments, including 83 images

of amoebae with human cells and 40 images of amoebae alone.
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Imaging flow cytometry immunofluorescence assays.

Amoebae were resuspended in M199s media and pretreated with cytochalasin D
(Sigma-Aldrich) at 20 yM or with the equivalent volume of dimethylsulfoxide (DMSO) for
1 hour at 35°C. Cytochalasin D and DMSO were kept in the media for the duration of
the experiment. Following pre-treatment, amoebae were labeled with CellTracker Green
CMFDA at 93 ng/ml for 10 minutes at 35°C. Human cells were labeled in culture with
Hoechst 33342 (Invitrogen) at 5 yg/ml for 1 hour at 37°C and then resuspended in 1X
PBS. Human cells were then biotinylated with EZ-Link Sulfo-NHS-SS-Biotin at 480
pg/mlin 1X PBS for 25 minutes at 4°C. 100 mM Tris-HCL pH 8 was used to quench the
reaction, cells were washed in 100 mM Tris-HCL pH 8 and were resuspended in M199s.
Amoebae and human cells were combined at a 1:5 ratio in M199s and co-incubated for
5 minutes at 35°C. After co-incubation, samples were immediately placed on ice to halt
ingestion, stained with an Alexa Fluor 633 streptavidin conjugate at 20 pyg/ml for 1 hour
at 4°C and fixed with 4% paraformaldehyde for 30 minutes at room temperature. Fixed
samples were resuspended in 1X PBS and run on an Amnis ImageStreamX Mark II.
10,000 events per sample were collected from 6 repeats across three independent

experiments.

Serum lysis assays.
Amoebae were washed and labeled in M199s with CellTracker Green CMFDA at
93 ng/ml for 10 minutes at 35°C. Human cells were washed and labeled in M199s with

Diic18(5)-Ds [1,1-Dioctadecyl-3,3,3,3-Tetramethylindodicarbocyanine-5,5-Disulfonic
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Acid] (DiD: Assay Biotech) at 21 pyg/ml for 5 minutes at 37°C and 10 minutes at 4°C.
After washing with M199s, amoebae and human cells were combined at a 1:5 ratio in
M199s and co-incubated for 1 hour at 35°C, or amoebae were incubated in the same
conditions in the absence of human cells. Next, cells were pelleted at 400 x g for 8
minutes and were resuspended in 100% normal human serum (Pooled Normal Human
Complement Serum, Innovative Research Inc.), heat-inactivated human serum
(inactivated at 56°C for 30 minutes), or M199s. Serum/media was supplemented with
150 yuM CaClz and 150 uM MgCl2 (Fig. S2). Next, cells were incubated for 30 minutes at
35°C. Cells were then washed and resuspended in M199s media and incubated with
LIVE/DEAD Fixable Violet Dead Cell Stain (Invitrogen) that was prepared according to
the manufacturer’s instructions, at 4 ul/ml for 30 minutes on ice. Next, samples were
fixed with 4% paraformaldehyde for 30 minutes at room temperature. Fixed samples
were pelleted and resuspended in 1X PBS, then run on an Amnis ImageStreamX Mark
II. 10,000 events per sample were collected.

In the cytochalasin D experiments, amoebae were pretreated with cytochalasin D
at 20 uM or an equivalent volume of DMSO for 1 hour at 35°C. Cytochalasin D/DMSO
was kept in the media for the duration of the experiment. In experiments where
amoebae ingested live or pre-killed cells, human cells were pretreated in culture with
staurosporine (Sigma-Aldrich) at 1 M or with the equivalent volume of DMSO overnight
at 37°C. Human cells were then washed and suspended in M199s media and labeled
with CellTracker Deep Red (CTDR) (Invitrogen) at 1 yM for 30 minutes at 37°C. In

transwell assays, amoebae and human cells were incubated together at a 1:5 ratio or
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separately in 12 mm transwells with 3.0 um pore, 10 um thick polycarbonate membrane
inserts (Corning). In experiments using EhnROM1 knockdown, stably transfected
EhROM1 clonal mutants were compared to mutants that contained a pEhEx-trigger

backbone vector control construct.

Ingestion assays.

In trogocytosis assays, CMFDA labeled transfectants were incubated alone or in
the presence of live DiD-labeled Jurkat cells for 0, 5, 20, 40 or 80 minutes. Samples
were then labeled with Live/Dead Violet and fixed with 4% paraformaldehyde.
Internalization of human cell material was quantified using imaging flow cytometry. In
phagocytosis assays, human cells were heat-killed at 60°C for 40 minutes and were

labeled with CTDR and Hoechst prior to incubation with CMFDA labeled amoebae.

Attachment assay.

CMFDA labeled amoebae were combined with CTDR labeled live human cells at
a 1:5 ratio, centrifuged at 150 x g for 5 minutes 4°C, and incubated on ice for 1 hour.
Samples were then fixed with 4% paraformaldehyde. Samples were incubated on
Superfrost Plus Micro Slides (VWR) for 1 hour, coverslips were mounted with
VECTASHIELD and slides were imaged on an Intelligent Imaging Innovations Hybrid
Spinning Disk Confocal-TIRF-Widefield Microscope. 20 images were collected per slide.
Amoebae with 3 or more attached human cells were scored as attachment positive.

Image collection and scoring were performed in a blinded manner.
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Imaging flow cytometry analysis.

Samples were run on an Amnis ImageStreamX Mark Il and 10,000 events were
collected per sample. Data were analyzed using Amnis IDEAS software. Samples were
gated on focused cells, single amoebae, amoebae that had come in contact with human
cells, and amoebae that had internalized human material. From the single amoebae
gate, amoebic death was quantified by plotting intensity of LIVE/DEAD Violet against
side scatter and gating on LIVE/DEAD Violet positive cells (see Fig. S3).

In the biotin transfer experiment, single amoebae were divided into Hoechst high
and Hoechst low populations in order to isolate single amoebae with and without human
cells. Overlap of biotin with CMFDA labeled amoebae was plotted and biotin positive
cells were selected from both Hoechst high and low populations (see Fig. S1).

For calculation of the background level of phagocytosis, the imaging flow
cytometry data from the experiments shown in Fig. 2 were used. The DMSO control-
treated amoebae were used for this analysis. Single amoebae were gated from total
cells. Next, biotin-positive amoebae were gated. Amoebae associated with human cell
nuclei that were surrounded by a biotin/streptavidin ring were considered phagocytosis-
negative, while amoebae associated with human cell nuclei that lacked a biotin ring
were considered phagocytosis-positive. Amoebae that were not associated with human
cell nuclei were considered phagocytosis-negative. Some amoebae were out of focus or
were associated with too many human cells to reliably score; thus, these images were
left unscored. The first 100 images in the biotin-positive amoeba gate that could be

scored (300 total images from three independent experiments) were analyzed. Since
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some images were unscored, more than 100 total images were analyzed per
experiment, as indicated in the raw data table. Images were counted independently by
two different researchers and the counts were averaged.

In the trogocytosis and phagocytosis assays, focused cells were gated from total
collected events. Next, single cells were gated, and then single amoebae were gated.
Amoebae positive for human cells were gated and internalization of human cells was

measured. (see Fig. S5)

Statistical analysis.
All statistical analysis was performed using GraphPad Prism. All data plots
display means and standard deviation values. Data were statistically analyzed using a

student’s unpaired t-test (ns = P>0.05, * =P <0.05, ** =P <0.01, *** = P <0.001, ****

P <0.0001).
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Fig. S2.1: Gating strategy used to quantify transferred biotin.

Gating strategy used to quantify biotin-positive amoebae. Focused cells were gated from total collected
events. Next, single cells were gated, and then single amoebae were gated. Single amoebae were
divided into Hoechst high and Hoechst low populations to identify images with and without human cell
nuclei. Finally, biotin-positive amoebae were gated on from images with and without human cell nuclei.
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Fig. S2.2: Analysis used to quantify the background level of phagocytosis in trogocytosis assays.
The imaging flow cytometry data from the experiments shown in Fig. 2.2 were used to quantify the level
of phagocytosis in trogocytosis assays. CMFDA-labeled DMSO control-treated amoebae were combined
with Hoechst-labeled human cells. Immediately after co-incubation, cells were placed on ice to halt
ingestion and stained with fluorescently-conjugated streptavidin. Samples were quantitatively analyzed
using imaging flow cytometry, with 10,000 images collected for each sample. (A) Single amoebae were
gated from total cells. Next, biotin-positive amoebae were gated. (B) Human cell nuclei (asterisks) that
were surrounded by a biotin/streptavidin ring (arrow) were considered extracellular, while human cell
nuclei that lacked a biotin ring were considered internalized. Thus, amoebae that were associated with
extracellular human cells were considered phagocytosis-negative, while amoebae associated with
internalized human cells were considered phagocytosis-positive. Amoebae that were biotin-positive
(arrowhead) without associated human cell nuclei were considered phagocytosis-negative. Some
amoebae were out of focus or were associated with too many human cells to reliably score; thus, these
images were left unscored. Representative images of phagocytosis-positive, phagocytosis-negative, and
unscored amoebae are shown. (C) Among three independent experiments, the average level of
phagocytosis was 3% (range of 2-5%). (D) Table showing the raw data for the analysis in panel C. 100
images each from three separate experiments (300 total scored images, plus unscored images as
indicated) were counted. Images were counted independently by two different researchers and the
counts were averaged.

92



A. Sigma: Male AB B. Sigma: Complement Sera Human

(Stored at -20°C) Lyophilized Powder
(Stored at -80°C)

15+ 15+

- Bl Media - El Media
§ I 10% Serum ‘?'; I 10% Serum
O 10 Bl 25% Serum O 104 Bl 25% Serum
% 50% Serum % 50% Serum
[] 1y o 0,
£ s Il 100% Serum g sl Il 100% Serum
< <
S S
omllow mug l Hig B . - I
& X N Q
@&\ N » @6“(\ N\ a
C. Innovative Research: D. Valley Biomedical:
Pooled Normal Human Complement Serum Human Complement (Serum)
(Stored at -80°C) (Stored at -80°C)
15+ ) 15+ ,
- Hl Media - Hl Media
‘é I 10% Serum *é I 10% Serum
0O 104 B 25% Serum 0O 10+ Bl 25% Serum
.§ 50% Serum .§ 50% Serum
] Ly (o] 0,
£ . Bl 100% Serum g sl Il 100% Serum
< <
S S
o 0
“P@o K DS @é\“ K S
E. Innovative Research: F. Valley Biomedical:
+ 150uM CaCl2 + 150uM MgCI2 + 150uM CaCl2 + 150uM MgCl2
100+ 100+
£ 80- £ 80~
© ©
a ]
0O 60 0O 604
© ©
3 ®
o 401 Y. 404
€ €
< 20- < 201
X X
0- 0-
o o\ o\o s\ o\ o o\ o\o s\ o\
“&b S ®° PN \°° @Q& S ® S \°°
% Human Serum % Human Serum

Fig. $2.3: Optimization of complement assay.

The ability of un-supplemented human serum from different vendors to lyse amoebae was tested at
various concentrations for 30 minutes, 1 hour, and 2 hours at 35°C. Samples were labeled with the
viability dye Live/Dead Violet and % amoeba death was quantified using imaging flow cytometry. %
amoeba death was not normalized. (A) Sigma Male AB Serum. Note, serum was stored at -20°C instead
of -80°C. (B) Sigma Complement Sera Human Lyophilized Powder. (C) Innovative Research Pooled
Normal Human Complement Serum. (D) Valley Biomedical Human Complement (Serum). (E-F) Lysis of
increasing concentration of serum from Innovative Research and Valley Biomedical was tested with the
addition of 150 yM CaCl, and 150 yM MgCl, for 1 hour at 35°C.
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Fig. S2.4: Serum lysis assay gating strategy.

Gating strategy used in the serum lysis assay. Focused cells were gated from total collected events.
Next, focused events were dived into gates that either contained debris and human cells, or single
amoebae. Single amoebae positive for human cells were gated and then internalization of human cells
was measured. % of dead amoebae was gated from single amoebae.
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Fig. $2.5: Non-normalized data shown from Fig. 2.3.

Non-normalized data from the serum lysis assay shown in Fig. 2.3. Amoebic lysis was variable and fell in
to two groups, Low lysis (A) and (B) high lysis. This variability in lysis was associated with how the
human serum was stored and thawed. The highest lysis was achieved with serum stored at -80°C and
rapidly thawed at 37 °C, leaving intact ice pellets, and then thawed to completion at room temperature.
Lower lysis was achieved with serum stored at -20°C and thawed to completion at 37 °C. (C) Lysis from
all data non- normalized. (D) Lysis from all data normalized to the amoeba incubated alone condition that
was exposed to active human serum.
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Fig. S2.6: Centrifugation does not rescue the defect in cytochalasin D-treated amoebae.

The experiments shown in Fig. 2.5 were repeated with the addition of a centrifugation step to force
contact between amoebae and human cells at the start of the co-incubation. CMFDA-labeled amoebae
and DiD-labeled were centrifuged together at 400 x g for 8 min, and then co-incubated for 1 hour, or
amoebae were centrifuged and incubated in the absence of human cells as a control. Samples were
then exposed to active human serum for 1 hour, stained with Live/Dead Violet viability dye, and
quantitatively analyzed using imaging flow cytometry. 10,000 images were collected for each sample.
(A) Amoebae were either pretreated with cytochalasin D (light grey) or DMSO (dark grey) for 1 hour.
Quantification of internalization of human cells. (B) Quantification of amoebic death is shown. % Death
has been normalized to the amoeba alone DMSO-treated samples. n=8 from 4 independent
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Fig. S2.7: Internalization of human cells and amoebic death from the serum lysis assay in Fig. 2.7.
Additional data from the serum lysis assay used in Fig. 2.7. (A) Internalization of human cells by vector
control transfectants (open bar) or EAROM1 (blue bar) knockdown mutants. (B) % of normalized amoeba
death in the conditions where amoebae were incubated alone. (C) Non-normalized amoebic death from
all conditions.
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Fig. S2.8: Gating strategy used in trogocytosis and phagocytosis assays.
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well as representative images collected at each time point.
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Chapter 3
Entamoeba histolytica Develops Resistance to Complement Deposition and Lysis
After Acquisition of Human Complement Regulatory Proteins through
Trogocytosis

Hannah W. Miller, Tammie S.Y. Tam and Katherine S. Ralston

The content of this chapter is currently in press at mBio. Copyright © 2021 Miller et al.,
distributed under the terms of the Creative Commons Attribution 4.0 International

license.
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Abstract

Entamoeba histolytica is the cause of amoebiasis. The trophozoite (amoeba)
form of this parasite is capable of invading the intestine, and can disseminate through
the bloodstream to other organs. The mechanisms that allow amoebae to evade
complement deposition during dissemination have not been well characterized. We
previously discovered a novel complement-evasion mechanism employed by E.
histolytica. E. histolytica ingests small bites of living human cells in a process termed
trogocytosis. We demonstrated that amoebae were protected from lysis by human
serum following trogocytosis of human cells, and that amoebae acquired and displayed
human membrane proteins from the cells they ingested. Here, we aimed to define how
amoebae are protected from complement lysis after performing trogocytosis. We found
that amoebae were protected from complement lysis after ingestion of both human
Jurkat T cells and red blood cells, and that the level of protection correlated with the
amount of material ingested. Trogocytosis of human cells led to a reduction in
deposition of C3b on the surface of amoebae. We asked whether display of human
complement regulators is involved in amoebic protection, and found that CD59 was
displayed by amoebae after trogocytosis. Deletion of a single complement regulatory
protein, CD59 or CD46, from Jurkat cells was not sufficient to alter amoebic protection
from lysis, suggesting that multiple, redundant complement regulators mediate amoebic
protection. However, exogeneous expression of CD46 or CD55 in amoebae was
sufficient to confer protection from lysis. These studies shed light on a novel strategy for

immune evasion by a pathogen.
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Importance

Entamoeba histolytica is the cause of amoebiasis, a diarrheal disease of global
importance. While infection is often asymptomatic, the trophozoite (amoeba) form of this
parasite is capable of invading and ulcerating the intestine, and can disseminate
through the bloodstream to other organs. Understanding how E. histolytica evades the
complement system during dissemination is of great interest. Here we demonstrate for
the first time that amoebae that have performed trogocytosis (nibbling of human cells)
resist deposition of the complement protein C3b. Amoebae that have performed
trogocytosis display the complement regulatory protein CD59. Overall, our studies
suggest that acquisition and display of multiple, redundant complement regulators is
involved in amoebic protection from complement lysis. These findings shed light on a
novel strategy for immune evasion by a pathogen. Since other parasites use
trogocytosis for cell killing, our findings may apply to the pathogenesis of other

infections.
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Introduction

Amoebiasis remains a disease of global importance. The 2015 Global Burden of
Disease Study estimated that it was responsible for 67,900 deaths worldwide that year
(1). Its causative agent, Entamoeba histolytica, is prevalent in countries with poor
sanitation and is spread through feces-contaminated food and water (2). In the rural
area of Durango, Mexico, the seroprevalence of E. histolytica was found to be as high
as 42% (3), and a longitudinal study of children living in an urban community of Dhaka,
Bangladesh found that 80% were infected with the parasite by two years of age (4).

While infection with E. histolytica is often asymptomatic, it can result in diarrheal
disease, colitis and extraintestinal abscesses (5). Following ingestion of the cyst form of
the parasite, excystation occurs and the trophozoite stage (amoeba) colonizes the large
intestine (6). Amoebae are capable of invading and ulcerating the intestine, causing
tissue damage and bloody diarrhea. They can also disseminate through the
bloodstream to other organs, most commonly the liver, where they form abscesses that
are fatal if left untreated (5). The mechanisms that allow amoebae to evade complement
deposition during dissemination have not been well characterized. Pathogenic strains of
E. histolytica isolated from patients have been shown to be more resistant to
complement lysis than nonpathogenic strains (7). It has also been found that the
pathogenic amoeba species E. histolytica appears to be more resistant to complement
than its nonpathogenic relative E. dispar (8). E. histolytica cysteine proteases can
cleave complement components (9—11), and the Gal/GalNAc lectin has been described

as a CD59 mimicry molecule (12). However, these mechanisms alone are not sufficient
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to fully protect amoebae from complement lysis, as trophozoites are readily lysed by
human serum in vitro (13).

We previously discovered a novel complement-evasion mechanism employed by
E. histolytica (13). Trogocytosis, or “cell nibbling,” is present in many eukaryotes and
occurs in a variety of contexts (14). In E. histolytica, trogocytosis is a process in which
amoebae ingest small bites of living human cells (15). Our previous work has defined
amoebic trogocytosis as both a mechanism for cell killing (15), and more recently, for
immune evasion (13). We demonstrated that amoebae were protected from lysis by
human serum following trogocytosis of human cells (13), and that amoebae acquired
and displayed human membrane proteins from the cells they ingested (13). This work
suggested a model in which amoebae incorporate proteins from human cells they eat
on their surface, and these proteins in turn inhibit complement lysis.

In the present study, we aimed to define the mechanism by which amoebae are
protected from complement lysis after performing trogocytosis. We found that
trogocytosis of human cells reduced deposition of the complement protein C3b the
surface of amoebae, and that amoebae were protected from complement lysis after
ingestion of both human Jurkat T cells and primary red blood cells. We identified the
human complement regulatory protein CD59 (protectin) as one of the proteins that is
taken from ingested human cells and displayed on the amoebic surface. Deletion of a
single complement regulatory protein, CD59 or CD46, from human Jurkat cells was not
sufficient to alter conferred protection on amoebae. However, exogeneous expression

of a single complement regulator, i.e., CD46 or CD55, in amoebae was sufficient to
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confer protection from lysis. Overall, these studies suggest that multiple, redundant

complement regulators are involved in amoebic protection.
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Fig. 3.1: Ingestion of latex beads does not protect amoebae from complement lysis

Amoebae were incubated with 3x10¢ or 1.5x107 fluorescent latex beads for 1 hour or were incubated
without latex beads, and then exposed to human serum. Amoebic viability was determined with Zombie
Violet viability dye. Imaging flow cytometry was used to quantify bead ingestion and amoebic viability.
(A) The percentage of amoebae that had ingested any number of latex beads. (B) Mean number of
ingested beads among amoebae that had ingested beads. (C) Normalized amoeba death following
exposure to human serum. Values are normalized to the amoebae that were incubated without latex
beads. (D) Quantification of the number of ingested beads per amoeba; shown are the data plots from
one replicate per sample type. Amoebae that did not perform bead ingestion fall into the “Bead —” gate,
while amoebae that ingested beads fall into the “Bead +” gate. (G) Representative images of amoebae
that were incubated without beads, or in the presence of 3x106 or 1.5x107 beads. Ingested beads are
shown in yellow. Data are from four replicates across two independent experiments.
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Ingestion of beads does not confer protection from complement lysis.

We previously showed that protection from complement lysis occurred in
amoebae that had performed trogocytosis on living human cells, and that known
inhibitors of trogocytosis also inhibited protection from complement lysis (13). Amoebae
that had performed phagocytosis of dead human cells did not become protected from
complement. Likewise, amoebae that were capable of trogocytosis, but defective in
phagocytosis, nonetheless became protected from complement (13). To extend these
findings, and to examine the role of ingestion on protection in the absence of host
proteins, we allowed amoebae to ingest increasing concentrations of latex beads.
Amoebae that ingested beads were no more protected from lysis than control amoebae
that did not perform ingestion (Fig. 3.1, S3.1). Thus, trogocytosis confers protection
from complement lysis, but phagocytosis of dead human cells or latex beads does not

confer protection.

Amoebic protection from complement following trogocytosis is dose-dependent.
To determine if the amount of trogocytosed human cell material influenced
protection, or if any level of trogocytosis was protective, we allowed amoebae to ingest

incrementally larger amounts. Amoebae became increasingly protected from
complement lysis (Fig. 3.2B-C, S3.2A) after ingesting higher quantities of live Jurkat
cell material (Fig. 3.2A, 3.2G). Thus, acquired protection from complement lysis

correlates with the amount of human cell material ingested through trogocytosis.
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Fig. 3.2: Amoebic protection from complement following trogocytosis is dose-dependent.
Amoebae were labeled with CMFDA cytoplasm dye and incubated in the absence of human cells, or with
increasing concentrations of human Jurkat cells or primary human red blood cells. Human cells were
labeled with DiD membrane dye. Following exposure to human serum, amoeba death was assessed with
Zombie Violet viability dye and ingested human cell material was determined by quantifying mean
fluorescence intensity (MFI) of DiD present on amoebae. (A) Normalized MFI of DiD on amoebae
incubated in the absence of Jurkat cells or with increasing concentrations of Jurkat cells. (B) Normalized
death of amoebae from conditions in panel A. (C) Death of amoebae from conditions in panel A,
expressed as percent protection. Percent protection was calculated by subtracting the total death of
amoebae incubated with human cells from the total death of amoebae incubated in the absence of Jurkat
cells. (D) Normalized MFI of DiD on amoebae incubated in the absence of red blood cells or with
increasing concentrations of red blood cells. (E) Normalized death of amoebae from conditions in panel
D. (F) Death of amoebae from conditions in panel D, expressed as percent protection. (G)
Representative images of amoebae incubated with increasing concentrations of Jurkat cells. Amoebae
are shown in green and ingested human cell material is shown in red. Data were analyzed by imaging
flow cytometry and are from 6 replicates across 3 independent experiments. (H) Representative images
of amoebae incubated with red blood cells. Data were analyzed by imaging flow cytometry and are from
6 replicates across 3 independent experiments.

We next asked if protection could be conferred through trogocytosis of primary
human cells. During invasive infections, amoebae breach the intestinal wall and
disseminate via the bloodstream. Detection of amoebae containing ingested red blood
cells in the stool has previously been used as a diagnostic for invasive disease (16).
Therefore, we asked if ingestion of human red blood cells would lead to protection.
Amoebae were allowed to ingest increasing numbers of human red blood cells.
Increased trogocytosis of red blood cells led to increased protection from complement
lysis (Fig. 3.2D-F, 3.2H, S3.2B). These results support a model where the level of
protection from complement lysis is proportional to the amount of human cell material

that was ingested during trogocytosis.
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Fig. 3.3: Amoebic trogocytosis of human cells inhibits deposition of complement C3b.
Amoebae were incubated in the absence of Jurkat T cells or in the presence of Jurkat cells, and
subsequently exposed to human serum. Viability was assessed with Zombie Violet dye. The presence
of C3b was detected using a mouse monoclonal antibody to C3b and iC3b. (A) Death of amoebae that
were incubated in the absence of Jurkat cells or in the presence of Jurkat cells. (B) Mean fluorescence
intensity of deposited C3b on amoebae. (C) Deposited C3b on dead or live amoebae. (D) Deposited
C3b on dead or live amoebae that had been incubated in the absence of Jurkat cells (open circles) or
in the presence of Jurkat cells (filled circles). (E) Representative images of C3b deposition (red) on live
or dead amoebae. Data were analyzed by imaging flow cytometry and are from 6 replicates across 3
independent experiments.
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Amoebic trogocytosis of human cells inhibits deposition of complement C3b.

It can be inferred that lysis of amoebae by human serum is due to complement
activity because heat-inactivated serum does not lyse amoebae (13). Here, we formally
tested if trogocytosis of human cells led to reduced deposition of complement on the
amoebae surface. Amoebae that had been co-incubated with live human cells had less
death and less deposited human C3b on their surface than amoebae that were
incubated in the absence of Jurkat cells (Fig. 3.3A-B, $3.3). Furthermore, live amoebae
had less deposited C3b than dead amoebae (Fig. 3.3C, 3.3e). Amoebae that had been
co-incubated with human cells had less deposited C3b, compared to amoebae that
were incubated in the absence of Jurkat cells (Fig. 3.3D). Therefore, trogocytosis of
human cells prevents complement lysis of amoebae and inhibits deposition of

complement C3b.

Amoebae acquire the complement regulatory proteins CD59 and CD46 from
human cells.

We hypothesized that protection from complement lysis was due to display of
human complement regulatory proteins. We first chose to look at acquisition of the
complement regulatory protein CD59 (protectin), a membrane protein that is expressed
by both Jurkat cells and human red blood cells (17—19). CD59 inhibits terminal
components of the complement cascade and formation of the membrane attack
complex (17, 20—22). After amoebae had performed trogocytosis, patches of CD59

were detected on the amoeba surface within five minutes (Fig. 3.4A) and a larger
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Fig. 3.4: Amoebae acquire and display the complement regulatory protein CD59 from human
cells. Amoebae were allowed to perform trogocytosis on human Jurkat T cells for 5 minutes or 1 hour,
or were incubated in the absence of Jurkat cells. Human CD59 (red) was detected on the amoebae
surface by monoclonal antibody staining. Amoebae were labeled with CMFDA (green) and human cell
nuclei were labeled with Hoechst (blue). (A) Representative images from amoebae incubated in the
absence of Jurkat cells or amoebae that performed trogocytosis on human Jurkat T cells for 5 minutes
or 1 hour. Arrows indicate patches of displayed CD59 on the amoeba surface. (B) 3D rendering of Z
stack images taken from amoebae that were incubated with human Jurkat T cells for 1 hour. (C)
Zoomed in image of amoebae that were incubated with human Jurkat T cells for 1 hour. Data were
analyzed by confocal microscopy. 136 Images were collected from 1 independent experiment.

quantity of CD59 patches were detected on the amoeba surface after one hour of
trogocytosis (Fig. 3.4A-C). The patchy/punctate localization pattern was similar to the
localization pattern of other human proteins displayed by amoebae after trogocytosis
(13). Importantly, the apparent display of human membrane proteins by amoebae was
not an artifact of paraformaldehyde fixation, since the appearance of human membrane
proteins displayed by amoebae was indistinguishable, whether staining was performed
before or after fixation (Fig. S3.4 and (13)). Since the heavy chain of the amoeba
surface Gal/GalNAc lectin has been implicated as a CD59 mimicry molecule (12, 23),
we asked if the CD59 antibody used in these assays cross-reacted with the Gal/GalNAc
lectin. CD59 was not detected on control amoebae that had not performed trogocytosis
(Fig. 3.4A), showing that the CD59 antibody did not cross-react with the Gal/GalNAc
lectin.

Imaging flow cytometry analysis was used to quantify amoebic acquisition of

CD59. Human cell nuclei are not ingested during trogocytosis (15). Therefore, labeling
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Fig. 3.5: The amount of displayed CD59 increases with increased trogocytosis of human cells.
Acquired CD59 molecules were quantified on amoebae that were allowed to perform trogocytosis on
human Jurkat T cells for 5 minutes or 1 hour, or were incubated in the absence of Jurkat cells. (A)
Masking strategy for analysis of displayed CD59 on the amoeba surface. A mask was created in order
to allow for the detection of CD59 that overlapped with amoebae, while excluding CD59 on intact
human cells attached to amoebae. The mask is displayed in turquoise, as an overlay on the individual
images. Amoebae were labeled with CMFDA (green), human cell nuclei were labeled with Hoechst
(blue), and CD59 was detected with a monoclonal antibody (red). Extracellular human cell nuclei
fluorescence was removed from the masked analysis area. The excluded area around human cell
nuclei was then dilated by 4 pixels to include the entire diameter of the intact extra-cellular human cells
and associated CD59. CD59 was analyzed in the remaining masked analysis area of each image to
allow for analysis of displayed patches of acquired CD59 on amoebae. (B) The normalized mean
fluorescence intensity of CD59 on amoebae after 5 minutes or 1 hour of trogocytosis or amoebae that
were incubated in the absence of Jurkat cells. To normalize the data, samples were normalized to the
1 hour of trogocytosis condition. (C) Representative images of amoebae that had performed
trogocytosis on human Jurkat T cells for 5 minutes or 1 hour. Arrows indicate displayed CD59. Data
were analyzed by imaging flow cytometry and are from 5 replicates across 3 independent experiments.
The no primary control condition was performed in 2 of 3 independent experiments and data are from 3
replicates.
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of human cell nuclei was used to differentiate intact, extracellular human cells from
patches of human proteins displayed on amoebae. Patches of displayed human CD59
were detected on amoebae that had performed trogocytosis, on amoebae that

were incubated in the absence of Jurkat cells (Fig. 3.5A-C, S3.5). Amoebae had ~38%
more displayed CD59 after one hour of trogocytosis than after five minutes (Fig. 3.5B).
These findings indicate that amoebae acquired and displayed CD59 within five minutes
of trogocytosis, and the quantity of displayed CD59 increased over time.

To determine if more than one complement regulatory protein was displayed by
amoebae after trogocytosis, immunofluorescence was used to detect human CD46.
CD46 (membrane cofactor protein) is expressed by human Jurkat cells (24) and acts as
a co-factor for serum factor |, which cleaves and inactivates complement components
C3b and C4b (25-27). After amoebae had performed trogocytosis, patches of CD46
were detected on the amoeba surface within five minutes (Fig. $3.6). Thus, amoebae
acquire and display multiple complement regulatory proteins, after performing

trogocytosis of human cells.

Removal of GPl-anchored surface proteins trends towards restoring complement
lysis of amoebae.

We next sought to test the effect of removing complement regulatory proteins on
conferred protection. CD59 is a glycosylphosphatidylinositol (GPI) anchored protein that
can be cleaved with the enzyme phosphatidylinositol-specific phospholipase C (PI-PLC)

(17, 18, 20, 22). In addition to removing CD59, treatment with PI-PLC also cleaves the
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GPIl-anchored complement regulatory protein CD55 (decay-accelerating factor) (28, 29).
CD55 is expressed by both Jurkat cells and human red blood cells (19, 30) and
accelerates the decay of C3 and C5 convertases of the classical and alternative
complement pathways (30, 31). Amoebae were allowed to perform trogocytosis or
incubated in the absence of Jurkat cells, and then treated with PI-PLC before exposure
to human serum. Heat-inactivated PI-PLC was used as a control. PI-PLC treatment
appeared to reduce amoebic protection from complement lysis (Fig. S3.7, S3.8A).
However, this difference was not statistically significant. This is likely to be due to the
higher levels of variability in this assay, which were due to the prolonged incubation of
amoebae on ice during PI-PLC treatment. Indeed, due to the incubation on ice, the
background level of amoeba cell death was much higher than usual. These findings
suggested that removal of all GPI-anchored proteins reduces amoebic protection from

complement lysis, but did not prove a causal relationship.

Removal of CD59 and CD46 is not sufficient to sensitize amoebae to complement
lysis.

Due to the higher levels of variability that we observed with PI-PLC treatment, we
next used human cell mutants to test whether individual proteins were required for
protection from complement lysis. We tested the requirements for CD59 and CD46. In
order to determine if acquisition and display of human CD59 or CD46 molecules was
required for protection from complement, we used CRISPR/Cas9 to create human cell

knockout mutants that lacked these proteins. Sanger sequencing (Fig. $3.9) and
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antibody staining of CD59 (Fig. 3.6A-B) and CD46 (Fig. 3.6C-D) showed that knockout
mutants were successfully generated. Amoebae that were allowed to perform
trogocytosis on control human cells or cells that lacked either CD59 or CD46 were

equally protected from complement lysis (Fig. 3.6E, $3.8). Additionally, there was no
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Fig. 3.6: Removal of CD59 and CD46 is not sufficient to sensitize amoebae to complement lysis.
(A-D) Human Jurkat T cells deficient in CD59 or CD46 were constructed using CRISPR/Cas9.
Immunofluorescence and imaging flow cytometry were used to quantify CD59 or CD46. (A)
Representative images of CD59 antibody staining (red) in vector control human cells or CD59 mutants.
(B) Intensity of CD59 antibody staining in vector control human cells (gray) or CD59 mutants (black).
99.5% of CD59 mutants were in the CD59-negative gate (“-CD59”), while 0.75% of vector control cells
were in this gate. (C) Representative images of CD46 antibody staining (red) in vector control human
cells or CD46 mutants. (D) Intensity of CD46 antibody staining in vector control human cells (gray) or
CD46 mutants (black). 99.5% of CD46 mutants were in the CD46-negative gate (“-CD46”), while
0.27% of vector control cells were in this gate. (E-F) Amoebae were labeled with CMFDA cytoplasm
dye and incubated in the absence of Jurkat cells or with Jurkat cells. Human cell lines were either
vector control cells, CD59 KO mutants, or CD46 KO mutants. Human cells were labeled with DiD
membrane dye. Following exposure to human serum, amoeba death was assessed with Zombie Violet
viability dye and ingested human cell material was determined by quantifying mean fluorescence
intensity (MFI) of DiD present on amoebae. (E) Normalized death of amoebae. (F) Normalized mean
fluorescence intensity of DiD on amoebae. Data were analyzed by imaging flow cytometry and are
from 6 replicates across 3 independent experiments.

difference in the amount of ingested human cell material (Fig. 3.6F). These findings
reveal that removal of either CD59 or CD46 individually is not sufficient to sensitize
amoebae to complement lysis. Furthermore, they hint at redundancy in the mechanism
of protection and that amoebae likely acquire and display multiple complement

regulatory proteins from the cells they ingest.

Display of CD46 or CD55 is sufficient to protect amoebae from complement lysis.

To ask if display of human complement regulatory proteins was sufficient to
protect amoebae from lysis, we created amoebae that exogenously expressed either
human CD46 or CD55 (Fig. 3.7, S3.2A). Expression of CD46 or CD55 was detectable
with RT-PCR analysis (Fig. 3.7A). Immunofluorescence analysis showed that CD46 or
CD55 proteins were surface-localized in amoebae, as they were detected with antibody
staining of non-permeabilized cells (Fig. 3.7B-J, $S3.2A). Localization of the E.

histolytica surface Gal/GalNAc lectin was used as a control (Fig. 3.7D, 3.7G, 3.7J), and
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all transfected amoebae had equivalent amounts of Gal/GalNAc lectin. CD46 or CD55

expression was at a relatively low level (Fig. 3.7B-C, 3.7E-F), just above background
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Figure 3.7: Amoebae transfected with expression plasmids display human CD46 or CD55.
Amoebae were transfected with expression constructs for human CD46 or human CD55, or the
expression plasmid backbone as a negative control. (A) RT-PCR analysis with primers specific for
human CD46, human CD55, or amoebic GAPDH. Samples were incubated with or without reverse
transcriptase (RT +/-), to control for DNA contamination. (B-J) Amoebae were labeled with a
cytoplasmic dye (CMFDA) and immunofluorescence was performed without permeabilization. (B)
Mean fluorescence intensity of human CD46 antibody staining. Amoebae were stably transfected with
a plasmid for expression of human CD46 (red) or vector backbone (beige), and were stained using a
CD46 primary antibody and a far red secondary antibody. Amoebae expressing human CD46 were
also incubated without primary antibody (grey), or without any antibodies (black). (C) Mean
fluorescence intensity of human CD55 antibody staining. Amoebae were stably transfected with a
plasmid for expression of human CD55 (blue) or vector backbone (beige), and were stained using a
CD46 primary antibody and a far red secondary antibody. Amoebae expressing human CD55 were
also incubated without primary antibody (grey), or without any antibodies (black). (D) Mean
fluorescence intensity of amoebic Gal/GalNAc lectin antibody staining. Amoebae were stably
transfected with a plasmid for expression of human CD46 (red), or human CD55 (blue), or vector
backbone (beige), and were stained using a Gal/GalNAc lectin primary antibody and a far red
secondary antibody. Amoebae were also incubated without primary antibody, or without any
antibodies. (E-G) Histograms corresponding to the mean fluorescence intensity data shown in panels
B-D. Panel G shows antibody staining of vector control amoebae, stained with both antibodies (beige),
without primary antibody (grey), or without any antibodies (black). (H-J) Representative images
corresponding to the analysis shown in panels B-G. Data shown in panel A are representative of two
replicates. Data shown in panels B-J were analyzed by imaging flow cytometry are from 3-4 replicates
across 2 independent experiments; the data from one independent experiment are shown.

fluorescence of vector control amoebae. Additionally, CD46 or CD55 expression was
markedly lower than the expression level of the Gal/GalNAc lectin (Fig. 3.7D, 3.7G).
When exposed to human serum, amoebae that expressed human CD46 or CD55 were
more protected from lysis than vector control amoebae (Fig. 3.8, S3.8B). Therefore,
display of a single complement regulatory protein is sufficient to protect amoebae from

complement lysis.
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Figure 8: Display of human CD46 or CD55 is sufficient to protect amoebae from complement
lysis. Amoebae were stably transfected with CD46 or CD55 expression constructs, or vector
backbone. Following exposure to either media or human serum, amoeba viability was assessed using
Zombie Violet viability dye and imaging flow cytometry. Amoebic death was normalized to vector
control amoebae that were incubated with human serum. These data are from 8 replicates across 4
independent experiments.
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Discussion

Our findings reveal that amoebae are protected from complement lysis through
trogocytosis of human cells and that trogocytosis leads to less deposited C3b on the
amoeba surface. Amoebae acquire protection from both human Jurkat cells as well as
primary red blood cells and conferred protection is proportional to the amount of
ingested human cell material. Trogocytosis of human cells results in the display of the
complement regulatory protein CD59 on the amoebae surface. Finally, although
removal of the individual complement regulatory proteins, CD59 or CD46 was not
sufficient to sensitize amoebae to complement lysis, the display of an individual
complement regulatory protein, CD46 or CD55, was sufficient to protect amoebae from
complement lysis.

Many studies have shown that cancer cells overexpress complement regulatory
molecules, allowing them to evade complement lysis. However, it should be noted that
expression levels vary widely between cell types and between individual studies (32).
Removal of GPl-anchored proteins, which include the complement regulatory proteins
CD59 and CD55 but not CD46, with PI-PLC treatment resulted in enhanced
susceptibility of cancer cells to complement lysis (28, 29). This is consistent with our
finding that PI-PLC treated amoebae that had undergone trogocytosis of human cells,
and been made resistant to complement, became more sensitive to complement lysis.
Treatment with PI-PLC removes other GPI-anchored proteins in addition to CD59 and
CD55, so we cannot rule out the possibility that loss of other membrane proteins

contributed to the loss of complement resistance in our PI-PLC treated amoebae.
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Amoebae that were engineered to express complement regulatory proteins
became protected from lysis by human complement. We were unable to express human
CD59 in amoebae, as although stably transfected amoebae with a CD59 expression
construct were successfully recovered, these transfectants grew slowly and could not
be maintained over time. While CD59 expression was detectable by RT-PCR, it is
possible that the CD59 protein mis-localized in amoebae, or otherwise led to deleterious
effects. CD46 and CD55 were each appropriately localized to the amoeba cell surface,
as evidenced by immunofluorescence staining, and by the functional protection from
complement lysis that they conferred. Notably, CD46 and CD55 were not greatly
overexpressed in amoebae. When using immunofluorescence, CD46 and CD55
staining levels were just above the background levels of fluorescence seen in vector
control amoebae. Thus, these proteins led to protection from complement lysis without
dramatically high levels of expression. Only a single complement regulator at a low
expression level was needed for protection from lysis by complement. These findings fit
with the generally relatively low endogenous expression levels of complement
regulatory proteins in human cells, in that low levels of these proteins are sufficient to
inhibit the complement pathway.

There have been several studies that examined the efficacy of using blocking
antibodies against complement regulatory proteins to enhance lysis of cancer cells.
Results from blocking individual proteins have been highly variable in different cell types
but blocking one or more proteins was effective in many cases. Using antibodies

against CD46 was rarely effective, however antibodies against CD59 and CD55 often
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were effective in enhancing complement lysis (32). Additionally, there appears to be an
additive effect when multiple proteins are targeted at once. Cervical carcinoma cells
were rendered more susceptible to complement after treatment with blocking antibodies
to CD59 and CD55, and lysis was increased further when cells were treated with both
antibodies (33). Similarly, breast carcinoma cells, were more easily lysed after treatment
with anti-CD59 and anti-CD55 antibodies, but a much higher degree of lysis was
achieved when a mixture of anti-CD59, anti-CD55, and anti-CD46 antibodies was used
(34). Since neither removal of CD46 or CD59 was sufficient to sensitize amoebae to
complement lysis, it is possible that amoebic display of multiple different complement
regulators enables protection from lysis. In our assays, we used a 1:40 ratio of
amoebae to Jurkat cells, a ratio that led to a high level of protection from complement
lysis. It is possible that using fewer human cells, to lead to a suboptimal level of
protection from complement lysis, might have more sensitively revealed differences in
amoebic protection from complement lysis due to subtle perturbations like the loss of
individual human complement regulators. While removal of CD46 or CD59 did not
sensitize amoebae to complement lysis, these proteins could still contribute to amoebic
complement protection, as part of a collection of multiple redundant, complement
regulators that protect amoebae from lysis. Indeed, experiments in which amoebae
were engineered to express complement regulators showed that display of CD46 or
CD55 was sulfficient to protect amoebae from lysis, supporting the relevance of these

proteins in protecting amoebae that have performed trogocytosis.

122



Our results support a model whereby amoebae are protected from serum lysis in
the blood through trogocytosis of red blood cells they encounter there, and potentially
from other cells they encounter before reaching the bloodstream. Amoebae likely
acquire and display multiple complement regulatory proteins from the human cells that
they ingest, which then leads to less C3b deposition, and protection from complement

lysis.
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Materials and Methods
Cell culture

E. histolytica trophozoites (HM1:IMSS) from ATCC (amoebae) were cultured as
described previously (13, 35). Amoebae were maintained in glass tissue culture tubes at
35°C in TYI-S-33 medium supplemented with 15% heat-inactivated adult bovine serum
(Gemini Bio-Products), 2.3% Diamond vitamin Tween 80 solution (40x; Sigma-Aldrich),
and 80 U/ml penicillin, 80 yg/ml streptomycin (Gibco). Amoebae were expanded in T25
un-vented tissue culture flasks and harvested when flasks reached 80% confluence.
When used in serum lysis or immunofluorescence assays, amoebae were resuspended
in M199s medium (Gibco; medium M199 with Earle’s salts, L-glutamine, and 2.2 g/liter
sodium bicarbonate, without phenol red) supplemented with 0.5% bovine serum
albumin (BSA), 25 mM HEPES, and 5.7 mM L-cysteine.

Human Jurkat T cells (clone E6-1) from ATCC were grown in vented T25 tissue
culture flasks at 37°C and 5% CO2 as previously described (13). Jurkat cells were
cultured in RPMI 1640 medium (Gibco; RPMI 1640 with L-glutamine and without phenol
red) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/ml
penicillin, 100 yg/ml streptomycin, and 10 mM HEPES. Jurkat cells were expanded in
T75 vented tissue culture flasks and harvested when cell density reached between
5x10% and 2 x 108 cells/ml. Jurkat cells were resuspended in M199s medium for use in
serum lysis or immunofluorescence assays.

Single donor human red blood cells separated from whole blood by centrifugation

and negative for the presence of human immunodeficiency virus-1 (HIV-1), HIV-2, HIV-1
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antigen or HIV-1 nucleic acid test, hepatitis B surface antigen, hepatitis C virus ,
syphilis, and alanine aminotransferase test were purchased from Innovative Research
(Cat# IWB3CPDA1UNIT). Red blood cells were stored at 4°C and resuspended in

M199s medium prior to use in serum lysis assays.

DNA constructs

For creation of Jurkat cell CRISPR knockout mutants, guide RNAs (gRNA) to
human CD59 or CD46 were cloned into a pX330-U6-Chimeric_BB-CBh-hSpCas9
plasmid backbone (pX330-U6-Chimeric_BB-CBh-hSpCas9 was a gift from Feng Zhang

(Addgene plasmid # 42230; http://n2t.net/addgene:42230 ; RRID:Addgene_42230)

(36)). Guide RNAs were created by using the sequences designed by Thielen et. al,
2018 (37). The gRNA oligos used are presented in Table 3.1 with Bbsl restriction
enzyme overhangs shown in bold. Guide RNAs were cloned into the pX330-U6-

Chimeric_BB-CBh-hSpCas9 plasmid backbone using a modified version of the Zhang

Lab General Cloning Protocol (Addgene http://www.addgene.org/crispr/zhang/). Briefly,
the px330 plasmid backbone was digested with Bbsl restriction enzyme (FastDigest
Bpil: ThermoFisher Scientific). Guide RNA oligos containing Bbsl overhangs were then
phosphorylated and annealed. Next, annealed oligos were ligated into the pX330
plasmid backbone and NEB 5-alpha Competent E. coli were transformed (New England
Biolabs). Positive colonies were screened by restriction digest. Plasmids with the
correct inserts were confirmed by Sanger sequencing using the “U6” Universal Primer

from GENEWIZ (LKO.1 5’) which is located in the human U6 promoter (Table 3.1).

125



To generate amoebic expression constructs for exogeneous expression of
human proteins, the coding regions of human CD46 or CD55 were amplified from
human Jurkat cells. Briefly, RNA was extract from Jurat cells using the Direct-zol RNA
MiniPrep Plus kit (Zymo Research) and cDNA was prepared. Next, the coding
sequences for human CD46 or CD55 were amplified from Jurkat cDNA by PCR using
primers described in Table 3.1. The amplified CD46 or CD55 inserts were then cloned
into the E. histolytica expression plasmid pEhEx backbone (38) using the Gibson
Assembly Ultra Kit (VWR). Primers used for Gibson cloning are described in Table 3.1.
For creation of the CD46 expression plasmid, both the pEhEx backbone and the CD46
insert were PCR amplified with primers that added 20 base pairs corresponding to the
ends of the insert or backbone, respectively. For creation of the CD55 expression
plasmid, the pEhEx backbone was digested using Xhol (New England Biolabs) and the
CD55 insert was PCR amplified with primers that added 20 base pairs corresponding to
the ends of the backbone. NEB 5-alpha Competent E. coli were transformed, and
positive colonies were screened by restriction digest analysis. Sanger sequencing was
used to assess the sequences of the inserts and flanking vector sequences, using
primers located in the Cysteine synthase A gene [EHI_024230] 5’ and 3’ UTR regions
(Table 3.1). The CD46 gene insert corresponds to the mRNA transcript variant d
(GenBank accession number: NM_153826) and the CD55 gene insert corresponds to

mRNA transcript variant 1 (GenBank accession number: NM_000574).

Jurkat T cell CRISPR/Cas9 mutants
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Human Jurkat T cells were transfected with pX330 plasmids containing the CD59
gRNA, the CD46 gRNA, or the pX330 backbone as a control. Plasmid DNA was
isolated in an endotoxin-free manner (GenElute™ HP Endotoxin-Free Plasmid
Maxiprep Kit; Sigma-Aldrich) and concentrated using paramagnetic beads (HighPrep
PCR Clean Up System; Magbio). Jurkat T cells were transfected using the Neon
Transfection System (Invitrogen) with the 10 ul tip and 24 well plate format. Cells were
prepared, and the Neon Transfection System was used according to the manufacturer’s
instructions. The transfection conditions used were as follows: volts = 1050, width = 30
and pulse # = 2.

When creating the CD59 and CD46 knockout mutants, 1.8 pg of plasmid DNA
was used with 1 x 10° cells per transfection reaction and two reactions were performed
for each plasmid and transferred to 1 well of a 24 well plate. Transfection efficiency was
calculated by separately transfecting an enhanced green fluorescent protein (EGFP)

expression plasmid pcDNA3-EGFP (pcDNAS3-EGFP was a gift from Doug Golenbock

(Addgene plasmid # 13031 ; http://n2t.net/addgene:13031 ; RRID:Addgene_13031)) in
parallel. Percentage of EGFP expressing cells was calculated after 24 hours by fixing
samples with 4% paraformaldehyde (Electron Microscopy Sciences) and analyzing with
imaging flow cytometry. To generate CD59 expressing Jurkat cells, 2 yg of plasmid
DNA was used with 2 x 105 cells per transfection reaction and two reactions were
performed for each plasmid and transferred to 1 well of a 24 well plate.

Clonal lines of Jurkat cell mutants were obtained by limiting dilution in 96 well

plates. Clonal lines were screened for knockout by labeling with primary mouse
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monoclonal antibodies to CD59 (clone MEM-43/5; Abcam) or CD46 (clone C-10; Santa
Cruz Biotechnology) and a Cy™5 AffiniPure Goat Anti-Mouse secondary antibody
(Jackson ImmunoResearch Laboratories, Inc). Samples were analyzed by imaging flow
cytometry. Knockout was confirmed in positive clones by isolating genomic DNA using
the Quick-DNA Miniprep kit (Zymo Research) and polymerase chain reaction (PCR)
amplifying regions of either CD59 or CD46. Primer sets had been identified in BLAST as
specific to these genes (Table 3.1). Next, purified PCR product was sequenced with
primers upstream of the predicted CRISPR/Cas9 cut site (Table 3.1) and knockout was

confirmed.

Characterization of amoebae exogenously expressing human CD46 or CD55

Amoebae were transfected as described previously (13). Briefly, amoebae were
transfected with 20 ug of the human CD46 or CD55 expression construct, or the pEhEX
plasmid backbone using Attractene transfection reagent (Qiagen). Stable transfectants
were initially selected at 3 pg/ml Geneticin (ThermoFisher Scientific), and then
maintained at 6 yg/ml Geneticin. Before use in immunofluorescence assays and serum
lysis experiments, drug selection was gradually increased from 6 pyg/ml to 48 ug/ml
Geneticin, to increase plasmid copy number. Amoebae were maintained at 48 pyg/mi
Geneticin for 24 hours before experiments were performed.

Expression of human CD46 and CD55 was confirmed using RT-PCR analysis of
amoebae maintained at 3 yg/ml Geneticin. RNA was extracted using the Direct-zol RNA

MiniPrep Plus kit (Zymo Research) and cDNA was made. Primers used for RT-PCR are
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shown in Table 3.1. RT-PCR was performed as described (35).

Imaging flow cytometry

To detect human CD59 displayed on amoebae following trogocytosis, Jurkat
cells were with labeled Hoechst 33342 dye (Invitrogen) at 5ug/ml for 30 minutes at
37°C. Amoebae were washed and resuspended in M199s medium and labeled with
CellTracker green 5-chloromethylfluorescein diacetate (CMFDA,; Invitrogen) at 186
ng/ml for 10 minutes at 35°C. Amoebae and Jurkat cells were then washed and
resuspended in M199s medium. Amoebae were resuspended at 4 x 10° cells/ml and
Jurkat cells were resuspended at 1.6 x 107 cells/ ml for a 1:40 amoeba: Jurkat cell ratio.
Amoebae and Jurkat cells were co-incubated for either 5 minutes or 1 hour, or amoebae
were incubated in the absence of Jurkat cells. Cells were fixed with 4% PFA for 30
minutes at room temperature. Samples were blocked in 1 x PBS containing 0.1%
Tween20 (Sigma-Aldrich) (1 x PBST), 5% BSA and 20% Normal Goat Serum (Jackson
ImmunoResearch Laboratories, Inc) for 1 hour at room temperature on a rocker. Next,
samples were labeled with primary mouse monoclonal antibodies to CD59 (clone MEM-
43/5; Abcam) diluted 1:50 in blocking solution at 4°C overnight on a rocker. Samples
were washed with 1 x PBST and labeled with a Cy5 AffiniPure Goat Anti-Mouse
secondary antibody (Jackson ImmunoResearch Laboratories, Inc) stored in 50%
glycerol (Sigma-Aldrich). The secondary antibody was diluted 1:100 in blocking solution,
for a final dilution of 1:200, and incubated for 3 hours at room temperature on a rocker.

Lastly, samples were washed with 1 x PBST, resuspended in 50 pl 1 x PBS, and run on
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an Amnis ImageStreamX Mark Il. 10,000 events were collected for conditions where
amoebae were incubated in the absence of Jurkat cells and 100,000 events were
collected for conditions where amoebae were incubated with Jurkat cells. Data are from
5 replicates across 3 independent experiments. The no primary control condition was
performed in 2 of 3 independent experiments and data are from 3 replicates. See Figure
S3.5 for the analysis gating scheme.

To detect human CD46 displayed on amoebae following trogocytosis, amoebae
and Jurkat cells were labeled in the same manner as for detection of CD59. Amoebae
and Jurkat cells were co-incubated for 5 minutes or amoebae were incubated in the
absence of Jurkat cells. Samples were labeled with a primary mouse monoclonal
antibody to human CD46 (Clone C-10; Santa Cruz Biotechnology) at a 1:10 dilution,
followed by a Cy5 AffiniPure Goat Anti-Mouse secondary antibody (Jackson
ImmunoResearch Laboratories, Inc). Amoebae were gated on by size and 10,000
events were collected per sample. Data are from 2 replicates and 1 independent
experiment.

For detection of CD46, CD55, or Gal/GalNAc lectin expression on amoebae
exogenously expressing CD46 or CD55, amoebae were labeled with CMFDA and
prepared in the same manner as for detection of displayed human CD59. Following
fixation, samples were blocked overnight at 4°C on a rocker. Samples were then labeled
with primary mouse monoclonal antibodies to human CD46 (Clone C-10; Santa Cruz
Biotechnology) human CD55 (Clone NaM16-4D3; Santa Cruz Biotechnology) or the E.

histolytica Gal/GalNAc lectin (Clone 7F4; the Gal/GalNAc lectin antibody was a gift from

130



William A. Petri, Jr., University of Virginia (39)) overnight at 4°C on a rocker. The CD46
and CD55 primary antibodies were diluted 1:10 and the Gal/GalNAc lectin primary
antibody was diluted 1:50 in blocking solution. Samples were labeled with secondary
antibody as described above. Amoebae were gated on by size and 10,000 events were
collect per sample. Data are from 3-4 replicates from 2 independent experiments. See

Figure S3.2a for the analysis gating scheme.

Confocal microscopy

To detect displayed CD59 on the amoeba surface after trogocytosis, cells were
labeled for confocal microscopy as described previously (13). Amoebae were prepared
in the same manner as the for the detection of displayed CD59 using imaging flow
cytometry (above) with an approximate fourfold increased concentration of CMFDA.
After labeling with antibodies, samples were mounted using Vectashield (Vector
Laboratories) on Superfrost Plus microslides (VWR) with glass coverslips. Slides were
imaged on an Intelligent Imaging Innovations hybrid Spinning Disk Confocal-TIRF-
Widefield Microscope. 136 Images were collected from 1 independent experiment. FIJI
software was used for image analysis (40).

For detection of displayed biotinylated human cell membrane proteins, amoebae
were left unstained in some experiments or labeled with CMFDA as described above.
Human Jurkat cells were biotinylated as described previously (13). Briefly, Jurkat cells
were biotinylated with EZ-Link Sulfo-NHS-SS-Biotin (ThermoFisher Scientific) at

480ug/ml in 1x PBS for 25 min at 4°C. The reaction was quenched using 100 mM Tris-
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HCI (pH 8) and washed with washed in 100 mM Tris-HCI (pH 8) before being
resuspending M199s medium. Amoebae were incubated with biotinylated Jurkat cells at
a 1:5 ratio for 2 - 5 minutes and then immediately placed on ice. Next, samples were
stained with Alexa Fluor 633 conjugated streptavidin (Invitrogen) at 20 ug/ml for 1 hour
at 4°C, prior to fixation with 4% paraformaldehyde for 30 minutes at room temperature.
In some experiments, samples were labeled with DAPI (4’,6-diamidino-2-phenylindole;
Sigma-Aldrich) for 10 minutes at room temperature following fixation. Samples were
mounted on either poly-lysine (Sigma-Aldrich) or collagen (collagen I, rat tail; Gibco)
coated coverslips for 1 hour. Samples were mounted with Vectashield on glass slides,
and slides were imaged on an Olympus FV1000 laser point-scanning confocal

microscope.

Serum lysis assays

For experiments where amoebae were incubated with increasing numbers of
Jurkat cells, amoebae were washed and resuspended in M199s medium and labeled
with CMFDA at 186 ng/ml for 10 minutes at 35°C. Jurkat cells were washed and labeled
in M199s with DiD at 21 pyg/ml for 5 minutes at 37°C and 10 minutes at 4°C. Amoebae
were washed and resuspended at 4 x 10° cells/ml. Jurkat cells were washed a
resuspended at 2 x 10° cells/ml, 4 x 108 cells/ml, 8 x 108 cells/ml and 1.6 x 107 cells/ml.
Amoebae were incubated in the absence of Jurkat cells or the presence of Jurkat cells
ata 1:5, 1:10, 1:20, and 1:40 ratio for 1 hour at 35°C. Next, samples were resuspended

in 100% normal human serum (pooled normal human complement serum; Innovative
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Research Inc.) supplemented with 150 uM CaClz and 150 yuM MgCl2 for 30 minutes at
35°C as described previously (13). Following exposure to human serum, samples were
resuspended in M199s medium and labeled using Zombie Violet Fixable Viability dye
(BioLegend), prepared according to the manufacturer’s instructions, at a concentration
of 4 ul/ml for 30 minutes on ice. Next, samples were fixed with 4% PFA at room
temperature for 30 minutes. Samples were then resuspended in 50 yl 1 x PBS, and run
on an Amnis ImageStreamX Mark Il. 10,000 events were collected for samples where
amoebae were incubated in the absence of Jurkat cells or with Jurkat cells at a 1:5
ratio. 10,00 — 20,000 events were collected for samples with Jurkat cells at a 1:10 ratio,
10,00 - 40,000 events were collected for samples with a 1:20 ratio, and 50,000 - 80,000
events for samples with a 1:40 ratio. Data are from 6 replicates across 3 independent
experiments. See Figure S3.2 for the analysis gating scheme.

For experiments with CD59 and CD46 knockout mutants, the serum lysis assay
used was the same as described above, except only a 1:40 ratio of amoebae to Jurkat
cells was used, instead of multiple different ratios. Amoebae were incubated in the
absence of Jurkat cells, in the presence of Jurkat cells transfected with the px330 vector
control, or with either CD59 or CD46 knockout Jurkat cell mutants at a 1:40 ratio. Cells
were gated on by size and 10,000 events from the amoebae that were incubated in the
absence of Jurkat cells and 100,000 events from the amoebae incubated with Jurkat
cells were collected. Data are from 6 replicates across 3 independent experiments. See

Figure S3.8a for the analysis gating scheme.
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In experiments where samples were treated with phospholipase C, the assay
was performed as described above with the addition of a treatment step preceding
exposure to serum. Only a 1:40 ratio of amoebae to Jurkat cells was used, instead of
multiple different ratios. Following coincubation of amoebae and Jurkat cells, samples
were immediately placed on ice and resuspended in ice-cold M199s medium. Samples
were treated with either 500 mU of Phospholipase C (PI-PLC) (Phospholipase C,
Phosphatidylinositol-specific from Bacillus cereus; Sigma-Aldrich) prepared according to
the manufacturer’s instructions, or 500 mU heat-inactivated PI-PLC. PI-PLC was heat-
inactivated at 95°C for 30 minutes. PI-PLC was carried out on ice, on a rocker, in a 4°C
cold room for 30 minutes. Cells were gated on by size and 10,000 events from the
amoebae incubated in the absence of Jurkat cells and 100,000 events from the
amoebae incubated with Jurkat cells were collected. Data are from 8 replicates across 4
independent experiments. The untreated control condition was performed 3 of 4
independent experiments and data are from 6 replicates. See Figure S3.8a for the
analysis gating scheme.

For experiments where amoebae were incubated with increasing numbers of red
blood cells, amoebae were incubated with red blood cells resuspended at 4 x 106
cells/ml, 4 x 107 cells/ml, and 4 x 108 cells/ml for a 1:10, 1:100, and 1:1000 amoebae to
red blood cell ratio. The amoeba population was gated on by size and 10,000 amoeba
events were collected for samples where amoebae were incubated in the absence of
red blood cells or with red blood cells at a 1:10 ratio, a 1:100 ratio. 100,000 events were

collected for amoebae incubated with red blood cells at a 1:1000 ratio. Data are from 6
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replicates from 3 independent experiments. See Figure S3.2b for the analysis gating
scheme.

For C3b experiments, amoebae were labeled with CMFDA and Jurkat cells were
left unlabeled. Amoebae and Jurkats were incubated together at a 1:40 amoebae:
Jurkat ratio. After fixation, samples were blocked in 1 x PBST containing 5% BSA and
20% Normal Goat Serum for 30 minutes at room temperature on a rocker. Samples
were then labeled with a mouse monoclonal antibody to complement components C3b
and iC3b (Clone 3E7; Sigma-Aldrich) diluted 1:100 in blocking solution at 4°C overnight
on a rocker. Samples were washed in 1 x PBST and labeled with an Alexa Fluor 47
AffiniPure Fab Fragment Donkey Anti-Mouse secondary antibody (Jackson
ImmunoResearch Laboratories, Inc) stored in 50% glycerol (Sigma-Aldrich). The
secondary antibody was diluted 1:100 in blocking solution for a final dilution of 1:200,
and samples were incubated for 3 hours at room temperature on a rocker. Samples
were washed in 1 x PBST, resuspended in 50 pyl 1 x PBS, and run on an Amnis
ImageStreamX Mark 1. 10,000 events were collected in samples where amoebae were
incubated in the absence of Jurkat cells and 100,000 events were collected in samples
where amoebae were incubated with Jurkat cells. Data are from 6 replicates across 3
independent experiments. See Figure S3.3 for the analysis gating scheme.

For latex bead ingestion experiments, amoebae were left unstained and
incubated with either 3x10° or 1.5x107 fluorescent red carboxylate-modified polystyrene
2.0 um latex beads (Sigma-Aldrich) or incubated in the absence of latex beads.

Amoebae were gated on by size and 10,000 events were collected per sample. Data
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are from 4 replicates across 2 independent experiments. See Figure S3.1 for the gating
scheme used for analysis.

For experiments with amoebae exogenously expressing human CD46 or CD55,
amoebae or vector control amoebae were labeled with CMFDA. Amoebae were either
treated with M199s medium or exposed to human serum as described above. After
gating on amoebae by size, 10,000 events were collected per sample. Data are from 8
replicates across 4 independent experiments. See Figure S3.8b for the gating scheme

used for analysis.

Statistical analysis

GraphPad Prism software was used to perform all statistical analyses and the
means and standard deviation values are displayed on all data plots. Analyses were
done using a Student’s unpaired t test (no significant difference was indicated by a P of

>0.05; *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001).
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Tables

Table 1: Primers used in these studies.

Primer
Purpose Name F/R Sequence
CD59 gRNA
. (Bbsl Forward | CACCGCAAGGAGGGTCTGTCCTGTT
Cloning of
guide RNAs overhang)
nto th CD59 gRNA
pXSSO?U6- (Bbsl Reverse | AAACAACAGGACAGACCCTCCTTGC
Chimeric_B | 2verhang)
B-CBh- CD46 gRNA
hSpCas9 (Bbsl Forward | CACCGAAAGGGACACTCGCGGCGGC
pIan)mi d overhang)
backbone CD46 gRNA
(Bbsl Reverse | AAACGCCGCCGCGAGTGTCCCTTTC
overhang)
Sanger
sequencing | GENEWIZ
of CRISPR Universal Forward | GACTATCATATGCTTACCGT
gRNA Primer “U6”
plasmids
BLAST- CDS9 PCR | ) \vard | TTGACTCACTGACCCTGATGG
identified amplification
primer sets | CDS9 PCR | b o oo | TATCCATTGGTGTCCCCAAGC
for specific amplification
PCR ~|CD46PCR | b ward | ACAAATATGACGGCGAGCCA
amplification | amplification
of CD59and | CDA6 PCR | o oo | GRCTCAATCCCGAAAACACG
CD46 amplification
Sanger | CD59 Forward | GGGGCTTATAGGGACTGAGC
Sequencing | sequencing
of PCR
product from CD46
CRISPR . Forward | ACCTCTCGAAGGCCAAGG
knockout sequencing
clones
Gibson CD55 coding E AAACACATTAACAGATCTTCATGACCGTCGCGCGGCC
. orward
cloning of sequence GAG
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CD46 and
CD55 coding
sequences
into a pEhEx
plasmid
backbone

(homology
to pEhEXx)
CD55 coding
sequence
(homology
to pEhEXx)
CD46 coding
sequence
(homology
to pEhEXx)
CD46 coding
sequence
(homology
to pEhEXx)
pEhEX
(homology
to CD46
coding
sequence)
pEhEX
(homology
to CD46
coding
sequence)

Reverse

Forward

Reverse

Forward

Reverse

GAAGAGTTCAACTCGAGTGGCTAAGTCAGCAAGCCCA
TGG

AAACACATTAACAGATCTTCATGGAGCCTCCCGGCCG
CCG

GAAGAGTTCAACTCGAGTGGTCAGCCTCTCTGCTCTGC
TG

CAGCAGAGCAGAGAGGCTGACCACTCGAGTTGAACTC
TTC

CGGCGGCCGGGAGGCTCCATGAAGATCTGTTAATGTG
TTT

Sequencing
of CD59 and
CD46
expression
plasmids

pEhEx CS
UTR Primer

pEhEx CS
UTR Primer

Forward

Reverse

TCAGTCTTACCACGTCATAAAGT

TGCAAGAAGATGTTACAAAGCA

RT-PCR of
amoebae
mutants

CD46 RT-
PCR
CD46 RT-
PCR
CD55 RT-
PCR
CD55 RT-
PCR

Forward

Reverse

Forward

Reverse

TCCCTGCAAATGGGACTTAC

GGGGGATCCCAAGTACTGTT

ATGAGTGCCGTCCAGGTTAC

CTGAACTGTTGGTGGGACCT

153




Supplemental Material

Aspect Ratio Bright Field 3>

0.6 -

0.4 -

0.2 -

R1 Cells Collected

0

500 1e3 1.5e3

Area Bright Field

Side Scatter

Normalized Frequency

q

1.2+

o
S
'

©
[N}
'

Focus

) 10

Gradient RMS Bright Field

20

30 40 50 60 70

1e6 -

1e5 -

1ed -

live |

P

E

p

g
led

URRRL T
1e5 1e6

Intensity Zombie Violet

Aspect Ratio Bright Field

—l

Normalized Frequency

0.9 -

0.3 -

Amoebae

T T T T T
600 900 1.2e3 1.5e3 1.8e3

Area Bright Field

T
300

No Beads

w
o
!

N
o
'

-
o
'

o

Spot Count Red Fluorescence

Fig. S3.1: Gating strategy used for analysis of bead ingestion experiments

Amoebae were gated on by brightfield area and aspect ratio during acquisition. Next, using Gradient
RMS Bright Field, focused cells were gated on from total collected events. Because amoebae
remained unstained in these experiments, single amoebae were then gated on using brightfield area
and aspect ratio. From the single amoebae population, amoebae viability and bead ingestion were
measured. Dead amoebae were gated on using fluorescence intensity of Zombie Violet dye and side
scatter. Bead ingestion was quantified using the “spot count ” feature in Amnis IDEAS software and
quantified spots of red bead fluorescence.
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Fig. S3.2: Gating strategy used for analysis of experiments with increasing numbers of human
cells, and for immunofluorescence analysis of amoebae exogenously expressing CD46 or
CD55. (A) Gating strategy for experiments with increasing numbers of Jurkat cells, and for
immunofluorescence analysis of amoebae exogenously expressing CD46 or CD55. Focused cells
were gated on from total collected events, using Gradient RMS Bright Field. Single amoebae were
gated using area and aspect ratio of CMFDA cytoplasm dye fluorescence. Dead amoebae were gated
on using fluorescence intensity of Zombie Violet dye and side scatter. (B) Gating strategy for
experiments with increasing numbers of red blood cells. Only amoeba events were collected for
analysis and were gated on using bright field area and aspect ratio during data acquisition. Focused
cells were gated on from total collected events, using Gradient RMS Bright Field. Single amoebae
were gated using area and aspect ratio of CMFDA cytoplasm dye fluorescence. Dead amoebae were
gated on using fluorescence intensity of Zombie Violet dye and side scatter.
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Fig. S$3.3: Gating strategy used for analysis of C3b deposition experiments.

(A) Focused cells were gated on from total collected events, using Gradient RMS Bright Field. Single
amoebae were gated using area and aspect ratio of CMFDA cytoplasm dye fluorescence. Dead
amoebae were gated on using fluorescence intensity of Zombie Violet dye and side scatter. (B)
Representative histograms of C3b fluorescence intensity of all single amoeba, live amoeba, or dead
amoeba populations.
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Fig. S3.4: Biotinylated human cell membrane proteins are detected on the surface of amoebae
prior to fixation. The surface of human Jurkat cells was biotinylated prior to incubation with amoebae.
Following incubation, samples were placed on ice to halt membrane turnover and fluorescently-
conjugated streptavidin was used to detect biotinylated proteins on the surface on both human cells
and amoebae (magenta) prior to fixation. DNA was labeled with DAPI nucleic acid stain following
fixation. Arrows indicate transferred patches of human proteins on the surface of amoebae. (A)
Amoebae and biotinylated human cells were incubated together for 2 minutes. (B) A closeup image of
an amoebae from the panel shown in A with transferred human proteins on its surface. (C) Amoebae
and human cells were incubated together for 5 minutes. Amoebic autofluorescence is shown in green.
(D) 3-D reconstruction of Z stacks taken from the data in C. (E-F) Human cells and amoebae were
incubated together for 5 minutes. Amoebae cytoplasm was labeled with CMFDA dye (green), and the
nuclei of cells were left unstained. Data were analyzed by confocal microscopy. Images in A-F are
representative of data collected from 4 independent experiments with incubation times of 2-5 minutes.
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Fig. S3.5: Gating strategy used for analysis of CD59 displayed on amoebae after 5 minutes and
1 hour of trogocytosis. A masking strategy was developed to quantify only fluorescence of CD59
present on the amoebae, and not on extracellular human cells. (A) Focused cells were gated on from
total collected events, using Gradient RMS Bright Field. Single amoebae were gated using area and
aspect ratio of CMFDA cytoplasm dye fluorescence. Next, fluorescence intensity of CD59 inside of the
masked area was measured. (B) Representative images of bright field, amoeba cytoplasm, human cell
nuclei, and CD59 fluorescence with the masked area (turquoise) applied as an overlay.
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A, Amoebae

B. Amoebae + Human Cells
|

Fig. S3.6: Amoebae acquire and display the complement regulatory protein CD46 from human
cells. Amoebae were incubated in the absence of Jurkat T cells, or were allowed to perform
trogocytosis on human Jurkat cells for 5 minutes. Human cell nuclei were pre-labeled with Hoechst
(blue), and amoebae were pre-labeled with CMFDA (green). Human CD46 (red) was detected on the
amoebae surface by monoclonal antibody staining. (A) Representative images from amoebae that
were incubated in the absence of Jurkat cells. (B) Representative images of amoebae that performed
trogocytosis on human Jurkat cells for 5 minutes. Arrows indicate patches of displayed CD46 on the
amoeba surface. Data were analyzed by imaging flow cytometry and are from 2 replicates and 1
independent experiment.
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Fig. $S3.7: Removal of GPl-anchored surface proteins using phosphatidylinositol-specific
phospholipase C. Amoebae were labeled with CMFDA cytoplasm dye and incubated in the absence
of Jurkat cells or with Jurkat cells. Human cells were labeled with DiD membrane dye. Samples were
then treated with phosphatidylinositol-specific phospholipase C (PI-PLC) to remove GPI-anchored
proteins, or heat-inactivated phosphatidylinositol-specific phospholipase C (HI-PI-PLC) as a control.
Following exposure to human serum, amoeba death was assessed with Zombie Violet viability dye and
ingested human cell material was determined by quantifying mean fluorescence intensity (MFI) of DiD
present on amoebae. (A) Normalized death of amoebae. (B) Normalized mean fluorescence intensity
of DiD on amoebae. Data were analyzed by imaging flow cytometry and are from 8 replicates across 4
independent experiments. The untreated control condition was performed 3 of 4 independent
experiments and data are from 6 replicates.
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Fig. S3.8: Gating strategy used for analysis of experiments with CRISPR knockout mutants, PI-
PLC treatment experiments, amoebae exogenously expressing CD46 or CD55.

Only cell events were collected for analysis (to minimize collection of debris) and were gated on using
bright field area and aspect ratio during data acquisition. Focused cells were gated on from total
collected events, using Gradient RMS Bright Field. Single amoebae were gated using intensity of and
aspect ratio of CMFDA cytoplasm dye fluorescence. (A) In CRISPR knockout mutant and PI-PLC
treatment experiments, amoebae were gated on a second time using CMFDA fluorescence intensity
and side scatter to eliminate remaining clumps of human cells from the analysis. (B) In experiments
with amoebae exogenously expressing CD46 or CD55, the second amoebae gate was not used.
Finally, dead amoebae were gated on using fluorescence intensity of Zombie Violet dye and side
scatter.

161



A. start gRNA PAM
ATG CAAGGAGGGTCTGTCCTGTT CGG

| |
CAATGGG / TCC AGG A GGGTCTGTCCTGTTCGGGCTGCTGCTCGTCCTGGCTGTCTTCTG

e ndnhm.lmuhmlnmnhmumhlhum

CAATGGGAATCCAAGGAGGGTCTGTCCTGGGTC TTCCTGCTGCTGCTCCTGCTGGTTGTCT

= sl bl

B. start PAM gRNA
ATG GGC GCCGCCGCGAGTGTCCCTTTC
— r

LLJ 1
GCATGGAGCCTCCCGGCCGCCGCGAGTGTCCCTTTCCTTCCTGGCGCTTTCCTGGGTTGC

- mdmnmnmmdmmmmlmnnnm

GCATGGAGCCTCCCGGGCCGCCAGCGACCGTTTCTTTCCTGCCTGTTTCTTGCCTGGCTT

CD46
Knockout

Fig. S3.9: Sequencing analysis of Jurkat CRISPR/Cas9 mutants.

Chromatograms from Sanger sequencing analysis of Jurkat T cell CRISPR/Cas9 mutants.
Chromatograms from CD59 mutants (A) and CD46 mutants (B) show that the gene sequence of the
mutants is different from the vector control cells downstream of the gRNA/PAM sites.
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Chapter 4
Trogocytosis-Acquired Protection from Complement Lysis in Entamoeba
histolytica is Not Altered by Knockdown of One or Two Complement Regulators
in Human Cells

Hannah W. Miller, Tammie S.Y. Tam and Katherine S. Ralston
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Abstract

Entamoeba histolytica is the parasite responsible for amoebiasis, a potentially
fatal diarrheal disease. During severe infections, E. histolytica leaves the intestine and
disseminates through the blood stream to other organs. While traveling via the blood,
the trophozoite form of the parasite (amoeba) must contend with host immune factors
present in the blood such as the complement system. We recently discovered a novel
immune evasion mechanism employed by E. histolytica. We found that amoebae are
capable of evading complement lysis through trogocytosis of human cells, which results
in display of human membrane proteins by amoebae. The membrane proteins displayed
by amoebae include negative regulators of the complement pathway, such as CD59
and CD46, suggesting that display of these regulatory proteins by amoebae leads to
inhibition of complement lysis. However, knocking out a single complement regulatory
protein using CRISPR/Cas9 was not sufficient to alter protection from lysis. In this
present study, we employed CRIPSR interference to knockdown multiple complement
regulatory proteins in human cells. Our findings revealed that human cell mutants
altered for one or two complement regulators still conferred equivalent protection on
amoebae as controls. Similarly, GPl-anchored protein knockdown mutants did not
confer reduced protection from complement. These results suggest that multiple,
redundant, proteins acquired from trogocytosis of human cells are involved in protecting

amoebae from complement lysis.
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Introduction

Amoebiasis is a potentially fatal diarrheal disease that is most prevalent in
developing nations, in areas with poor sanitation (1-3). The disease is caused by
Entamoeba histolytica, a protozoan parasite that is spread through feces-contaminated
food and water (4). While infections are often mild or asymptomatic, the trophozoite
form of the parasite (amoeba) is also capable of invading and ulcerating the intestine, or
in rare cases, breaching the intestinal wall and disseminating via the blood stream (5).
Once amoebae have disseminated, they can cause abscesses in extra-intestinal
organs, mostly commonly the liver, that are fatal if left untreated (5).

We discovered a novel cell-killing mechanism employed by E. histolytica that we
named trogocytosis or “cell nibbling” where amoebae ingest small pieces of living cells
rather than engulfing them whole (6). Trogocytosis is present in a variety of eukaryotes
and, in addition to cell killing, also results in benign interactions and can be used for cell
to cell communication (7). Recently, we showed that amoebae acquire and display
proteins from human cells they ingest via trogocytosis, and are protected from lysis by
human serum (8)(Ch3). We found that amoebae acquire and display the complement
regulatory proteins human CD59 and CD46, which are known negative regulators of the
complement pathway, and amoebae are protected from lysis by trogocytosis of both
human Jurkat T cells and primary red blood cells (Ch3). Additionally, amoebae that
were made to exogenously express either CD46 or CD55 were protected from lysis
(Ch3), suggesting that display of these complement regulators can be protective.

However, when we attempted to sensitize amoebae to human complement by knocking
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out either CD59 or CD46 in Jurkat cells using CRISPR/Cas9, removal of a single
complement regulatory protein was not sufficient to alter conferred protection (Ch3).

In this present study, we utilized CRISPR interference (CRISPRI) in order to
create multiple knockdown mutants, and we tested their ability to sensitize amoebae to
complement lysis. We knocked down the complement regulatory proteins CD59, CD46
and CD55 in human Jurkat cells. Additionally, we created CD59/CD55 and CD46/CD55
double mutants. Finally, since the complement regulatory proteins CD59 and CD55
contain glycosylphosphatidylinositol (GPI) anchors, we knocked down
phosphatidylinositol glycan anchor biosynthesis class A (PIGA), creating mutants that
lacked all GPI anchored proteins. Jurkat cells that were mutated for a single
complement regulatory protein, two complement regulatory proteins, or all GPI
anchored proteins, were no less capable of conferring protection from complement on
amoebae than controls. These findings suggest that amoebae acquire multiple,
redundant complement regulators via trogocytosis from the human cells they ingest and
that loss of one or two complement regulators is not sufficient to alter conferred

protection.
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Results
Knockdown of CD59, CD46, or CD55 is not sufficient to sensitize amoebae to
complement lysis.

We recently demonstrated that removal of either CD59 or CD46 from human
Jurkat T cells using CRISPR/Cas9 was not sufficient to sensitize amoebae to
complement lysis (Ch 3). Genetic compensation in response to gene knockout has
been documented in a variety of organisms (9—11). It is possible that by creating
knockout mutants, compensatory genetic changes may have taken place. For example,
knocking out a complement regulatory protein may have led to compensatory increased
expression of other complement regulatory proteins. The chances of compensatory
genetic changes are also likely to increase in proportion to the length of time that it
takes to generate a mutant. Creation of the CRISPR/Cas9 knockout mutants used in
chapter 3, and characterization of clonal lines, happened over a relatively long
timeframe. This could have provided an opportunity for changes to take place.
Therefore, we wanted to test the effect of knocking down these proteins rather than
knocking them out entirely. We utilized CRISPRi to knockdown CD59, CD49 and CD55
in human Jurkat cells (Fig. 4.1A-E). Amoebae were incubated alone or allowed to
perform trogocytosis on Jurkat mutants before being exposed to human serum. Jurkat
mutants that expressed only dead Cas9 (dCas9), or dCas9 and a guide RNA to the
unrelated human protein aminopeptidase (ANPEP), were used as controls. Following
exposure to human serum, amoebic viability and the amount of ingested Jurkat cell

material was measured (Fig. 4.1F-G). There was no difference in acquired protection or
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the amount of ingestion between amoebae that had been fed control Jurkat cells or
knockdown mutants. These results indicate that knockdown of a single complement

regulatory protein is not sufficient to sensitize amoebae to complement lysis.
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Fig. 4.1: Knockdown of CD59, CD46, or CD55 is not sufficient to sensitize amoebae to
complement lysis. (A-E) Jurkat cells knocked down for CD59, CD46, or CD55 were generated using
CRISPRI. Monoclonal antibodies and imaging flow cytometry was used to quantify CD59 or CD46, RT-
PCR was used to evaluate CD55 mRNA expression. (A) Representative images of CD59
immunofluorescence (red) on ANPEP control or CD59 mutant Jurkat cells. (B) Intensity of CD59
antibody staining on vector control (gray) or CD59 mutants Jurkat cells (black). (C) Representative
images of CD46 immunofluorescence (red) on ANPEP control or CD46 mutant Jurkat cells. (D)
Intensity of CD46 antibody staining on ANPEP control (gray) or CD46 mutant Jurkat cells (black). (E)
Expression of CD55 mRNA in CD55 mutant Jurkat cells or control cells mutated for the unrelated
protein ANPEP. CD46 expression served as a control for the RT-PCR reaction. (F-G) Jurkat cells were
stained with the membrane dye DiD. Amoebae were incubated alone or in the presence of CD59,
CD46 and CD55 mutant Jurkat cells. Mutants expressing dCas9 but no gRNA or a gRNA to the
unrelated protein ANPEP were used as controls. Samples were exposed to human serum and viability
was assessed using zombie violet viability dye and imaging flow cytometry. (F) Normalized death of
amoebae. (G) Normalized mean fluorescence intensity of DiD staining on amoebae. Data are from 2-4
replicates across 2 independent experiments.

Removal of two complement regulatory proteins is not adequate to sensitize
amoebae to complement lysis.

As loss of one complement regulatory protein was no sufficient to alter acquired
protection, we next sought to remove two complement regulators. We previously
created Jurkat CD59 and CD46 knockout mutants using CRISPR/Cas9 (Ch3). We
knocked down CD55 in either our CD59 or CD46 knockout mutants using CRISPRI to
create CD59/CD55 (Fig. 4.2A-C) and CD46/CD55 (Fig. 4.3A-C) double mutants.
Amoebae were incubated alone or allowed to perform trogocytosis on Jurkat cells
mutated for two complement regulatory proteins. As controls, Jurkat cells expressing
dCas9, knocked down for CD55, or the parental CD59 and CD46 knockout cell lines
were used.

Trogocytosis of the CD59/CD55 double mutant did not lead to less protection
than trogocytosis of control cell lines (Fig. 4.2D). Surprisingly, ingestion of the CD59

parental cell line and the CD59/CD55 double mutant led to slightly more ingested Jurkat
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Fig. 4.2: Removal of CD59 and CD55 is not adequate to sensitize amoebae to complement lysis.
(A-E) CD55 was knocked down in CD59 knockout Jurkat mutants using CRISPRI. A monoclonal
antibody and imaging flow cytometry was used to quantify CD59, and RT-PCR was used to evaluate
CD55 mRNA expression in Jurkat mutants. (A) Representative images of CD59 immunofluorescence
(red) on dCa9 expressing control cells, CD59 knockout mutant cells, or CD59 knockout/ CD55
knockdown cells. (B) Intensity of CD59 antibody staining on dCas9 expressing control cells (gray),
CD59 knockout mutant cells (black, top panel) or CD59 knockout/ CD55 knockdown mutants (black,
bottom panel). (C) Expression of CD55 mRNA in CD59 knockout/ CD55 mutant Jurkat cells or control
CD59 knockout cells mutated for the unrelated protein ANPEP. CD46 expression served as a control
for the RT-PCR reaction. (D-E) Jurkat cells were stained with the membrane dye DiD. Amoebae were
incubated alone or in the presence of mutant Jurkat cells. Mutants expressing dCas9 but no gRNA
were used as controls. Samples were exposed to human serum and viability was assessed using
zombie violet viability dye and imaging flow cytometry. (D) Normalized death of amoebae. (E)
Normalized mean fluorescence intensity of DiD staining on amoebae. Data are from 8 replicates
across 4 independent experiments.
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cell material (Fig. 4.2E). However, we did not observe this in previous assays using the

CD59 knockout cell line (Ch3). Similarly, trogocytosis of the CD46/CD55 double mutant

did not lead to a difference in amoebic protection when compared to control cell lines

(Fig. 4.3D), and there was no difference in ingested Jurkat cell material (Fig. 4.3E).

Overall, these findings show that removal of two complement regulators is not adequate

to reduce the protection amoebae acquire from performing trogocytosis on human cells.
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Fig. 4.3: Removal of CD46 and CD55 is not adequate to sensitize amoebae to complement lysis.
(A-C) CD55 was knocked down in CD46 knockout Jurkat mutants using CRISPRi. RT-PCR was used
to evaluate CD55 mRNA expression in Jurkat mutants. (A-B) This data was originally presented in
Ch3 Fig. C-D. (A) Representative images of CD46 immunofluorescence (red) on vector control cells,
or CD46 knockout Jurkat mutant cells. (B) Intensity of CD46 antibody staining on vector control cells
(gray), or CD46 knockout mutant cells (black). (C) Expression of CD55 mRNA in dCas9 expressing
control cells, CD55 mutants, CD46 knockout/ CD55 mutants, or CD46 knockout mutants. CD59
expression served as a control for the RT-PCR reaction. (D-E) Jurkat cells were stained with the
membrane dye DiD. Amoebae were incubated alone or in the presence of mutant Jurkat cells.
Mutants expressing dCas9 but no gRNA were used as controls. Samples were exposed to human
serum and viability was assessed using zombie violet viability dye and imaging flow cytometry. (D)
Normalized death of amoebae. (E) Normalized mean fluorescence intensity of DiD staining on
amoebae. Data are from 4 replicates across 2 independent experiments.

Knockdown of GPl-anchored proteins does not sensitize amoebae to complement
lysis.

We have previously demonstrated that treatment of amoebae with the enzyme
phosphatidylinositol-specific phospholipase C (PI-PLC) following trogocytosis of human
cells resulted in a non-significant reduction in protection from complement lysis (Ch 3).
PI-PLC cleaves GPI anchored proteins, including the complement regulatory proteins
CD59 and CD55 (12—-17). Therefore, we knocked down GPI anchored proteins in
human Jurkat cells.

Phosphatidylinositol glycan anchor biosynthesis class A (PIGA) is involved in the
biosynthesis of GPIl anchored proteins (18). Paroxysmal nocturnal hemoglobinuria
(PNH), is a life-threatening disease in humans characterized by hemolytic anemia (18).
PNH is caused by mutations to the PIGA gene which results in lack of GPl-anchored
proteins and the loss of expression of CD59 and CD55 on blood cells leading to their

destruction by complement (18-20).
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We thus knocked down PIGA in Jurkat cells to create mutants lacking GPI-

anchored proteins. We isolated two different PIGA mutant clonal lines and validated
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Fig. 4.4: Knockdown of GPl-anchored proteins does not sensitize amoebae to complement
lysis. (A-D) PIGA knockdown Jurkat mutants were created using CRISPRi. A monoclonal antibody
and imaging flow cytometry was used to quantify CD59 on PIGA mutants and area of Jurkat cells. (A)
Representative images of CD59 immunofluorescence (red) on dCas9 expressing control cells, or
PIGA Jurkat mutant clones. (B) Intensity of CD59 antibody staining on vector control cells (gray), or
PIGA mutant clones (black) (left panel: A3 clone, and right panel: C1 clone). (C) Jurkat cell area of
dCas9 control cells and PIGA mutant clones. (D-F) Jurkat cells were stained with the membrane dye
DiD. (D) Mean fluorescence intensity of DiD staining on PIGA mutant clones and dCas9 expressing
control cells. (E-F) Amoebae were incubated alone or in the presence of PIGA Jurkat mutant clones.
Mutants expressing dCas9 but no gRNA were used as controls. Samples were exposed to human
serum and viability was assessed using zombie violet viability dye and imaging flow cytometry. (F)
Normalized death of amoebae. (G) Normalized mean fluorescence intensity of DiD staining on
amoebae. Data are from 4 replicates across 2 independent experiments.

loss of GPIl-anchored proteins through immunofluorescence staining for CD59 (Fig.
4.4A-B). Interestingly, the average cell size was different between the two clonal lines
and both were smaller in size than the control line (Fig. 4.4A and C). When stained with
the membrane dye DiD, the PIGA mutants stained less brightly then control cells and
differed significantly in staining intensity from each other (Fig. 4.4D). Amoebae were no
less protected from human complement after performing trogocytosis on PIGA mutants
than on control cells (Fig. 4.4E). While ingested Jurkat cell material appeared to be less
in amoebae that were incubated with PIGA mutants, this was expected due to the
reduced staining intensity of membrane dye on the PIGA mutants compared to controls
(Fig. 4.4F), and therefore ingested material could not be accurately quantified. These
results suggest that removal of Jurkat GPIl-anchored proteins does not sensitize

amoebae to complement lysis.
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Discussion

Taken together with findings from our previous studies (8)(Ch3), our results
support the conclusion that amoebae acquire multiple, redundant, complement
regulatory proteins from trogocytosis of human cells. We have previously shown that
amoebae acquire and display membrane proteins from human cells following
trogocytosis, and are protected from complement lysis (8)(Ch3). Furthermore, we have
shown that amoebae acquire and display the complement regulatory proteins CD59 and
CD46, and amoebae made to exogenously express these proteins are protected from
lysis (Ch3). However, knockout of either CD59 or CD46 did not result in loss of
conferred protection, hinting at redundancy in the mechanism of protection from
complement. As we have demonstrated that amoebae also acquire MHC-I molecules
(Ch2), they likely acquire many different proteins from the cells they ingest. Therefore,
loss of a single complement regulatory protein may be compensated for by the
presence of other acquired complement regulators.

The findings of this study support our previous results. Knockdown of a single
complement regulatory protein, CD59, CD46, or CD55 did not lead to loss in protection
from complement. Likewise, mutants that lacked two complement regulatory proteins
CD59/CD55 or CD46/CD55 were also equally capable of conferring protection on
amoebae as controls. We have previously seen a slight decrease in protection following
PI-PLC treatment that was not statistically significant (Ch3). In line with this, Jurkat
mutants that lacked all GPl-anchored proteins conferred equal levels of protection from

complement on amoebae as controls. As CD59 and CD55 are both GPI-anchored
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complement regulators, the data from our CD59/CD55 double mutant fits with this
finding.

It should be noted that while we screened mutants for their expected phenotypes,
we did not assay for overall genetic changes. Genetic compensation following gene
knockout has been documented in different model organisms (9—11). Therefore, we
cannot rule out the possibility of compensatory genetic changes that may have taken
place due to loss of one or more complement regulatory proteins. There was a
noticeable size difference in the PIGA clones compared to control cells, and
consequently there could of have been other changes to these mutants we did not
account for.

The high level of variability in these assays should also be taken into
consideration. Perhaps, if differences between mutants and controls were especially
small, then performance of additional replicates could have revealed minor changes.

Overall, the data from this study are consistent with our prior conclusions
(8)(Ch3). We conclude that amoebae acquire and display complement regulatory
proteins via trogocytosis of human cells, and are protected from complement lysis

through acquisition of multiple and redundant complement regulators.
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Materials and Methods
Cell Culture

E. histolytica trophozoites (amoebae) were cultured as described previously (8,
21)(Ch3). Amoebae (HM1:IMSS) from ATCC were grown in TYI-S-33 medium
supplemented with 15% heat-inactivated adult bovine serum (Gemini Bio-Products),
2.3% Diamond vitamin Tween 80 solution (40x; Sigma-Aldrich), and 80 U/ml penicillin,
80 ug/ml streptomycin (Gibco) at 35°C in glass tissue culture tubes. For use in human
serum lysis assays, amoebae were expanded in un-vented T25 tissue culture flasks that
were allowed to reach 80% confluency. Amoebae were resuspended in M199s medium
(Gibco medium M199 with Earle’s salts, L-glutamine, and 2.2 g/liter sodium bicarbonate,
without phenol red) supplemented with 0.5% bovine serum albumin (BSA), 25 mM
HEPES, and 5.7 mM L-cysteine for use in serum lysis assays.

Human Jurkat T cells (clone E6-1) from ATCC were maintained as previously
described (8, 21)(Ch3). Jurkat cells were grown in RPMI 1640 medium (Gibco; RPMI
1640 with L-glutamine and without phenol red) supplemented with 10% heat-inactivated
fetal bovine serum (Gibco), 100 U/ml penicillin, 100 ug/ml streptomycin, and 10 mM
HEPES, and were cultured at 37°C and 5% CO2 in vented T25 tissue culture flasks.
Prior to immunofluorescence and serum lysis assays, Jurkat cells were expanded in
T75 vented tissue culture flasks and passaged when cultures reached a concentration
of 5x10% and 2 x 108 cells/ml. For use in serum lysis or immunofluorescence assays,

Jurkat cells were resuspended in M199s medium.
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HEK 293T/17 cells from ATCC were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) + GlutaMAX (Gibco; with D-Glucose and Sodium Pyruvate)
supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/ml penicillin,
100 pyg/ml streptomycin, and 10mM HEPES. HEK 293T/17 cells grown in vented T25
tissue culture flasks at 37°C and 5% CO2. Cells were passaged when flasks reached
80% -100% confluence using Trypsin-EDTA Solution (ATCC). For lentiviral production,

cells were cultured in 6 well plates.

Jurkat T cell CRISPRi mutants

A lentiviral plasmid containing dCas9 (SC0575_phr-ucoe-ef1a-dcas9-ha-2xnls-
xten80-krab-p2a-Bls) and packaging and envelope plasmids (SC0059-TEN pCMV delta
R8.2 and Packaging and SC0058-TEN pMD2.G Envelope 2nd), were used for
production of lentivirus and transduction of Jurkat T cells (SC0575, SC0059 and
SC0058 were a gift from Sean R. Collins, University of California, Davis; SC0575 was
modified from a plasmid created in the laboratory of Jonathan S. Weissman, University
of California, San Francisco, Howard Hughes Medical Institute). Transduced Jurkat cells
were kept under blasticidin (Blasticidin S HCI: Gibco) selection at 10ug/ml for two
weeks. Next, guide RNA plasmids were generated. Guide RNAs to human CD59,
CD46, CD55, and PIGA were cloned into a lentiviral plasmid backbone: SC0217_pU6-
sgRNA ANPEP#1-puro (SC0217 was a gift from Sean R. Collins, University of
California, Davis and created in the Collins Laboratory), to replace the ANPEP gRNA

sequence already present. Guides were selected using the published sequences of
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guides from the Human Genome-wide CRISPRI-v2 Libraries (Libraries were a gift from
Sean R. Collins, University of California, Davis, and deposited by Jonathan S.
Weissman, University of California, San Francisco; Addgene Pooled Libraries #83969,
#1000000090, (22)). The mostly highly rated guide for each gene was used (Table 4.1).
Guide RNAs oligos containing Blpl and BstXI restriction enzyme overhangs were
phosphorylated and annealed. Next, the lentiviral plasmid backbone was digested with
Blpl and BstXI restriction enzymes (FastDigest Bpu1 102l and FastDigest BstXI:
ThermoFisher Scientific) and oligos were ligated into the plasmid backbone. One Shot
StbI3 Competent E. Coli (Invitrogen) were transformed and positive colonies were
screened by restriction digest. A primer located in the lentiviral plasmid backbone
upstream of the inserted guide RNAs (Table 4.1) was used to confirm plasmids with
correct inserts by sanger sequencing. Next, the gRNA plasmids were used to produce
lentivirus and transduce dCas9 expressing Jurkat cells. Mutants were kept under
puromycin (Puromycin dihydrochloride from Streptomyces alboniger: Sigma-Aldrich)
selection at 2.5ug/ml for two weeks. The CD59 and CD46 CRISPR knockout mutants
described in Chapter 3 were used to generate Jurkat cells lacking 2 complement
regulatory proteins. The CD59/CD55 mutant and the CD46/CD55 mutant were obtained
by transducing dCas9 expressing CD59 or CD46 knockout Jurkat cells with the CD55
lentiviral gRNA plasmid. Clonal lines of PIGA mutants were obtained by limiting dilution
in 96 well plates. Other knockdown lines were heterogeneous. Mutants were screened
for knockout by labeling with primary mouse monoclonal antibodies to CD59 (clone

MEM-43/5 or MEM-43: Abcam) or CD46 (clone C-10; Santa Cruz Biotechnology) and a
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Cy™S5 AffiniPure Goat Anti-Mouse secondary antibody (Jackson ImmunoResearch
Laboratories, Inc). Samples were analyzed by imaging flow cytometry. CD55
knockdown was verified through reverse transcription polymerase chain reaction (RT-

PCR) using primers located within the coding region of human CD55 (Table 4.1).

Lentiviral transduction of Jurkat T cells

HEK 293T/17 cells (ATCC) were transfected in 6 well plates with the packaging
and envelope plasmids SC0059-TEN pCMV delta R8.2 Packaging and SC0058-TEN
pMD2.G Envelope 2nd G as well as either the dCas9 plasmid or a gRNA plasmid
described above. Transfection was performed using Opti-MEM™ Reduced Serum
Medium (Gibco) and TransIT®-2020 Transfection Reagent (Mirus). For each
transfection, 0.77ug of Envelope, 1.51ug of Packaging, and 2.32ug of the dCas9 and
gRNA plasmids was used. Transfected cells were incubated for 48 hours at 37°C and
the lentiviral supernatant was harvested. Jurkat T cells at a concentration of 1 x 108
cells/ml in media containing polybrene (Millipore Sigma) at 8ug/ml were infected with
lentiviral supernatant at a 1:1 volume to volume ratio for 24 hours. Jurkat cells were

then washed and placed under antibiotic selection for 2 weeks as described above.

Serum lysis assays
Amoebae and Jurkat cells were washed and resuspended in M199s medium.
Amoebae were labeled with CMFDA at 186 ng/ml for 10 minutes at 35°C, and Jurkat

cells were labeled with DiD at 21 yg/ml for 5 minutes at 37°C followed by 10 minutes at

180



4°C. Next, amoebae were resuspended at a concentration of 4 x 105 cells/ml and Jurkat
cells were resuspended at 1.6 x 107 cells/ml for a 1:40 amoeba: Jurkat cell ratio.
Amoebae were then incubated alone or co-incubated with Jurkat cells for 1 hour at
35°C. Samples were then exposed to human serum as previously described (Ch3).
Samples were incubated in 100% normal human serum (pooled normal human
complement serum; Innovative Research Inc.) supplemented with 150 yM CaClz and
150 uM MgCl2 for 30 minutes at 35°C. Next, samples were resuspended in M199s
medium and labeled with Zombie Violet Fixable Viability dye (BioLegend) at a
concentration of 4 ul/ml and incubated for 30 minutes on ice. Samples were fixed with

4% PFA at room temperature for 30 minutes and resuspended in 50 yl 1 x PBS.

ImageStream analysis

Samples were run on an Amnis ImageStreamX Mark Il. Cells were gated on by
size and 100,000 events were collected per sample. For assays where a single
complement regulatory protein was knocked down, data are from 2-4 replicates across
2 independent experiments. In assays using the CD59/CD55 double mutant, data are
from 8 replicates across 4 independent experiments. The data from assays with the
CD46/CD55 double mutant or the PIGA mutant, are from 4 replicates across 2
independent experiments. Refer to chapter 3, figure S3.8 for the gating scheme used to

analyze the experiments.

Statistical analysis
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All statistical analyses were performed using GraphPad Prism software. Data
was analyzed using a Student’s unpaired t test (no significant difference was indicated
by a P of >0.05; *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001), and the means

and standard deviations are displayed.
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Table 4.1: Primers used in these studies.

Purpose Primer Name F/R Sequence
CD59 gRNA
(BstXl and Blpl | Forward | TTGGCGCAGAAGCGGCTCGAGGCGTTTAAGAGC
overhangs)
CD59 gRNA TTAGCTCTTAAACGCCTCGAGCCGCTTCTGCGCCAA
(BstXl and Blpl | Reverse CAAG
overhangs)
CD46 gRNA
Cloning of (BstXl and Blpl | Forward | TTGGCCCTTCTGGGTCCAGATATGTTTAAGAGC
guide RNAs | overhangs)
into the CD46 gRNA
SC0217 pU | (BstXl and Blpl | Reverse '(I;;I:\A%CTCTTAAACATATCTGGACCCAGAAGGGCCAA
6-sgRNA overhangs)
ANPEP#1- | CD55 gRNA
puro (BstXl and Blpl | Forward | TTGGGCTGGGCGTAGCTGCGACTGTTTAAGAGC
lentiviral overhangs)
plasmid CD55 gRNA
backbone (BstXl and Blpl | Reverse '(I;;I:\A%CTCTTAAACAGTCGCAGCTACGCCCAGCCCAA
overhangs)
PIGA gRNA
(BstXl and Blpl | Forward | TTGGTGGCGGCCATGGAACTCACGTTTAAGAGC
overhangs)
PIGA gRNA TTAGCTCTTAAACGTGAGTTCCATGGCCGCCACCAA
(BstXl and Blpl | Reverse CAAG
overhangs)
Sanger
sequencing | Primer located
of CRISPRi | upstream of Forward | ACGGACTTGTGGGAGAAGC
gRNA inserted gRNAs
plasmids
RT-PCR for | CD55 RT-PCR | Forward [ ATGAGTGCCGTCCAGGTTAC
CDS5 | cDs5RT-PCR | Reverse | CTGAACTGTTGGTGGGACCT
expression
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Chapter 5
Establishing an Assay for Detection of Trogocytosis Between Mammalian
Immune Cells

Hannah W. Miller, Akhila Bettadapur, Tina Truong and Katherine S. Ralston
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Abstract

Trogocytosis is a process common to many eukaryotes from microbes to
mammalian immune cells. Cells extract small pieces of target cells rather than eating
them whole as in phagocytosis. It can be lethal or benign and is also characterized by
the transfer of membrane proteins from one cell to another. Here we developed an
assay that can be used to further study trogocytosis in mammalian macrophages. We
found that the mouse macrophage lines J774A.1 and RAW 264.7 perform trogocytosis
on human Raji B cells. Trogocytosis occurred with or without opsonization of B cells
using an anti-CD20 monoclonal antibody and was increased with opsonization. We
detected transfer of CD20 molecules, dyed membrane patches, and biotinylated
proteins from target B cells to the recipient macrophages. Furthermore, transfer was
inhibited by cytochalasin D treatment, a known inhibitor of trogocytosis. Therefore, the
assay we developed can be used to quantify trogocytosis in macrophages and could be

employed to study this process further.
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Introduction

Trogocytosis or “cell-nibbling” is a endocytic process that occurs in a variety of
eukaryotes (1). It occurs when one cell ingests small pieces of another cell, rather than
ingesting it whole as in phagocytosis, and is also characterized by transfer of membrane
proteins from donor to recipient cells (2). Trogocytosis has been shown in the microbes
Entamoebae histolytica (3, 4), Naegleria fowleri (5) and Dictyostelium caveatum (6). It is
also found in multicellular eukaryotes where it serves functions in the immune system
(7, 8), in the central nervous system (9, 10), and during development (11). Instances of
trogocytosis can be benign, as form of cell-cell interaction, or can be lethal, as
mechanism for cell-killing, pointing to its broad range of functions in eukaryotes. For
example, in the mammalian immune system, uninfected dendritic cells are able to non-
lethally acquire and display major histocompatibility complex class Il (MHC Il) molecules
through trogocytosis of infected dendritic cells (8). By contrast, neutrophils and
macrophages can both use trogocytosis to kill cancer cells (12, 13). Consequently, the
process of trogocytosis appears to be fundamental to eukaryotes and demands further
study.

Here, we developed an assay that could be employed for further investigation of
immune cell trogocytosis. Trogocytosis can occur when phagocytes recognize antibody
coated target cells through engagement of their Fcy receptors (13, 14). For example,
both macrophages and neutrophils kill anti-CD20 opsonized target cells through
trogocytosis (13, 15). Therefore, we utilized an anti-CD20 antibody to induce

trogocytosis of opsonized B cells in macrophages. We were able to successfully induce
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trogocytosis in two separate mouse macrophage cell lines. We quantified transferred
CD20 molecules from target B cells to effector macrophages using imaging flow
cytometry. We were also able to quantify transfer of membrane patches labeled with the
membrane dye DiD, as well as biotinylated membrane proteins. Finally, we found that
cytochalasin D, a known inhibitor of trogocytosis, reduced transferred membrane
material. Therefore, we have developed an assay that can be used to quantify

trogocytosis in macrophages and further investigate this eukaryotic process.
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Results
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Fig. 5.1: Trogocytosis and acquisition of CD20 was detected in mouse macrophages. (A-D)
J774A.1 or RAW 264.7 mouse macrophages were stained with the cytoplasm dye CMFD and allowed
to perform trogocytosis on Raji B cells that had been opsonized with a monoclonal antibody to CD20
or left untreated. Displayed CD20 molecules were detected using immunofluorescence and imaging
flow cytometry. CD20 was quantified using the “spot count” feature and Amnis IDEAS software. (A) %
trogocytosis positive and negative J774A.1 macrophages. (B) Representative images of displayed
CD20 on J774.1 macrophages. (C) % trogocytosis positive and % negative RAW 264.7 macrophages.
(B) Representative images of displayed CD20 on RAW 264.7 macrophages. Data are from one
independent experiment.

Trogocytosis and acquisition of CD20 was detected in mouse macrophages.
In order to study trogocytosis in phagocytes, we utilized two mouse macrophage

lines and human Raji B cells. CD20 is a B cell marker that has been used extensively as
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a target for monoclonal antibody treatment of B cell malignancies (16). We opsonized
the B cells with a monoclonal mouse IgG1 antibody specific to human CD20 and co-
incubated them with either J774A.1 or RAW 264.7 fluorescently labeled macrophages.
As a control, we co-incubated macrophages with B cells that were left untreated. Next,
we detected transferred CD20 molecules from B cells to macrophages that had
undergone trogocytosis with a fluorescently conjugated anti-mouse secondary antibody.
Using imaging flow cytometry, and the “spot count” feature in Amnis IDEAS software,
we were able to quantify transferred CD20 (Fig. 5.1A and C). No staining was detected
on negative control cells that did not receive anti-CD20 antibody. Both J774A.1 and
RAW 264.7 macrophages performed trogocytosis and transferred CD20 molecules
appeared as small patches. (Fig. 5.1B and D). Hence, macrophages acquire CD20

molecules from target cells through trogocytosis.

Trogocytosis and transfer of target cell membrane occurs both in the presence
and absence of opsonization.

Next, we wanted to detect trogocytosis using a method independent of the anti-
CD20 antibody used for opsonization. Use of the same primary CD20 antibody for both
opsonization and to detect transferred CD20 molecules meant that we were unable to
test for trogocytosis in non-opsonized samples, as they did not receive any CD20
antibody. We therefore chose to assay for the transfer of cell membrane patches using
a membrane dye. This would allow us to look at baseline trogocytosis in the non-

opsonized samples as well. We labeled B cells with a membrane dye that labels lipids
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and quantified transfer of membrane patches in samples that had been opsonized or left
untreated. For comparison to previous data, we also detected transferred CD20
molecules. As before, CD20 molecules from opsonized B cells were transferred to
macrophages that had undergone trogocytosis (Fig. 5.2A-B). Surprisingly, transfer of
dye labeled membrane patches revealed that trogocytosis occurred in macrophages co-
incubated with both opsonized and untreated B cells, though to a greater degree with
opsonization (Fig. 5.2C-D). While opsonization only increased the percentage of

amoebae in the trogocytosis positive group by 8.8%, these amoebae also had a greater
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Fig. 5.2: Trogocytosis and transfer of target cell membrane occurs both the presence and
absence of opsonization. (A-D) J774A.1 mouse macrophages were stained with the cytoplasm dye
CMFD and allowed to perform trogocytosis on Raji B cells that had been opsonized with a monoclonal
antibody to CD20 or left untreated. (A-B) Displayed CD20 molecules were detected using
immunofluorescence and imaging flow cytometry. (A) % trogocytosis positive and negative J774A.1
macrophages. (B) Representative images of displayed CD20 on J774.1 macrophages. (C-D) Raji cells
were labeled with the membrane dye DiD prior to co-incubation with macrophages. Displayed
membrane patches were quantified using imaging flow cytometry (C) % trogocytosis positive and %
negative J774A.1macrophages. (B) Representative images of displayed DiD membrane on J774A.1
macrophages. Data are from one independent experiment.

number of transferred membrane patches (Fig. 5.2C-D). The dyed membrane patches
were similar in appearance to the transferred CD20 molecules, but brighter overall (Fig.
5.2D). Therefore, macrophages perform trogocytosis both in the presence and absence

of opsonization of target cells.

CD20 molecules are transferred via trogocytosis without opsonization.

We next wanted to assay for the presence of whole B cells contamination or
phagocytosis in these samples. By pre-labeling B cells with the nucleic acid dye
Hoechst, we were able to detect macrophages with the presence of whole B cell nuclei
in both the CD20 and DiD assays, and these cells contributed somewhat to the
“trogocytosis positive” population (data not shown). Detection of B cell nuclei is more
consistent with phagocytosis than trogocytosis, since nuclei are not nibbled during
trogocytosis. The presence of B cell nuclei could also indicate that some whole B cells
remained attached to macrophages, even though attempts were made to wash and
remove non-ingested B cells. This should be taken into consideration when interpreting

CD20 or membrane transfer results.
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In previous assays that examined transfer of CD20 molecules, only samples with
opsonized target cells received the primary CD20 antibody. We attempted to opsonize
target cells with CD20 and quantify trogocytosis by examining transfer of CD19,
however the CD19 antibody used proved to be non-specific (Data not shown). Since we
had observed trogocytosis of non-opsonized target cells when we assayed for
transferred membrane patches, we labeled macrophages with the CD20 antibody
following trogocytosis of non-opsonized B cells. This allowed us to observe transfer of
CD20 to macrophages that had performed trogocytosis on non-opsonized cells. We
compared J774A.1 and RAW 264.7 mouse macrophage lines. We also used the human
monocyte line THP-1. CD20 staining was compared to samples that did not received
any antibody as a negative control. Samples that did not received any primary antibody

did not show any CD20 fluorescence verifying the specificity of our antibody staining
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Fig. 5.3: CD20 molecules are transferred via trogocytosis without opsonization. J774.1, RAW
264.7 or THP-1 macrophages were incubated with non-opsonized Raji B cells. Following trogocytosis,
displayed CD20 was quantified using a monoclonal CD20 antibody and imaging flow cytometry.
Samples that did not receive primary antibody served as negative controls. % trogocytosis positive and
% trogocytosis negative macrophages are displayed for each cell line. Data are from one independent
experiment.

(Fig. 5.3.) We detected CD20 transfer in all three cell lines, though to a lesser degree
than we had observed previously with opsonized target cells (Fig. 5.3). Additionally, the
mouse macrophage lines performed more trogocytosis than the human THP-1
monocytes (Fig. 5.3). These results were consistence with our previous observation of
trogocytosis in samples that did not receive opsonization when we assayed for

transferred membrane patches.

Cytochalasin D inhibits macrophage trogocytosis.

Trogocytosis requires actin rearrangements. Cytochalasin D, a drug that inhibits
actin polymerization, is a known inhibitor of trogocytosis (17). In E. histolytica,
cytochalasin D treatment blocks the ingestion of host cells as well as the transfer of host
proteins by trogocytosis (3, 18). We asked if cytochalasin D treatment would prevent the
transfer of CD20 molecules and membrane patches in macrophages. We compared
trogocytosis in J774A.1 macrophages treated with cytochalasin D to dimethyl sulfoxide
(DMSO) treated controls in samples that received opsonized or non-opsonized target
cells. We detected transferred CD20 molecules in samples that received opsonized B
cells and cytochalasin D treatment decreased the amount of transferred CD20 (Fig.
5.4A). When we analyzed transferred membrane patches, macrophages co-incubated

with both opsonized and non-opsonized target cells acquired dye labeled membrane.
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Fig. 5.4: Cytochalasin D inhibits transfer of CD20 molecules and membrane patches. (A-B)
J774A.1, macrophages were pre-treated with cytochalasin D and allowed to perform trogocytosis on
Raji B cells that had been opsonized with a CD20 antibody or left untreated. Macrophages were
treated with DMSO as a control. Trogocytosis was quantified using immunofluorescence and imaging
flow cytometry. (A) Displayed CD20 was used as readout for trogocytosis. % trogocytosis positive and
% trogocytosis negative macrophages in each condition. (B) Raji cells were prelabeled with DiD
membrane dye prior to co-incubation with macrophages. Transferred DiD membrane patches were
used as readout for trogocytosis. % trogocytosis positive and % trogocytosis negative macrophages in
each condition. Data are from one independent experiment.

Opsonized samples acquired more membrane patches and cytochalasin D treatment
decreased trogocytosis in both groups (Fig. 5.4B).

Next, we asked if the same would be true of trogocytosis in RAW 264.7
macrophages. We compared the effect of cytochalasin D treatment on trogocytosis in
J774A.1 and RAW 264.7 macrophages of opsonized and non-opsonized B cells. We
chose to examine acquired dye labeled membrane as a readout for trogocytosis
because it did not rely on the CD20 antibody used for opsonization. Consistent with our
previous results, macrophages acquired more membrane from opsonized target cells,
though still acquired some from non-opsonized cells (Fig. 5.5A-B). Trogocytosis was
inhibited in both mouse macrophage lines following cytochalasin D treatment (Fig.
5.5.A-B). Therefore, cytochalasin D treatment inhibits trogocytosis in mouse

macrophages.
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Fig. 5.5: Cytochalasin D inhibits trogocytosis in both J774A.1 and RAW 264.7 macrophages. (A-
B) J774A.1 or RAW macrophages were pre-treated with cytochalasin D and allowed to perform
trogocytosis on Raji B cells that had been opsonized with a CD20 antibody or left untreated.
Macrophages were treated with DMSO as a control. Raji cells were prelabeled with DiD membrane
dye prior to co-incubation with macrophages. Transferred DiD membrane patches were used as
readout for trogocytosis and were quantified using immunofluorescence and imaging flow cytometry.
(A) % trogocytosis positive and % trogocytosis negative J774A.1 macrophages in each condition. (B)
% trogocytosis positive and % trogocytosis negative RAW 264.7 macrophages in each condition. Data
are from one independent experiment.

Biotinylated membrane proteins are transferred via trogocytosis and transfer is
inhibited by cytochalasin D treatment.

Having observed transfer of CD20 molecules and patches of membrane from
target B cells to macrophages, we wanted to examine the transfer of biotinylated
membrane proteins. Additionally, since the previous two methods for detecting
trogocytosis included whole B cell contamination in the analysis, we were interested
looking at transferred proteins in a more accurate way. Raji B cells were biotinylated
and co-incubated with RAW264.1 macrophages. Since we had detected trogocytosis
without opsonization, B cells were not opsonized. Following trogocytosis, fluorescently-
conjugated streptavidin was used to detect transferred B cell proteins. Samples that did
not receive B cells were used a negative control for the biotin/streptavidin staining.
Additionally, cytochalasin D treated samples were compared to DMSO controls. No
biotin/streptavidin fluorescence was detected in samples that did not receive
biotinylated B cells (Fig. 5.6A-B). Biotinylated target cell proteins were detected on
macrophages that had undergone trogocytosis, and cytochalasin D treatment inhibited
trogocytosis (Fig. 5.6A). Patches of transferred biotinylated proteins were similar in

appearance to transferred CD20 and dyed membrane (Fig. 5.6B). In this assay,
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because whole B cells fluoresced much more brightly then the transferred biotinylated
proteins, we were able to exclude them from the analysis. Thus, we were able to more
accurately measure transferred proteins. Therefore, examining transfer of biotinylated
proteins from target to recipient cells was the most accurate method tested for

quantifying trogocytosis.
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Fig. 5.6: Biotinylated membrane proteins are transferred via trogocytosis and transfer is
inhibited by cytochalasin D treatment. (A-B) Raji B cells were biotinylated and then co-incubated
with RAW264.1 macrophages without opsonization. Following co-incubation biotinylated proteins were
detected with fluorescently conjugated streptavidin and quantified using imaging flow cytometry. (A) %
trogocytosis positive macrophages in DMSO or cytochalasin D treated samples or controls. (B)
Representative images of displayed biotinylated proteins. Data are from one independent experiment.
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Discussion

We developed an assay that we used to quantify trogocytosis-dependent transfer
of membrane proteins from target to recipient cells in the mouse macrophage lines
J774A.1 and RAW 264.7. We were able to use it to detect transfer of CD20 molecules,
fluorescently labeled membrane, and biotinylated membrane proteins from target B cells
to recipient macrophages. One surprising discovery was the trogocytosis of non-
opsonized B cells as previous data in the literate has indicated the need for Fcy
receptor engagement. Further study will be needed to elucidate the mechanism of
trogocytosis in macrophages outside of Fcy receptor engagement.

While our results from this preliminary study are promising, there are several
caveats that should be taken into consideration. Each assay was performed only once,
and the data shown in each figure are from one independent experiment. Our goal in
this study was to optimize an assay that could reliably detect trogocytosis in
macrophages. Further replicates would need to be performed if any of the methods
reported in this chapter were to be used to interrogate hypotheses experimentally.

In experiments utilizing CD20 or the membrane dye DiD as a readout for
trogocytosis, we did not remove any remaining whole B cells from the analysis. While B
cells were washed off of the macrophages before they were collected, the data shown
include minimal contamination of whole B cells still present. This could either be due to
phagocytosis of B cells or attached extracellular B cells. We pre-labeled B cells with the

nucleic acid dye Hoechst prior to co-incubation with macrophages in some experiments
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and identified that there were indeed Hoechst labeled B cells still present in these
samples.

There are several limitations to the use of these assays for quantifying
trogocytosis. One major problem is an excessive amount of cell loss from start to finish.
While we improved the number of cells that we were able to collect for imaging by
coating our sample tubes with 1% BSA, we still only recovered a few thousand cells per
sample. Additionally, the protocols presented require a lengthy amount of time to
perform. Due to the large amount of cell loss, they are also very dilute and require
additional time to image.

A further limitation is the inability to quantify both ingestion and transfer of
surface proteins. Use of antibodies or biotin for labeling extracellular proteins allowed
for quantification of displayed proteins but did not measure ingested cellular material.
The use of a membrane dye allowed for visualization of membrane patches, however,
could not distinguish between surface localized patches and ingested material. As
trogocytosis results in both ingestion of pieces of target cells as well as transfer of
surface proteins it would be useful to detect both of these outcomes.

In the assay that looked at transfer of biotinylated membrane proteins, we were
able to gate out whole B cells by excluding cells that fluoresced most brightly for
streptavidin from the analysis. Therefore, using biotin as a readout for trogocytosis was
the most accurate method we tested. Furthermore, cytochalasin D treatment inhibited

biotinylated protein transfer consistent with trogocytosis.
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We have developed an assay for use in quantifying macrophage trogocytosis
that detects transfer of biotinylated membrane proteins from target to recipient cells.
This assay can be used for further study of macrophage trogocytosis and further

elucidate this important aspect of eukaryote biology.
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Materials and Methods
Cell Culture

J774A.1 (ATCC) and RAW 264.7 (ATCC) mouse macrophages were cultured in
Dulbecco's Modified Eagle Medium (DMEM) (ThermoFisher Scientific; with High
Glucose, L-glutamine, Phenol Red, Sodium Pyruvate) supplemented with
supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/ml penicillin
and 100 ug/ml streptomycin. Cells were grown in vented T25 or T75 tissue culture flasks
at 37°C and 5% CO.. Cells were harvested when flasks reached ~80% confluency by
scraping cells from the bottom of the flasks using a cell scraper. Macrophages were
harvested and transferred into 6 well plates for use in experimental assays.
Macrophages were resuspended in RPMI 1640 medium (Gibco; RPMI 1640 with L-
glutamine and without phenol red) supplemented with 0.5% bovine serum albumin
(BSA) for use in trogocytosis assays.

THP-1 (ATCC) human monocytes were cultured in RPMI 1640 medium (Gibco;
RPMI 1640 with L-glutamine and without phenol red) supplemented with 10% heat-
inactivated fetal bovine serum (Gibco), 100 U/ml penicillin, 100 ug/ml streptomycin and
0.05mM 2-mercaptoethanol. THP-1 monocytes were grown in T25 or T75 vented tissue
culture flasks at 37°C and 5% CO: and kept at a concentration of 8x10° cell/ml - 1x108
cells/ml. THP-1 cells were resuspended in RPMI medium supplemented with 0.5%
bovine serum albumin (BSA) for use in trogocytosis assays.

Human Raji B cells (ATCC) were cultured in RPMI 1640 medium (Gibco; RPMI

1640 with L-glutamine and without phenol red) supplemented with 10% heat-inactivated
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fetal bovine serum (Gibco), 100 U/ml penicillin and 100 yg/ml streptomycin. Raiji cells
were grown in vented T25 or T75 culture flasks and kept at a concentration of 4x10°
cells/ml - 3x108 cells/ml. Cells were grown at 37°C and 5% CO:2. Raji cells were
resuspended in RPMI medium supplemented with 0.5% bovine serum albumin (BSA)

for use in trogocytosis assays.

Trogocytosis Assays

Approximately 1.5 x 106 macrophages per sample were plated in 6 well plates
and were labeled with CellTracker green 5-chloromethylfluorescein diacetate (CMFDA;
Invitrogen) membrane dye at a concentration of ~370ng/ml for 15min at 37°C.
Macrophages washed and then placed in RPMI medium. Raji B cells were left untreated
or opsonized with 1ug/ml of a monoclonal mouse IgG1 antibody against human CD20
(InvivioGen; Anti-hCD20-mIgG1) for 30 minutes at 4°C. Media was removed from the
plated macrophages, and ~7.5 x 108 Raji B cells in RPMI medium were added to each
sample. Samples were incubated at 37°C. In some experiments Raji cells and
macrophages were co-incubated for 80 minutes and in others they were co-incubated
for 30 minutes. Following co-incubation Raji cells were washed off of macrophages and
ice cold EDTA at concentration of 2mM was added to the sample wells. Macrophages
were then collected using a cell scraper and placed in 1.5ml microtubes that had been
pre-coated with 1% BSA. Samples were fixed with 4% paraformaldehyde (PFA) for 30
minutes at room temperature. Samples were washed and blocked in 1x phosphate-

buffered saline (PBS) with 5% normal goat serum (Jackson ImmunoResearch
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Laboratories, Inc) for 30 minutes at 4°C. Next, samples were labeled with an anti-mouse
Alexa Fluor 647 secondary antibody (Jackson Immunoresearch Labs Inc.) at a 1:200
dilution for 30 minutes at room temperature. Samples were washed and resuspended in
1xPBS for imaging.

Prior to opsonization, Raji B cells were labeled with DiD membrane dye (AAT
Bioquest; DilC18(5)-DS) at 21 ug/ml for 5 minutes at 37°C and 10 minutes at 4°C, or left
unstained in some experiments. These samples did not receive secondary antibody.
Additionally, in some assays, Raji B cells were labeled with 1ug/ml of Hoechst 33342
(ThermoFisher Scientific).

In assays with cytochalasin D, Raji B cells and macrophages were pretreated
with DMSO at pl/ml or cytochalasin D at a final concentration of 20mM for 1 hour prior to
co-incubation. Additional, cytochalasin D and DMSO were present in sample media
throughout the assay.

For the biotinylating experiment, Raji B cells were biotinylated with EZ-Link Sulfo-
NHS-SS-Biotin (ThermoFisher Scientific) at 480 ug/ml in 1x PBS for 25 min at 4°C.
Following fixation, samples were labeled with Alexa Fluor 633 conjugated streptavidin

(Invitrogen) at 20 ug/ml for 1 hour at room temperature.

Imaging Flow Cytometry

Samples were run on an Amnis ImageStreamX Mark Il, and the CMFDA positive

macrophage population was collected. For analysis refer to figure S5.1.
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Fig. S5.1: Gating schemes used to analyze experiments. (A) Gates used to analyze CD20 and DiD
membrane transfer experiments. After gating on focused cells, single cells were identified by
brightfield area and aspect ratio. The “spot count” feature in Amnis IDEAS software was then used to
quantify patches CD20 or DiD on macrophages. (B) Gates used to analyze transfer of biotinylated
proteins. After gating on focused cells, single cells were identified by brightfield area and aspect ratio.
Next, whole B cells were excluded from the analysis by gating on the streptavidin population that
fluoresced less brightly. The “spot count” feature in Amnis IDEAS software was then used to quantify

patches of biotin/streptavidin on macrophages.
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Chapter 6
Generation of EnC2PK, EhAGCK1 and EhAGCK2 Mutants in Entamoeba
histolytica and Characterization of the Resulting Ingestion Phenotypes

Hannah W. Miller, Valeria Wang and Katherine S. Ralston
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Abstract

Entamoeba histolytica is responsible for the diarrheal disease amoebiasis.
Amoebic trogocytosis is a major virulence factor that contributes to human cell killing
and immune evasion. A mutant defective in trogocytosis would therefore be a valuable
tool for future study of E. histolytica infection and for further characterizing the
contribution of trogocytosis to tissue damage and immune evasion. We used RNAI to
generate EhC2PK, EhAGCK1 and EhAGCK2 knockdown mutants as these genes have
been reported to be involved in E. histolytica phagocytosis and trogocytosis. A mutant
silenced for EhC2PK displayed a trogocytosis defect at two of the time points tested and
was deficient in phagocytosis. Silencing of ENAGCK1 resulted in a clonal line lacking
trogocytosis defects and another with a trogocytosis defect at one time point tested.
Silencing of EhAGCK2 did not result in a trogocytosis defect compared to control
amoebae. While further research is required for creation of a mutant with a robust
trogocytosis phenotype, we have generated a mutant deficient in both trogocytosis and
phagocytosis and a mutant deficient in trogocytosis. These mutants could be used in
future studies to gain insights into the roles these forms of ingestion play in E. histolytica
biology such as acquisition of host membrane proteins or evasion from complement

lysis.
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Introduction

The parasite Entamoeba histolytica is responsible for diarrheal disease, colitis
and potentially fatal extraintestinal abscesses (1). Trogocytosis, or “cell nibbling”, is an
important virulence factor in this organism. Trophozoites (amoebae) are able to kill living
human cells by ingesting small bites, which leads to membrane disruption and cell
death (2). Furthermore, trogocytosis of human cells protects amoebae from complement
lysis, a critical function of host immunity (3) (chapter 3). It would therefore be of great
interest to generate an amoeba mutant defective in trogocytosis. Such a mutant would
be a valuable tool in better understanding the contribution of amoebic trogocytosis to
pathogenesis during amoebiasis.

The molecular mechanism of amoebic trogocytosis is not well defined (4).
Molecules that are known to be involved include: the Gal/GalNAc lectin, the C2-domain-
containing protein kinase EhC2PK, actin, phosphatidylinositol 3-kinase (PI3K), and
Entamoeba AGC family kinase 1 (EhRAGCK1) (4, 5). All of these with the exception of
EhAGCK1 are also involved in amoebic phagocytosis (4). Here, we attempted to create
trogocytosis mutants by using RNAi to silence EhC2PK, EhAGCK1 and EhAGCK2.

EhC2PK has been shown to be involved in the initial stages of phagocytosis. It
localizes to the phagocytic cups, where it binds to the calcium-binding protein
EhCaBP1, which then binds actin (6, 7). We have demonstrated that EhC2PK is also
involved in trogocytosis. An over-expression tetracycline-inducible kinase-dead point
mutant of EhC2PK displayed a reduced ability to perform trogocytosis on human cells

than control amoebae (2).
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EhAGCK1 and ERAGCK2 have been found to have roles in phagocytosis and
trogocytosis. Knockdown mutants silenced for EhnAGCK2 were defective in both
phagocytosis and trogocytosis, while mutants silenced for EhNAGCK1 exhibited only a
trogocytosis defect (5). ENAGCK2 localizes to both the phagocytic and “trogocytic”
cups, however, EhAGCK1 only localizes to the trogocytic cups (5).

We used a modern approach to RNAi silencing in E. histolytica to generate
EhC2PK, EhAGCK1 and EhRAGCK2 mutants. This method takes advantage of an
endogenously silent “trigger gene” and generates small RNAs that interfere with the
gene of interest (8). We found that silencing of EAC2PK resulted in a slight trogocytosis
defect and impaired phagocytosis. Silencing of EAAGCK1 resulted in a trogocytosis
defect in one clone, at one time point tested, but did not alter trogocytosis in another.
Finally, silencing of EAAGCK2 did not result in a trogocytosis phenotype. While
silencing of these genes did not result in strong ingestion phenotypes, the mutants that
we have generated could be used for further study of trogocytosis and phagocytosis in

E. histolytica.
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Results
Knock down of EhC2PK results in trogocytosis and phagocytosis phenotypes.
We have previously created a trogocytosis defect in E. histolytica by over-
expression of tetracycline-inducible kinase-dead EAC2PK (2). We asked if knockdown
of wild type ERC2PK would result in a similar phenotype. We created an RNAI silencing
construct for EhC2PK and generated mutant amoebae (Fig. 6.1A-B). Both
heterogenous and clonal lines were generated. Mutants transfected with the silencing
construct backbone served as a control. We verified silencing of EhC2PK at both the

mRNA and protein level (Fig. 6.1A-B).
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Fig. 6.2: Knock down of EhC2PK results in a trogocytosis phenotype. (A-B) Fluorescently
labeled amoebae silenced for EhC2PK or control amoebae were allowed to perform trogocytosis on
membrane labeled human Jurkat cells for 5 minutes, 20 minutes, 40 minutes, or 80 minutes. Ingested
human cell membrane was quantified by imaging flow cytometry. (A) % internalization of human cell
membrane. (B) Internalization data normalized to control amoebae. (C) % amoebae that fell into the
“trogocytosis high” gate. (D) Data from C normalized to control amoebae. (E) Internalization in mutant
clonal lines. (F) % amoebae that fell into the “trogocytosis high” gate in mutant clonal lines. (A-D)
Data are from 4-6 replicates from 3 independent experiments. (E-F) Data are from 2 replicates from
one independent experiment.

We allowed fluorescently labeled mutant and control amoebae to perform
trogocytosis on human Jurkat cells for increasing increments of time. Jurkat cells were
labeled with a membrane dye and ingested membrane material was quantified using
imaging flow cytometry (Fig. $6.1). We chose to quantify percent of amoebae that had
ingested human cell membrane as well as percent of amoebae that had performed a
high level of trogocytosis. Amoebic trogocytosis is highly variable between individual
experiments, so we also examined data normalized to the control amoebae. There was
no difference in overall internalization of human cell membrane between the H10 clone
and control amoebae (Fig. 6.2 A-B). However, when we examined the percentage of
amoebae that had performed a high level of trogocytosis, normalized data revealed a
slight trogocytosis defect after 20 minutes and 40 minutes of ingestion (Fig. 6.2 D). In
an initial experiment, other clonal lines performed similarly to the H10 clone (Fig. 6.2 E-
F).

Since EhC2PK is also involved in phagocytosis, we tested the H10 mutant for a
phagocytosis phenotype. Our initial findings revealed a significant defect for
phagocytosis of dead cytoplasm labeled Jurkat cells when we examined overall
ingestion (Fig. 6.3). However, these data are from one independent experiment and

more replicates are needed to verify these findings. Taken together, these data indicate
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that silencing of EhC2PK results in a slight trogocytosis defect and a more significant

phagocytosis defect. However, the resulting trogocytosis phenotype was not large, and

the phagocytosis data require additional independent replicates.
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Fig. 6.3: Knock down of
EhC2PK results in a
phagocytosis phenotype.
Fluorescently labeled
amoebae silenced for
EhC2PK or control amoebae
were allowed to perform
trogocytosis on cytoplasm
labeled human Jurkat cells for
5 minutes, 20 minutes, 40
minutes, or 80 minutes.
Human cell ingestion was
quantified by imaging flow
cytometry. (A) %
internalization of cytoplasm
dye. (B) Internalization data
normalized to control
amoebae. Data are from 2
replicates from 1 independent
experiment.

Knock down of EhNAGCK1 but not EAAGCK2 impairs trogocytosis.

We next sought to create mutants for EAAGCK1 and EhAGCK2 as EhAGCK1 is

reported to be involved in trogocytosis and EhAGCK2 in both trogocytosis and

phagocytosis (5). We attempted to use the RNAI “trigger gene” silencing construct

method to knock down these genes. We created silencing constructs that contained

portions of either EAAGCK1 or ENAGCK2 fused to a portion of the endogenously silent

“trigger gene” in order to generate small RNAs targeting the chromosomal copies of

EhAGCK1 or EnRAGCK2. Transfection with the EhAGCK?2 silencing construct resulted in

silencing of EhAGCK2 in the clonal line G7 (Fig. 6.4A). Interestingly, in a different clonal

line, C7, EAAGCK2 was expressed and EnAGCK1 appeared to be overexpressed by
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RT-PCR, though this method is not quantitative (Fig. 6.4A). As a control, we checked
for silencing of the related gene EhRAGCKS but found it to be expressed in both clones
(Fig. 6.4A). In a subsequent transfection we generated additional EhAAGCK2 clonal lines
and identified the clone F9 as being silent for EAAGCK2 but expressing ENAGCK1 at a
level comparable to wild type amoebae (Fig. 6.4B). Lastly, we generated clonal lines

that were silent for ENAGCK1 but expressed wildtype levels of EhRAGCK2 (Fig. 6.4B).
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When allowed to perform trogocytosis on Jurkat cells, the G7 EhAAGCK2 mutant
did not display a trogocytosis defect when compared to control amoebae (Fig. 6.5A-B).
In contrast to previous assays, only approximately 1-6% of amoebae fell into the
“trogocytosis high” population (data not shown). Therefore, we solely quantified overall

internalization of Jurkat membrane. The C7 clone also did not display a trogocytosis
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phenotype when compared to the G7 clone and control amoebae (Fig. 6.5C-D). The F9

EhAGCK2 knockdown clone generated independently a subsequent transfection also

did not display a trogocytosis defect (Fig. 6.6A-D). These results indicate that silencing

of ENAGCK2 using the RNAI “trigger gene” method does not result in a trogocytosis

phenotype.
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Fig. 6.5: Knock down of EAAGCK2 does not result in a trogocytosis phenotype. (A-D)
Fluorescently labeled amoebae silenced for EAFAGCK2 or control amoebae were allowed to perform
trogocytosis on membrane labeled human Jurkat cells for 5 minutes, 15 minutes, 30 minutes, 60
minutes, or 90 minutes. Ingested human cell membrane was quantified by imaging flow cytometry.
(A) % internalization of human cell membrane in the G7 EhAGCK?2 silent clonal line and control
amoebae. (B) Internalization data from A normalized to control amoebae. (C) % internalization of
human cell membrane in the G7 EhAGCK2 silent and C7 non-silent clonal lines and control
amoebae. (D) Data from C normalized to control amoebae. (A-D) Data are from 4 replicates from 2

independ

ent experiments.
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We next assayed mutants silenced for EhAAGCK1 for a trogocytosis defect.
Notably, all amoebae mutants, including the vector control, performed less trogocytosis
than wildtype amoebae (Fig. 6.6A-B). The A9 clone performed an equivalent amount of
trogocytosis as the vector control (Fig. 6.6A-B, E-F). However, the F10 clone exhibited
a small trogocytosis defect after 40 minutes of trogocytosis, though this was not
significant in the normalization data (Fig. 6.6G-H). These findings suggest that silencing

of EhRAGCK1 leads to a weak impairment of trogocytosis.
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Fig. 6.6: Knock down of EhNAGCK1 results in a weak trogocytosis defect. (A-H) Fluorescently
labeled amoebae mutants or control amoebae were allowed to perform trogocytosis on membrane
labeled human Jurkat cells for 0 minutes, 5 minutes, 20 minutes, 40 minutes, or 80 minutes. Ingested
human cell membrane was quantified by imaging flow cytometry. (A) % internalization of human cell
membrane in wildtype, mutants and control amoebae. (B) Internalization data from A normalized to
wildtype amoebae. (C) % internalization in the F9 ERAGCK2 clone and control amoebae. (D) Data
from C normalized to wildtype amoebae. (E) % internalization in the A9 EhAGCK1 clone and control
amoebae. (F) Data from E normalized to wildtype amoebae. (G) % internalization in the F10
EhAGCKI1 clone and control amoebae. (H) Data from G normalized to wildtype amoebae. (A-H) Data
are from 3-6 replicates across 3 independent experiments.
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Discussion

The pathogen E. histolytica uses trogocytosis for cell-killing as well as for
immune evasion (2, 3). It is therefore likely that trogocytosis aids in invasion,
dissemination, and tissue damage in the host during amoebiasis. A trogocytosis mutant
would be a valuable tool in studying its contribution to pathogenesis during E. histolytica
infection. EhC2PK and EhRAGCK2 are kinases that have reported roles in both amoebic
phagocytosis and trogocytosis (2, 5, 6). Mutants defective in these forms of ingestion
could be used to study varied aspects of E. histolytica survival in vitro. For example,
they could be used to study interactions with host immune cells, or acquisition of
nutrients by phagocytosis of bacteria. We therefore attempted to create ingestion
mutants by silencing these genes through RNA..

Knockdown of ERC2PK resulted in a trogocytosis defect at two time points tested
and a phagocytosis defect at all timepoints tested. However, as we only assayed for
trogocytosis performed, it is possible that we could have missed other changes at the
molecular level. It is possible that there is redundancy in the mechanism of amoebic
trogocytosis and therefore we can’t rule out a greater involvement of EhC2PK. Previous
use of an over-expression tetracycline-inducible kinase-dead EhC2PK point mutant
resulted in a more pronounced trogocytosis deficit than with RNAI (2). However, both
mutants displayed trogocytosis phenotypes after 20 minutes and 40 minutes of
ingestion (2). The high variability of ingestion in vitro of the RNAi EhC2PK mutants
combined with their slight trogocytosis phenotype makes them unsuitable for in vivo

studies. However, these mutants could be useful in studying these forms of ingestion in
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a more controlled environment such as in in vitro experiments. For example, the
EhC2PK mutant could be used to examine the contribution of phagocytosis of dead
human cells or trogocytosis of live human cells on complement resistance compared
with control amoebae.

Silencing of EhAAGCK2 did not result in an ingestion phenotype in contrast to
what others have found (5). Our data was highly variable, and a low percentage of
amoebae fell into the “trogocytosis high” gate compared with previous assays. In assays
with the EhAC2PK mutants roughly 10-50% of amoebae fell into the “trogocytosis high”
gate, while only approximately 1-6% did so in the EhAGCK2 experiments. Due to this
variability the lack of observed phenotype could simply be due to nonoptimal
experimental conditions. Likewise, though silencing of ENAGCK1 resulted in a weak
trogocytosis defect in one clone, it did not impair trogocytosis in another. It should also
be noted that the mutant amoebae generated in these assays performed less
trogocytosis than wild type amoebae. This is likely due that fact that they were
maintained under drug selection which we have observed can cause amoebae to grow
more slowly and appear less healthy in culture (data not shown).

Experiments that reported phenotypes in EhNAGCK1 and EhRAGCK2 mutants
relied on a different method of RNAI gene silencing. They utilized the clonal G3 strain of
Entamoeba which has been permanently silenced for amoebapore-A, and can be
further silenced for addition genes (5, 9). Ingestion was also quantified in different ways.
Absorbance of haem was measured in mutant amoebae that had performed

erythrophagocytosis. Furthermore, trogocytosis was assessed indirectly by measuring
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host cell monolayer destruction (5). These methods differ greatly from ours which
utilized imaging flow cytometry. Consequently, further study is needed to determine the
involvement of these genes in ingestion. However, our methods of quantifying
trogocytosis measured ingestion directly, while the previous experiments discussed did
so through indirect means. Therefore, our findings likely give a better understanding of
their involvement.

The EhC2PK, EhAGCK1 and EhRAGCK2 RNAi knockdown mutants that we have
generated did not display trogocytosis defects at all time points tested. However, a
variety of factors such as high experimental variability, lack of replicates, or
quantification methods could have contributed to our results. Additionally, there could be
redundancy in the mechanism of amoebic trogocytosis. It is possible that mutated
genes could be compensated for by the presence of other molecular pathways involve
in trogocytosis. It is also possible that other forms of genetic manipulation of these
genes may lead to more pronounced ingestion phenotypes. Additional work is needed
to generate an E. histolytica mutant with a robust trogocytosis defect. However, the
mutants we generated in this study could be useful in vitro for further examining the

roles of trogocytosis and phagocytosis in E. histolytica.

231



Materials and Methods
Cell culture

E. histolytica trophozoites (HM1: IMSS (ATCC)) were grown as described
previously (3, 10). Amoebae were cultured at 35°C in TYI-S-33 media supplemented
with 15% heat-inactivated adult bovine serum (Gemini Bio-Products), 80 Units/mL
penicillin and 80 pyg/mL streptomycin (Gibco), and 2.3% Diamond Vitamin Tween 80
Solution 40x (Sigma-Aldrich). Amoebae were cultured in unvented T25 tissue culture
flasks. When flasks reached 80-100% confluency, amoebae were harvested and
resuspended in M199s media (Gibco medium M199 with Earle’s Salts, L-Glutamine, 2.2
g/L Sodium Bicarbonate and without Phenol Red) supplemented with 5.7 mM L-
cysteine, 25 mM HEPES and 0.5% bovine serum albumin.

Human Jurkat T cells (ATCC; Clone E6-1) were grown were grown as described
previously (3, 10). Jurkat cells were cultured at 37°C and 5% CO2z in RPMI Medium
1640 (Gibco RPMI with L-Glutamine and without Phenol Red) supplemented with 10%
heat-inactivated fetal bovine serum (Gibco), 10 mM HEPES, 100 Units/mL penicillin and
100 pg/mL streptomycin. Jurkat cells were grown in vented T25 tissue culture flasks and
harvested between 5x10° and 2x108 cells/ml. Cells were resuspended in M199s media

for experiments.

Generation of EhC2PK silencing construct

Genomic DNA was isolated from amoebae grown to %80 confluency and purified

using the QIAquick PCR Purification Kit (QIAGEN). The first 533 base pairs of EhC2PK
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(Amoeba DB: EHI_053060) were then amplified with 6 additional nucleotides and Xmal
and Xhol restriction sites using the following primers: Forward: TAA GCA CCC GGG
ATG AGC CAT ATT AGT GCT AAA A, Reverse: TGC TTA CTC GAG ACT GCA ACA
CTA ACT CCA TCC). Restriction sites are shown in bold. Next, the EhNROM1 silencing
construct, made from a pEhEx plasmid backbone, and generated by Morf et al. as
described in (8) was modified to create the EhC2PK silencing construct. EAROM1 was
cut out of the ENROM1 silencing construct by Xmal and Xhol restriction enzyme digest.
The amplified EhC2PK PCR product was digested with the same enzymes and ligated
into the silencing construct, generating a plasmid with 132 base pairs of the trigger gene
EHI_048600 fused to the first 533 base pairs of EhC2PK. One Shot TOP10 Competent
E. coli were transformed, and positive colonies were screened by colony PCR. Primers
used were the same as those for amplification of ERC2PK. Plasmids with the correct

inserts were verified using Sanger sequencing.

Generation of EAAGCK1 and EhAGCK2 silencing constructs

In order to generate EhAGCK2 mutants, a trigger gene silencing construct to
EhAGCK2 was created. 514 base pairs of EAAGCK2 (5) at the 5’ end of the gene were
amplified from genomic DNA. 30 base pairs of homology to the silencing construct
backbone were added at either end of the PCR product during amplification. The
EhAGCK2 insert was amplified with the following primers: Forward: TTA AAA ACA
AAA ATT GCA GCATCA ACG CCC TCA GTT AAA ACA GGA TGG GGA, Reverse:

GTT TAA AAA AGA AGA GTT CAACTC GAGCCCTTT GTG ATAATACTACTT
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TTT CGG ATA ATA. Homology to the construct backbone is shown in bold. Next, the
silencing construct backbone was linearized by digest with the restriction enzyme Smal
and the amplified portion of ENAGCK2 was inserted using Gibson cloning using the
Gibson Assembly Ultra Kit (VWR).

The EhAGCK1 silencing construct was generated in the same manner. 512 base
pairs of ENAGCK1 (5) at the 5’ end of the gene were amplified from genomic DNA with
30 base pairs of homology to the silencing construct and cloned into the silencing
construct backbone. The EhAGCK1 insert was amplified with the following primers:
Forward: TTA AAA ACA AAA ATT GCA GCA TCA ACG CCC GAA GAG AAA ACA
CAA GGA TGG CTT, Reverse: GTT TAA AAA AGA AGA GTT CAA CTC GAG CCC
TTA GAG AGG ATA CGT CTT TCA GAC ATA G. Homology to the construct backbone
is shown in bold.

NEB 5-alpha Competent E. coli were then transformed with the silencing
constructs and positive colonies were screened by restriction digest. Correct plasmids

were confirmed by Sanger Sequencing.

Transfection of amoebae and mutant phenotyping

Amoebae were transfected with 20 ug of the silencing constructs using
Attractene Transfection Reagent (QIAGEN) as described previously ((3, 10)). Vector
control lines were generated by transfection the pEhEx-trigger construct backbone.
Transfectants were selected and maintained under selection with Geneticin

(ThermoFisher Scientific) at 6 pg/ml. Clonal lines were generated by limiting dilution in a
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96-well plate contained in a BD GasPak EZ Pouch System (BD Biosciences). Silencing
was confirmed with RT-PCR. For expression of EhC2PK the following primers were
used: Forward: GTC AAA AGA AAG GTG TTA GTC GA, Reverse: TGT GGA TCA ACA
ACA AGA CAC T. To check expression of ERAGCK1, EhAAGCK2, and EhAGCKS, the
following primers were used: EhAGCK1 Forward: AAC CAA GAA TAA GTA GTG TAC,
EhAGCK1 Reverse: TTC TAA TAA CAT AAC AAT ACA TTC, EhAGCK2 Forward: TAG
TAA TGA AGT AGA ACA TAT, EhAGCK2 Reverse: CAACTC CTG TTT TTA AAT
CAA, EhAGCKS3 Forward: TTA TAA GTC TAA AAT TAC TAC AGA AA, EhAGCKS3
Reverse: AAC TAA TAA CTC TTG AAT ACA ACG. Silencing of EhC2PK was also
validated by fluorescent western blot. Protein was extracted from mutant and vector
control amoebae and blots were blocked in 5% bovine serum albumin (BSA) and 5%
non-fat dry milk. EhC2PK was visualized using a rabbit polyclonal antibody to EhC2PK
(6) and an Alexa Fluor 680 rabbit secondary antibody (Invitrogen). Samples were

imaged on an Odyssey western blot scanner.

Ingestion assays

Trogocytosis assays were performed as described previously (2). Amoebae and
human Jurkat cells were washed and resuspended in M199 medium. Amoebae were
labeled with CellTracker Green (CMFDA,; Life Technologies) at 93 ng/ml for 10 minutes
at 35°C. Jurkat cells were labeled with Diic18(5)-Ds [1,1-Dioctadecyl-3,3,3,3-
Tetramethylindodicarbocyanine-5,5-Disulfonic Acid] (DiD: Assay Biotech) at 21 pyg/ml for

5 minutes at 37°C and 10 minutes at 4°C. Amoebae were washed and resuspended at
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4 x 105 cells/ml and Jurkat cells were washed and resuspended at 2 x 108 cells/ml for a
1:5 amoebae to Jurkat cell ratio. Next, amoebae and Jurkat cells were co-incubated for
5 minutes, 20 minutes, 40 minutes, or 80 minutes at 35°C. Samples were immediately
placed on ice after incubation and labeled with LIVE/DEAD Fixable Violet Dead Cell
Stain (Invitrogen) at 4 pl/ml for 30 minutes on ice. Samples were fixed with 4%
paraformaldehyde (PFA) for 30 minutes at room temperature and resuspended in 1 x
phosphate buffered saline (PBS).

In the phagocytosis assay, Jurkat cells were labeled with CellTracker Deep Red
(CTDR: Invitrogen) at a 1:1000 dilution for 30 minutes at 37°C. Next, Jurkat cells were
washed and resuspended at 2 x 10° cells/ml and heat-killed at 55°C for 15 minutes.
Heat-killed Jurkat cells and CMFDA labeled amoebae were treated in the same manner

as in trogocytosis assays.

Imaging flow cytometry
Samples were run on an Amnis ImageStreamX Mark Il and 10,000 events were

collected per sample. See figure S6.1 for the gating scheme used in analysis.

Statistical analysis

GraphPad Prism software was used to perform all statistical analyses and the
means and standard deviation values are displayed on all data plots. Analyses were
done using a Student’s unpaired t test (no significant difference was indicated by a P of

>0.05; *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001).
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Fig. 6.5: Gates used for quantifying ingestion in RNAi mutants. Focused cells were gated on
form total collected events. Next, cells were further separated from other events using the “spot
count” feature in Amnsi IDEAS software. Single amoebae were identified by aspect ratio and intensity
of CMFDA cytoplasm dye. Amoebae that had ingested Jurkat cells were then identified by max pixel
intensity of DiD membrane dye. Internalization of membrane material was quantified. Amoebae were
then identified as trogocytosis “high”, “medium” or “low” by examining bright detail intensity and max
pixel intensity of DiD membrane dye.
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Chapter 7
Concluding Remarks

Trogocytosis is an important eukaryotic process that serves many functions. It
occurs in both multicellular organisms as well as single celled microbes, though its
molecular mechanism has not been well defined. It is characterized by extraction and
ingestion of small pieces of living cells rather than whole cell engulfment as in
phagocytosis. Trogocytosis requires direct cell to cell contact, happens in a fast time
frame, and results in the transfer of proteins from one cell to another. Interestingly, it
has many functions, including a form of cell killing, a normal process during
development, a mechanism of cell to cell communication, and, in Entamoeba histolytica,
a tool for immune evasion.

The major studies presented in this dissertation show that the pathogen E.
histolytica acquires and displays human proteins through trogocytosis, establish
amoebic trogocytosis as a tool for evasion of human complement, and develop tools to
further study the trogocytic process in the future.

We have shown that E. histolytica acquires and displays biotinylated membrane
proteins through trogocytosis of human cells. Additionally, we demonstrate that
amoebae acquire MHC-1, CD59, and CD46 molecules. While we have demonstrated the
transfer of these specific proteins to amoebae via trogocytosis of human cells, likely,
amoebae acquire many additional membrane proteins that we did not assay for.

We establish that amoebae are protected from complement lysis by trogocytosis

of human cells, including human Jurkat T cells and primary red blood cells. Importantly,
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amoebae are only protected from lysis by trogocytosis of live cells but not phagocytosis
of dead cells. Trogocytosis inhibits deposition of the complement protein C3b. Amoebic
protection from complement by trogocytosis appears to involve the acquisition of
multiple redundant complement regulators as loss of one or two complement regulatory
proteins does not decrease conferred protection. In further support of this hypothesis,
amoebae made to exogenously express human CD46 or CD55 are protected from
complement.

Finally, we developed tools to further study trogocytosis in the future. We
optimized a protocol for quantification of trogocytosis in mammalian macrophages that
could be used to test unanswered questions about trogocytosis between immune cells.
We also generated E. histolytica mutants with trogocytosis and phagocytosis defects
that could be used to further study these processes in amoebae. One mutant was
deficient in both forms of ingestion. This highlights the large overlap between
trogocytosis and phagocytosis genes in E. histolytica. Relatively little is known about the
molecular mechanisms of phagocytosis and trogocytosis in E. histolytica. It is therefore
of great interest to continue to identify genes involved in these two forms of amoebic
ingestion.

In conclusion, our work has shed light on aspects of trogocytosis that were
previously unknown. While protein transfer via trogocytosis has been well documented
in mammalian immune cells, we are the first to demonstrate it in a eukaryotic pathogen.
We are also the first to establish trogocytosis as a mechanism for evasion of

complement lysis, thus uncovering a novel mechanism by which a pathogen evades
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complement. Our findings further the knowledge of this eukaryotic process and open up

additional avenues for future research.
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