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Summary

Summary

Infection with the protozoan parasite Entamoeba histolytica (E. histolytica) is the cause of amebiasis.
While most intestinal infections remain asymptomatic, a minority result in invasive disease. Invasive
amebiasis, particularly amebic liver abscess (ALA) formation, occurs predominantly in adult men. An
underlying immunopathology, crucially mediated by pro-inflammatory Ly6C" monocytes, is known to
contribute to liver damage in the murine model for the disease and differs between males and females.
The mechanisms behind the switch from asymptomatic colonization to parasite invasion are
incompletely understood to date. In order to investigate the interaction of the parasite with the host
immune system, extracellular vesicles (EVs) as communicators between host and parasite were the
focus of this study. EVs are membranous vesicles released by cells into their environment that contain
protein, lipids, micro RNAs (miRNAs), and other types of cargo. They are involved in intercellular
communication and pathogen-derived EVs have been demonstrated to modulate the host immune
response in the context of a variety of infectious diseases. E. histolytica EVs and their effects on primary
murine monocytes in vitro were studied here.

EVs were isolated from amebic clones of differing pathogenicity (low pathogenic Al and highly
pathogenic B2) and characterized with regard to their size, as well as protein and miRNA content. Mass
spectrometry and miRNA sequencing revealed differences in the respective cargo between EVs of the
two clones that may play a role in pathogenicity. Analysis of the proteome obtained by mass
spectrometry showed that E. histolytica EVs contained known pathogenicity factors (such as
galactose/N-acetylgalactosamine (Gal/GalNac) lectin and the cysteine peptidase (CP) EhCP-A5) and
were enriched in transmembrane and signaling proteins. Furthermore, de novo miRNA prediction
revealed novel mature E. histolytica miRNAs that were present in EVs.

Stimulation of male and female primary murine monocytes with EVs in vitro resulted in a pro-
inflammatory response independent of pathogenicity of the corresponding amebic clone. This was
characterized by an increase in the secretion of pro-inflammatory cytokines TNFa, IL-18, IL-6, and IL-
12p40, as well as the chemokines CCL3, CXCL1, and CXCL10, which was partially ablated upon heat
inactivation of B2 but not A1 EVs. In addition, EV-stimulated monocytes expressed higher levels of the
activation marker CD38 on their surface compared with negative controls. Transcriptome analysis
revealed that EV stimulation resulted in activation of key immune pathways, including TLR, TNF, and
NF-kB signaling in both male and female monocytes. While the gene expression patterns induced by
EV stimulation were similar between male and female monocytes, some sex-specific differences could
be detected, for example in the expression of Lhfpl2. Stimulation with Al EVs triggered increased
secretion of the granular enzyme myeloperoxidase by monocytes, an effect not observed after B2 EV
stimulation. The same was observed in peripheral neutrophils.

In summary, it was shown that A1 and B2 clones of E. histolytica release EVs containing immunogenic
molecules that activate male and female monocytes, resulting in a pro-inflammatory phenotype.



Zusammenfassung

Zusammenfassung

Die Infektion mit dem protozoischen Parasiten Entamoeba histolytica (E. histolytica) ist der Ausloser
der Amobiasis. Wahrend die meisten intestinalen Infektionen asymptomatisch verlaufen, fihrt eine
Minderheit zum Ausbruch der Erkrankung nach Invasion des Parasiten. Die invasive Amobiasis,
insbesondere der Amdbenleberabszess (ALA), tritt haufiger bei Madnnern als bei Frauen auf. Eine
maRgeblich durch pro-inflammatorische Ly6C" Monozyten vermittelte Immunpathologie liegt dem
ALA im Mausmodell zugrunde und ist in Mannchen und Weibchen unterschiedlich ausgepragt. Es ist
noch nicht ganzlich geklart, welche Faktoren dazu beitragen, dass aus einer asymptomatischen
intestinalen Kolonisierung eine invasive Krankheit entsteht. Um die Interaktion des Parasiten mit dem
Immunsystem des Wirts besser zu verstehen, wurden in dieser Arbeit extrazelluldre Vesikel (EV) als
Mediatoren der interzellularen Kommunikation untersucht. EV sind von Zellen freigesetzte
Membranvesikel, die Proteine, Lipide, Mikro-RNAs (miRNAs) und weitere Molekiile enthalten. Es
konnte bereits gezeigt werden, dass EV verschiedener Krankheitserreger die Immunantwort des Wirts
zu ihrem Vor- oder Nachteil modulieren kénnen. In dieser Studie wurden die EV von E. histolytica und
ihre Wirkung auf primare murine Monozyten in vitro untersucht.

Zwei verschiedene E. histolytica Klone unterschiedlicher Pathogenitat (niedrig pathogener Klon A1 und
hoch pathogener Klon B2) wurden zur Isolation von EV genutzt und diese anschlieBend hinsichtlich
ihrer GroBe sowie ihres Protein- und miRNA-Gehalts charakterisiert. Durch die Nutzung von
Massenspektrometrie und miRNA-Sequenzierung konnten Unterschiede in der Zusammensetzung der
EV zwischen den beiden Klonen detektiert werden, die moglicherweise im Kontext der Pathogenitat
eine Rolle spielen. Die Analyse des Proteoms zeigte, dass die EV von E. histolytica bekannte
Pathogenitatsfaktoren enthalten (wie zum Beispiel das Galactose/N-Acetylgalactosamin (Gal/GalNac)
Lektin und die Cysteinpeptidase (CP) EhCP-A5) und mit Transmembran-, sowie Signalproteinen
angereichert sind. Dariiber hinaus konnten neue E. histolytica miRNAs bioinformatisch identifiziert
werden.

Die Stimulation mannlicher und weiblicher primadrer muriner Monozyten mit EV in vitro fihrte zu einer
pro-inflammatorischen Reaktion unabhangig von der Pathogenitat des entsprechenden Amébenklons.
Diese war durch einen Anstieg der Sekretion der pro-inflammatorischen Zytokine TNFa, IL-1B, IL-6 und
IL-12p40 sowie der Chemokine CCL3, CXCL1 und CXCL10 gekennzeichnet. Die Hitzeinaktivierung von
B2 EV fiihrte zum teilweisen Verlust dieses Effekts, nicht aber die Hitzeinaktivierung von Al EV.
Weiterhin waren EV-stimulierte Monozyten im Vergleich zu Negativkontrollen durch eine hdhere
Oberflachenexpression des Aktivierungsmarkers CD38 gekennzeichnet. Analyse des Transkriptoms
ergab, dass die EV-Stimulation zur Aktivierung wichtiger immunologischer Signalwege sowohl in
mannlichen als auch weiblichen Monozyten fiihrte. Betroffen waren unter anderem die TLR-, TNF- und
NF-kB-Signalwege. Obwohl die durch EV-Stimulation in mannlichen und weiblichen Monozyten
induzierten Genexpressionsmuster groBe Ahnlichkeiten aufwiesen, konnten geschlechtsspezifische
Unterschiede in der Expression einzelner Gene, beispielsweise Lhfpl2, festgestellt werden. Des
Weiteren |6ste die Stimulation mit EV des Klons Al eine erhohte Freisetzung des granularen Enzyms
Myeloperoxidase durch Monozyten aus, welches nach Stimulation mit B2 EV nicht der Fall war.
Derselbe Effekt wurde bei peripheren Neutrophilen beobachtet.



Zusammenfassung

Zusammenfassend wurde gezeigt, dass E. histolytica Klone Al und B2 EV freisetzen, welche
immunogene Molekiile enthalten und eine aktivierende Wirkung auf mannliche und weibliche
Monozyten ausiben, die durch einen pro-inflammatorischen Phanotyp charakterisiert ist.
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Introduction

1 Introduction

1.1 The innate immune system

The mammalian immune system can be generally divided into two branches: the innate and the
adaptive immune system. While innate immune responses are mounted fast in response to an invading
pathogen, the adaptive immune response is elicited later but more specific to the pathogen’s antigens.
Mechanisms of the adaptive immune response include production of antigen-specific antibodies and
memory formation, which allows a more rapid and efficient response upon renewed contact with a
pathogen after an initial infection. Although many cells are distinctly associated with either innate or
adaptive immunity, the two branches do not function completely separately. For example, dendritic
cells (DCs), which phagocytose pathogens and present antigens to cells of the adaptive immune
system, serve as a bridge between innate and adaptive immunity?.

Hematopoietic cells of the immune system are macrophages, monocytes, natural killer (NK) cells,
natural killer T (NKT) cells, mast cells as well as neutrophilic, eosinophilic and basophilic granulocytes?.
Effector mechanisms of innate immune cells include the phagocytosis of pathogens, the release of
cytokines and enzymes with microbicidal activity and degranulation®.

Release of cytokines and chemokines by cells at the site of infection is an important first step for the
recruitment of innate immune cells. Tumor necrosis factor (TNF) a, interleukin (IL-) 1 and IL-6 are some
of the first cytokines released during an inflammatory response that contribute to cell recruitment?.
Innate immune cells recognize pathogen-associated molecular patterns (PAMPs), conserved structures
present on the surface of pathogens, via pattern recognition receptors (PRRs), for example toll-like
receptors (TLRs), nucleotide-binding oligomerization domain (NOD)-like receptors, or scavenger
receptors?. In addition, they can recognize damage-associated molecular patterns (DAMPs), molecules
released by cells during infection or cell death?. Binding to PRRs initiates a signaling cascade, which
results in the release of mediators such as cytokines to combat pathogens®.

This thesis focuses on cells of the innate immune system, which are introduced in further detail below.
It should be noted that the innate immune system comprises not only a cellular, but also a humoral
component. An important part of this is the complement system, a network of proteins that identify
and opsonize invading pathogens, thus aiding with recognition by phagocytic cells and subsequent
clearance of the pathogen.
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1.1.1 Monocytes

Monocytes are mononuclear cells that arise from myeloid precursor cells in the bone marrow and
emigrate into the bloodstream, where they constitute 10 % of circulating nucleated immune cells in
humans and 4 % in mice*”’. In addition, a reservoir of monocytes is present in the spleen, from where
they can be rapidly recruited to sites of infection or inflammation®. Monocytes have different functions
not only in infection and inflammation, but also in homeostasis.

1.1.1.1 Monocyte subsets in mice and humans

In mice, two main types of monocytes are distinguished primarily based on their expression of
lymphocyte antigen 6 C (Ly6C) (Figure 1). Classical monocytes expressing high amounts of Ly6C
(‘Ly6C"") are recruited to sites of infection, where they release for example pro-inflammatory cytokines
and differentiate into M1 macrophages®. Ly6C" monocytes are typically characterized by high
expression of the CC chemokine receptor (CCR) 2411, |nteraction of CCR2 with CC chemokine ligand
(CCL) 2 is required for egress from the bone marrow and recruitment to infected and inflamed tissues®2.
In addition, classical monocytes exhibit high expression of cluster of differentiation (CD) 62L, which is
also involved in monocyte migration®. Monocytes with low expression of Ly6C (‘Ly6C'*‘), also called
non-classical monocytes, patrol the vasculature, remove cell debris, and repair the endothelium?.
Ly6C"° monocytes express lower levels of CCR2 than Ly6C" monocytes but comparatively higher levels
of CXsC motif chemokine receptor (CXsCR) 1*#1%11, They also express the integrin lymphocyte function-
associated antigen 1 (LFA-1), which, together with CX3CR1, is involved in crawling along the
endothelium during patrol”®'3. Furthermore, Ly6C"° monocytes do not express CD62L but the
glycoprotein CD43% Multiple studies have demonstrated that Ly6C"° monocytes arise from Ly6C"
monocytes, however, evidence also suggests development in the bone marrow without a prior Ly6C"
stage®°. Ly6C" monocytes are able to differentiate into M2 macrophages®*3. Both Ly6C" and Ly6C"
monocytes express the myeloid marker CD11b. The existence of a Ly6C™ monocyte population with
intermediate expression of the marker Ly6C, high expression of CX5CR1 and pro-inflammatory
characteristics has also been described in mice®*°.

In humans, monocytes are distinguished based on their expression of CD14 and CD16. Classical
monocytes are CD14°CD16", intermediate monocytes are CD14*CD16" and non-classical monocytes are
CD14"°CD16*°, Like murine monocytes, classical human monocytes are characterized by high
expression of CCR2 and low expression of CXsCR1 and vice versa for non-classical monocytes®. Human
monocyte subsets are phenotypically and functionally equivalent to their murine counterparts.

It should be noted that several studies have identified other monocyte subsets with different functions,
particularly through single-cell techniques such as flow cytometry or single-cell RNA sequencing®415,
For example, a population of classical monocytes with neutrophil-like properties expressing high
amounts of granular enzymes has been found in micel®. Moreover, monocytes with gene signatures
resembling neutrophils have been described in both mouse and human lung tumors and blood?’.
Hence, monocytes are clearly more heterogeneous than illustrated by the categorization into two or
three types in mice and humans. Nevertheless, for the purpose of this study, the simple nomenclature

of Ly6C" and Ly6C' monocytes will be used.
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Figure 1: Ly6C" and Ly6C'® murine monocyte subsets.

Murine monocytes are distinguished into two main subsets based on their expression of Ly6C. Monocytes with high expression of Ly6C
(‘Ly6CM) are characterized by high amounts of CCR2, CD62L and low amounts of CX3CR1. In turn, monocytes with low expression of Ly6C
(‘Ly6C"’) express high amounts of CXsCR1 and low amounts of CCR2. They furthermore express CD43 and LFA-1. Both monocyte subsets are
positive for the myeloid marker CD11b. Ly6C" monocytes are so-called classical monocytes that exhibit pro-inflammatory functions. Non-
classical Ly6C'® monocytes are associated more with an anti-inflammatory phenotype and involved in patrol of vasculature and tissue repair.
Based on Zimmermann et al.’. Figure created with BioRender.

1.1.1.2 Monocyte function

Monocytes were long thought to primarily serve the replenishment of the macrophage compartment
due to their ability to differentiate into these cells. However, studies have shown that tissue-resident
macrophage populations can also be replenished locally and not only by circulating monocytes®.

The cytokine milieu surrounding monocytes is critically important for their differentiation. While
presence of interferon (IFN)-y, IL-1B, and TNFa promotes the development of M1 macrophages, IL-4,
IL-10, IL-13, and transforming growth factor (TGF)-B promote polarization into M2 macrophages'®22,
M1 macrophages are pro-inflammatory and promote T helper 1 immune responses, whereas M2
macrophages promote T helper 2 responses and contribute to the resolution of inflammation?¥22, In
addition, monocytes can give rise to TNF/inducible nitric oxide synthase (iNOS) producing DCs (Tip-

DCs) during infection??,

Monocytes also possess several effector mechanisms independent of their polarization into another
cell type. Ly6C" monocytes that extravasate into tissues during infection and inflammation contribute
to pathogen killing by the release of cytokines and other mediators, as well as phagocytosis?*. Among
the molecules released by activated monocytes to combat an infection are large amounts of reactive
oxygen species (ROS), nitric oxide (NO), complement factors, and cytokines like TNFa, CCL3, IL-1B, IL-
6, and IL-107?*. Release of chemokines by monocytes also results in chemoattraction of other immune
cells to infection and inflammation sites, for example neutrophils. In addition, monocytes have
azurophilic granules for the storage of microbicidal mediators such as myeloperoxidase (MPQ), which
are released during degranulation®.

As mentioned above, Ly6C"° monocytes are generally described to patrol the vasculature and
contribute to tissue repair in steady state. Nevertheless, these monocytes can also egress into infected
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tissues. During Listeria monocytogenes infection, Ly6C'° monocytes were shown to exhibit a rapid but
transient inflammatory response and release TNFa®3,

Although the formation of extracellular DNA traps to capture pathogens is associated mainly with
neutrophils (see below, 1.1.2), monocytes are also able to form monocyte extracellular traps (METs)

26,27

to fight infection*>*’. Furthermore, monocytes contribute to adaptive immunity through antigen

presentation to T cells®.

1.1.2 Neutrophils

Neutrophils are polymorphonuclear granulocytes, meaning they are characterized by a high amount
of protein-containing granules?®. They are synthesized in the bone marrow in a process called
granulopoiesis and their egress into the bloodstream is tightly regulated, particularly by signaling
through CXC motif chemokine receptor (CXCR) 2 and CXCR4%%%, Neutrophils are the most abundant
leukocyte in circulation, constituting approximately 50 — 70 % of all nucleated cells in humans and
10-25 % in mice®. They are short-lived cells with a rapid turnover and circulate only for around
6 — 8 h%. Neutrophils are typically the first cells rapidly recruited to the site of infection and employ
several effector mechanisms for the elimination of pathogens, including phagocytosis, neutrophil
extracellular trap (NET) formation, and degranulation32, Degranulation refers to the process of
releasing granule cargo either into the phagosome or extracellular space®’. Neutrophils possess
different types of granules, out of which azurophilic granules contain the most toxic and proteolytic
cargo, such as MPO or elastase, capable of destroying a vast range of extracellular matrix proteins32.
During the release of NETs, called NETosis, neutrophils release DNA and granular proteins like MPO to
entrap pathogens extracellularly and aid in their killing*2. NET formation is likely a mechanism
employed to combat pathogens that are too big for phagocytosis®3. Neutrophils also release high
amounts of ROS and reactive nitrogen species (RNS) during respiratory burst?®32, Through the release
of the aforementioned components neutrophils not only contribute to pathogen killing but also inflict
damage on host tissue and are involved in a number of acute or chronic inflammatory diseases?3*,

Furthermore, neutrophils influence tumor development during cancer and influx of neutrophils into
tumors has been associated with worse prognosis?®%. Studies on tumor-associated neutrophils (TANs)
have shown a dual role for these cells and revealed previously unknown diversity and plasticity of
neutrophils?>3>. Similar to the classification of polarized macrophages into M1 and M2 macrophages,
N1 and N2 TANs have been described®*3>. While N2 TANs exert pro-tumor functions through the
promotion of cell proliferation, angiogenesis, and metastasis, N1 TANs are associated with anti-tumor
activity through direct killing of tumor cells or promotion of T cell-mediated tumor immunity?%34,

During infection, neutrophils interact with other immune cells such as monocytes or DCs to coordinate
pathogen killing. Through the release of chemokines like CCL2 and CCL3, neutrophils lead to the
recruitment of monocytes, which, in turn, can also release chemokines for recruitment of more
neutrophils®. Furthermore, cytokine release by neutrophils can lead to activation and differentiation
of T cells?. In addition to the role of cytokines in their recruitment or the interaction of neutrophils
with other immune cells, neutrophils can also release a number of pro- or anti-inflammatory cytokines
that directly act in physiological or inflammatory processes®.
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Murine neutrophils are characterized primarily by their expression of Ly6G, which distinguishes them
from Ly6G” monocytes, together with the myeloid marker CD11b, and Ly6C (CD11b*Ly6G*Ly6C™)37=39,
Human neutrophils are characterized by the expression of CD15, CD16 and CD66b and distinguished
from monocytes by a lack of CD14 (CD14 CD15*CD16*CD66b*)*.

1.2 Amebiasis

1.2.1 Entamoeba histolytica — life cycle and associated pathophysiology

Entamoeba (E.) histolytica is a unicellular protozoan parasite and the causative agent of the disease
amebiasis. E. histolytica was first described in 1875 by Fedor Losch as the cause of dysentery in a
patient*® and given its name by Fritz Schaudinn in 1903 based on the parasite’s ability to lyse tissue
(‘histolytica’)*. Its simple, two-stage life cycle is illustrated in Figure 2.

Infection occurs primarily by ingestion of food or water contaminated with fecal matter, but can also
occur through person-to-person contact*®*2, Sexual transmission has been predominantly, but not
exclusively, reported among men who have sex with men***, The parasite is taken up by the human
host as a quadrinucleated cyst that can withstand the gastric acid. Cysts excyst in the small intestine,
releasing trophozoites that colonize the intestinal tract and multiply by binary fission. Trophozoites
can eventually encyst and be passed with stool again®®4,

Most infections are asymptomatic, but in an estimated 10 % of cases the parasite becomes invasive,
causing disease?’. Trophozoites can invade the intestinal mucosa, causing amebic dysentery or amebic
colitis characterized by inflammation and ulceration of the intestinal tissue. Patients with intestinal
amebiasis typically experience pain, weight loss, and bloody or watery diarrhea®’. The symptoms of
amebic colitis mimic those of inflammatory bowel disease, and if misdiagnosed as such and treated
with corticosteroids, the risk of developing fulminant amebic colitis, which is associated with high
morbidity and mortality, is high?. Upon reaching the bloodstream, the parasite can disseminate to
other organs, predominantly the liver, causing extraintestinal disease. Parasite invasion into the liver
causes the formation of amebic liver abscess (ALA) that is lethal to humans if left untreated. Symptoms
of ALA include weight loss, right upper quadrant pain, tenderness, and fever. Onset of symptoms may
occur weeks, months, or even years after infection’. Hepatic amebiasis occurs in about 1 % of
amebiasis cases®. Extraintestinal amebiasis in other organs such as brain or skin is rare and occurs
almost exclusively in conjunction with ALA%4> Secondary symptoms of ALA rupture may include
pleuropulmonary amebiasis*®*>. Amebic brain abscesses occur almost exclusively in ALA patients, are
very rare and exhibit high mortality rates*”*8, Extraintestinal amebiasis is observed primarily in patients
without concurrent intestinal infection®.
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Invasive Amebiasis

Figure 2: Life cycle of the protozoan parasite Entamoeba histolytica.

Infection occurs through the ingestion of cysts present in fecally contaminated food or water or through person-to-person contact (1). Cysts
travel through the digestive tract and can withstand the gastric acid. In the small intestine, cysts excyst, releasing trophozoites (2), which can
reproduce by binary fission (3) and colonize the intestinal tract. Trophozoites can eventually encyst again (4) and be passed with stool (5). In
a minority of infections, the parasite becomes invasive (panel on the right). Invasion of the intestinal mucosa leads to amebic dysentery and
amebic colitis (6). Parasites that reach the circulation can disseminate to other organs, predominantly the liver, where they cause amebic
liver abscess formation (7).4%4 Figure created with BioRender.

1.2.2 Epidemiology of E. histolytica infection

E. histolytica is endemic to parts of Central and South America, Africa, and Asia and is one of the most
common pathogens detected in international travelers returning from endemic countries***°, Several
publications report that an estimated 500 million people are infected worldwide. However, many of
these are likely colonized by the commensal E. dispar and not E. histolytica, which also complicates the
calculation of the percentage of infections resulting in disease®. Infection with E. histolytica resulting
in amebic colitis is a leading cause of diarrhea worldwide and among the top 15 causes of diarrhea in
small children®?°, Diarrhea is one of the main causes of death in children under the age of 5°2. 1n 2013,
11,300 deaths were reported after infection with E. histolytica, a decrease of 39.1 % compared to the
death rate in 1990°%°*, Just three years earlier in 2010, the amount of deaths associated with amebiasis
were 55,500°2. Based on the global burden of disease study 2016 data, it was estimated that more than
26,000 people died of amebiasis in 2016°°. Nonetheless, current knowledge of the prevalence and
disease burden of amebiasis is scarce due to limitations for diagnostics and surveillance in endemic
countries as well as heterogeneity of study design*’.. Some reports have shown seroprevalence as high
as 42 % in a rural area in Mexico®, but it should be noted that patients test positive for years after the

infection, and it is thus difficult to distinguish current from past infections based on seroprevalence®”*8,
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1.2.3 Diagnosis and treatment of amebiasis

Stool microscopy, serological studies, antigen detection (for example via enzyme-linked
immunosorbent assay (ELISA)), or polymerase chain reaction (PCR) on stool samples are employed for
diagnosis of infection®. Morphologically, E. histolytica is not distinguishable from three other
Entamoeba species, E. moshkovskii, E. dispar, and E. bangladeshi, of which the first is also associated
with diarrhea, while the other two are considered non-pathogenic, even though this notion might not
be entirely correct for E. dispar*>>°. Furthermore, many ALA patients present without concurrent
gastrointestinal infection®?. Hence, diagnostic methods other than stool microscopy are recommended
if available. PCR diagnosis is currently considered the gold standard but may not always be available in
resource-limited settings. Computer tomography or magnetic resonance imaging are employed for the
diagnosis of ALA%,

There is currently no vaccine available to prevent infection with E. histolytica. Disease prevention relies
on provision of access to sanitation and clean drinking water. Patients with symptomatic disease are
treated with nitroimidazoles (metronidazole or tinidazole), followed by Iuminal agents such as
paromomycin or iodoquinol for the elimination of remaining trophozoites and cysts in the intestinal
lumen*8%81 Asymptomatically infected people are treated with luminal agents to prevent outbreak
of invasive disease and further spread of the parasite*®®2, Significant side effects are associated with
the treatment with metronidazole and although resistance has not been detected in E. histolytica yet,
descriptions of clinical resistance to metronidazole treatment in protozoan parasites of the genera
Giardia and Trichomonas call for the development of alternative treatment options®.

1.2.4 E. histolytica pathogenicity factors and intestinal invasion

During colonization of the host intestine, E. histolytica must establish host tolerance in order to survive
as a commensal®2. Symptomatic disease only occurs upon loss of tolerance, resulting in the invasion of
the parasite into the intestinal mucosa. To this date, the mechanisms behind onset of invasive disease
as opposed to asymptomatic intestinal colonization remain incompletely understood. Changes in the
microbiota of symptomatic patients in comparison with asymptomatic carriers have been reported,
suggesting a possible involvement of dysbiosis in the onset of disease®. Additionally, genetic
differences between parasites isolated from asymptomatic carriers, dysenteric patients, and ALA
patients were detected in another study, indicating a correlation between parasite genotype and
disease outcome®. Nevertheless, it has been well studied what happens when the parasite becomes
invasive, and several pathogenicity factors have been identified.

The mucus layer of the intestine constitutes the first barrier for the invasion of E. histolytica, which the
parasite breaks down through the secretion of glycosidases and cysteine peptidases (CPs), particularly
EhCP-AS5, that can cleave mucin and also contribute to breaking down the extracellular matrix®2%°,
Adherence of amebic trophozoites to host epithelium is essentially mediated by galactose/N-
acetylgalactosamine (Gal/GalNac) lectin, which binds to Gal or GalNac on the cell surface, but also
involves further proteins such as a 112 kDa adhesin and a metalloprotease® %8, The release of the
membranolytic amebapore peptides results in the formation of pores in lipid bilayers of host cells, thus
conferring cytolytic activity to the parasite®®®®, Parasites further disrupt tight junctions and induce
apoptosis in host cells by activation of caspase 3 to facilitate invasion’%’?. Dead cells are phagocytosed
by amebic trophozoites to evade detection by the immune system and clear the way for invasion’?.
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Furthermore, trogocytosis contributes to the destruction of the host epithelium, a process in which
trophozoites ingest small pieces of living host cells, thereby killing them and facilitating trophozoite
invasion’. In addition to the degradation of mucus, CPs are involved in tissue destruction, and
overexpression of genes encoding for CPs has been shown to convert non-pathogenic amebae into
pathogenic amebae, highlighting the importance of this protein family’*.

The damage induced by E. histolytica during invasion elicits a pro-inflammatory response by host cells,
leading to chemoattraction of immune cells®2. Release of prostaglandin E2 by amebae, which is
involved in disruption of tight junctions, elicits increased secretion of IL-8 by host epithelial cells, which
functions as a chemoattractant for neutrophils and macrophages®” 7576, Recognition of Gal/GalNac
lectin and lipopeptidophosphoglycan (LPPG) on the surface of amebae through TLRs 2 and 4 on the
surface of epithelial cells plays a pivotal role in the activation of Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) signaling leading to the pro-inflammatory response”’. Antibody-
mediated inhibition of LPPG prevents invasive amebiasis, highlighting the importance of this molecule
in virulence’®. Mediators released by recruited immune cells at the site of infection, such as ROS and
NETs among others, contribute to tissue damage during inflammation®*7”7°, In addition, E. histolytica
can lyse neutrophils, thus contributing to the release of toxic mediators that result in tissue damage®.

E. histolytica possesses several mechanisms to combat the immune response during invasion. CPs are
able to cleave and thus deactivate complement, as well as immunoglobulin A (IgA) and 1gG*8081,
Furthermore, the surface of trophozoites is covered by a glycocalyx, of which LPPG is a major
component, which functions as a physical barrier for complement®*®, In addition, a region within the
170 kDa heavy chain of the Gal/GalNac lectin exhibits antigenic cross-reactivity with human CD59 and
thus inhibits the complement membrane attack complex®. Surface molecules that have been
recognized by the host immune system can be disposed of by the parasite in a process called surface
receptor capping®. Expression of a superoxide dismutase (SOD) allows the parasite the detoxification
of superoxide released during oxidative burst primarily of neutrophils®?2. Parasites that enter the
circulation to travel to other organs must further survive not only attacks by the host immune system,
but also the exposure to oxidative stress, as E. histolytica is an anaerobic or microaerophilic organism.
In addition to SOD, the parasite therefore possesses several proteins that confer resistance to oxidative

stress, such as peroxiredoxin or thioredoxin’”788,

1.2.5 Immune response during hepatic amebiasis

In the liver, E. histolytica employs many of the proteins already described in the context of intestinal
invasion in order to destroy epithelial cells, hepatocytes and liver-resident macrophages (Kupffer cells),
such as glycosidases and CPs””. EhCP-AS5 is particularly involved in ALA formation®. Apart from tissue
destructing parasitic pathogenicity factors, the host immune response, elicited in order to control the
infection, is also known to contribute to liver damage (Figure 3).

Infection of the liver by amebic trophozoites elicits a rapid influx of neutrophils as the first wave of
infiltrating immune cells, which is later followed by monocytes and macrophages®*°°2, Control of E.
histolytica presence is critically mediated by IFN-y secreting NKT cells activated by LPPG on the surface
of trophozoites®™**. IFN-y activates M1 macrophages, which release pro-inflammatory molecules like
TNFa, ROS and iNOS77°>%8, Nitric oxide (NO) produced by iNOS inhibits amebic pathogenicity factors
such as CPs®. Liver-resident macrophages (Kupffer cells) also release TNFa’’. These molecules

8
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contribute to parasite killing but also to tissue damage’”°1. Parasite-induced tissue damage leads to
the secretion of further cytokines by liver cells, including hepatocytes, that recruit immune cells to the

site of infection®101,

Release of CCL2 by cells at the site of infection, which is amplified by the IL-23/IL-17 immune axis®>1%,
leads to recruitment of Ly6C" monocytes expressing CC chemokine receptor (CCR) 2 from the bone
marrow to the site of infection®, IL-17 further leads to the recruitment of more neutrophils'®. The
pivotal roles of CCL2 and IL-17 as well as Ly6C" monocytes recruited by CCL2 in ALA formation have
been demonstrated by a reduction in the immunopathology in respective knockout mice®®°?, Recruited
Ly6C" monocytes produce CXC motif chemokine ligand (CXCL) 1, which binds to CXCR2 on neutrophils

105-107

but also monocytes and thus increases immune cell infiltration . Ly6C" monocytes can also

differentiate into M1 macrophages as the result of the pro-inflammatory environment.

Due to the usually comparatively late diagnosis of ALA in humans, our knowledge of the underlying
immune processes stems primarily from animal models, such as mice. Interestingly, in contrast to
humans, mice are able to resolve ALAs®®%, Ly6C"° monocytes patrolling the endothelium can be
recruited to the site of infection via CCR5°%'%3, Release of IL-13 by Ly6C'° monocytes is involved in tissue
regeneration®. I1L.-13 and IL-4 lead to the polarization of Ly6C'° monocytes into M2 macrophages,
which, in turn, produce arginase 1 and contribute to tissue recovery9%9:108:103,

In summary, it is well established that the host immune response to E. histolytica infection of the liver
is critically mediated by monocytes that contribute to liver pathology. The role of neutrophils in this
context is comparatively more controversial. Although it is known that mediators released by
neutrophils contribute to tissue damage, there is currently no scientific consensus as to whether the
general role of neutrophils in hepatic, but also intestinal, amebiasis is a protective or a destructive one,
as investigators have found evidence for both in different models'°.
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Figure 3: Immunopathology of amebic liver abscess (ALA) formation.

The first wave of infiltrating immune cells upon infection consists primarily of neutrophils, which accumulate at the center of the lesion (1).
The presence of E. histolytica in the liver triggers IFN-y release by natural killer T (NKT) cells to combat the infection (2). IFN-y activates M1
macrophages, which release cytotoxic molecules to kill parasites (TNFa, iNOS, ROS), but also contribute to tissue damage. Liver-resident
macrophages (Kupffer cells) and hepatocytes release cytokines in response to tissue damage to attract further immune cells (3). CCL2 release
is promoted through the IL-23/IL-17 immune axis and leads to the recruitment of CCR2-expressing pro-inflammatory Ly6C" monocytes from
the bone marrow via the bloodstream (4). Ly6C" monocytes release CXCL1, which binds to CXCR2 on classical monocytes themselves and on
neutrophils, reinforcing the recruitment of more cells (5). Ly6C" monocytes can also polarize into M1 macrophages. TNFa secreted by Kupffer
cells, M1 macrophages and Ly6C" monocytes is a major contributor to the observed immunopathology. Patrolling Ly6C"® monocytes can also
be recruited from the circulation to the site of infection, where they differentiate into M2 macrophages and contribute to tissue regeneration
(not shown). Based on Sellau et al.%. Figure created with BioRender.

1.2.6 Sex difference in hepatic amebiasis

ALA formation is more prevalent in adult men compared with women and very rare in children. In a
study in a high-incidence region in Vietnam, a ratio of 7:1 ALA cases in males compared to females ages
30 — 49 years was determined!'’. Other studies have reported a bias towards the male sex also for
other manifestations of invasive amebiasis'*2. Although there are some epidemiological studies that
have reported higher infection rates in men>’, overall infection rates do not seem to differ between
the sexes!’. In the abovementioned Vietnam study, infection was even higher in females’.
Consequently, it can be concluded that the observed sex dimorphism in manifestations of invasive
amebiasis such as ALA formation is not the result of a bias in infection rates.

Biological sex is known to predispose for susceptibility to infectious and autoimmune diseases. While
men generally suffer from higher disease burden caused by infections, autoimmune diseases are more
prevalent in women!®3, This effect is caused by a stronger innate and adaptive immune response in
women as the result of several genetic and hormonal factors!'®. Multiple studies have reported an
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influence of steroid hormones on the outcome of infectious disease, including parasitic infections*

117

The use of a mouse model, which exhibits the same sex dimorphism as seen in humans, has allowed
the identification of several factors that contribute to differences in ALA formation between the sexes.
In this model, abscesses are larger in males and females clear abscesses faster®. Although the
composition of cellular infiltrates during ALA is similar in males and females, cytokine production
during the early phase of abscess formation differs between the sexes. In females, higher
concentrations of IFN-y secreted mainly by NKT cells leads to faster clearance of the parasite, and
accordingly, researchers have shown that immunodepletion of IFN-y in female mice results in larger
abscesses®. IFN-y release by NKT cells is known to be enhanced by the female sex hormone
estradiol'®®. Furthermore, it was found that testosterone inhibits the release of IFN-y by NKT cells, and
testosterone substitution in females resulted in larger abscesses compared with untreated females in
an ALA mouse model'*®. Testosterone also promotes the expression of CXCL1 by Ly6C" monocytes,
which contributes to ALA immunopathology'®. Relative amounts of Ly6C" monocytes are higher in
male mice at ALA day 3 compared with female mice and Ly6C" monocytes in males produce more
TNFal®,

The correlation of serum testosterone levels with the incidence of ALA in adult men further underlines
the significance of this hormone in parasite-induced liver pathology!'4. In addition, men with

120 3nd male Ly6C"
105

asymptomatic E. histolytica infection have higher serum levels of CCL2 than women

monocytes express higher amounts of CCR2 compared to their female counterparts'®, suggesting a

predisposition for CCL2-mediated immunopathologies. Female asymptomatic carriers have higher

120

total IgG and 1gG1 serum titers than male carriers'®®, indicating a more efficient protective immune

response in women. Furthermore, assays with human serum showed that complement-mediated

killing of amebic trophozoites is more effective in women compared with men*?.,
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1.3 Extracellular vesicles

Extracellular vesicles (EVs) are membranous vesicles released by all types of cells, from single-celled
microbes to plants or cells in the human body!?2. EVs are typically classified into three main groups
based on their biogenesis pathway and size: exosomes, microvesicles, and apoptotic bodies (Figure
4)'3, While the term exosome denotes small vesicles of typically 30 — 100 nm originating from
multivesicular bodies (MVBs), microvesicles are vesicles released by direct budding from the plasma
membrane and are typically around 100 — 1000 nm in size!?2124125 Apoptotic bodies are vesicles
released by membrane blebbing of apoptotic cells that are even larger than microvesicles?®. However,
recent studies have shown that there are many more different types of EVs than can be illustrated by
this classification into three types. Furthermore, many researchers have used the terms ‘exosomes’
and ‘microvesicles’ to describe EVs of a certain size, without proof of the corresponding biogenesis
pathway!®. Because different EV populations can overlap in their sizes but also in the cargo they
contain!?, the International Society for Extracellular Vesicles recommends the use of the general term
‘EVs’ as opposed to more specific terms in the absence of proof of biogenesis!?®, hence, the term ‘EVs’
will be used in the course of this thesis.

EVs are mediators of intercellular communication in the absence of direct cell-cell contact both during
steady state and pathological conditions, for example in infections'®. They contain proteins, lipids, and
nucleic acids, including various species of long and short ribonucleic acids (RNAs), among other types
of cargo'?*'?’, Apoptotic bodies may even contain entire organelles!?®. Messenger RNA (mRNA)
present in EVs can be translated in target cells and transported micro RNA (miRNA) can induce gene
silencing, thus, EVs can modulate the genetic profile of their target cells!?>1%,

In recent years, EVs have been increasingly investigated with regard to their role in cell-cell
communication between pathogens and their host. An overview of the current knowledge of EVs in
infectious disease is given in chapter 1.3.2. Furthermore, EVs are studied as promising vehicles for drug
delivery or vaccines due to their ability to circulate in bodily fluids, as well as biomarkers for disease
due to changes in EV cargo or abundance as the result of disease onset!?9-133,
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Figure 4: Types of extracellular vesicles.

Three main types of extracellular vesicles (EVs) secreted by cells are distinguished: exosomes, microvesicles, and apoptotic bodies. Exosomes
are products of the endosomal pathway, in which invaginations of the endosomal membrane lead to formation of small intraluminal vesicles
(ILVs) in multivesicular bodies (MVBs) that are eventually secreted. Microvesicles are released by direct budding from the plasma membrane
and are larger than exosomes. Proteins, different species of RNA, DNA, or lipids are among the types of cargo selectively packaged into
exosomes and microvesicles. Apoptotic bodies bud off from the plasma membrane of apoptotic cells, are larger than microvesicles and may
contain entire organelles and larger amounts of fragmented genetic material compared with microvesicles. This categorization into three
types is simplified and non-exhaustive as there are multiple other variations of secreted EVs. ER = Endoplasmatic reticulum. Based on Carrera-
Bravo et al.'® and Dang et al.*32. Figure created with BioRender.

1.3.1 Biogenesis of extracellular vesicles

The biogenesis of EVs is complex and although much is already known, many questions remain yet
unanswered. In this chapter, the key mechanisms involved in biogenesis of exosomes and
microvesicles will be briefly introduced.

Budding of microvesicles from the plasma membrane requires rearrangements in membrane
components and alterations in Ca®* levels??. Calcium-dependent enzymes catalyze for example the
translocation of phosphatidylserine from the inner leaflet to the surface, resulting in bending of the
membrane and rearrangement of the actin cytoskeleton, followed by formation of microvesicles!??.
Budding can also occur by mechanisms independent of lipid rearrangement, for example via enzymatic
regulation of the cytoskeleton by Rho GTPases!?2.

Exosomes are generated as part of the endosomal pathway. During the maturation of the late
endosome, invagination of the endosomal membrane results in the formation of intraluminal vesicles
(ILVs) (Figure 4). ILV-containing endosomes are called MVBs. In most cases, MVBs are targeted to the
lysosome for degradation. However, MVBs can also fuse with the plasma membrane and release their
ILV content, then called exosomes!??1% |t has been suggested by multiple studies that MVBs fated for
degradation or exocytosis differ morphologically and also contain different cargo!?.
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Cargo is selectively packaged into EVs and depends on cell type, physiological state, and various stimuli.
Proteins involved in the recruitment and packaging of EV content are for example syntenin, adenosine
diphosphate (ADP)-ribosylation factor 6 or the small GTPase RAS-related protein RAB22A!?. In order
to be packaged into microvesicles, cytosolic cargo needs to bind to the inner leaflet of the plasma
membrane!??, Lipids and membrane-associated proteins cluster in microdomains of either the plasma
membrane or the endosomal membrane, depending on the vesicle type!?2. These microdomains are
involved in the recruitment of soluble cargo for sorting into EVs!?2, The packaging of short and long
RNA species into EVs is not well elucidated yet, but several RNA-binding proteins have been described
to play a role in this process®**. Furthermore, the existence of a specific motif in miRNA packaged into
EVs has been determined®®.

There are several mechanisms involved in the formation of ILVs, which may function separately or in
concerted efforts. One of the main biogenesis pathways of ILVs is mediated by the endosomal sorting
complex required for transport (ESCRT) proteins that cluster in ESCRT-0, -I, -ll and -lll complexes
together with associated proteins, a mechanism highly conserved between different species and also
present in protozoa!?>!36137 ESCRT-0 sequesters ubiquitinated transmembrane proteins into
microdomains and recruits ESCRT-I to help with cargo sorting. ESCRT-I subsequently recruits ESCRT-II
and ESCRT-IIl. ESCRT-I and -Il are involved in budding of the membrane, while ESCRT-IIl crucially
regulates fission!?212>136 Dissociation and recycling of the ESCRT complexes is mediated by interaction
with the ATPase vacuolar protein sorting 4 (VPS4)!?. Sorting of soluble cargo into vesicles is likely aided
by chaperones such as heat shock cognate protein 70 (HSC70)**>!3%, In addition to mediating the
biogenesis of ILVs, ESCRT complexes are also involved in the budding of microvesicles from the plasma
membrane. Here, it is known that ESCRT-Il is involved in cargo clustering and ESCRT-IIl in vesicle
fission'?2. ILV formation can also occur via ESCRT-independent mechanisms, as demonstrated by
inactivation of all four ESCRT complexes, which did not lead to absence of MVBs'*. Multiple
tetraspanins are involved in ESCRT-independent cargo sorting and biogenesis, particularly CD63, which
accumulates in ILVs also in the absence of ESCRTs!*%%° Clustering of tetraspanins with other
transmembrane and membrane-associated proteins leads to the formation of budding
microdomains'?. In addition, the tetraspanins CD9, CD81, and CD82 sort cargo into exosomes!?,
Furthermore, the generation of specific lipids in the endosomal membrane by sphingomyelinase or
phospholipase has been shown to induce ILV budding®?®. This was first demonstrated by the finding
that ceramide, which results from hydrolyzation of sphingomyelin by sphingomyelinase, creates
membrane domains that induce spontaneous negative membrane curvature!?%14142,

In order to release ILVs into the extracellular space as exosomes, MVBs have to be targeted to the
plasma membrane. Interestingly, Rab GTPases are involved in trafficking of MVBs both to the plasma
membrane for exocytosis and to the lysosome for degradation??2. It is still unclear what determines
the MVB fate, but changes in their membrane composition might be a reason!?2. Fusion of the MVB
membrane with the plasma membrane is likely mediated by soluble N-ethylmaleimide-sensitive-factor
attachment receptor (SNARE) proteins?2,

Finally, vesicles released into the extracellular space can bind to target cells through receptor-ligand
interaction, involving for example tetraspanins or integrins, or fuse with the plasma membrane, a
process that is currently not well understood'?>%3, Bound EVs may be taken up by target cells through
endocytosis to deliver their cargo, or remain bound to the cell surface and trigger intracellular signaling
cascades or antigen presentation!??,
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1.3.2 Extracellular vesicles in host-parasite interaction

Many studies demonstrate the involvement of pathogen-derived, host cell-derived, or infected host
cell-derived EVs in the outcome of infectious diseases with bacterial, viral, fungal, or parasitic
etiological agents. Key findings for the role of EVs in host-parasite interaction of single-celled parasites
are briefly summarized here.

Entamoeba (E.) histolytica-derived EVs have been described in three reports in scientific literature, out
of which two were comprehensive studies of the isolated EVs!*1%, The third study isolated EVs only
for the detection of a secreted protein via immunogold labeling and did not characterize them
further®, Sharma et al. investigated the effect of these EVs on encystation of E. invadens, an amebic
parasite of reptiles that, in contrast to E. histolytica, can encyst in vitro***. Their results suggest a role
of amebic EVs in parasite-parasite communication. In addition, they reported an accumulation of
transfer RNA (tRNA) halves as stress response in their EVs in a follow-up study'#’. Furthermore, Diaz-
Godinez et al. found that E. histolytica EVs carried ROS to target cells, and reduced NETosis and
oxidative burst of human neutrophils in vitro'®. Giardia intestinalis (G. intestinalis) is a protozoan
parasite with a life cycle that resembles that of E. histolytica (described in 1.2.1) and the causative
agent of the diarrheal disease giardiasis. G. intestinalis-derived EVs have been studied more
extensively in the context of host-parasite interaction compared to their E. histolytica counterparts.
G. intestinalis EVs have been found to impact the parasite’s capacity to cytoadhere to host cells in
vitro**®1%° and exert bacteriostatic effects on commensal bacteria’*°. Moreover, Zhao et al. showed
that G. intestinalis EVs could be taken up by murine peritoneal macrophages and triggered pro-
inflammatory immune responses via TLR2 and the NOD-like receptor 3 (NLRP3) inflammasome
signaling pathway, resulting in increased release of cytokines like TNFa, IL-1B, and IL-6%°2,

Studies on malaria parasites have shown that EVs secreted by Plasmodium falciparum-infected
erythrocytes are implicated in cell-cell communication between parasites and regulate life cycle
completion by synchronizing commitment of asexual parasites to the sexual stage'®*>*. They have
been found to both activate and suppress innate immune responses, depending on the study
context'®, Furthermore, uptake of miRNA-containing EVs by endothelial cells has been demonstrated
to result in parasite sequestration and may be implicated in the breakdown of the blood-brain barrier
during cerebral malaria’®**¢, Multiple roles of EVs have also been demonstrated for Trichomonas
vaginalis, including increase of cytoadhesion to host cells and anti-inflammatory effects, enabling

colonization and thus resulting in parasite persistence>”18,

For Leishmania (L.), EVs secreted in vitro as well as in vivo in the sandfly midgut harbor virulence factors
and possess immunomodulatory properties that are predominantly pro-parasitic’®. For example,
L. donovani-derived EVs modulated the cytokine response of human monocytes to IFN-y by inducing
IL-10 and suppressing TNFa release!®®®!, Treatment of mice with L. donovani or L. major-derived EVs
prior to challenge with the corresponding parasite led to disease exacerbation due to

159161 and, in another study, co-injection of EVs and parasites increased pathology

immunosuppression
due to increases in pro-inflammatory cytokines!®2. In the context of toxoplasmosis, DC-derived EVs
loaded with Toxoplasma gondii antigens were used for vaccination of mice, which exhibited increased
survival rates upon parasite challenge compared with non-vaccinated mice!. In contrast,

Trypanosoma cruzi-EVs injected into mice prior to challenge severely exacerbated cardiac pathology!®.
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In summary, the roles of parasite-derived EVs or EVs secreted by infected host cells in host-parasite
interaction are manifold and can be either beneficial to the parasite by suppressing the immune system
and promoting persistence or beneficial to the host by accelerating parasite clearance. Understanding
the role of EVs in the pathogenesis of parasitic diseases could lead to development of new treatment
options.

1.4 Aim of the study

To further elucidate the mechanisms of host-parasite interaction in the context of E. histolytica
infection, the involvement of EVs was investigated here.

EVs were characterized with regard to their biological properties as well as their immunostimulatory
potential. For the investigation of mechanisms involved in amebic virulence, EVs were isolated from
two clones of E. histolytica differing in their pathogenicity. The two clones, Al and B2, were previously
cloned from amebic cell lines HM-1:IMSS-A and HM-1:IMSS-B at the BNITM?#1>, While injection of B2
trophozoites into gerbil and mouse livers resulted in ALAs that were still present 7 days after injection,
injection of Al trophozoites resulted in comparatively smaller lesions that were resolved by day 7 after
injection. Hence, B2 trophozoites are considered to be pathogenic, while Al trophozoites are
associated with low pathogenicity.

Since a monocyte-mediated immunopathology is known to underlie ALA formation®1%, interaction of
EVs with monocytes was the focus of this study. Monocytes were isolated from male and female mice
to determine putative sex-specific differences in the immune response to E. histolytica EVs.
Furthermore, EV stimulation of neutrophils, another cell type involved in the onset of invasive
amebiasis, was characterized as part of a master project!®®, whose key findings will be briefly discussed
in this thesis.

Taken together, the main aims of this thesis were:

e [solation of EVs from E. histolytica cultured in vitro and characterization of EVs using
transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA).

e Analysis of the protein and miRNA cargo of E. histolytica EVs using mass spectrometric and
sequencing approaches.

e Investigation of the immunostimulatory potential of EVs on male and female murine primary
monocytes with regard to:

o The secretion of cytokines and MPO as determined by ELISA and LEGENDplex™.
o The expression of surface markers for activation as determined by flow cytometry.

o The gene expression profile as determined by RNA sequencing (RNA-Seq) and real-
time quantitative PCR (RT-qPCR).
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2 Material and Methods

2.1 Material

2.1.1 Organisms

Table 1: List of organisms.

Species

Strain / Clone

Origin

Entamoeba histolytica

HM-1:IMSS-A; clone Al

Meyer et al. (2016)%°

Entamoeba histolytica

HM-1:IMSS-B; clone B2

Meyer et al. (2016)%°

Mus musculus C57BL/6) BNITM animal facility
2.1.2 Consumables
Table 2: List of consumables.
Consumable Manufacturer Catalog number
Anaerocult® A Merck KGaA 1.13829.0001
Anaerotest® (pH strips) Merck KGaA 1.15112.0001
Carbon and formvar coated
. . Plano GmbH S162N3
nickel grids for TEM
Cell strainer, 70 um, sterile SARSTEDT AG & Co. KG 83.3945.070
CellTrics™ 30 um, sterile Sysmex Partec GmbH 04-004-2326
Disposable hypodermic needle,
B. Braun 4657705
0.40x 20 mm
Filtropur S 0.2 SARSTEDT AG & Co. KG 83.1826.001
LightCycler® 480 Multiwell
. F. Hoffmann-La Roche AG 04729692001
Plate 96, white
LS columns Miltenyi Biotec 130-122-729
Microplate, 96 well, PS, F-
bottom, Microlon®, high Greiner Bio-One GmbH 655061
binding
Omnifix®-F Tuberculin 1 ml
. B. Braun Melsungen AG 9161406V
syringes, Luer Solo
Open-Top Thinwall
Polypropylene Tube, 25 x Beckman Coulter, Inc. 326823
89mm - 50Pk, 38.5 mL
. Invitrogen™ by Thermo Fisher
Qubit™ Assay Tubes o Q32856
Scientific Inc.
Stericup® Quick Release
Millipore Express® PLUS Merck KGaA S2GPUO2RE
0.22um PES, 250 ml
Test tubes for haematological .
KABE Labortechnik GmbH 078001

analyses
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Tissue culture flask T25,

SARSTEDT AG & Co. KG 83.3910
Standard
Tube, 5 ml, (Lx@): 75 x 12 mm,

SARSTEDT AG & Co. KG 55.1579
PS for flow cytometry

2.1.3 Instruments

Table 3: List of instruments.

Instrument

Manufacturer

2100 Bioanalyzer

Agilent Technologies, Inc.

BD Accuri™ C6 Flow Cytometer

BD Biosciences

BD® LSR Il Flow Cytometer

BD Biosciences

Cytek® Aurora 5-Laser Spectral Flow Cytometer

Cytek® Biosciences

EasySep™ Magnet

STEMCELL Technologies

LightCycler® 96

F. Hoffmann-La Roche AG

MidiMACS™ Multistand

Miltenyi Biotec

MidiMACS™ Separator

Miltenyi Biotec

MRX® Microplate Reader

DYNEX Technologies, Inc.

NanoDrop™ 2000 Spectrophotometer

Thermo Fisher Scientific Inc.

NanoSight LM10 with LM14C viewing unit

Malvern Panalytical Ltd

NextSeq 550 System

[llumina, Inc.

NovaSeq 6000 System

llumina, Inc.

Optima XE-90 Ultracentrifuge with SW32 Ti
Swinging-Bucket Rotor

Beckman Coulter, Inc.

Qubit™ 4 Fluorometer

Invitrogen™ by Thermo Fisher Scientific Inc.

Sonorex Super ultrasonic bath

Bandelin electronic GmbH & Co. KG

Tecnai™ Spirit TEM

Thermo Fisher Scientific Inc.

2.1.4 Chemicals and reagents

Table 4: List of chemicals and reagents.

Chemical Manufacturer Catalog number
Acetic Acid, ROTIPURAN®

Carl Roth GmbH + Co. KG 3738.2
100 %, p.a.
Albumin bovine Fraction V, )

SERVA Electrophoresis GmbH 11926.03
Protease-free (BSA)
Ammonium chloride (NH4CI)

Merck KGaA K298.1
299.7 %, p.a.
Ammonium iron(lll) citrate, . .

Sigma-Aldrich, Co. F5879
reagent grade
Charcoal, Dextran Coated Sigma-Aldrich, Co. 1003406518
Chlorofom for analysis Merck KGaA 1.02442.2500
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Collagen from calf skin,

Bornstein and Traub Type | Sigma-Aldrich, Co. C3511
(Sigma Type 1ll), acid soluble
D(+)-Glucose, p.a. ACS,
Carl Roth GmbH + Co. KG X997.3
anhydrous
) Gibco™ by Thermo Fisher
Difco™ Tryptone 211921

Scientific Inc.

di-Potassium hydrogen
phosphate (K;HPO,),
anhydrous for analysis

Merck KGaA

1.05104.1000

di-Sodium hydrogen

phosphate dihydrate Carl Roth GmbH + Co. KG 4984.1
(NazHPO4x2H,0) 299 %, p.a.
Ethylenediaminetetraacetic
acid (EDTA) disodium salt Carl Roth GmbH + Co. KG 8043.2

dihydrate

Ethanol absolute for analysis
EMSURE® ACS, ISO, Reag. Ph
Eur

Merck KGaA

1.00983.2500

Glutaraldehyde 25 % solution,

Electron Microscopy Sciences 16210
EM grade distillation purified d
Glycine, BioUltra, for molecular | . .

. Sigma-Aldrich, Co. 50046

biology 299.0% (NT)
L(+)-Ascorbic acid VWR International, LLC 20150.184
L-Cysteine Hydrochloride ) . .

United States Biological C9005
Anhydrous
Lipopolysaccharide (LPS) from
Escherichia coli 026:B6, y- . .

Sigma-Aldrich, Co. L2654

irradiated, BioXtra, suitable for
cell culture

Potassium chloride (KCl) for

i Merck KGaA 1.04936.1000
analysis, EMSURE®
Potassium dihydrogen
phosphate (KH,PO,) for Merck KGaA 1.04873.0250

analysis, EMSURE® ISO

2-Propanol ROTIPURAN®

299.8 % p.a., ACS, ISO, Reag. Carl Roth GmbH + Co. KG 6752.4

Ph Euro

QlAzol™ Lysis Reagent QIAGEN 79306
Sodium carbonate (Na,COs),

anhydrous for analysis, Merck KGaA 1.06392.1000

EMSURE® ISO

Sodium chloride (NaCl),
>99.5 %, p.a., ACS, I1SO

Carl Roth GmbH + Co. KG

3957.1
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Sodium dihydrogen phosphate

dihydrate (NaH,PO4x2H,0) Carl Roth GmbH + Co. KG T879.2
>99 %
Sodium hydrogen carbonate . .
Sigma-Aldrich, Co. S5761
(NaHCOs)
Sulfuric acid (H,S04), 95 —
Merck KGaA 100731
97 %, p.a.
TRIS PUFFERAN® 299.5 %, p.a. | Carl Roth GmbH + Co. KG 4855.2
. Gibco™ by Thermo Fisher
Trypan Blue Stain (0.4 %) o 15250-061
Scientific Inc.
TWEEN® 20 Sigma-Aldrich, Co. P1379
2% Uranyl acetate solution Science Services GmbH E22400-2
Gibco™ by Thermo Fisher
Yeast Extract 211929

Scientific Inc.

2.1.5 Buffers and media supplements

Table 5: Buffers and culture media supplements.

Buffer/Supplement

Manufacturer

Catalog number

Adult Bovine Serum, sterile

] Capricorn Scientific GmbH ABS-1D
filtered
Diamond Vitamin Tween 80 .

) BioConcept Ltd. 5-78F00-I
Solution, 40x
DPBS w/o Calcium, Magnesium | PAN-Biotech GmbH P04-361000

Fc blocking buffer

Kindly provided by the research group Protozoa Immunology

(BNITM)

Fetal Bovine Serum (FBS)
Advanced

Capricorn Scientific GmbH

FBS-11A

L-Glutamine (200 mM, sterile
filtered)

PAN-Biotech GmbH

P04-80100

Penicillin/Streptomycin
Solution (100x) (RPMI
supplement)

AppliChem GmbH

A8943,0100

Penicillin/Streptomycin
Solution (100x) (for E.
histolytica culture)

Capricorn Scientific GmbH

PS-B

RPMI 1640 w/o L-Glutamine, w
2.0 g/L NaHCO3

PAN-Biotech GmbH

P04-17500
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Table 6: Recipes for buffers and culture media.

Buffer/Medium

Composition

Blocking buffer (TEM)

0.5 % BSA Fraction Vin 1x PBS

Coating buffer (ELISA)

8.4 g/| NaHCOs;
3.56 g/l Na,COs
in dH,0, adjust pH to 9.5

cRPMI

10 % FBS-AC*

1 % 200 mM L-Glutamine

1 % Penicillin/Streptomycin (100x)
in RPMI 1640

Erythrocyte lysis buffer

Component I:

0.16 M NH.CI (8.5 g/I) in dH,0
Component ll:

0.17 M Tris (20.6 g/1) (pH 7.6) in dH,0
combine 9 parts component | with 1 part
component Il directly before use

Flow cytometry buffer

1% FBS in 1x PBS

MACS Buffer (10x)

4% 0.5 M EDTA
50 g/l BSA Fraction V
in 1x PBS, adjust pH to 7.2, filter 0.22 um

1.19 g/l Na;HPO4x2H,0
0.51 g/I NaH2PO4X2HzO

NaPBS
8.18 g/I NaCl
in dH,0, adjust pH to 6.8
80 g/l NaCl
2 g/l KCl
PBS (10x) 2.4 g/| KH,PO,

17.8 g/l NazHPO4x2H,0
in dH,0, adjust pH to 7.4

TY-I-S-33 medium (complete)

10 % Adult Bovine Serum, h.i.**

3 % Diamond Vitamin Tween 80 Solution
1% Penicillin/Streptomycin (100 x)

in incomplete TY-I-S-33

TY-I-5-33 medium (incomplete)

11.494 g/l Glucose

0.026 g/l Ammonium iron(lll) citrate
1.149 g/| L-Cysteine

0.874 g/| K;HPO,

0.690 g/I KH,PO4

2.299 g/l NaCl

0.230 g/| L-Ascorbic acid

11.494 g/l Yeast extract

22.989 g/l Tryptone

in dH,0, adjust pH to 6.8, autoclave

Wash buffer (ELISA)

0.5 % Tween-20 in 1x PBS
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* Fetal bovine serum (FBS) was heat inactivated (h.i.) at 56°C in a waterbath for 30 min. 0.5 g activated

charcoal (AC) were added to 25 ml FBS (h.i.) and incubated over night on a laboratory roller mixer at

4°C. FBS-AC was centrifuged the following day for 15 min at 800 g, 0.22 um sterile filtered and stored

at—20°C.

** Adult bovine serum for E. histolytica culture was heat inactivated twice for 30 min each at 56°C in

a waterbath prior to use.

2.1.6 Kits

Table 7: List of kits.

Kit

Manufacturer

Catalog number

BD OptEIA™ Mouse IL-6 ELISA

Macrophage Panel (8-plex)

BD Biosciences 555240
Set
BD OptEIA™ TMB Substrate o
BD Biosciences 555214
Reagent Set
EasySep™ Mouse Monocyte .
. . STEMCELL Technologies 19861
Isolation Kit
eBioscience™ Foxp3
o p3/ o Invitrogen™ by Thermo Fisher
Transcription Factor Staining L 00-5523-00
Scientific, Inc.
Buffer Set
ELISA MAX™ Standard Set )
BioLegend, Inc. 432701
Mouse MCP-1
LEGENDplex™ Mouse M1 .
BiolLegend, Inc. 740848

LEGENDplex™ Mouse Anti-
Virus Response Mix and Match

BioLegend, Inc.

Detection antibodies: 740625,
customized with individual

Subpanel analytes
Maxima First Strand cDNA . o
L Thermo Fisher Scientific, Inc. K1642
Synthesis Kit for RT-qPCR
Maxima SYBR Green/ROX qPCR . R
. Thermo Fisher Scientific, Inc. K0222
Master Mix (2X)
miRNeasy Mini Kit (50) QIAGEN 217004
Mouse CCL3/MIP-1 alpha
R&D Systemes, Inc. DY450-05
DuoSet ELISA
Mouse Myeloperoxidase
R&D Systemes, Inc. DY3667
DuoSet ELISA
Neutrophil Isolation Kit, mouse | Miltenyi Biotec 130-097-658

NEXTFLEX® small RNA-Seq kit
v3

PerkinElmer Inc.

NOVA-5132-06

NextSeq 500/550 Mid Output
Kit v2.5 (150 Cycles)

lllumina, Inc.

20024904

NovaSeq 6000 SP Reagent Kit
v1.5 (2x50bp)

Illumina, Inc.

20028401
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QIASeq Stranded miRNA
) , QIAGEN 180441
Library Kit
. . ) Invitrogen™ by Thermo Fisher
Qubit™ Protein Assay Kit o Q33211
Scientific, Inc.
RNA 6000 Pico Kit Agilent Technologies, Inc. 5067-1513
RNeasy Mini Kit (50) QIAGEN 74104
UltraComp eBeads™ Plus Invitrogen™ by Thermo Fisher
. L 01-3333-42
Compensation Beads Scientific, Inc.

2.1.7 Antibodies and dyes

Table 8: List of fluorescence-labeled antibodies and dyes for flow cytometry.

. Catalog Dilution
Antibody Host Clone Fluorophore | Manufacturer
number used

anti-mouse .

rat SA203G11 PE-Cy7 BioLegend 150611 1:100
CD192 (CCR2)
anti-
mouse/human | rat M1/70 AF488 BD Biosciences | 557672 1:400
CD11b
anti-
mouse/human | rat M1/70 BV510 BioLegend 101263 1:400
CD11b
anti-mouse .

rat 90 Bv421 BiolLegend 102732 1:800
CD38
anti-mouse .

rat MEL-14 BV711 BiolLegend 104445 1:800
CD62L
anti-mouse armenian o

H1.2F3 FITC BD Biosciences | 557392 1:200

CD69 hamster
anti-mouse .

rat GL-1 BV605 BioLegend 105037 1:800
CD86
anti-mouse .

mouse SAO11F11 PerCP-Cy5.5 | Biolegend 149010 1:200
CX3CR1
anti-mouse .

rat HK1.4 APC BiolLegend 128016 1:200
Ly6C
anti-mouse .

rat HK1.4 PE BioLegend 128008 1:800
Ly6C
anti-mouse .

rat 1A8 PE BioLegend 127608 1:400
Ly6G
anti-mouse .

rat 1A8 APC BiolLegend 127614 1:400
Ly6G
anti-mouse .
MHCII rat M5/114.15.2 | APC-Cy7 BiolLegend 107627 1:100
Zombie UV™ - - - BioLegend 423107 1:1000
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Table 9: List of primary antibodes for TEM

Antibody

Source

LPPG here)

Mouse anti-E. histolytica EH5 (designated anti-

Marinets et al. (1997)”8

Kindly provided by Prof. Michael Duchene,
Medical University of Vienna

(170 kDa heavy subunit)

Rabbit anti-E. histolytica Gal/GalNac lectin

Previously produced at BNITM

Table 10: List of secondary antibodies for TEM.

antibody, 10 nm

Antibody Manufacturer Catalog number
Goat anti-mouse colloidal gold-

conjugated secondary Dianova GmbH 115-205-068
antibody, 12 nm

Goat anti-rabbit colloidal gold-

conjugated secondary Science Services GmbH AU25109

2.1.8 Oligonucleotides

Table 11: List of primers for RT-qPCR.

Target Primer Sequence (5’ = 3’) Amplicon size (bp)
cdls forward GGACTCTGAGACAGCACATG 90
c
reverse GCAGTGAGGATGATGGTGAG
forward AGTTTGCCTTGACCCTGAAG
Cxcl2 78
reverse GGTCAGTTAGCCTTGCCTTT
) forward GACTTTGAAACTGAGGCCCA
Ifitl 127
reverse CACGAGGGTCTTGTTGTTCA
forward ACTCAGGACACAGGAACAGA
Lhfpl2 107
reverse CTGCCAGAGGACTTGCTTAG
forward TGACGGTCAGTTTGTAGCCAT
Oasl1 165
reverse AAATTCTCCTGCCTCAGGAAC
Tnf forward TCTGTGAAAACGGAGCTGAG 156
n
reverse GGAGCAGAGGTTCAGTGATG

All primers were manufactured by Eurofins Genomics and stored as 100 pmol/ul stock solutions.
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2.1.9 Software

Table 12: List of software.

Software Manufacturer/Developer
CLC genomics workbench 21 QIAGEN
Excel Microsoft

FastQC version 0.12.1

Babraham Institute

FlowJo™ version 10.7.1

BD Biosciences

LEGENDplex™ Cloud-based Data Analysis
Software

BioLegend

LightCycler® 96 SW 1.1

F. Hoffmann-La Roche AG

MaxQuant version 2.0.3.0

Max Planck Institute of Biochemistry

NTA 3.0

Malvern Panalytical Ltd.

Perseus version 1.6.15.0

Max Planck Institute of Biochemistry

Prism version 9.0.0

GraphPad

SpectroFlo® version 3.1.0

Cytek® Biosciences

2.1.10 Websites and databases

Table 13: List of websites and databases.

Name Version URL
S Lo [ ——
\C/?/;\?vl(e@; Full Spectrum NA https://spectrum.cytekbio.com/
Galaxy server®® NA https://rna.usegalaxy.eu/
Heatmapper'® NA http://heatmapper.ca/
InteractiVenn'’® NA http://www.interactivenn.net/
InterPro'”! 94.0 https://www.ebi.ac.uk/interpro/

) https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=bla
Nucleotide BLAST NA

stn&PAGE TYPE=BlastSearch&LINK LOC=blasthome

Nucleotide database'”? NA https://www.ncbi.nIm.nih.gov/nuccore
Ezzz\t‘lz;gebasem 17.0 http://pantherdb.org/
Primer-BLAST'"4 NA https://www.ncbi.nlm.nih.gov/tools/primer-blast/
Primer3web!” 4.1.0 https://primer3.ut.ee/
Protein BLAST NA https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
Revigo!7® 1.8.1 http://revigo.irb.hr/
ShinyGO"’ 0.77 http://bicinformatics.sdstate.edu/go/
UniProt!’® 2022 04 https://www.uniprot.org/
Vesiclepedial” 4.1 http://www.microvesicles.org/

NA = not applicable
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2.2 Methods

2.2.1 E. histolytica cell culture

E. histolytica trophozoites of clones Al and B2 were cultured axenically under microaerophilic
conditions in TY-I-5-33 medium?® supplemented with 1 % 100x Penicillin/Streptomycin antibiotic
mixture at 37°C. Parasites in the logarithmic growth phase were split every 2 — 3 days and provided
with fresh medium. Parasites grown for EV isolations were split no more than 2 days prior to seeding
on collagen-coated 6 well plates (2.2.2.1).

2.2.2 Extracellular vesicles

All experiments with EVs were designed in accordance with the guidelines of the International Society
for Extracellular Vesicles published as Minimal information for studies of extracellular vesicles (MISEV)
20148 gnd updated in 20182,

2.2.2.1 Collagen coating of 6-well plates

For coating of 6-well plates with 5 pg/cm? collagen from calf skin (Bornstein & Traub type 1), the
appropriate amount of collagen was dissolved in 0.2 % acetic acid in 1x PBS at 4°C. The solution was
added to the plate so that each well was covered entirely. Plates were incubated at 37°C for 2 h to
allow for polymerization of the collagen. The remaining liquid was then removed and the plates dried
under a sterile laminar flow hood. Plates were subsequently sterilized under UV light for at least 30 min
and stored at 4°C until use.

2.2.2.2 Isolation of extracellular vesicles from E. histolytica-conditioned medium

E. histolytica cultured as described in 2.2.1 were washed twice with 1x NaPBS to remove residual
culture medium and resuspended in warm EV-depleted TY-I-S-33 medium, which was obtained by
ultracentrifugation at 100,000 g for 18 h to ensure absence of serum-derived EVs. Cell concentration
was determined using a Neubauer chamber. 2x10° trophozoites were added to each well of a collagen-
coated 6-well plate and EV-depleted medium was added to a final volume of 5 ml. For mock controls,
medium was added without adding amebae. Plates were then incubated in an anaerobic chamber with
Merck Millipore Anaerocult® at 37°C for 46 h. After incubation, supernatants were harvested and
subjected to differential centrifugation to clear the conditioned medium of cells and debris. Differential
centrifugation was performed according to a protocol modified from Mantel et a/*>3. For this, the
medium was centrifuged for 15 min each at 600 g, 1600 g, 3600 g and 10,000 g, always collecting the
supernatant for the following step. Then, EVs were pelleted by ultracentrifugation in Optima XE-90
centrifuge with SW 32 Ti swinging bucket rotor at 100,000 g and 4°C for 1 h with maximal acceleration
and deceleration set to 5. The supernatant was discarded and the EV pellet washed in 1x PBS with
another 1 h 100,000 g ultracentrifugation step. Finally, EVs were resuspended in 2x 100 pl 1x PBS
(0.22 um filtered). EVs were aliquoted and stored at — 80°C or used immediately for the determination
of protein concentration using Qubit 4™ fluorometer (2.2.5.2). For mock control samples, all steps
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were performed the same way. For isolation of total RNA from EVs (2.2.10.1.1), 500 pl QlAzol™ lysis
reagent were added to 100 pl of EV sample before storage.

2.2.2.3 EV pools for stimulation experiments

For subsequent stimulation experiments, EVs of four separate EV isolations were combined into EV
pools to minimize batch effects on stimulation. EV pools were again aliquoted before storage at — 80°C.
EV pool aliquots were only thawed once for use in stimulation experiments and not re-frozen to
minimize freeze-thaw cycles as they are known to have an effect on EV integrity'®2. EV pools were
tested for their stimulatory capacity on crude bone marrow cells (isolated as described in 2.2.6.3)
followed by IL-6 ELISA (2.2.9.1) on the resulting supernatants after 24 h stimulation. Only EV pools
eliciting an increase in IL-6 release by bone marrow cells compared with mock control stimulated bone
marrow cells were further used for EV stimulation of monocytes (2.2.6.4) or neutrophils (2.2.6.5).

2.2.3 Nanoparticle Tracking Analysis

In order to determine the concentration of EV samples and size distribution of the contained EVs,
nanoparticle tracking analysis (NTA) was performed using Malvern Panalytical NanoSight LM14C
equipped with a CCD camera with NTA 3.0 software according to the manual. In NTA, particles in
suspension are illuminated by a laser beam and the resulting light scattering as well as Brownian
motion of the particles are used to obtain size distributions®, EV samples were diluted 1:100 or 1:300
in 0.22 um filtered 1x PBS for measurement and injected into the instrument using 1 ml tuberculin
syringes. A total of 900 frames were recorded over five separate 30 s measurements, with the camera
level set to 16 and 25°C temperature control. Raw data were processed by the software with the
detection threshold set to 6. Obtained particle concentrations for EV pools were then used to calculate
the volume of sample needed for EV stimulation experiments (2.2.7).

2.2.4 Immunogold labeling for transmission electron microscopy

Immunogold labeling followed by negative staining for TEM was performed for the antibody-mediated
detection of E. histolytica antigens on EVs isolated as described in 2.2.2.2. Processing of samples for
TEM and imaging were performed by Dr. Katharina H6hn of the BNITM electron microscopy facility.

Glow-discharged, carbon and formvar coated nickel grids were inserted into the EV solution, and EVs
were spun down onto the grids via centrifugation at full speed in a table-top centrifuge for 15 min.
Grids were washed twice with 1x PBS for 3 min, followed by blotting with Whatman paper. Grids were
then washed 4 times with 0.05 % glycine in 1x PBS for 3 min each, again followed by blotting with
Whatman paper after the last washing steps. Blocking of unspecific binding was performed by
incubation of the grids in blocking buffer (0.5 % BSA in 1x PBS) for 10 min. Subsequently, grids were
incubated in primary antibody diluted in blocking buffer for 24 h at 4°C. Antibodies used were rabbit
anti-Gal/GalNac lectin (1:200 dilution) and mouse anti-LPPG’® (1:100 dilution). In order to control for
antibody specificity, controls without primary antibody were performed. After incubation, the grids
were washed with blocking buffer 6 times for 3 min, followed by incubation in colloidal gold-
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conjugated secondary antibody diluted 1:100 in blocking buffer for 24 h at 4°C. Grids were then again
washed with blocking buffer 4 times for 3 min, followed by 2 washes with H,0 for 3 min and blotting
with Whatman paper. Fixation of the samples was performed using 2 % glutaraldehyde for 5 min,
followed by 2 washes with H,0 for 3 min each with blotting after each of the steps. Finally, grids were
incubated with 2 % aqueous uranyl acetate for 15 s, washed once with H,O and dried at RT. Imaging
of the stained samples was performed using a Tecnai Spirit electron microscope at 80 kV. Images were
recorded with a digital CCD camera.

2.2.5 Mass spectrometry for the analysis of proteomes
2.2.5.1 Sample generation for mass spectrometry

EV samples for proteomic analysis were prepared as described in 2.2.2.2. The supernatant of the first
ultracentrifugation step was used as a control for mass spectrometry to determine which proteins
might be contaminants and not specific to the EV sample.

For whole cell proteomes, E. histolytica trophozoites seeded on collagen-coated 6-well plates and
incubated for EV isolation were harvested by resuspension in cold 1x NaPBS, centrifuged at 400 g for
4 min, washed once with 1x NaPBS and centrifuged as before, followed by storage of the pellet at
—80°C.

2.2.5.2 Determination of protein concentration using Qubit fluorometer

To determine protein concentration of EV samples with Qubit™ 4 fluorometer, Qubit™ protein assay
kit was used according to the manufacturer’s instructions. Briefly, protein reagent was diluted 1:200
in protein buffer (both provided with the kit) to obtain the working solution. For each standard, 190 pl
working solution were combined with 10 pl of standard. Between 180 pl and 199 pl of working solution
were combined with between 20 ul and 1 pl of sample, respectively, depending on whether low or
high amounts of protein were expected in the sample. Standards and samples were vortexed and
incubated at RT for 15 min prior to measurement at the fluorometer.

2.2.5.3 Liquid chromatography-mass spectrometry

Sample processing and liquid chromatography-mass spectrometry (LC-MS) of EVs and whole amebae
as well as raw data analysis were performed at the proteomics core facility at BIOCEV research center,
Vestec, Czech Republic under the lead of Karel Harant. 30 ug of protein for each sample were
processed according to Hughes et al.®* and Rappsilber et al.’®. Tandem MS was performed with a
Thermo Fisher Scientific Orbitrap Fusion (Q-OT-qIT) mass spectrometer.
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2.2.5.4 Analysis of mass spectrometry data

Raw MS data were processed using MaxQuant software (version 2.0.3.0)'%. False discovery rate
(FDR)™” was set to 1 % for proteins and peptides and a minimum peptide length of seven amino acids
was specified. Andromeda search engine in MaxQuant was used for spectra search against
E. histolytica database (annotated proteins, AmoebaDB!®’ release 56). The MaxQuant label-free
algorithm was used for quantification®. Data annotation and statistical analysis of the MaxQuant
output were performed with Perseus'® by MaxQuant. Statistical comparison between two datasets
was performed with student’s t test in Perseus with FDR p-value set to 0.05 and sO = 0.5.

Proteins present in only 1 out of 3 samples of a dataset were excluded from the proteome for
downstream analysis. A minimum fold change cutoff of |2| was defined to consider a protein
differentially expressed between two datasets. Proteins were further analyzed with AmoebaDB¢’
database release 60 (https://amoebadb.org/amoeba/app). Gene ontology (GO) enrichment analysis

and metabolic pathways analysis were performed with AmoebaDB!’, and GO term analysis results
176

were visualized with Revigo!’® version 1.8.1 (http://revigo.irb.hr/). In addition, Panther knowledgebase

release 17.0'7% (http://pantherdb.org/) was used for functional classification of proteins and

visualization in pie charts. Venn diagrams for proteome data were created with InteractiVenn’®
(http://www.interactivenn.net/). Heat maps for proteome data were created with Heatmapper
(http://heatmapper.ca/)*®.

In order to compare EV proteomes with whole cell proteomes, statistical overrepresentation test was
performed with Panther knowledgebase 17.0'° using Fisher’s exact test with FDR-adjusted p value <
0.05 in accordance with Sharma et al.1%

2.2.6 Isolation of primary murine immune cells

All mice used were bred in the animal facility of the BNITM and kept in individually ventilated cages
under pathogen-free conditions. For harvesting of organs, C57BL/6J mice aged 9 — 13 weeks were
euthanized by carbon dioxide (CO;) overdose followed by cervical dislocation or cardiac puncture and
blood withdrawal in accordance with German animal protection laws. Organ harvest was approved by
the Authority for Justice and Consumer Protection, Veterinary Affairs, Hamburg, Germany under the
permission file number T-008.

2.2.6.1 Splenocyte isolation

Spleens were harvested from euthanized mice and placed in tubes containing 1x PBS. 70 um cell
strainers were placed on 50 ml tubes and washed twice with 2 ml 1x DPBS each. Spleens were strained
through the cell strainer using the rough end of the plunger of a 5 ml syringe. 2 washes with 5 ml
1x DPBS each were performed to rinse all remaining cells from the cell strainer. Samples were
centrifuged at 290 g and 4°C for 5 min. The supernatant was discarded and replaced with 5 ml
erythrocyte lysis buffer. The pellet was resuspended and incubated at RT for 5 min to lyse erythrocytes.
The reaction was then quenched with 45 ml 1x DPBS. Centrifugation was performed as before, the
supernatant discarded and replaced with 5 ml 1x DPBS. If the pellet exhibited red color at this step,
indicating incomplete erythrolysis, incubation in erythrocyte lysis buffer was repeated as before. If
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clumping of cells was observed, the sample was passed through a 30 um falcon-top filter. Cell
concentration was determined with a Neubauer chamber using a 1:100 dilution in 0.04 % trypan blue
solution (0.4 % trypan blue diluted 1:10 in 1x DPBS). Obtained splenocytes were then pooled with
immune cells obtained from blood (2.2.6.2) for the isolation of neutrophils (2.2.6.5).

2.2.6.2 Isolation of immune cells from blood

Blood was obtained from mice by cardiac puncture and transferred to test tubes for hematological
analyses containing ethylenediaminetetraacetic acid (EDTA) to prevent coagulation. Blood samples
were centrifuged at 290 g and 4°C for 5 min. The supernatant was discarded and replaced with 5 ml
erythrocyte lysis buffer, followed by 5 min incubation at RT to lyse erythrocytes. The reaction was then
guenched with 45 ml 1x DPBS, followed by centrifugation as before. Erythrolysis was performed twice
for blood samples. After the second step, cells were resuspended in 1 ml complete Roswell Park
Memorial Institute medium (cRPMI) and combined with isolated splenocytes (2.2.6.1) for subsequent
isolation of peripheral neutrophils. Combined cells were passed through a 30 um filter, and cell
concentration was determined with a Neubauer chamber using a 1:100 dilution in 0.04 % trypan blue.
Isolation of neutrophils was then performed as described in 2.2.6.5.

2.2.6.3 Isolation of murine bone marrow cells

Front and hind legs of euthanized mice were used for the isolation of bone marrow (BM) cells. Muscle
and residual tissue were cleaned from the bones, which were then sterilized by incubation in 70 %
isopropanol for 2 minutes. Once all isopropanol was evaporated from the bones, sterile scissors were
used to cut open the ends. Bone marrow was flushed out with 1x DPBS using 5 ml syringes with 0.4 mm
hypodermic needles. The resulting cell suspension was passed through a 70 um cell strainer into a
50 ml centrifuge tube and centrifuged at 290 g and 4°C for 5 min. The supernatant was discarded and
the cell pellet resuspended in 1 ml of 2% FBS/DPBS + 1 mM EDTA. Cell concentration was determined
with a Neubauer chamber using a 1:100 dilution in 0.04 % trypan blue solution. Cells were then either
used directly for EV stimulation experiments (2.2.7), stained for fluorescence minus one (FMO)
controls for flow cytometry (2.2.8.2), or processed further for monocyte (2.2.6.4) or neutrophil
isolation (2.2.6.5).

2.2.6.4 Isolation of monocytes from murine bone marrow cells

Monocytes were isolated from murine BM (2.2.6.3) by antibody-mediated negative selection using the
EasySep™ Mouse Monocyte Isolation Kit from StemCell Technologies according to the manufacturer’s
instructions. In order to control isolation efficacy, 2x10° of the previously isolated BM cells were set
aside each for ‘before isolation’ and ‘unstained’ controls.

For further processing, cell concentration was adjusted to 1x102 cells/ml. Selection cocktail containing
antibodies for non-monocyte cells was prepared by combining components A and B according to the
manufacturer’s instructions. Cells were transferred to a sterile flow cytometry tube. Per 1x108 cells,
50 pl rat serum (provided with the kit) and 100 ul selection cocktail were added. After 5 min incubation
at 4°C, 75 pl RapidSpheres were added, followed by 3 min incubation at 4°C. 2% FBS/DPBS + 1mM
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EDTA was added to a final volume of 2.5 ml. The tube was then inserted into the EasySep™ magnet.
After 3 min incubation at RT, the magnet with the tube was tilted, allowing the cell suspension to flow
into a new tube. This was then again inserted into the magnet and incubated for another 3 min at RT,
before the cell suspension containing isolated monocytes was again poured off into another tube. The
suspension was centrifuged at 290 g and 4°C for 5 min, the supernatant discarded and the cell pellet
resuspended in 1 ml cRPMI. Cell concentration was determined with a Neubauer chamber as before,
using an appropriate dilution in trypan blue solution. 2x10° cells of the isolated monocytes were set
aside for ‘after isolation’ efficacy control. Efficacy was controlled as described in 2.2.8.1. Isolated
monocytes were used immediately for stimulation experiments (2.2.7). For isolation of RNA from
unstimulated monocytes, 350 pl or 600 pl of RLT buffer, depending on the cell number according to
the RNeasy handbook, were added to freshly isolated cells before storage at — 80°C and RNA isolation
as described in 2.2.10.1.

2.2.6.5 Isolation of neutrophils from murine bone marrow and peripheral cells

Neutrophils were isolated from murine BM (2.2.6.3) or peripheral cells (2.2.6.1, 2.2.6.2) by antibody-
mediated negative selection using Miltenyi Neutrophil Isolation Kit according to the manufacturer’s
instructions with minor changes. In order to control efficacy (2.2.8.1), 2x10° of the previously isolated
crude cells were set aside each for ‘before isolation’ and ‘unstained’ controls.

BM cells or peripheral cells were centrifuged at 290 g and 4°C for 7 min, the supernatant was discarded
and replaced with 200 pl 1x MACS buffer (10x MACS buffer diluted 1:10 in PBS) per 5x107 cells. 50 pl
Biotin Antibody Cocktail was then added per 5x107 cells, followed by 12 min incubation at 4°C to allow
for labeling of all non-neutrophil cells. 7 ml 1x MACS buffer were added and the sample was
centrifuged as before. The supernatant was discarded and the cell pellet resuspended in 400 ul
1x MACS buffer per 5x107 cells. 100 ul Anti-Biotin MicroBeads were then added per 5x107 cells,
followed by 15 min incubation at 4°C. Again, 7 ml 1x MACS buffer were added and the sample
centrifuged as before. Up to 1x108 cells were then resuspended in 500 pl 1x MACS buffer and loaded
onto a LS column that was previously prepared with a rinse of 3 ml 1x MACS buffer. Upon loading of
the cell suspension, the flow-through containing neutrophils was collected on ice. The column was
rinsed 3 times with 3 ml buffer each and the flow-through was collected. The neutrophil cell suspension
was then centrifuged as before, the supernatant was discarded and the pellet resuspended in 1 ml
cRPMI. Cell concentration was determined using a 1:10 dilution of the cell suspension in 0.04 % trypan
blue solution. 2x10° cells were set aside for ‘after isolation’ sample, and the remaining isolated
neutrophils were used immediately for stimulation experiments as described in 2.2.7. Neutrophil
experiments were performed within the framework of Valentin Bérreiter’s master thesis!®®, supervised
as part of this doctoral thesis.

2.2.7 EV stimulation of immune cells

Crude BM cells (2.2.6.3), isolated monocytes (2.2.6.4) or isolated neutrophils (2.2.6.5) were stimulated
with E. histolytica EV pools (2.2.2.3) in round-bottom 96 well plates. 1x10° monocytes/peripheral
neutrophils or 5x10° BM neutrophils were added to each well. For stimulation, 1000 EVs/cell were
added (concentration determined as described in 2.2.3). For heat inactivated controls, EV samples
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were incubated in a heating block at 95°C for 10 min prior to use. For positive controls, 5 pg/ml LPS
was added, while for negative controls, mock control sample was added in the same volume as EV
samples. The final volume was made up to 200 ul with cRPMI. For stimulation periods of 12 h and
longer, 1x DPBS was added to surrounding wells to prevent evaporation. Cells were then incubated at
37°Cand 5 % CO; for the required period of time. After stimulation, plates were centrifuged at 4°C and
450 g for 5 min. Supernatants were then harvested for subsequent ELISA or LEGENDplex™ (2.2.9) and
stored at — 80°C. Cells were either processed immediately for antibody staining (2.2.8.2) or
resuspended in RLT buffer and stored at — 80°C for future RNA isolation (2.2.10.2.1).

2.2.8 Flow cytometry
2.2.8.1 Control of monocyte/neutrophil isolation efficacy

Cells previously set aside before and after monocyte or neutrophil isolation (2.2.6.4, 2.2.6.5) were used
to control isolation efficacy of the desired cell type via flow cytometry. 1 ml flow cytometry buffer (1 %
FBS in 1x PBS) was added to each tube and the suspension was centrifuged at 290 g and 4°C for 5 min.
Antibody master mix was prepared in Fc blocking buffer. Alexa Fluor (AF) 488-conjugated anti-CD11b
(1:400), allophycocyanin (APC)-conjugated anti-Ly6C (1:200) and phycoerythrin (PE)-conjugated anti-
Ly6G (1:400) antibodies were used. After centrifugation, supernatant was discarded and 50 pl master
mix were added to each sample. 50 pl Fc blocking buffer without antibodies were added to unstained
controls. Samples were incubated with the antibodies at 4°C in the dark for 30 min. The cells were then
washed twice with 1 ml 1x PBS and centrifuged as before. After the second centrifugation step, cells
were resuspended in 150 pl 1x PBS and measured at accuri C6 flow cytometer immediately.

2.2.8.2 Antibody staining of EV-stimulated cells for flow cytometry

In order to determine the presence of certain markers on the surface of EV-stimulated cells (2.2.7) and
thus assess the activation state, flow cytometry was performed. Stimulated cells in 96-well plates were
centrifuged at 450 g and 4°C for 5 min. For labeling of dead cells, the pellet was resuspended in 100 pl
1:1000 Zombie UV™ in 1x PBS, transferred to flow cytometry tubes and incubated at 4°C for 30 min in
the dark. After incubation, 200 ul flow cytometry buffer were added and samples were centrifuged at
290 g and 4°C for 5 min. The supernatant was discarded, 200 pl flow cytometry buffer were added and
centrifugation was repeated as before. The supernatant was discarded again and the cells resuspended
in 50 pul antibody master mix in Fc blocking buffer. After 30 min incubation at 4°C in the dark, 200 pl
flow cytometry buffer were added and the samples centrifuged as before. Supernatants were
discarded. Cells of stained samples as well as unstained controls were then fixed using
Invitrogen™ eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set. For fixation, 100 pl of
Fix/Perm were added to each sample, followed by incubation at 4°C for 30 min in the dark. 100 pl of
Perm/Wash solution were then added to each sample, and centrifugation was performed as before.
This washing step was repeated once and the cells finally resuspended in 150 pl Perm/Wash. Samples
were stored at 4°C until measurement at Cytek® Aurora flow cytometer. Samples were measured no
later than 72 h after staining. Data analysis was performed using FlowJo™ software.
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To differentiate between positive and negative populations for each marker, an unstained control was
performed for each staining. In addition, fluorescence minus one (FMO) controls were performed on
crude bone marrow cells (2x10° per control) at the establishment of the panel for all markers but
CD11b, Ly6C and Ly6G. FMO controls contain all fluorescence-labelled antibodies of the panel except
for one and are thus used for setting the gate between positive and negative populations. In contrast
to unstained controls, the presence of all other antibodies in FMO controls aids in accounting for
fluorescence spillover between different fluorophores.

2.2.8.3 Spectral unmixing for flow cytometry

Spectral unmixing at Cytek® Aurora flow cytometer was performed to distinguish fluorophore
signatures and correct for fluorescence spillover. For this, single stained samples were performed for
each fluorophore in the antibody panel by adding the respective antibody diluted in Fc blocking buffer
to UltraComp eBeads™ Plus compensation beads. Beads were stained and subsequently washed and
fixed as described in 2.2.8.2. For Zombie UV™ single stained samples, 4x10° bone marrow cells (2.2.6.3)
were killed by resuspension in 5 ml ice-cold 70 % ethanol and incubation at RT for 10 min. 10 ml 1x PBS
were then added to the sample, and centrifugation was performed at 290 g and 4°C for 5 min. Cells
were stained with Zombie UV™ and fixed as described in 2.2.8.2. Unstained but fixed cells were added
to Zombie UV™ controls to include both Zombie UV™-positive and negative cells in the sample, which
is needed for spectral unmixing. Unmixing was performed in SpectroFlo® software with
autofluorescence correction at Cytek® 5-laser Aurora according to the manufacturer’s instructions.

2.2.9 Immunoassays
2.2.9.1 IL-6 ELISA

For detection of IL-6 in supernatants of EV-stimulated cells, BD OptEIA™ Mouse IL-6 ELISA Set was used
according to the manufacturer’s instructions with minor adjustments. On the day before the assay, a
96-well high binding plate was coated with 50 ul of capture antibody diluted 1:250 in coating buffer.
The plate was sealed and incubated overnight at 4° C. The next day, supernatants were discarded and
the plate was washed 3 times with wash buffer (0.05 % Tween-20/PBS). After the last wash, the plate
was inverted and blotted on absorbent paper to remove any residual buffer. Blocking of unspecific
binding was performed by the addition of 100 ul 10 % FBS in 1x PBS and incubation at RT for 1 h.
Washing was then performed as before. Standard dilutions were prepared in 10 % FBS/PBS by diluting
the stock standard to a top concentration of 1000 pg/ml with subsequent two-fold dilutions. Standards
were prepared in duplicates. 50 ul of standard dilutions and samples were added to the appropriate
wells. Supernatants of LPS stimulated cells were diluted 1:2 in 10 % FBS/PBS. All other samples were
used without further dilution. 10 % FBS/PBS was used as blank. The plate was sealed and incubated at
RT for 2 h, followed by washing as before but with 5 total washes. Working detector was prepared by
diluting Streptavidin-HRP reagent 1:250 and detection antibody 1:500 in 10 % FBS/PBS. 50 pl of this
solution were added to each well and the sealed plate incubated at RT for 1 h. Washing was performed
as before but this time with 7 total washes and 30 s to 1 min soaking for each wash to minimize
background. 50 pl 3,3',5,5'-Tetramethylbenzidine (TMB) substrate solution were then added to each
well. TMB is a substrate for horseradish peroxidase (HRP) and its oxidation in the presence of hydrogen
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peroxide (H,0,) leads to the formation of a blue-colored product!®’. The plate was incubated in the
dark for 30 min at RT, and the color reaction was stopped by addition of 25 pl stop solution (2 N H,SO,)
to each well, resulting in a colorimetric change from blue to yellow. Absorbance at 450 nm was
measured within 30 min using MRX® plate reader.

2.2.9.2 CCL3 ELISA

For detection of CCL3 in supernatants of EV-stimulated cells, Mouse CCL3/MIP-1 alpha DuoSet ELISA
was used according to the manufacturer’s instructions with minor adjustments. On the day before the
assay, capture antibody was diluted 1:250in 1x PBS. 50 ul of this capture antibody solution were added
to the wells of a 96-well high binding plate and incubated overnight at RT. The next day, the plate was
washed 3 times with wash buffer (0.05 % Tween-20/PBS), after which residual buffer was blotted off
by firmly tapping the plate upside down on absorbent paper. 150 ul 1 % BSA/PBS were added to each
well to block non-specific binding. The plate was sealed and incubated at RT for 1 h. After incubation,
washing was performed as before. Standard dilutions were prepared in 1 % BSA/PBS by diluting the
stock standard to a top concentration of 500 pg/ml with subsequent two-fold dilutions. Standards
were prepared in duplicates. 50 ul of standard dilutions and samples were added to the appropriate
wells. Supernatants of LPS stimulated cells were diluted 1:4 in 1 % BSA/PBS. All other samples were
used without further dilution. The plate was sealed and incubated at RT for 2 h, after which washing
was performed as before. 50 pl of detection antibody (6 pg/ml stock concentration) diluted 1:60 in 1 %
BSA/PBS were then added to each well. The sealed plate was incubated at RT for 2 h, followed by
washing as before. 50 ul of Streptavidin-HRP diluted 1:40 in 1 % BSA/PBS were added to each well and
the sealed plate incubated at RT for 20 min in the dark. Washing was performed as before. Next, 50 pl
of TMB substrate solution were added to each well and the plate was incubated in the dark for 20 min.
The color reaction was stopped by addition of 25 ul stop solution (2 N H,SO,) to each well, resulting in
a colorimetric change from blue to yellow. Absorbance was measured at 450 nm with wavelength
correction at 570 nm using MRX® plate reader within 15 min.

2.2.9.3 CCL2 ELISA

For detection of CCL2 (also named monocyte chemoattractant protein-1 (MCP-1)) in supernatants of
EV-stimulated cells, mouse MCP-1 ELISA MAX™ Standard set by BioLegend was used according to the
manufacturer’s instructions with minor adjustments. One day prior to running the ELISA, capture
antibody was diluted 1:200 in coating buffer. 50 ul of this capture antibody solution were added to the
wells of a 96-well high binding plate and incubated overnight at 4°C. The next day, the plate was
washed 4 times with at least 300 pl wash buffer (0.05 % Tween-20/PBS) per well, after which residual
buffer was blotted off by firmly tapping the plate upside down on absorbent paper. 100 ul 1 % BSA/PBS
were added to each well to block non-specific binding. The plate was sealed and incubated at RT for
1 h on a plate shaker. After incubation, washing was performed as before. Standard dilutions were
prepared by diluting the stock standard in 1 % BSA/PBS to a top concentration of 4000 pg/ml and
subsequently performing two-fold dilutions. Standards were prepared in duplicates. 50 pl of standard
dilutions and samples were added to the appropriate wells. Supernatants of LPS stimulated cells were
diluted 1:4 in 1 % BSA/PBS. All other samples were used without further dilution. The plate was sealed
and incubated at RT for 2 h with shaking. Washing was performed as before. 50 pl of detection
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antibody diluted 1:200 in 1 % BSA/PBS were then added to each well. The sealed plate was incubated
at RT for 1 h with shaking, followed by washing as before. 50 ul of Avidin-HRP diluted 1:1000 in 1 %
BSA/PBS were added to each well and the sealed plate incubated at RT for 30 min with shaking. The
plate was then washed 5 times with 30 s to 1 min soaking in wash buffer for each wash step to minimize
background. 50 ul of TMB substrate solution were added to each well and the plate then incubated in
the dark for 15-30 min. The color reaction was stopped by addition of 50 ul stop solution (2 N H2S0,)
to each well, resulting in a colorimetric change from blue to yellow. Absorbance was measured at 450
nm using MRX® plate reader within 15 min.

2.2.9.4 Myeloperoxidase ELISA

To detect myeloperoxidase (MPO) released during degranulation in the supernatants of stimulated
cells, R&D Systems Mouse Myeloperoxidase DuoSet ELISA was used according to the manufacturer’s
instructions with minor adjustments. One day before the assay, the capture antibody was diluted 1:180
in 1x PBS. A 96-well high binding plate was coated with 50 pl per well of the diluted capture antibody.
The plate was sealed and incubated overnight at RT. The next day, the plate was washed 3 times with
wash buffer as described in 2.2.9.3. Unspecific binding was then blocked by addition of 150 ul 1 % BSA
in 1x PBS to each well and incubation at RT for 1 h. The plate was then washed as before. Standard
dilutions were prepared in 1 % BSA/PBS by diluting the stock standard to a top concentration of
16,000 pg/ml and subsequently performing two-fold serial dilutions. Standards were prepared in
duplicates. 50 pl of standard dilutions and samples were added to the appropriate wells. Supernatants
of LPS stimulated cells were diluted 1:4 in 1 % BSA/PBS. All other samples were used without further
dilution. The plate was sealed and incubated at RT for 2 h, followed by washing as before. 50 ul of
detection antibody diluted 1:180 in 1 % BSA/PBS were added to each well and the sealed plate was
incubated at RT for another 2 h, again followed by washing as before. Streptavidin-HRP was diluted
1:200in 1 % BSA/PBS and 50 pl of this solution were then added to each well. The plate was incubated
in the dark at RT for 20 min. The plate was then washed as before. 50 pl of TMB substrate solution
were added to each well and the plate incubated for 20 min at RT in the dark again. The color reaction
was stopped by adding 25 pl stop solution (2 N H,SO4), resulting in a colorimetric change from blue to
yellow. Finally, absorbance was measured at 450 nm with 570 nm wavelength correction at MRX® plate
reader.

2.2.9.5 LEGENDplex™ multiplex cytokine assay

BioLegend’s LEGENDplex™ is a multiplex cytokine assay that allows for the simultaneous detection of
several analytes in samples and was used to investigate cytokine profiles in cell culture supernatants
of stimulated monocytes. LEGENDplex™ uses the same principle of analyte capture between two
antibodies as other sandwich immunoassays and makes use of beads of different sizes and
fluorescence intensities. Bead populations with bound target analytes can thus be distinguished using
a flow cytometer.

In preparation for the assay, provided beads were sonicated in an ultrasonic bath for 1 min, followed
by 30 s vortexing to break up potential bead aggregates. If beads for individual cytokines were provided
separately, a bead master mix was prepared out of 13x beads, which were diluted to 1x in assay buffer.
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Standard series was prepared by performing 1:4 serial dilutions in assay buffer, starting from the top
standard C7. Assay buffer was used as CO (blank).

In a V-bottom 96-well plate, 10 pl sample or standard were combined with 10 pl beads and 10 pl assay
buffer per well. All standards and samples were prepared in duplicates. The plate was sealed, wrapped
in tinfoil and incubated at 4°C overnight with shaking at 800 rpm. The next day, the plate was
centrifuged at 250 g for 5 min. The supernatant was discarded with a quick shaking motion and 200 pl
1x wash buffer were added to each well. After 1 min incubation, the plate was centrifuged as before
and the supernatant discarded again. 10 pl detection antibody were then added into each well
containing sample or standard, the plate was sealed and wrapped in tinfoil again, and incubated at RT
and 800 rpm on a shaker for 1 h. Next, 10 ul SA-PE were added to each well, followed by incubation
for 30 min as before. The plate was centrifuged as before, the supernatant discarded and the pellet
containing the beads with bound analytes resuspended in 150 ul 1x wash buffer. Samples were
transferred into flow cytometry tubes and measured at BD® LSR Il flow cytometer on the same day.
Approximately 300 beads were recorded per analyte. Data analysis was performed with LEGENDplex™
Cloud-based Data Analysis Software.

2.2.10 RNA analysis

2.2.10.1 Analysis of the miRNA content of EVs

2.2.10.1.1 Isolation of total RNA from E. histolytica EV's

For purification of total RNA, including small RNAs such as miRNAs, QIAGEN miRNeasy Mini Kit was
used according to the manufacturer’s instructions. EVs previously isolated from culture supernatant
and stored in QlAzol™ lysis reagent (2.2.2.2) were thawed on ice and then incubated at RT for 5 min.
140 pl chloroform were added to the sample, followed by vigorous shaking for 15 s and another 3 min
incubation at RT. For phase separation, samples were centrifuged at 12,000 g and 4°C for 15 min. The
upper aqueous phase containing RNA was transferred to a new RNase-free tube. 1.5 volumes of 100 %
ethanol were added to the sample and mixed by pipetting. Up to 700 ul were then added onto a
RNeasy Mini spin column, followed by centrifugation at over 8,000 g and RT for 15 s. The flow-through
was discarded, and, in case of higher volumes of sample, the step was repeated. 700 pl buffer RWT
were added to the column, followed by centrifugation as before and discarding of the flow-through. 2
washing steps with 500 pul buffer RPE ensued with centrifugation as above, but for the second step the
centrifugation time was increased to 2 min. The flow-through was discarded after each step. The
column was then placed in a new collection tube and centrifuged for 1 min to dry the membrane.
Finally, 25 ul RNase-free H,O were added to the column to elute the RNA in a 1 min centrifugation
step. This step was performed twice to result in a final elution volume of 50 pl. RNA concentration was
determined using NanoDrop™ 2000. Samples were then stored at — 80°C until further use. For later
analysis of RNA integrity with Agilent 2100 Bioanalyzer (2.2.10.3), small aliquots (2 ul) of each sample
were stored separately to avoid freezing and thawing of RNA samples. Ultimately, isolated samples
were sequenced as described in 2.2.10.1.2 to characterize the miRNA content of E. histolytica EVs.
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2.2.10.1.2 miRNA sequencing

Sample processing and miRNA sequencing of isolated total RNA were performed at the Institute of
Clinical Molecular Biology of Kiel University. Libraries were constructed using NEXTFLEX® small RNA-
Seq Kit (PerkinElmer Inc.). Samples were sequenced at a depth of around 50 million paired-end reads
per sample (with read depth varying between 27 and 132 million reads per sample) with 50 bp read
length using Illumina NovaSeq 6000 System with NovaSeq SP flow cell. Quality control of generated
reads was performed in the sequencing facility using FastQC.

2.2.10.1.3 Analysis of miRNA sequencing data

Analysis of raw miRNA sequencing data was performed with CLC genomics workbench 21 in
cooperation with Dr. Nahla Metwally. For annotation of miRNAs, a custom reference sequence list was
created based on E. histolytica miRNAs published by Mar-Aguilar et al.»*2. Raw reads were trimmed
and mapped to the custom reference. ‘Quantify miRNA’ function in CLC was used for quantification of
the annotated miRNAs in the sequence data. Sequence length for seed counting was set to 18 — 25 nt.
Differential expression between two sample sets was analyzed using ‘differential expression in two
groups’ function for small RNA with TMM normalization.

De novo miRNA prediction from sequencing data was performed by Baldzs Horvath using BrumiR
algorithm (version 3.0)'*® (accessed from https://github.com/camoragag/BrumiR). Out of the three

sequenced samples per clone, the largest dataset each was chosen for miRNA discovery. Validation of
the mature miRNAs predicted by BrumiR was done by mapping to the E. histolytica genome with
BrumiR2reference and predicting miRNA precursors based on possible hairpin structures in the
genome. Precursor clustering was performed at 98 % identity to reduce redundancy since around 20 %

1% Quantification and annotation of the

of the E. histolytica genome consists of repeat elements
BrumiR output was performed using CLC genomics as described above. Differential expression
between two sample sets was analyzed using the tool for empirical analysis of differential expression
with tagwise dispersions. For further analysis, a total count cutoff of 5 read counts was set. All miRNAs
that were not present in at least 2 out of 3 samples of either Al or B2 EVs with a minimum of 5 counts

were excluded.

FDR p value < 0.05 and fold change > |2| were set to define a miRNA as significantly differentially

expressed. Volcano plots for miRNA sequencing data were created with the European Galaxy Server®®

(https://rna.usegalaxy.eu/).

2.2.10.2 Transcriptome analysis of stimulated monocytes
2.2.10.2.1 RNA isolation

For isolation of RNA from cells previously fixed in RLT buffer (2.2.7), QIAGEN RNeasy Mini Kit was used
according to the manufacturer’s instructions. Briefly, thawed samples were vortexed and 70 % ethanol
was added to the samples in equal volume to the previously added RLT buffer and mixed by pipetting.
Up to 700 pl of the solution were added onto a RNeasy Mini spin column, followed by centrifugation
for 15 s at > 8000 g. The flow-through was discarded and if required, remaining sample was added

37


https://github.com/camoragaq/BrumiR
https://rna.usegalaxy.eu/

Material and Methods

onto the column, followed by centrifugation as before. 700 pl of wash buffer RW1 were then added to
the column, centrifugation was performed as before and the flow-through discarded. 2 washing steps
with 500 pl buffer RPE each were then performed as for buffer RW1 before, with centrifugation at the
second step for 2 min. Subsequently, the column was transferred into an empty 2 ml collection tube
and centrifuged at full speed in a table-top centrifuge for 1 min to dry the membrane. The column was
then placed into a new 1.5 ml collection tube, 25 ul RNase-free H,O were added directly to the
membrane, followed by centrifugation for 1 min at > 8000 g to elute the RNA. This step was repeated
with 25 pl RNase-free H,0, resulting in a total elution volume of 50 pl. RNA concentration was then
measured at NanoDrop™ 2000. Samples were stored at — 80°C until further use for RNA-Seq using
next-generation sequencing (NGS) (2.2.10.2.2) or RT-qPCR (2.2.10.4). For later analysis of RNA integrity
with Agilent 2100 Bioanalyzer (2.2.10.3), small aliquots (1-2 ul) of RNA were stored separately to avoid
freezing and thawing of RNA samples.

2.2.10.2.2 RNA sequencing

RNA isolated from stimulated murine monocytes that passed integrity control with the Bioanalyzer
(2.2.10.3) was processed and sequenced using NGS at the BNITM sequencing facility under the lead of
Dr. Daniel Cadar. Library preparation for bulk RNA-Seq was performed using the QIASeq Stranded
mRNA Library Kit according to the manufacturer’s instructions. Libraries were then pooled and
sequenced on an lllumina NextSeq 550 system with NextSeq 500/550 Mid Output Kit v2.5 (150 cycles).
75 bp paired-end reads were generated at a sequencing depth of 5-6 million (first NGS run) or 17-22
million (second NGS run) reads per sample. Raw data were processed as described in 2.2.10.2.3.

2.2.10.2.3 Analysis of RNA sequencing data

Quality control of raw sequencing data was performed with FastQC version 0.12.1. Data were then
processed using CLC genomics Workbench 21 software. RNA-Seq analysis tool was used to map reads
to the murine genome (GenBank assembly GCA_003774525.2). Differential expression in two groups
function was used to calculate gene expression of a sample set relative to a control set. For further
analysis of gene expression data, fold change > |2| and FDR p-value < 0.05 were set to define a gene
as differentially expressed between two sample sets. In addition, a total count cutoff of 30 reads was
set, meaning that all genes with less than 30 reads per sample in both conditions to be compared were
excluded. If a gene was present in one condition with less than 30 counts but in the other with more
than 30 counts in all of the samples, the gene was not excluded. For analysis of differentially expressed
genes between samples from male and female cells, X and Y chromosomal genes were excluded.

Volcano plots for NGS data were created with the European Galaxy Server®
(https://rna.usegalaxy.eu/) using all genes detected without applying a total count cutoff. Heatmaps

were created with Heatmapper®® (http://heatmapper.ca/) using Reads per kilobase per million

mapped reads (RPKM) normalized sample data. Venn diagrams were created using InteractiVenn'”
(http://www.interactivenn.net/). GO term enrichment analysis and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathways analysis of differentially expressed genes that passed the total count cutoff
was performed using shinyGOY’ version 0.77 (http://bioinformatics.sdstate.edu/go/) with default

settings and all detected genes of the transcriptome as background.
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2.2.10.3 RNA integrity control using Agilent 2100 Bioanalyzer

For integrity control of RNA samples prior to whole transcriptome sequencing (2.2.10.2.2) or miRNA
sequencing (2.2.10.1.2) and precise sample quantitation, on-chip automated electrophoresis was
performed using Agilent 2100 Bioanalyzer with Agilent RNA 6000 Pico Kit and 2100 Expert Software.
For this, samples were diluted to a maximum concentration of 5 ng/pl with RNase-free H,O based on
concentrations measured using the NanoDrop™ 2000. Diluted samples and reconstituted RNA ladder
were denatured at 70°C for 2 min. Preparation of gel-dye mix and loading of reagents and samples
onto the chip were performed according to the manufacturer’s instructions. 1 pl of diluted sample was
used. Assessment of RNA integrity was performed according to the RNA integrity number (RIN)
calculated by the built-in software, which assesses various features of the resulting electropherograms
for each sample, among them peaks for 18S and 28S ribosomal RNA®®, RIN values are given on a range
from 1 to 10, where 10 marks the highest possible RNA integrity. Samples with RIN between 8 and 10
were considered to be of high integrity and samples processed for whole transcriptome sequencing
(2.2.10.2.2) were required to have a RIN of at least 6. For EV samples sent for miRNA sequencing
(2.2.10.1), electropherograms resulting from Bioanalyzer runs were used to judge the presence of
small RNAs in the sample, appearing as a peak at over 25 nt.

2.2.10.4 RT-qPCR
2.2.10.4.1 Primer design for RT-qPCR

For amplification of genes of interest via real-time quantitative polymerase chain reaction (RT-qPCR),
gene-specific primers were designed using Primer3web version 4.1.0'7° (https://primer3.ut.ee/) and
Primer-BLAST* (https://www.ncbi.nIm.nih.gov/tools/primer-blast/). Nucleotide sequences used for
the  design of primers were accessed from  NCBI  Nucleotide Databasel’?

(https://www.ncbi.nlm.nih.gov/nuccore). In case of multiple transcript variants of a target gene, the

variant with the longest sequence was chosen. Primers were designed to yield an amplicon of between
75 and 200 bp in size. All primers designed were around 20 nt in length with an optimal annealing
temperature of 58°C and 50 — 60 % GC content. Primers were manufactured by Eurofins Genomics
GmbH.

2.2.10.4.2 cDNA synthesis

cDNA synthesis for RT-gPCR was performed using Thermo Fisher Maxima First Strand cDNA Synthesis
Kit according to the manufacturer’s instructions. Briefly, 4 ul 5x Reaction Mix and 2 ul Maxima Enzyme
Mix, both components provided with the kit, were combined in a RNase-free tube with 200 ng
template RNA (isolated as described in 2.2.10.1). RNase-free H,0 was added to a final volume of 20 pl.
The reaction was first incubated at 25°C for 10 min, followed by 15 min incubation at 50°C in a heating
block. The reaction was finally stopped by 5 min incubation at 85°C. Synthesized cDNA was further
used for RT-gPCR as described below.
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Material and Methods

2.2.10.4.3 Gradient RT-qPCR

Gradient RT-qPCR was performed with newly designed primer pairs to assess optimal annealing
temperature of the primers. 2 primer pairs per target gene were investigated. 100 pmol/ul primers
were diluted 1:10 with RNase-free H,O for further use. Thermo Fisher Maxima SYBR Green/ROX qPCR
Master Mix (2X) was used according to the manufacturer’s instructions with adjustments to the
volumes used per reaction. In a RNase-free tube, 5 pl SYBR Green Master Mix (2X) were combined with
0.3 ul each of the 1:10 dilutions of forward and reverse primers and 3.4 ul RNase-free H,O per reaction.
In a LightCycler Multiwell 96-well plate, 9 ul of this master mix were combined with 1 ul cDNA
(2.2.10.4.2) or RNase-free H,0 (control) per well. cDNA of LPS stimulated male monocytes was used
for gradient RT-gqPCR. Reactions were performed in duplicates. The plate was sealed with an adhesive
plate sealer and subjected to short centrifugation. RT-gPCR was performed using LightCycler® 96 with
the following program:

Table 14: Cycler program for gradient RT-qPCR.

Step Temperature Time Repetition
Preincubation | 95°C 300s
95°C 10s
3-step
L 52-62°C 10s 45 x
amplification
72°C 10s
95°C 10s
Melting 65°C 60 s
97°C ls
Cooling 37°C

Obtained data were processed using LightCycler® 96 SW 1.1 software. Melting curves were analyzed
to assess specificity of the amplification by the investigated primer pairs. Melting curves with a single
peak indicated the synthesis of a single, specific amplicon. Based on the appearance of amplification
curve and melting curve as well as the absence of an amplicon detected in the H,0 control, one primer
pair per target gene out of the two tested pairs was chosen for further use.

2.2.10.4.4 Determination of primer efficiency

Following gradient RT-qPCR (2.2.10.4.3), primer efficiency was assessed for one chosen primer pair per
target gene. For this, RT-gPCR was performed on 1:10 serial dilutions of cDNA of LPS stimulated male
monocytes. 4 dilutions of cDNA were used. Reactions were performed in duplicates. The reaction mix
was pipetted as described in 2.2.10.4.3. The following cycler program was used for amplification of the
target gene:

40



Material and Methods

Table 15: Cycler program for primer efficiency RT-qPCR.

Step Temperature Time Repetition
Preincubation | 95°C 300s
95°C 10s
3-step
. 58°C 10s 60 x
amplification
72°C 10s
95°C 10s
Melting 65°C 60 s
97°C 1ls
Cooling 37°C

Obtained data were processed using LightCycler® 96 SW 1.1 software. Means of Cq values from
duplicates were calculated and plotted against corresponding concentrations on a logarithmic scale
using Microsoft Excel. A linear trend line of the data points was generated and the slope calculated.
Primer efficiency (E) was then calculated using the following equation®®:

1
E = 10(_slope)

A primer efficiency of 2 indicates perfect duplication of the template in every cycle. Thus, calculated
primer efficiency close to the value 2 were aimed for.

2.2.10.4.5 Quantification of target mRNA using RT-qPCR

For quantification of target mRNA from monocytes stimulated as described in 2.2.7, RNA was isolated
(2.2.10.1) and cDNA synthesized (2.2.10.4.2). Reactions for RT-qPCR were pipetted as described in
2.2.10.4.3 and the program described in 2.2.10.4.4 was used for amplification with LightCycler 96,
with a decrease in the number of cycles to 55. Reactions were performed in duplicates. cDNA was used
undiluted or in 1:2 dilution, depending on the expected abundance of the gene of interest. For each
sample and primer pair combination, a fragment of the gene encoding 40S ribosomal protein S9 (Rps9)
was amplified as housekeeping control. For each primer pair, a negative control with H,0 instead of
cDNA was used. RT-gPCR data were processed using LightCycler® 96 SW 1.1 software, analyzed using
Microsoft Excel and plotted using GraphPad Prism 9. Mean Cq values of duplicates were calculated,
and fold changes in the expression of the gene of interest in stimulated samples compared with means
of the control group were calculated according to the following equation®®:

(Etarget)Atharget(control—sample)

fold change = (Ereference)Acqreference(control—sample)

With  Ewrget = primer efficiency of the gene of interest
Ereference = primer efficiency of the housekeeping gene (Rps9)
ACQtarget = Cq control condition — Cq stimulation condition (gene of interest)

ACqreference = Cq control condition — Cq stimulation condition (housekeeping gene)

41



Material and Methods

2.2.11 Statistics

Statistical analysis between two datasets was performed using Mann-Whitney U test in GraphPad
Prism 9 for all but sequencing and MS data. Significance levels were defined as follows:

*=p<0.05
** = p<0.01
*%* = < 0,001

*#k%% = p < 0,0001

For comparisons with p < 0.1 that were not significant (ns), p values are shown in this thesis to describe
trends. p values for all other non-significant comparisons are not shown.
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3 Results
3.1 Workflow for the investigation of E. histolytica-derived EVs and their properties

In this project, the biological and immunostimulatory properties of E. histolytica-derived EVs were
investigated to gain further insight into host-parasite interaction. To this end, an ultracentrifugation-
based EV isolation protocol was established (Figure 5 A). Culture medium conditioned by E. histolytica
trophozoites was subjected to differential centrifugation to remove cells and debris and EVs were
pelleted by ultracentrifugation. EVs were isolated from two E. histolytica clones differing in their
pathogenicity (low pathogenic A1l and highly pathogenic B2) to investigate putative mechanisms
involved in amebic virulence. The isolated EVs were then further characterized with different methods
(Figure 5 B). NTA was employed to determine particle size and concentration (3.2.1), and TEM was
used for visualization of EVs as well as the detection of antigens on EVs through immunogold labeling
(3.2.2). Mass spectrometry and miRNA sequencing were performed in order to better characterize the
protein (3.2.3) and miRNA content (3.2.4) of the EVs. Finally, immune cell stimulations were performed
with isolated murine monocytes and neutrophils in order to gain an understanding of the
immunostimulatory capacities of the isolated EVs and the host cell response (3.3). Both male and
female cells were studied to determine whether the putative immune response was dependent on the
biological sex of the host. Monocytes and neutrophils were studied due to their known involvement in
immune response to E. histolytica infection. The response of neutrophils to EV stimulation was studied
in detail in the framework of a master thesis supervised as part of this doctoral project!®®. Therefore,
this thesis will focus on the interaction of E. histolytica EVs with monocytes.
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Figure 5: Schematic depiction of the workflow of EV isolation and downstream applications.

(A) Culture supernatant of A1 and B2 E. histolytica was subjected to differential centrifugation at increasing speeds, with the pellet discarded
at each step, to remove cells and debris. EVs were then pelleted by ultracentrifugation at 100,000 g. The resulting EV samples were then
used for a variety of downstream applications (B), namely NTA, TEM, mass spectrometry, miRNA sequencing and immune cell stimulations.
Figure created with BioRender.

43



Results

3.2 Characterization of E. histolytica EVs
3.2.1 Determination of EV size and concentration using nanoparticle tracking analysis

EVs isolated from culture supernatants of Al or B2 E. histolytica trophozoites via differential
ultracentrifugation were quantified using nanoparticle tracking analysis (NTA) to determine particle
size distribution and concentration. Particles in the isolated EV samples were heterogeneous in size,
with some particles smaller than 100 nm and others larger than 400 nm (Figure 6 A, B). It should be
noted that NTA has a resolution limit of around 50 nm for EVs and can thus not detect particles that
may be even smaller’. There were no significant differences in the size and number of particles
released by the two clones (Figure 6 C, D). Particle concentration of EV samples as determined by NTA
was used to calculate sample amounts needed for later immune cell stimulations (3.3).
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Figure 6: Nanoparticle tracking analysis (NTA) for the determination of particle size and concentration.

(A, B) Overlay of NTA data from multiple independent measurements of A1 EVs (A, n=13) and B2 EVs (B, n = 12). Depicted are averaged data
from 5 videos per sample. (C) Comparison of the modal particle size of A1 and B2 EVs as determined by NTA (n = 9-11). (D) Comparison of
the particle concentration of A1 and B2 EV samples in a set of standardized experiments (n = 3-4). Calculation of p values for statistical
significance was performed using Mann-Whitney U test.

3.2.2 \Visualization of EVs by transmission electron microscopy

Immunogold labeling followed by negative staining for TEM was performed to visualize isolated
E. histolytica EVs. Detection of the prominent membrane-associated E. histolytica molecules
Gal/GalNac lectin (Figure 7) and LPPG (Figure 8) on the EV surface was performed to verify their amebic
origin. Secondary antibodies for immunogold labeling are conjugated to gold particles that appear as
black dots in TEM images.

TEM showed that EV samples were heterogeneous with regard to vesicle size, with some smaller than
100 nm and others as big as 500 nm (Figure 7, Figure 8), which corresponds to the findings obtained
by NTA (Figure 6). EVs secreted by both Al and B2 amebae contained Gal/GalNac lectin (Figure 7), but
it was not present on all particles. ‘Background’ labeling could be seen in samples of both clones that
was absent in secondary antibody controls, indicating that the lectin was present in the samples but
not bound to EVs. This effect could be the result of EV disintegration during storage or sample
processing. A similar picture could be observed for LPPG (Figure 8), which was also detected on EVs
from Al and B2 amebae. Labeling was performed twice for A1 and B2 EVs with each antibody to ensure
reproducibility of the result.
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anti-Gal/GalNac lectin Control

A1EVs

B2 EVs

Figure 7: Detection of Gal/GalNac lectin on E. histolytica EVs by immunogold labeling.

EVs isolated from A1 (A-D) and B2 (E-H) E. histolytica were labeled with anti-Gal/GalNac lectin primary and goat anti-rabbit gold-conjugated
secondary antibodies, followed by negative staining and detection by TEM. (A, E) Overview of labeled EV samples from Al (A) and B2 (E)
amebae. Blue arrowheads indicate examples of background labeling (black dots). (B, C, F, G) Close-up images of individual labeled A1l (B, C)
or B2 (F, G) EVs. Every black dot corresponds to a bound gold-conjugated secondary antibody (indicated by white arrowheads). (D, H)
Secondary antibody only controls of A1 (D) and B2 (H) EVs, in which the primary antibody was omitted. Shown are representative images
from two separate labelings for A1 and B2 EVs. Scale bars correspond to 500 nm in overview images (A, D, E, H) and 100 nm in close-ups (B,

C,F,G).
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anti-LPPG Control

A1EVs

B2 EVs

Figure 8: Detection of LPPG on E. histolytica EVs by immunogold labeling.
EVs isolated from Al (A-D) and B2 (E-H) E. histolytica were labeled with anti-LPPG primary and goat anti-mouse gold-conjugated secondary

antibodies, followed by negative staining and detection by TEM. (A, E) Overview of labeled EV samples from Al (A) and B2 (E) amebae. Blue
arrowheads indicate examples of background labeling (black dots). (B, C, F, G) Close-up images of individual labeled A1 (B, C) or B2 (F, G) EVs.
Every black dot corresponds to a bound gold-conjugated secondary antibody (indicated by white arrowheads). (D, H) Secondary antibody
only controls of Al (D) and B2 (H) EVs, in which the primary antibody was omitted. Shown are representative images from one labeling. Scale
bars correspond to 500 nm in overview images (A, D, E, H) and 100 nm in close-ups (B, C, F, G).
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3.2.3 The E. histolytica EV proteome
3.2.3.1 Analysis of the protein content of E. histolytica EVs and comparison to other organisms

Mass spectrometry was performed to analyze the protein composition of A1l and B2 E. histolytica-
derived EVs. Principal component analysis (PCA) revealed that Al and B2 EV proteomes were similar
to each other with regard to principal component (PC) 1 and distinct from negative controls (Figure
9 A; n = 3). Functional classification of proteins in Al EVs (Figure 9 B, C) and B2 EVs (Supplementary

173 showed that most proteins were associated with the cellular

figure 1) with Panther knowledgebase
component gene ontology (GO) terms membrane, endomembrane system, intracellular anatomical
structures, organelle, cytoplasm, and cell periphery, and out of proteins with the assigned molecular

function ‘catalytic activity’, about half possessed hydrolase activity.

A total of 863 proteins were detected in at least 2 out of 3 A1 EV samples and 711 proteins in 2 out of
3 B2 EV samples, 674 of which were common proteins (Figure 9 D, Figure 11 A). 78 proteins were
detected uniquely in the Al EV proteome and not the B2 EVs, whereas 7 proteins were detected only
in the B2 EV proteome (Figure 9 D, Supplementary table 1). GO term enrichment analysis for the
proteins unique to Al EVs revealed molecular functions in organic substance transport, localization,
guanosine triphosphate (GTP) binding, and GTPase activity (Figure 9 F, Supplementary table 2).
Glycosylphosphatidylinositol (GPl)-anchor biosynthesis was the most significantly associated KEGG
pathway (pathway ID ec00563, data not shown). Out of the 7 proteins present only in B2 EVs, 4 were
hypothetical proteins (EHI_072010, EHI_023070, EHI_130950 and EHI_095850; Supplementary table
1). EHI_072010 is annotated in UniProt'’® as autophagy-related protein 9 and involved in phagophore
assembly (entry C4M606). The three annotated proteins were one putative mannosyltransferase
(EHI1_029580), putative syntaxin (EHI_181290) and the alpha subunit of beta-N-acetylhexosaminidase
(EHI1_148130) (Supplementary table 1). Reliable GO term enrichment or pathway analysis could not be
performed for this short list of proteins.

The only protein present in both A1 and B2 EV proteomes and significantly regulated with a fold change
> | 2| was the hypothetical protein EHI_161930, which was present at higher levels in B2 EVs compared
with A1 EVs (Figure 9 E; Supplementary table 1). For further analysis, the sequence of this protein was
accessed from AmoebaDB!’ and subjected to InterProScan using InterPro database’* 94.0. Four
transmembrane domains, three cytoplasmic domains and two non-cytoplasmic domains were
detected in the EHI_161930 sequence (data not shown). No orthologs for this protein in other
organisms outside of the genus Entamoeba were identified by protein BLAST (blastp, National Center
for Biotechnology Information (NCBI)).

Both EV proteomes were controlled for the presence of proteins typically identified in EV proteomes,
such as heat shock proteins, 14-3-3 proteins, ADP-ribosylation factor, and metabolic enzymes like
peroxiredoxin®®, which were all present (Supplementary table 3). In order to assess how similar the E.
histolytica EV proteomes were to EV proteomes of other organisms, comparison to the top 100 most
commonly detected mammalian EV proteins according to Vesiclepedial”® was performed. To this end,
protein sequences of these 100 proteins were retrieved from UniProt (release 2022_04)'"® and protein
BLAST against E. histolytica was performed (blastp, NCBI). Orthologs were found in E. histolytica for 67
out of 100 proteins. Of these, 42 were present in at least 1 of 3 A1 EV proteome samples and 41 in at
least 1 of 3 B2 EV samples (Supplementary table 16), showing that the E. histolytica EV protein cargo
is similar to that of other organisms.
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Furthermore, the supernatant of the first ultracentrifugation step was included as a negative control
to determine which proteins were present in samples but not specific to EVs. A total of 30 proteins
was detected in at least 1 of 3 control samples (Supplementary table 6). This included five of the top
EV protein orthologs (Supplementary table 16).

Another class of proteins typically present in EVs due to the involvement in their biogenesis are
tetraspanins (TSPANs)%8. Of the 17 known and putative E. histolytica tetraspanins, as described by
Tomii et al.'®, 4 were detected in a minimum of 1 of the Al or B2 EV proteome samples
(Supplementary table 4). EHI_022890 (TSPAN1) and EHI_091490 (TSPAN12) were detected in both EV
proteomes in all samples. EHI_075690 (TSPAN4) was present in 2 of 3 A1 EV samples but only 1 of 3
B2 EV samples. EHI_107790 (TSPAN13) was absent from B2 EVs but present in 1 of 3 A1 EV samples.
The other tetraspanins were not detected. It should be noted that also in proteomes of E. histolytica
trophozoites (see below, 3.2.3.2), only 6 of the known and potential tetraspanins were detected,
namely TSPAN1, TSPAN2, TSPAN4, TSPAN7, TSPAN12, and TSPAN15 (Supplementary table 4).
Interestingly, TSPAN13 was not detected in trophozoite proteomes although it was detected in one EV
sample. Additionally, the presence of ESCRT proteins described by Lépez-Reyes et al.?® in E. histolytica
EV proteomes was investigated, since these proteins are also associated with EV biogenesis. Four
proteins that were predicted to be components of either ESCRT complex O, | or Il (EHI_091530,
EHI_135460, EHI_137860, and EHI_045320) were detected in at least 1 out of 3 EV samples for Al and
B2 EVs (Supplementary table 5).

Taken together, it was shown that the E. histolytica EV proteomes are comparable to EV proteomes of
other organisms and contain typical EV markers. Al and B2 EV proteomes exhibited some differences,
but many of the differentially expressed proteins were hypothetical proteins and further investigation
will be needed to elucidate their functions.
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Figure 9: The proteomes of Al and B2 E. histolytica EVs.

(A) Principal component analysis of EV proteome samples, generated using Perseus software?®® (n = 3). Controls are supernatants of the first
ultracentrifugation step. (B, C) Pie charts depicting the relative amount of proteins in the A1 EV proteome with GO terms for (B) molecular
function (left) and molecular function sublevel 1 catalytic activity (right) and (C) cellular component, sublevel 1 cellular anatomical entity. Pie
charts were created with Panther knowledgebase'”3. (D) Venn diagram depicting the number of proteins present in A1 and B2 EV proteomes
(at least 2/3 samples) and the number of proteins shared between the two proteomes. Diagram was created with InteractiVenn!”°. Small
bubble diagrams on the bottom of the Venn diagram depict the number of proteins uniquely present in the corresponding proteome (0/3 in
the other proteome). (E) Volcano plot depicting relative presence of proteins between Al and B2 EV proteomes according to statistical
significance (-log10 of the FDR-adjusted p value) versus magnitude of change (logfc = log fold change). Marked in red is a significantly
regulated protein (downregulated in A1 EVs compared with B2 EVs). Volcano plot was created with Perseus software!®. (F) Molecular
function GO terms associated with the 78 proteins unique to A1 EVs. GO term analysis was performed with AmoebaDB%’ and visualized with
Revigol’®,
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3.2.3.2 Comparison of the EV proteome to E. histolytica whole cell proteomes

To investigate whether selective enrichment or depletion of certain protein groups could be detected
in EVs, mass spectrometry on whole amebae from the same clones was performed (Figure 10). PCA
showed that Al and B2 amebae proteomes were distinct from one another with regard to PC 1, and
samples for the same clone clustered together (Figure 10 A; n = 3). A total of 2711 proteins were
detected in at least 2 out of 3 Al E. histolytica and 2496 proteins were detected in at least 2 out of 3
B2 E. histolytica (Figure 10 B, Figure 11 A). 2374 of these proteins were common between the clones
(Figure 10 B). 214 proteins were detected only in A1l and not B2 amebae, whereas 53 proteins were
detected uniquely in the B2 amebae proteome (Figure 10 B, Supplementary table 8, Supplementary
table 9). A total of 312 proteins that were present in both A1 and B2 proteomes were present in
significantly different amounts (FDR p < 0.05, fold change > |2]|) (Figure 10 C). Such proteins will
henceforth be defined as ‘differentially expressed’ for the purpose of clarity, although it should be
noted that proteins are synthesized and not expressed. A heatmap of the top 50 differentially
expressed proteins between Al and B2 amebae is depicted in Figure 10 D (highest fold changes; refer
also to Supplementary table 7). Molecular function GO term enrichment analysis showed that proteins
significantly more present in A1 amebae (unique proteins + upregulated proteins) have roles in nucleic
acid binding, actin binding, protein binding, and ligase activity, among others (Figure 10 E,
Supplementary table 10). Proteins significantly more present in B2 amebae are involved in
oxidoreductase, lyase and amylase activity, phospholipid binding, or antioxidant activity, among other
functions (Figure 10 E, Supplementary table 11).
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Figure 10: The proteomes of Al and B2 E. histolytica trophozoites.

(A) Principal component analysis of A1 and B2 amebae proteome samples, generated using Perseus software!® (n = 3). (B) Venn diagram
depicting the number of proteins present in A1 and B2 amebae (at least 2/3 samples) and the number of proteins shared between the two
proteomes. Diagram was created with InteractiVenn'’°. Small bubble diagrams on the bottom of the Venn diagram depict the number of
proteins uniquely present in the corresponding proteome (0/3 in the other proteome). (C) Volcano plot depicting relative presence of
proteins between Al and B2 EV proteomes according to statistical significance (-log10 of the FDR-adjusted p value) versus magnitude of
change (logfc = log fold change). Marked in blue are proteins significantly more highly present in A1 amebae and in red are those proteins
more highly present in B2 amebae. Volcano plot was created with Perseus software'®. (D) Heatmap depicting the z-score of the top
differentially expressed proteins between Al and B2 amebae. Shown are the top 50 significantly (FDR p < 0.05) differentially expressed
proteins according to fold change. Sample data binary logarithm was used for mapping. Orange indicates high levels of protein, while blue
indicates low levels. Grey color was used for missing data. Heatmap was created with Heatmapper®®®. (E) Selected molecular function GO
terms associated with proteins more highly expressed in Al or B2 amebae (proteins present in both but differentially expressed + unique
proteins) based on analysis with AmoebaDB*%’ (created with BioRender).

B®7 results showed that between 37 —

Comparison of EV and amebae proteomes based on AmoebaD
40 % of proteins in all four proteomes were hypothetical proteins (Figure 11 A). While around 13 % of
proteins in whole amebae had a transmembrane (TM) domain, around 30 % of EV proteins were TM
proteins (Figure 11 A). Additionally, an enrichment of proteins with a signal peptide to the EV

proteomes could be observed (more than 26 % proteins with signal peptide in EVs compared with
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9 -10 % in whole amebae, Figure 11 A). Interestingly, 71 proteins detected in EV proteomes were not
present in whole cell proteomes, 35 of which were shared between Al and B2 EV proteomes with
presence of the protein in at least 2/3 samples (Figure 11 B, Supplementary table 12). This indicates
that these proteins may be specifically enriched in EVs. Many of these 71 proteins are hypothetical
proteins (Supplementary table 12). When comparing the 579 differentially expressed proteins in whole
cells to the 86 differentially expressed between the two EV proteomes, only 15 were common (Figure
11 C; Supplementary table 1).

For further comparison of EV proteomes to the corresponding whole cell proteome, statistical
overrepresentation test was performed in Panther knowledgebase for GO terms biological process,
molecular function, and cellular component!®°. Regarding cellular components, membrane-associated
and endoplasmatic reticulum (ER) proteins were enriched in EV proteomes, whereas nucleic proteins
were depleted (Supplementary table 15). Biological process GO terms associated with transmembrane
transport, lipid metabolism, and localization were significantly enriched, while RNA and DNA metabolic
processes were depleted (Figure 11 D, Supplementary table 13). With regard to molecular function GO
terms, proteins involved in GTPase, phosphatase, or hydrolase activity were enriched in EVs (Figure
11 D, Supplementary table 14). Proteins involved in binding of nucleic acids or catalytic activity acting
on nucleic acids were depleted (Figure 11 D, Supplementary table 14).

A
Proteome Total proteins Hypothetical proteins % Hypothetical proteins TM domain % TM domain Signal peptide % Signal peptide
A1 EVs 863 320 37,08 265 30,71 231 26,77
B2 EVs 711 281 39,52 238 33,47 205 28,83
Al amebae 2711 1046 38,58 361 13,32 248 9,15
B2 amebae 2496 926 37,1 332 13,3 252 10,1
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Figure 11: Comparison of E. histolytica EV and trophozoites proteomes.

(A) Table listing the number of total proteins, hypothetical proteins and proteins with a transmembrane (TM) domain or a signal peptide
detected in Al and B2 EV and whole amebae proteomes. Data on hypothetical proteins, TM domains and signal peptides are based on
annotations in AmoebaDB*%’ (release 60). (B) Venn diagram depicting the number of proteins present in and shared between Al and B2 EV
and whole cell proteomes. (C) Venn diagram depicting the number of proteins differentially expressed (DE) between Al and B2 amebae or
EVs or both. Diagrams were created with InteractiVenn'’°. (D) Selected GO terms associated with proteins enriched in EVs compared with
whole cell proteomes (upward arrows) or depleted in EVs (downward arrows), based on statistical overrepresentation test performed with
Panther knowledgebase'® (created with BioRender).
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In summary, EV proteomes were enriched in membrane and ER proteins as well as proteins with a
signal peptide in comparison to the whole cell proteome. EVs were furthermore enriched in proteins
with various enzymatic activities, such as GTPase activity, and proteins involved in transmembrane
transport. Several proteins were differentially expressed between Al and B2 EVs but not between the
corresponding whole cell proteomes, indicating selective enrichment to EVs that differs between the
E. histolytica clones and may play a role in EV-mediated communication with the host immune system
in the context of pathogenicity.

3.2.4 The miRNA cargo of E. histolytica EVs

Analysis of the miRNA content of EVs was performed in order to gain insight into involvement of EVs
in the regulation of gene expression in EV target cells. miRNAs are small, single-stranded, non-coding
RNAs. When incorportated into the RNA-induced silencing complex (RISC), miRNAs mediate gene
silencing by binding to target mRNAs, which results in inhibition of translation and cleavage of
MRNA2%L,

For this purpose, total RNA was isolated and subjected to miRNA sequencing. RNA integrity control
with Agilent Bioanalyzer prior to sequencing revealed the presence of a population of short RNAs larger
than 25 nt in the EVs (Figure 12 A), which corresponds to the knowledge that E. histolytica has an
abundant population of 27 nt small RNAs?°22%, Notably, no peaks for ribosomal RNA were detected in
EV samples (Figure 12 A).

Out of all sequenced reads, between 5,848,946 and 20,900,954 unique sequences could be detected
per sample (data not shown). PCA showed that samples from Al and B2 EVs did not cluster distinctly
apart, indicating similar miRNA content in EVs of both clones (Figure 12 B; n = 3). For the detection of
mature miRNAs in the sequence data, a custom reference sequence list was created based on
previously published mature miRNAs'®2, Interestingly, none of the reported mature miRNAs were
found in the EV samples, with the exception of Ehi-miR-4, which was detected in low quantities in some
samples, and one count of Ehi-miR-3 present in one sample (data not shown). Therefore, we
investigated whether isomiRs of the described mature miRNAs were present in the samples. IsomiRs
are variants of mature miRNAs, and isomiRs with modifications at the 3’ end (3’ isomiRs) share the

same seed sequence®®

, which is the sequence of nucleotides in position 2 — 8 at the 5’ end of the
miRNA that essentially mediates binding to target mRNA and thus gene silencing®®®. For this, we
analyzed the ‘grouped on seed’ output of the miRNA quantification. 191 different seed sequences were
detected in the 199 previously described mature miRNAs due to some redundant miRNA sequences in
the annotation (Supplementary table 17). In addition to miRNAs with identical sequences, it was
apparent that Ehi-miR-60 and Ehi-miR-117 as well as Ehi-miR-143 and Ehi-miR-193 had the same
respective seed sequence, even though they otherwise differed in their sequences (data not shown;
Mar-Aguilar et al.}®?). Analysis of differential expression between Al and B2 EVs revealed that 3’
isomiRs of Ehi-miR-35 and Ehi-miR-55 were significantly more expressed in Al EVs (fold changes 3.77
and 5.00, respectively) (Figure 12 C, Supplementary table 17). To determine targets of these isomiRs
in the E. histolytica and human genome, nucleotide BLAST was performed with the seed sequences
against the corresponding genome (blastn and megablast, NCBI). No significant similarity could be

identified in either species.
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Furthermore, we performed de novo miRNA prediction based on our sequencing data using BrumiR
algorithm?® to identify other mature E. histolytica miRNAs that were not previously described in
literature. A total of 1016 novel mature miRNAs were predicted by BrumiR based on Al and B2 EV
samples (data not shown). Of these, 167 miRNA sequences were present with a minimum of 5 total
counts in at least 2 out of 3 samples of either the Al or B2 EVs (Supplementary table 18). Differential
expression analysis showed that only one miRNA was significantly regulated (FDR p < 0.05, fold
change = |2|) between Al and B2 EVs (Figure 12 D; Supplementary table 18). Again, nucleotide BLAST
was performed with the sequence of this miRNA against the E. histolytica and human genomes. Since
the seed sequence of a mature miRNA is essential for binding to target mRNA, hits were considered of
interest if alighnment of the miRNA sequence to the target genome was detected from nucleotide 1 or
2 of the query sequence onwards. In the E. histolytica genome, alignment with mostly hypothetical or
uncharacterized proteins (for example EHI_012280, EHI 035770, EHI_040950, EHI 057700,
EHI_117860, EHI_122710) was detected (data not shown). It is therefore difficult to conclude which
processes in the parasite are regulated by this miRNA. Interestingly, several targets of this miRNA were
detected in the human genome, including SEPTIN9 and multiple transcript variants of CCL25, which are
both involved in T cell development?®%’ (data not shown). Additional hits included genes encoding
for RAP1 GTPase activating protein 2, Rho GTPase activating protein 26, and LysM domain containing
4 (data not shown). These results indicate that miRNAs packaged into E. histolytica EVs have the
potential to regulate, among others, GTPase activity and immunological processes in target cells in the
human host. A more comprehensive target gene analysis of the miRNA content of E. histolytica A1 and
B2 EVs could not be performed with currently available tools due to the lack of annotation for
E. histolytica miRNAs.
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Figure 12: The miRNA content of E. histolytica EVs.

(A) Electropherogram (left) and gel image (right) of total RNA isolated from EVs during integrity control with Agilent Bioanalyzer. Peak at
25 nt corresponds to the marker. Arrow indicates the presence of a population of short RNAs. Shown is a representative sample. (B) PCA of
miRNA sequencing data according to E. histolytica clone (node color). PCA was generated using CLC genomics (n = 3). (C, D) Volcano plots
depicting relative miRNA expression between two sample sets according to statistical significance (-log10 of the FDR-adjusted p value) versus
magnitude of change (logfc = log fold change). miRNAs significantly regulated between the two conditions with a fold change > | 2] (logfc = 1)
and FDR p value < 0.05 are colored in blue (downregulated in B2 compared to Al) or red (upregulated, not applicable). miRNAs not
significantly regulated are colored in grey (not sig). Shown are (C) 3’ isomiRs of annotated mature miRNAs'*? and (D) de novo predicted
mature miRNAs. Arrow in (D) indicates a significantly differentially expressed miRNA. Volcano plots were created with Galaxy server68,
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In summary, we found almost no expression of the previously described E. histolytica miRNAs in our
samples, but found 3’ isomiRs of them. Moreover, we were able to predict novel miRNAs using BrumiR
algorithm based on the sequence data. Differential expression analysis revealed only very few
significant differences between the EVs of the different clones. 3’ isomiRs of Ehi-miR-35 and Ehi-miR-
55 as well as one novel mature miRNA were significantly more highly expressed in A1 EVs compared
with B2 EVs. BLAST analysis revealed initial insight into possible target genes of one miRNA in the
human host, but a more comprehensive target gene analysis of the detected miRNAs using
bioinformatics approaches is needed in the future.

3.3 Immunostimulatory properties of E. histolytica EVs
3.3.1 EV stimulation of primary murine monocytes

In order to characterize the immune response of monocytes to E. histolytica EVs, monocytes were
isolated from murine bone marrow (BM) cells through antibody-mediated immunomagnetic negative
selection and stimulated with EVs. Subsequently, stimulated monocytes were processed for RNA-Seq
using NGS or analysis of surface markers via flow cytometry. Supernatants of stimulated monocytes
were used for detection of cytokines and MPO (Figure 13). Stimulation with LPS served as a positive
control and stimulation with a mock control as a negative control. Mock controls were obtained by
processing culture medium for differential ultracentrifugation in the same way as supernatants of E.
histolytica cultures (2.2.2.2). The amount of EVs used for stimulation as well as stimulation period were
established in previous experiments on splenocytes and BM cells derived from male mice. Flow
cytometry and RT-qPCR were used to control for the upregulation of activation markers and IL-6 ELISA
on supernatants in those experiments (data not shown). Experiments on BM cells showed that most
isolated E. histolytica EVs elicited increased IL-6 release by the stimulated cells, while some did not
(data not shown). Therefore, induction of IL-6 release was determined as a functionality criterion for
EV pools used for further immune cell stimulations.

- Stimulation 8h
,,)) a , / RNA-Seq
\ " Flow

@’ 24h oytometry

Monocytes

ELISA +
LEGENDplex™

Figure 13: Schematic depiction of the workflow of stimulation experiments on monocytes.

The bones of male and female C57BL/6J mice were harvested and monocytes isolated out of bone marrow cells viaimmunomagnetic negative
selection. Isolated monocytes were then stimulated with 1000 EVs/cell, together with positive and negative controls, for 8 h or 24 h. Cells
stimulated for 8 h were processed for RNA sequencing (RNA-Seq), while cells stimulated for 24 h were analyzed using flow cytometry and
their supernatants were used for ELISA and LEGENDplex™ to assess cytokine profiles and MPO concentration. Figure created with BioRender.
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Efficacy of monocyte isolation was controlled using flow cytometry as shown in Figure 14 A. Only
isolations with at least 85 % total Ly6C* (Ly6C" + Ly6C") cells out of CD11b* cells were used for
experiments. The same gating strategy was applied for control of neutrophil isolation (Supplementary
figure 2). Analysis of ‘before isolation’ samples revealed that around 20 — 40 % of murine bone marrow
cells are positive for the myeloid marker CD11b and the proportion is significantly higher in male
compared with female mice (Figure 14 B, * p < 0.05). Within the CD11b* compartment, no significant
differences in the proportion of Ly6C" classical monocytes (Figure 14 C), Ly6C"° non-classical monocytes
(Figure 14 D) or Ly6G* neutrophils (Supplementary figure 2 C) between males and females could be
detected.
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Figure 14: Monocyte isolation control and comparison of cell population frequencies between male and female mice.

(A) Efficacy control of monocyte isolation using flow cytometry. Cells before and after isolation were stained with anti-CD11b, anti-Ly6C and
anti-Ly6G antibodies to identify CD11b*Ly6C* monocytes. Intensity of Ly6C was used to distinguish between Ly6C" classical monocytes and
Ly6C non-classical monocytes. Shown is one representative experiment. (B-E) Quantification of the relative amount of CD11b* cells (B),
Ly6CM monocytes (C) and Ly6C' monocytes (D) in male and female mice (n = 13-20). Percentage of cells was determined based on ‘before
enrichment’ samples (A). Testing for statistical significance was performed with Mann-Whitney U test (* p < 0.05).

56



Results

3.3.2 The cytokine profile of EV stimulated murine monocytes

Supernatants of monocytes stimulated with EVs were subjected to cytokine profiling with
LEGENDplex™ anti-virus response panel containing antibodies against TNFa, IL-1B, IL-10, IFN-(,
CXCL10, and granulocyte-macrophage colony-stimulating factor (GM-CSF) (Figure 15, Supplementary
figure 3) to analyze whether EV stimulation had an effect on cytokine release. Several of the analytes
detected with this panel have been implicated in the immune response to E. histolytica by monocytes
or macrophages in previous studies, particularly TNFa®!, IL-10%%8, [L-1B2%%2°, and CXCL10%%, thus
making them interesting candidates to investigate in the context of EV-monocyte interaction. GM-CSF
was the only cytokine below the detection threshold in all samples (data not shown). Results for all
other cytokines are presented in the following paragraph.

No significant effect of EV stimulation on the concentration of IFN-B in comparison with mock controls
was observed in supernatants of female monocytes or upon Al EV stimulation of male monocytes
(Figure 15 A). Stimulation of male monocytes with B2 EVs led to a significant decrease in the
concentration of IFN-B compared with mock controls (* p < 0.05). However, it should be noted that
overall concentration of IFN-B in all samples was very low. No significant impact of EV stimulation on
IL-10 concentration could be detected either, in fact, IL-10 could not be detected in these samples at
all but was present in the positive control (Figure 15 B). In contrast, both male and female monocytes
secreted significantly more TNFa upon Al and B2 EV stimulation compared with mock controls (Figure
15C, * p<0.05, ** p <0.01). CXCL10 release was significantly increased by Al EV stimulation of male
monocytes (* p < 0.05) and a similar tendency could be observed for B2 EV stimulation of male
monocytes and both EV stimulations of female monocytes but was not statistically significant (Figure
15 D). IL-1B concentration was higher in A1l and B2 EV stimulated male and female monocytes in
comparison with mock control stimulated monocytes (Figure 15 E), but since the concentration was
below the lower detection limit in some samples, this effect was not statistically significant.
Nevertheless, analysis of the median fluorescence intensity (MFI) for this marker revealed that the
increase in IL-1 was statistically significant after A1 EV stimulation of male monocytes (Supplementary
figure 3 E).
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Figure 15: Cytokine profiling of EV-stimulated monocyte culture supernatants with LEGENDplex™ anti-virus response panel.
Male and female bone marrow-derived monocytes were stimulated for 24 h with LPS (positive control), mock control or 1000 EVs/cell of A1
or B2 EVs. IFN-B (A), IL-10 (B), TNFa (C), CXCL10 (D), and IL-1B (E) were detected in supernatants after stimulation by LEGENDplex™. Depicted
is the median with range (n = 3-6). Testing for significance was performed using Mann-Whitney U test (* p < 0.05, ** p < 0.01).

The cytokine profile of monocytes after EV stimulation was then further investigated with ELISA for
the cytokines CCL2, CCL3, and IL-6 (Figure 16). Additionally, M1 macrophage LEGENDplex™ panel was
used to assess IL-12p40, IL-12p70, IL-18, IL-23, and CXCL1 levels in response to EV stimulation together
with the already previously analyzed cytokines TNFa, IL-1, and IL-6 (Figure 17, Supplementary figure
4). These assays were chosen to investigate the respective cytokines due to their roles in monocyte-
mediated ALA immunopathology (CCL2%%°, CXCL1!%, IL-23%°), neutrophil recruitment during ALA
(CCL3%, CXCL11%51%) and inflammatory response of monocytes to E. histolytica antigens (IL-62%, IL-
12p402%). Since an effect of EV stimulation on cytokine release had already been observed, a heat
inactivated (h.i.) control was added to the stimulation conditions to determine whether the observed
effect was caused by EV components susceptible to heat.

ELISA of monocyte supernatants showed that A1 and B2 EV stimulation led to an increase in CCL3 and
IL-6 but not CCL2 production by monocytes in comparison with mock controls for both male- and
female-derived cells (Figure 16). Interestingly, heat inactivation of A1 EVs did not impair the observed
effect, while heat inactivation of B2 EVs led to a decrease in CCL3 release by male monocytes when
compared to non-inactivated B2 EVs (Figure 16 A).
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Figure 16: Analysis of CCL3, IL-6 and CCL2 secretion by EV stimulated monocytes using ELISA.

Male and female bone marrow-derived monocytes were stimulated for 24 h with LPS (positive control), mock control or 1000 EVs/cell of A1
or B2 EVs. Heat inactivation of EVs was performed at 95°C for 10 min as a separate control. Concentrations of CCL3 (A, n = 3), IL-6 (B, n = 3-
7), and CCL2 (C, n = 3-8) in supernatants of stimulated monocytes were detected using ELISA. Graphs depict median with range. Significances
were calculated using Mann-Whitney U test (* p < 0.05, *** p <0.001).

Furthermore, LEGENDplex™ with M1 macrophage panel showed that EV stimulation led to increases
in IL-12p40 and CXCL1 concentrations in supernatants of stimulated cells compared with mock controls
and confirmed previous findings from ELISA and anti-virus response LEGENDplex™ on increased
secretion of IL-6, TNFa, and IL-1B upon EV stimulation (Figure 17). IL-12p70, IL-18, and IL-23 could not
be detected in any of the samples (data not shown). More precisely, IL-6 concentration was
significantly increased upon Al and B2 EV stimulation of male monocytes (** p < 0.01) and also
increased in female monocytes, but not significantly (Figure 17 A). However, lack of statistical
significance for female samples may be explained by lower sample number and thus lower stat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>