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Abstract

Neutrophils are the first responders to inflammation and an adequate number of neutro-
phils in the circulation is essential to maintain immune homeostasis. Congenital neutro-
penia is a group of rare genetic disorders of hematopoiesis characterized by diminished
neutrophil counts in the circulation from birth. It is a life-threatening condition that can
lead to recurrent infections. The mechanisms underlying congenital neutropenia are di-
verse, complex and remain incompletely understood. However, impaired intracellular
vesicle trafficking has been linked to this disorder. Vacuolar protein sorting-associated
protein 18 homolog (VPS18) is a core subunit of the HOPS and COVERT complexes and
regulates intracellular vesicle trafficking through the endolysosomal and autophagosomal
pathways. A patient with a heterozygous mutation in the VPSI8 gene showed congenital
neutropenia and recurrent infections. The underlying mechanisms of the symptoms of this
patient and the role of VPS18 in neutrophil biology remained exclusive. Thus, the aim of
this study was to elucidate the role of VPS18 in neutrophil biology in vitro and in vivo
using the hematopoietic Hoxb8 cell system and a transgenic zebrafish model.

Analysis of Hoxb8 cells as a model system for neutrophils revealed impaired maturation
during differentiation in Vps/8§ mutants as studied by May-Griinwald-Giemsa staining.
This finding was further confirmed by quantifying different myeloid maturation stages in
these cells based on stage-specific markers on the cell surface. Upon differentiation,
Vps18 mutants exhibited an increase in early and late apoptotic cells compared to CTRL
Hoxb8 cells. Subsequently, an essential rescue experiment elucidated that the premature
apoptosis in Vps 18 mutants was specifically caused by VPS18 deficiency. In the zebrafish
model, a reduced number of neutrophils was observed in vps18*" zebrafish larvae which
resembles the patient's situation, compared to vpsI8" zebrafish larvae. The migration
behavior of the residual neutrophils was analyzed in vivo using a spinning disk confocal
microscope. Here, no differences in neutrophil migration were detectable under steady
state conditions or during acute inflammation between vpsI8** and vpsI8*~ zebrafish
larvae.

In summary, the neutrophil maturation defects in vitro and in vivo upon reduction of
VPS18 expression provide evidence that VPS18 plays a fundamental role in neutrophil

development.
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1. Introduction

The immune system has a pivotal role in protecting the body from external threats. As
professional phagocytes of the innate immune system, neutrophils are the first immune
cells to arrive at the site of inflammation (1). At steady state, after their release into the
circulation, most neutrophils remain inactive, age, and ultimately undergo non-inflamma-
tory apoptosis with subsequent elimination by macrophages (2). Upon inflammation, neu-
trophils are recruited from the circulation to the inflamed tissue through a multi-step pro-
cess, encompassing slow rolling, adhesion, adhesion strengthening, intraluminal crawling
and transmigration and abluminal crawling (3). This process is mediated by leukocyte
adhesion molecules of the 2 integrin family (CD11/CD18), such as lymphocyte function-
associated antigen-1 (LFA-1) and macrophage-1 antigen (Mac-1). Once neutrophils ar-
rive at the site of inflammation, they eliminate microorganisms via multiple ways includ-
ing phagocytosis, generation of reactive oxygen species (ROS), release of microbicidal
substances from granules (degranulation) and formation of neutrophil extracellular traps
(NETs) (4-6). In addition to their role in pathogen elimination, they also contribute to
wound healing, tissue remodeling and immunomodulation (7). Furthermore, neutrophils
have been reported to play a role in metabolic diseases, cancer, and autoimmune diseases

(8-10).

In general, mature neutrophils are considered as short-lived cells which only circulate in
the bloodstream for a limited time. However, it has been reported that they could survive
for around 5.4 days in human circulation, 12.5 hours in mouse peripheral blood and 5
days in zebrafish tissue as resting neutrophils (11-13). Neutrophils become activated by
extracellular cytokines, growth factors or bacterial products, resulting in a multifold in-
crease in their longevity to ensure the presence of primed neutrophils at the site of inflam-
mation (14-16). In tissues, neutrophils exhibit their defense functions, but they may also

cause tissue damage.

1.1 Neutrophil development

In mammals, neutrophils are generated in the bone marrow (BM) during hematopoiesis.
At steady state, a healthy adult human can produce up to 2x10'! neutrophils per day (17).
Hematopoietic stem cells (HSCs) are the origin of neutrophils and initially differentiate
into multipotent progenitors (MPPs), followed by lymphoid-primed multipotent progen-
itors (LMPPs) and granulocyte-monocyte progenitors (GMPs) (18, 19). Subsequently,
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upon stimulation by granulocyte colony-stimulating factor (G-CSF), the GMPs termi-
nally develop into myeloblasts, promyelocytes, and myelocytes which retain the capabil-
ity of proliferation (Figure 1A). Continually, these cells differentiate into non-prolifera-
tive precursors, namely metamyelocytes and band cells, until differentiation into mature

neutrophils is achieved.

A
Classic definition based on morphological features

Bone marrow

@©-0-e-0-0-0-8

Myeloblast  Promyelocyte  Myelocyte Metamyelocyte Band cell Mature neutrophil

B
New working model based on immune phenotype

Bone Marrow

©-0—©-06—2e-&

proNeu1 proNeu2 preNeu immature Neu  mature Neu

* Primary granule
Secondary granule
Tertiary granule

« Secretory vesicle

Figure 1. Schematic of neutrophil differentiation in the BM. (A) A classic definition
of neutrophil maturation stages in the BM based on morphological changes. (B) A new
working model of neutrophil maturation stages in the BM based on the immune pheno-
type. GMP: granulocyte-monocyte progenitor, proNeu: neutrophil progenitors, preNeu:
premature neutrophils, immature Neu: immature neutrophils, mature Neu: mature neutro-
phils. Adapted from Lawrence et al., 2018, Evrard et al., 2018 and Kwok et al., 2020 (18,
20, 21).

The unique cell morphological features of each stage enable the distinguishment of neu-
trophil maturation stages during differentiation upon May-Griinwald-Giemsa staining (18,
22, 23). A promyelocyte (size: 20-25 um) is identifiable by its large, round nucleus and
peroxidase-positive primary/azurophilic granules which are reddish-purple/blue (24, 25).
The cytoplasm of the promyelocyte appears light blue. In the myelocyte (size: 14-20 pm),
the nucleus has an eccentric and oval shape, while secondary/specific granules (pink or
lilac) are formed. Tertiary/gelatinase granules develop as the cell differentiates into a
metamyelocyte (size: 10-18 um) with an indented and kidney-shaped nucleus. The nu-

cleus of a band cell (size: 10-16 um) is curved but not yet segmented and secretory
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vesicles are formed. A mature neutrophil (size: 10-15 um) contains a segmented nucleus

and all granules, which are critical for pathogen clearance (18, 26, 27).

The determination of neutrophil maturation stages by analyzing the distinct morphologi-
cal changes is well established and used for decades. Recently, Ng's lab proposed a new
working model based on the immune phenotypes (Figure 1B) (20, 21). In this new model,
five neutrophil maturation stages were described: early committed neutrophil progenitors
(proNeul&2), a committed proliferative premature neutrophil (preNeu), a non-prolifera-
tive immature neutrophil (immature Neu), and a segmented mature neutrophil (mature
Neu). Neutrophils from each maturation stage can be identified by the expression of spe-
cific cell surface markers (Table 1). Cell morphological analysis of these neutrophil mat-
uration stages revealed that proNeul and proNeu2 might correspond to myeloblast and
promyelocyte/early myelocyte, respectively. preNeu, immature Neu and mature Neu
might represent metamyelocyte/early band cell, late band cell and mature neutrophil, re-

spectively.

Table 1. Specific markers on neutrophils at different maturation stages (20, 21).

proNeul proNeu2 preNeu immature mature Neu
Neu
Mouse Lineage, CD1157, | Lineage’, Lineage, CDI115, | Linage, CDI115, | Linage’,
Fl1t3-, CD81*, | CD115, FIlt3,, | Siglec-F-,  c-kit™, | Siglec-F-, c-kit, | CDI115, Siglec-
Ly6C*, CD34"M, ¢- | CD81", Ly6C", | CD11b*, CXCR4" | CD11b*, CXCR4, | F, c-kit,
kith, CD16/32", | CD34*, c-kit", | Ly6G'" Ly6G*, CXCR2, | CDI1b*, Ly6G™,
CD11b', CD106 CD16/32%, CD101- CXCR2",
CD11bk, CDI101*
CDI106"
Human | Lineage, CD34", | Lineage’, Lineage, CDI15%, | Lineage, CDI15", | Lineage’,
CD38*, CD66b", | CD34-, CD38", | CD33™ CD34,Sig- | CD33", CD66b", | CD15", CD33™,
CD71%, CDll1b, | CD66b", lecs, CD66b", | CD107, CDI16™, | CD66b",
CD49d", CD71%, CD11b, | CD11bl, CD49de, | CD11b®, CD49d", | CD11b",
CXCR4", CDS81M | CD49di, CD101-, CXCR4", | CD101™, CD49d, CD10",
CD24"° CXCR2- CXCR4", CXCR2 CXCR4", CD101i",
CD81, CD24", CXCR2* CD16M,
CXCR2 CXCR4,
CXCR2"

The egress of neutrophils from the BM is governed by two C-X-C chemokine receptors
(CXCRs), namely CXCR2 and CXCR4 (28, 29). In this context, CXCR2 transmits a mo-
bilization signal to facilitate the release of neutrophils into the circulation, while CXCR4
contributes to retaining neutrophils within the BM. Fully matured neutrophils express
more CXCR2 but less CXCR4, promoting their exit from the BM. Following daily turn-
over, upregulated CXCR4 on the surface of aged neutrophils enables the homing of these
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cells back to the BM. Subsequently, they are eliminated by macrophages to maintain ho-

meostasis (28).

1.1.1 Neutropenia

At a steady state, the normal range of neutrophils in a healthy adult is 1.8-8.0 x10%/L in
the peripheral blood (30). The impaired maturation of neutrophils or the reduced release
of mature neutrophils into the circulation can lead to a reduction of neutrophil numbers
in the peripheral blood (31). When the absolute neutrophil counts (ANCs) fall below
1.5%10%/L in the peripheral blood for adults and children over one year of age, it is gen-
erally defined as neutropenia (31). Neutropenia can be caused by various conditions, in-
cluding inherited hematopoietic disorders, autoimmune diseases, chemotherapy, and cer-
tain viral infections (32-34). Due to the reduced number of neutrophils, the patients are

often at a higher risk of developing recurrent and life-threatening infections.

Congenital neutropenia (CN) is a group of rare genetic disorders of hematopoiesis char-
acterized by diminished neutrophil counts in the circulation from birth (30). To date, mu-
tations in several genes, including neutrophil elastase (ELANE), Shwachman-Bodian-Di-
amond syndrome (SBDS), glucose-6-phosphatase catalytic subunit 1 (G6PT) and hema-
topoietic cell-specific Lyn substrate 1 associated protein X-1 (HAX1) have been identified
as cause of CN (Figure 2) (35). Here, one of the most prevalent genetic factors associated
with CN is the gene ELANE, which encodes the neutrophil elastase (NE), a serine protease
involved in multiple neutrophil functions, such as degranulation and NET formation,
allowing bacterial killing (36, 37). Mutations in ELANE can lead to abnormal folding,
cytoplasmic accumulation or impaired intracellular protein trafficking of the NE protein,
activating cell stress (38-41). Persistent cell stress ultimately causes increased premature
cell death in the BM of CN patients (42). Furthermore, BM morphological examinations
of these patients unveil a maturation arrest in myeloid precursors during neutrophil de-

velopment (43).

The severity of neutropenia in individual patients might fluctuate over time (35). Conse-
quently, CN patients may suffer from either transient neutropenia or permanent neutro-
penia. In addition to neutropenia, CN patients often display severe immunodeficiency and
diverse organ dysfunctions. As a treatment option and to rescue the circulating neutrophil
numbers, clinicians treat CN patients with G-CSF as a stimulant for neutrophil develop-

ment (44-46). Thus, the symptoms and survival chances of the majority of patients treated
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with G-CSF can be improved. However, CN patients who do not respond to G-CSF treat-
ment are at risk of developing malignant hematopoietic diseases, such as leukemia. Hem-
atopoietic stem cell transplantation might be the last option for those patients who do not
respond to G-CSF (47-52).

CXCR42%  Other mutations 6%

WAS 2%

VPS13B 2%
TCIRG1 2%

Digenic/Mutiple G6PC3
2% 2%

Figure 2. Mutations in known genes are responsible for CN. ELANE: elastase,
neutrophil expressed. HAXI: hematopoietic cell-specific Lyn substrate 1 associated
protein X-1. G6PC3: glucose-6-phosphatase catalytic subunit 3. SBDS: Shwachman-
Bodian-Diamond syndrome. G6PT: glucose-6-phosphatase catalytic subunit 1. TAZ:
tafazzin, phospholipid-lysophospholipid transacylase. TCIRGI: T cell immune regulator
1, ATPase H' transporting VO subunit a3. VPS13B: vacuolar protein sorting 13 homolog
B. WAS: Wiskott-Aldrich syndrome actin nucleation promoting factor. CXCR4: C-X-C
motif chemokine receptor 4. Adapated from Skokowa et al., 2017 (35). Copyright 2017
by Springer Nature. Adapted with permission.

1.2 Intracellular vesicle trafficking

In eukaryotic cells, intracellular vesicle trafficking represents a fundamental process that
is essential for a variety of cellular functions, such as the transport of nutrients, signaling,
secretion of hormones, and degradation of dysfunctional proteins and organelles (53). It
mainly includes three pathways: the endocytic pathway, the exocytic or biosynthetic path-
way and the autophagy pathway (Figure 3) (54). The endocytic pathway delivers cargo
from the extracellular environment into cells via the plasma membrane. (55). The vesicles
containing the internalized cargo from the extracellular environment are transported to
early endosomes through the plasma membrane. After being sorted by the early endo-

somes, the vesicles are either transported back to the plasma membrane via recycling
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endosomes or to lysosomes for degradation via late endosomes. Additionally, the vesicles
can be delivered to the Golgi apparatus via the retrograde pathway. The exocytic or bio-
synthetic pathway transports vesicles with newly synthesized proteins from the ER-Golgi
to either intracellular compartments, such as endosomes or to the plasma membrane. Au-
tophagy is a process that entails delivering cytoplasmic materials to the lysosome for
degradation (56). It has the following steps: phagophore initiation and elongation, autoph-

agosome formation and autophagosome-lysosome fusion (57).
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Figure 3. Intracellular vesicle trafficking pathways. Three major intracellular vesicle
trafficking pathways: endocytic pathway (blue), exocytic pathway (cyan) and autophagy
pathway (pink). Adapted from Kawauchi et al., 2012 (58).

Vesicles containing soluble cargo or transmembrane proteins are first formed and budded
from the donor organelles (Figure 4) (53). During this phase, coat proteins are recruited
by the Ras-related protein (Rab) GTPases to the donor organelle membrane, leading to
the deformation of the flat membrane and resulting in the release of coated vesicles (scis-
sion) (53, 59). The uncoating process happens shortly after the vesicle release. Subse-
quently, the vesicles are transported close to the target organelles along cytoskeletal
tracks. Prior to fusion, the initial interaction between the vesicles and their target mem-
branes is mediated by the tethering factors, which are recruited by the Rab GTPases. Ves-
icle fusion with the target membrane is mediated by the paring of soluble N-ethylmalei-

mide-sensitive factor attachment protein receptors (SNARES).
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Figure 4. Vesicle transport system. The budding of vesicles carrying specific cargo
from the donor organelles is initiated by the interaction between coat protein and mem-
brane-associated GTPase. During the scission process, the connection between vesicles
and donor organelles is severed by the coat proteins. Subsequently, after the uncoating
process, the vesicles are transported close to the proper target organelles, where they are
tethered to the target membranes by binding between tethering factors and Rab GTPases.
Following the docking process, where the SNAREs assemble into a four-helix bundle,
the vesicles are fused with the target membranes which is mediated by the SNARE com-
plexes. Adapted from Bonifacino et al., 2004 (60). Copyright 2004 by Elsevier. Adapted
with permission.

1.2.1 Tethering factors

Despite the name, tethering factors are not only required for vesicle capture. They are
also involved in uncoating, recognition of a vesicle to the target membrane, assembly of
SNARE complexes, as well as promoting SNARE-mediated membrane fusion (61). To
date, two groups of tethering factors have been identified: long putative coiled-coil pro-
teins and multi-subunit complexes (MTCs) (53, 62, 63). The structure of each tethering
factor is diverse, challenging to define a common mechanism for their function. Never-
theless, all tethering factors are involved in nearly all vesicle fusion events by interacting
with Rab GTPases (53). The coiled-coil proteins are predominantly involved in vesicle
fusion at the Golgi apparatus and early endosomes (63). In the past, several coiled-coil
proteins have been identified which predominantly regulate vesicle fusion at the Golgi
apparatus and endosomes (64). For instance, early embryonic antigen 1 (EEAT1), one of
the well-studied coiled-coil proteins, is located in early endosomes. It interacts with the
lipid phosphoinositol-3-phosphate (PI3P), Rab5 and SNARESs to mediate the fusion of
early endosomes. MTCs are divided into three groups: exocytic complexes associated

with tethering containing helical rods (CATCHR), endolysosomal class C VPS
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complexes and transport protein particle (TRAPP) complexes (53, 62). Exocytic
CATCHR includes the Golgi-associated retrograde protein (GARP), endosome-associ-
ated recycling protein (EARP), conserved oligomeric Golgi (COG), exocyst and DSLI
complexes. GARP is involved in retrograde trafficking from endosomes to the tans-Golgi
network (TGN) (65). EARP regulates vesicle trafficking from endosomes to recycling
endosomes (66). COG binds to SNAREs on the Golgi to regulate the vesicle trafficking
from the endosome to the Golgi apparatus (67). Excyst facilitates vesicle tethering at post-
Golgi and plasma membrane (68). DSL1 mediates vesicle transport from the Golgi to the
ER by binding to ER-localized SNAREs (69). Endolysosomal class C VPS complexes
comprise class C core vacuole/ endosome tethering (CORVET) and homotypic fusion
and vacuole protein sorting (HOPS) complexes. CORVET is involved in the fusion of
early endosomes, whereas HOPS promotes the fusion of late endosomes and autophago-
somes with lysosomes (53, 62). TRAPP complexes are required for tethering of ER-de-
rived vesicles to the Golgi apparatus, vesicle trafficking within TGN and from early en-
dosome to the late Golgi. Notably, except for the TRAPP complexes, all of the tethering
factors are Rab effectors (53).

1.2.2 CORVET and HOPS tethering complexes

Both CORVET and HOPS tethering complexes comprise six subunits (Figure 5A) (70).
Among the six subunits, four subunits, namely vacuolar protein sorting-associated protein
11 homolog (VPS11), VPS16, VPS18 and VPS33A are shared. These four subunits are
conserved across species. VPS3 and VPS8 are exclusive subunits of the CORVET com-
plex. They bind to Rab5 in human cells and in yeast VPS21 (the homolog of Rab5) to
mediate the tethering and docking of early endosomes (Figure 5B) (71, 72). The two
unique subunits of the HOPS complex are VPS39 and VPS41. They facilitate the docking
and fusion of late endosomes and autophagosomes with lysosomes by binding to Rab7
(73). Notably, defects in subunits of CORVET/HOPS complexes are associated with a
range of disorders, such as neurodegeneration, pigmentation disorders, neutropenia, and
cancer. Patients with homozygous mutations in V'PS/ ] suffer from central nervous system
diseases, including cognitive impairment, hypotonia, seizure and cortical blindness or op-
tic atrophy (74, 75). Patients with homozygous mutations in VPS/6 have been docu-
mented to exhibit so-called mucopolysaccharidosis (MPS)-like features including the
growth retardation and multiple organ dysfunction. (76, 77). Notably, the patients also

suffered from neutropenia. Likewise, the clinical symptoms of the patients harboring
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homozygous mutations in VPS334 were anemia, neutropenia, infections, and MPS-plus

disease (78).
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Figure 5. CORVET and HOPS tethering complexes facilitate the fusion of vesicles
in the endolysosomal system. (A) The subunits of HOPS and CORVET complexes. (B)
CORVET binds to Rab5 to mediate the fusion of early endosomes. HOPS binds to Rab7
enabling the fusion of late endosomes or autophagosomes with lysosomes. Adapted from
Balderhaar et al., 2013 (79). Copyright 2013 by The Company of Biologists. Adapted
with permission.

1.2.3 Vacuolar protein sorting-associated protein 18 homolog (VPS18)

VPS18 is a 973 amino acid long protein which is ubiquitously expressed and highly con-
served across eukaryotic species (80-86). It possesses a seven-bladed B-propeller domain
at the N-terminus, two coiled-coil (CC) domains, and one clathrin heavy chain repeat
(CHCR) domain, as well as a RING finger domain at the C-terminus (Figure 6) (80). In
yeast cells, the B-propeller domain is required for keeping HOPS structural stability and
function (87). Moreover, VPS18 can interact with VPS11 via their B-propeller domains.
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It has been suggested that the CHCR domain is required for homo-oligomerization (88).
Interestingly, among the CORVET and HOPS subunits, only VPS8, VPS11, VPS18 and
VPS41 have RING domains (89). The RING domain is required for protein-protein in-
teractions (85, 90, 91). The interaction between VPS18 and VPS41 via their RING do-
mains is required for the HOPS complex formation (85). In addition, due to the RING
domain, VPS18 can act as an E3 ubiquitin ligase which can recognize specific proteins
and attach ubiquitin molecules to them for degradation (84, 92, 93). To date, the exact

function of CC domains in VPS18 remains unclear.
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Figure 6. Schematic of the domain structure of human VPS18. VPSI18 consists of a
seven-bladed B-propeller domain (orange), two coiled-coil (CC) domains (yellow), a
clathrin heavy chain repeat (CHCR) domain (green), and a RING finger domain (purple).
Numbers indicate the amino acid positions in the protein. Adapted from Simon-Vecsei et
al., 2021 (80). Copyright 2021 by Elsevier. Adapted with permission.

Functions of VPS18 are conserved across different species. In yeast, Vps18 deficiency
resulted in defects in biosynthetic, endocytic and autophagic pathways (90, 94, 95). In
Drosophila melanogaster, mutations in Deep orange (Dor), the Vpsl8 homologue, in-
duced a block in melanosome biogenesis, resulting in pigmentation defects (96-98). Ad-
ditionally, accumulation of autophagosomes was observed in the Dor mutant larval fat
body due to impaired fusion between autophagosome and lysosome. Zebrafish with mu-
tations in vps/8 showed decreased pigmentation in eyes and skin, as well as degeneration
of the retinal pigmented epithelium due to the reduction of melanosomes in the retinal
pigment epithelium and accumulation of immature melanosomes (86, 99). Additionally,
it has been observed that the hepatocytes of these zebrafish were filled with enlarged
endosomal-like vesicles. Interestingly, the complete knock-out (KO) of Vpsi§ in mice
causes embryonic or early postnatal lethality (100). Neural-specific Vps/8 KO mice ex-
hibited serious growth retardation and died before the postnatal day 12 (P12). Here,
ablation of VPS18 in neural cells blocked early endosome maturation and late endosome
and autophagosome degradation, resulting in severe neurodegeneration. Additionally, the
depletion of Vpsi8 in neural cells increased the expression of Bl integrins on the cell

surface, leading to impaired neural cell migration.
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Interestingly, Prof. Dr. Christoph Klein and his team identified a patient (ID: patient 1)
bearing a heterozygous mutation in VPSI8 (personal communication by Prof. Dr. Chris-
toph Klein). This mutation resulted in a premature stop codon at amino acid position 234
(Arg234*). At the time of diagnosis, the female patient 1 was 2.8 years old and suffered
from severe recurrent infections, fever, recurrent aphthous ulcers and severe diaper rash.
The ANCs were < 500/uL and thus, she was diagnosed with severe congenital neutro-
penia (SCN). Her bone marrow cytology also suggested a late maturation arrest in gran-

ulocytes.

1.3 Hoxb8-stem cell factor (SCF) cell line

Neutrophils are terminally differentiated and non-proliferative cells, presenting a chal-
lenge for in vitro expansion and genetic manipulation. To address this limitation, several
in vitro models have emerged: myeloid leukemia cell lines, such as human leukemia
(HL)-60 cells and its subclone promyelocytic leukemia (PLB)-985 cells, which can un-
dergo differentiation into neutrophil-like cells through exposure to different stimuli (101,
102). In contrast to primary neutrophils which have to be freshly isolated from donors,
these cells are easily accessible. Moreover, they are amenable to transduction, allowing
for genetic and molecular studies. Therefore, these cells have been extensively utilized in
neutrophil research (4). Nonetheless, these models still have shortcomings (103, 104).
The process of differentiating these cells into neutrophil-like cells may vary across studies
due to different stimuli being applied, leading to inconsistencies in the characteristics of
the resulting cells. Differentiated HL-60 cells lack crucial characteristics of mature neu-
trophils, specifically the absence of secondary/tertiary granules leading to compromised
bacterial eradication. To further overcome these limitations, Wang et al. established an
immortalized estrogen-regulated (ER) of Hoxb8 cell line (Hoxb8 cells) (105). Hoxb8 is
a transcription factor that can block myeloid progenitor cell differentiation (106). These
myeloid progenitors were transduced with retroviral vectors encoding an ER-Hoxb§8 fu-
sion protein, which enables the indefinitely expanding progenitors in vitro in the presence
of estrogen and stem cell factor (SCF) (Figure 7) (107). Hoxb8 cells can easily be gen-
erated from mouse BM and modified using genome editing techniques such as
CRISPR/Cas9. Upon estrogen withdrawal and the addition of G-CSF, Hoxb8 cells dif-

ferentiate into mature neutrophils within 4 days. These Hoxb8 cell-derived neutrophils
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(dHoxbS8 cells) closely resemble mature murine neutrophils compared to other myeloid

leukemia cell lines (108).
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Figure 7. Generation and differentiation of immortalized Hoxb8-SCF cells into ma-
ture neutrophils. Myeloid progenitor cells were collected from the mouse BM and in-
fected with a retrovirus encoding ER-Hoxb8 fusion protein. To culture those cells in vivo,
SCF and estrogen were added to the medium. Upon estrogen withdrawal and addition of
G-CSF, the Hoxb8 cells are able to differentiate into mature neutrophils. Adapted from
Liebermann et al., 2006 (109). Copyright 2006 by Springer Nature. Adapted with permis-
sion.

To date, different research groups have validated that Hoxb8 cells can develop into ma-
ture neutrophils and that dHoxb8 cells can phenotypically and functionally mimic pri-
mary mature neutrophils. The maturation process of Hoxb§8 cells can emulate in vitro the
development of neutrophil progenitors to mature neutrophils in the BM (110, 111). More-
over, dHoxb8 cells have been demonstrated as a valid in vitro model for studying neutro-
phil trafficking, as these cells exhibit a similar capability of rolling, adhesion and migra-
tion as murine neutrophils (112, 113). The functional activities of dHoxb8 cells, including
ROS production, phagocytosis, NET formation, degranulation and cytokine production
have been confirmed to be similar to those of murine neutrophils (112, 114-118). Inter-
estingly, by injecting the Hoxb8 cells in living mice, Gran et al. and Orosz et al. demon-
strated that these cells were capable of engrafting into live mice allowing their analysis

in vivo (119, 120).
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1.4 Zebrafish (Danio rerio) model

The zebrafish is a teleost fish, a member of the Cyprinidae family which is originally
from South and Southeastern Asia (121). As an invaluable model organism in biomedical
research, zebrafish possess numerous unique characteristics, including prolific reproduc-
tion (generating up to 300 eggs per mating pair per week) and external embryonic devel-
opment (122, 123). The optical transparency of zebrafish larvae allows them to be studied
through non-invasive imaging techniques in the situation in vivo (124). The zebrafish
genome has been completely sequenced, revealing that at least 70% of the human coding
genes have direct equivalents in zebrafish (125). Moreover, zebrafish provide the possi-
bility to study gene function through overexpression, temporary depletion, or genome
editing by multiple techniques, including CRISPR/Cas9 (126, 127). Owing to these ad-
vantages, zebrafish have been extensively used in diverse areas of biomedical research,
such as studies on embryonic development, hematopoietic development and tissue repair

and regeneration, as well as drug discovery and toxicology studies.

Importantly, the immune systems are highly conserved in zebrafish, making them an ex-
tremely versatile model for studying neutrophil biology (128, 129). The morphological
and functional features of zebrafish neutrophils resemble those of mammalian neutrophils
(130-132). Zebrafish neutrophils have polymorphic nuclei and primary and secondary
granules. They can be mobilized to the inflamed site and fulfill their functions, such as
killing bacteria. Additionally, in zebrafish the adaptive immune system becomes fully
mature a few weeks after the innate immune system, which is barely accessible in classi-
cal vertebrate models, allowing for the independent study of neutrophil biology in

zebrafish larvae (133, 134).

1.4.1 Immune system ontogeny in zebrafish

The immune system of zebrafish develops in two waves of hematopoiesis (Figure 8) (135,
136). As early as around 12 hours post fertilization (hpf), the initial primitive hematopoi-
esis takes place in intermediate cell mass (ICM) and anterior lateral plate mesoderm
(ALPM) (137). The ICM, equivalent to the extra-embryonic yolk sac blood islands of
mammals, exclusively gives rise to erythroid cells, while myeloid progenitor cells first
develop in the ALPM (138). These myeloid progenitor cells further differentiate into

primitive macrophages, embryonic microglia, and neutrophilic granulocytes. At
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approximately 24 hpf, ALPM-derived granulocyte progenitors start to differentiate into
neutrophils (139). From around 30 hpf onwards, the emergence of multipotential HSCs
in the aorta-gonad-mesonephros (AGM) indicates the start of the final definitive wave of
hematopoiesis (140). During this stage, HSCs migrate to the caudal hematopoietic tissue
(CHT) and give rise to all lineages, including neutrophils. At approximately 48 hpf, neu-
trophils are abundant in the CHT (141, 142).
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Figure 8. Development of the immune system in zebrafish. The innate immune system
starts at 12 hpf when myeloid progenitor cells and erythroid cells develop in ALPM and
ICM, respectively. Definitive hematopoiesis starts at 30 hpf when HSCs appear in AGM
and CHT. Starting from around 72 hpf onwards, lymphoid progenitors emerge in the early
thymus and kidney. The adaptive immune system is fully developed at around 3 wpf.
ALPM: anterior lateral plate mesoderm, ICM: intermediate cell mass, HSC: Hematopoi-
etic stem cells, AGM: aorta-gonad-mesonephros, CHT: caudal hematopoietic tissue.
Adapted from Miao et al., 2021 (135). Copyright 2021 by Miao, Kim, Meara, Qin and
Feng. Adapted with permission.

By 72 hpf, HSCs migrate to the early thymus, where the lymphoid progenitors are pro-
duced (143). Meanwhile, the kidney marrow begins to develop and eventually becomes
the site of definitive hematopoiesis in adult zebrafish (144). Notably, the innate immunity
remains predominant in zebrafish until 3 weeks post fertilization (wpf), when the adaptive

immunity becomes fully functional.

To visualize neutrophils in zebrafish larvae, Sudan black B staining was initially em-
ployed to label the myeloperoxidase-positive granules of neutrophils (145). Subsequently,
with the emergence of transgenic reporter lines, neutrophils have been monitored by ex-
pressing fluorescent reporter proteins under the control of neutrophil-specific promoters,
including myeloid peroxidase (mpx) (130, 144) and lysosome C (lyz) (146, 147). mpx has

been widely used as a specific marker for neutrophils, while a weak fluorescent signal
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was also reported in macrophages in 3 dpf zebrafish larvae (147, 148). lyz labels neutro-
phils and macrophages at 32 hpf. However, starting from 48 hpf onwards, /yz becomes a
primary marker for neutrophils (146, 149, 150). In the present study, we employed the
transgenic zebrafish line Tg(flil:gfp;lyz:dsRed) expressing red fluorescent protein from
Discosoma (dsRed) under the control of the /yz promoter to specifically label neutrophils
(Figure 9) (146, 147). Additionally, the endothelial cells of this zebrafish line express
green fluorescent protein (GFP) under the control of the friend leukemia integration 1

(f1i1) promoter (151).

Figure 9. Representative image of Tg(flil:gfp;lyz:dsRed) zebrafish larva at 3 dpf.
Endothelial cells, green. Neutrophils, red. Scale bar, 200 um. Adapted from Bader et al.,
2021 (152).

The zebrafish model, like any other model system, possesses potential drawbacks (153).
The limited availability of antibodies for zebrafish constrains research into the molecular

functions of several proteins.
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1.5 Aim of the study

VPS18 is one of the core subunits of CORVET and HOPS complexes which are involved
in endolysosomal and autophagosomal pathways. Interestingly, Prof. Dr. Christoph Klein
and his group identified a patient (patient 1) with a heterozygous mutation in VPSI8 suf-
fering from neutropenia and recurrent infections. Deficiency of other core subunits of
CORVET and HOPS complexes (VPS16 and VPS33A) causes neutropenia in patients as
well. Likewise, patients with mutations in VPS13B and VPS45 were reported to suffer
from neutropenia due to impaired vesicle trafficking (154, 155). However, the function
of VPS18 in neutrophil biology has not been studied to date.

Therefore, the first aim of this study was to verify whether mutations in VPS8 can cause
neutrophil maturation defects by characterizing neutrophil maturation stages in Hoxb8
cells during differentiation. The second aim of this study was to decipher the kind of cell
death that V'ps/8 mutant neutrophil progenitors underwent during the differentiation pro-
cess. The third aim of this study was to verify whether the phenotypes were specifically
caused by the mutations in VpsI8 by performing essential rescue experiments. The fourth
aim of this study was to verify whether mutations in VPS8 led to a reduction of neutro-
phil numbers in vivo using the zebrafish model. The last aim of this study was to charac-
terize the migration behavior of the remaining viable neutrophils in vps/8§ mutant
zebrafish lines.

In summary, this study was undertaken to provide a significant advance in understanding
the role of VPS18 in neutrophil biology, which may help to provide insights into the

mechanisms of a potentially novel congenital neutropenia syndrome in humans.



2 Materials and methods

25

2. Materials and methods

2.1 Materials

2.1.1 Experimental models

Name Source

SCF-producing Chinese
hamster ovary (CHO) cells

Prof. Dr. Hans Hécker, University of Utah School of
Medicine, Salt Lake City, USA (113)

Hoxb8-SCF cells

Generated in our lab (113)

AB or Tiipfel long fin (TL)
wild type (WT) zebrafish

Zebrafish Facility of Deutsches Zentrum fiir Neurodege-
nerative Erkrankungen (DZNE, Munich) (156)

Mouse Genome Informatics (MGI) ID: MGI: 6316269

C57BL/6NCrl mice Core Facility Animal Models of the Biomedical Center
Munich of the Ludwig-Maximilians-Universitdt Miin-
chen (157)

Vps 18X mice The Centre for Phenogenomics in Toronto, Canada.

Vav-iCre'” mice

The Jackson Laboratory. Stock No. 018968!7°

2.1.2 Reagents and Kits

Name Source Catalog No.
Agarose Genaxxon, Germany M3044-0500
Annexin V Binding Buffer Biolegend, USA 422201

BD FACS™ lysing solution BD Biosciences, USA 349202
Bovine serum albumin (BSA) Sigma-Aldrich, USA A6003
BlueStar plus prestained protein marker | Nippon Genetics, Japan | MWP04
Bromphenol blue AppliChem, Germany A2331
Calcium chloride (CaCl,) AppliChem, Germany A4088
Diisopropy! fluorophosphate (DFP) Sigma-Aldrich, USA 55-91-4
Dimethyl sulfoxide (DMSO) Sigma-Aldrich, USA D8418
B-Estradiol Sigma-Aldrich, USA E2758
Ethanol absolute Th. Geyer, Germany 5054.1

Ethylenediaminetetraacetic acid
(EDTA)

AppliChem, Germany

181670.1211

Eukitt® Quick-hardening mounting me- | Sigma-Aldrich, USA 03989
dium

Fetal bovine serum (FBS) Sigma-Aldrich, USA F7524
Fixation/Permeabilization Kit BD Biosciences, USA 554714
Formaldehyde solution 37% Carl Roth, Germany 7398.1
FlexAble CoraLite®488 Antibody La- | Proteintech, USA KFA001
beling Kit for Rabbit Immunoglobulin G

gG)

FlexAble CoraLite® Plus 647 Antibody | Proteintech, USA KFA003
Labeling Kit for Rabbit IgG

FastGene 100 bp DNA marker Nippon Genetics, Japan | MWD100
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Giemsa solution Carl Roth, Germany T862.2
Glycerol AppliChem, Germany A3552
Glycine AppliChem, Germany A1067
HEPES AppliChem, Germany A3724
Hank's saline solution (HBSS) Biochrom, Germany L2045
Hygiene cleaner REWE, Germany 8079152
LICOR blocking buffer LICOR Biosciences, 927-6000

USA
MetaPhor™ Agarose Lonza Bioscience, USA | 50181
Midori Green Advance Nippon Genetics, Japan | MG04
Methanol Th. Geyer, Germany 1462
Methylene blue Sigma-Aldrich, USA 61734
B-Mercaptoethanol AppliChem, Germany A1108
May-Griinwald solution Carl Roth, Germany T863.2
Magnesium sulfate (MgSQO4) AppliChem, Germany A4101
M-PER™ Mammalian Protein Extrac- | Thermo Fisher Scientific, | 78501
tion Reagent Germany
Mini-PROTEAN® TGX Stain-Free Pre- | BIO-RAD, USA 456-8095
cast Gel
Puromycin Sigma-Aldrich, USA P8833
N-Phenylthiourea (PTU) Sigma-Aldrich, USA 103-85-5
Phosphate-buffered saline (PBS) Biowest, USA L0615
PCRBIO Rapid Extract PCR kit PCR Biosystems, UK PB10.24-08
PCRBIO HS Taq Mix Red PCR Biosystems, UK PB10.13-02
Phenol red Sigma-Aldrich, USA 143-74-8
Penicillin/streptomycin (P/S) Sigma-Aldrich, USA P0781
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific, | 23225
Germany
Ponceau S solution AppliChem, Germany A2935
Pronase Roche, Switzerland 11459643001
Protease inhibitor cocktail Sigma-Aldrich, USA P8340
Proteinase K Invitek Molecular, Ger- 39450-01-6
many
RPMI 1640 medium Sigma-Aldrich, USA R8758
rmTNF-a R&D systems, USA 410-MT
rmTNF-a PeproTech, Germany 315-01A
Recombinant mouse granulocyte colony | PeproTech, Germany 250-05

stimulating factor (rmG-CSF)

Sodium dodecyl sulfate (SDS)

AppliChem, Germany

132363.1209

Select agar Thermo Fisher Scientific, | 30391023
Germany

Sodium chloride (NaCl) AppliChem, Germany A2942

Sodium fluoride (NaF) Sigma-Aldrich, USA 7681-49-4

Sodium orthovanadate (NazO4) Sigma-Aldrich, USA 13721-39-6

Tris-Acetate-EDTA (TAE) Nippon Genetics, Japan | ID1521

5% Trans-Blot® Turbo™ transfer buffer | BIO-RAD, USA #10026938

0.25% Trypsin-EDTA Gibco, Germany #25200-056

Tricaine Pharmaq, UK MS-222
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Trypan blue Gibco, Germany #15250061
Tris AppliChem, Germany A1087
Tween 20 Sigma-Aldrich, USA 9005-64-5
Tunicamycin Sigma-Aldrich, USA 11089-65-9
TritonX-100 AppliChem, Germany 69227-22-1
UltraComp eBeads™ Compensation Thermo Fisher Scientific, | 01-2222-42
Beads Germany

2.1.3 Buffers
Name Ingredients

Blocking buffer for western blot

50% (v/v) Tris buffered saline with Tween® 20
(TBST)
50% (v/v) LICOR blocking buffer

Bleaching solution

0.8% (v/v) Hygiene cleaner
dH,O

Cell freezing medium

90% (v/v) FBS
10% (v/v) DMSO

CHO cell culture medium

RPMI 1640
10% (v/v) FBS
1% (v/v) P/S

E3 medium (60x)

5 mM NaCl

0.17 mM KCl
0.33 mM CaCl»
0.33 mM MgSO4

dH,O
Flow cytometry (FC) staining | PBS
buffer 5% (v/v) FBS
Formaldehyde solution (4%, pH | PBS
7.4) 37% (v/v) Formaldehyde solution
Hoxb8 cell culture medium RPMI 1640
10% (v/v) FBS

4% (v/v) supernatant from SCF-producing CHO
cells

1% (v/v) P/S

30 uM B-mercaptoethanol

1 uM B-estradiol

Hobxg cell differentiation medium

RPMI 1640

10% (v/v) FBS

4% (v/v) supernatant from SCF-producing CHO
cells

1% (v/v) P/S

20 ng/ml rmG-CSF

Hank's buffer (pH 7.4)

HBSS
0.6% BSA
0.6 mM EDTA

Laemmli buffer (4x)

10 mL tris (1M, pH 6.8)
4 ¢ SDS
20 mL glycerol
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10 mL B-mercaptoethanol
0.1 g bromophenol blue
50 mL dH>O

PBST (1%)

1xPBS
0.1% (v/v) Tween-20

PDT

1xPBST
0.3% (v/v) Triton-X 100
1% (v/v) DMSO

PTU (10%)

5 mM I-phenyl-2-thiourea
dH-O

Protein isolation buffer

gent

1 xProtease inhibitor cocktail
1 mM DFP

20 mM NaF

2 mM NazVOq4

M-PER™ Mammalian Protein Extraction Rea-

TBST

20 mM tris

137.2 mM NaCl
0.1% (v/v) Tween-20
dH,O

TE buffer

1 mM EDTA
10 mM tris-Cl
dH,O

Transfer buffer (1x)

200 ml ethanol
600 ml dH,O

200 ml 5% Trans-Blot® Turbo™ transfer buffer

Running buffer (10x)

2 M glycine
250 mM tris
1% (v/v) SDS

2.1.4 Restriction enzymes

Enzyme Source
Acul New England Biolabs (R0641L), USA
Btgl New England Biolabs (R0608S), USA

2.1.5 Antibodies

Primary antibody Conjugate Source Catalog
No.

Anti-mouse CD11b (Clone Brilliant Ultravio- | BD Biosciences, | 749864

M1/70) let 496 USA

Anti-mouse CD16/CD32 Brilliant Ultravio- | BD Biosciences, 751701

(Clone Ab93) let 615 USA

Anti-mouse CD24 (Clone Alexa Fluor 700 | Biolegend, USA | 101836

M1/69)

Anti-mouse CD34 (Clone Alexa Fluor 647 | Biolegend, USA | 128606

HM34)
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Anti-mouse CD49d (Clone Brilliant Ultravio- | BD Biosciences, | 741243
9C10) let 563 USA
Anti-mouse CD62L (Clone Brilliant Violet BD Biosciences, | 746726
MEL-14) 480 USA
Anti-mouse CD81 (Clone Peridinin chloro- | Biolegend, USA | 104912
Eat-2) phyll protein/Cya-

nine (PerCP/Cy)
5.5
Anti-mouse CD101 (Clone Allophycocyanin | Thermo Fisher 17-1011-82
MoushilOl) (APC) Scientific, Ger-
many
Anti-mouse CD106 (Clone Brilliant Violet BD Biosciences, | 745193
429) 605 USA
Anti-mouse CD115 (Clone Brilliant Ultravio- | BD Biosciences, | 750948
AFS97) let 737 USA
Anti-mouse c-kit (Clone 2B8) | Brilliant Violet Biolegend, USA | 105828
421
Anti-mouse CXCR2 (Clone Phycoerythrin Biolegend, USA | 149304
SA044G4) (PE)
Anti-mouse CXCR4 (Clone Brilliant Violet Biolegend, USA | 146517
L276F12) 711
Anti-mouse Ly6A/E (Clone Brilliant Ultravio- | BD Biosciences, | 741466
D7) let 661 USA
Anti-mouse Ly6C (Clone Brilliant Violet Biolegend, USA | 128041
HK1.4) 785
Anti-mouse Ly6G (Clone Brilliant Ultravio- | BD Biosciences, | 565964
1AS) let 395 USA
Anti-glyceraldehyde-3- - Merck Millipore, | MAB374
phosphate dehydrogenase Germany
(GAPDH) (Clone 6C5)
Purified anti-active caspase 3 | - BD Biosciences, | 559565
USA
Rabbit anti-mouse VPS18 - Abcam, UK ab178416
(Clone EPR13378)
Rabbit anti-active caspase-3 | Alexa Fluor 647 | BD Biosciences, | 560626
(Clone C92-605) USA
Rabbit anti-active caspase-3 | PE BD Biosciences, | 550821
(Clone C92-605) USA
Isotype control Conjugate Source Catalog No.
Rabbit IgG antibody PE R&D systems, IC1051P
USA
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Rabbit IgG antibody Alexa Fluor 405 | R&D systems, IC1051V
USA
Rabbit mAb IgG XP® isotype | - Cell Signaling 3900
control (Clone DAI1E) Technology,
USA
Rabbit IgG, polyclonal isotype | - Abcam, UK ab37415
control
Recombinant Rabbit IgG, mon- | - Abcam, UK ab172730
oclonal isotype control (Clone
EPR25A)
Recombinant Rabbit IgG, mon- | Alexa Fluor 488 | Abcam, UK ab199091
oclonal isotype control (Clone
EPR25A)
Recombinant Rabbit IgG, mon- | Alexa Fluor 647 | Abcam, UK ab199093
oclonal isotype control (Clone
EPR25A)
Secondary antibody Conjugate Source Catalog
No.
Goat anti-rabbit F(ab')2-1gG Alexa Fluor 488 | Jackson Immu- 111-547-
(H+L) cross-adsorbed second- noResearch, USA | 008
ary antibody
Goat anti-rabbit F(ab')2-1gG Alexa Fluor 647 | Jackson Immu- 111-607-
(H+L) cross-adsorbed second- noResearch, USA | 008
ary antibody
Donkey anti-rabbit I[gG (H+L) | Alexa Fluor 647 | Thermo Fisher A31573
high cross-absorbed secondary Scientific, Ger-
antibody many
Goat anti-rabbit F(ab')2-1gG Alexa Fluor 488 | Thermo Fisher A-11070
(H+L) cross-adsorbed second- Scientific, Ger-
ary antibody many
Goat anti-rabbit F(ab')2-1gG Alexa Fluor 647 | Thermo Fisher A-21246
(H+L) cross-adsorbed second- Scientific, Ger-
ary antibody many
Goat anti-rabbit IgG (H+L) Alexa Fluor 488 | Thermo Fisher A11034
high cross-absorbed secondary Scientific, Ger-
antibody many
Donkey anti-mouse secondary | IRDye 680RD LICOR Biosci- 926-68072
antibody ences, USA
Donkey anti-rabbit secondary | IRDye 800CW | LICOR Biosci- 926-32213
antibody ences, USA
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2.1.6 Fluorescent dyes

Dye Em/Ex Source Catalog
(nm) No.

Fluorescein isothiocyanate 488/519 Biolegend, USA 640906

(FITC) Annexin V

LIVE/DEAD™ Fixable Yel- 400/575 Thermo Fisher Scien- | L34968

low Dead Cell Stain kit tific, Germany

LIVE/DEAD™ Fixable Near- | 633/775 Thermo Fisher Scien- | L34976

IR Dead Cell Stain kit tific, Germany

Pacific Blue™ Annexin V 405/455 Biolegend, USA 640918

Sytox™ Red dead cell stain 640/658 Thermo Fisher Scien- | S34859
tific, Germany

Tetramethylrhodamine methyl | 561/574 Thermo Fisher Scien- T668

ester (TMRM) tific, Germany

Zombie UV™ Fixable Viabil- | 450/459 Biolegend, USA 423107

ity Kit

2.1.7 Software

Software Source

Affinity Designer Serif, UK

EndNote X9 Clarivate Analytics, USA

FACS Diva BD Biosciences, USA

FlowJo v.10 BD Biosciences, USA

F1JI National Institutes of Health (NIH), USA
GraphPad Prism v.9 GraphPad Software, USA

Image Studio Lite v.5.2

LI-COR Biosciences, USA

Inkscape

GitLab, USA

Leica Application Suite X

Leica, Germany

Microsoft Office

Microsoft, USA

Slidebook 6.0.13 31, USA
2.1.8 Equipment
Equipment Source
5418R centrifuge Eppendorf, Germany

Bright-field microscope with color cam-
era

Leica, Germany

Cytospin® III cytocentrifuge

Tharmac, Germany
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CytoFLEX S

Beckman Coulter, USA

Cell culture incubator Galaxy 170s

Eppendorf, Germany

Cytek® Aurora Spectrum Cytometry

Cytek Biosciences, USA

Examiner Spinning Disk Confocal Mi-
croscope

Zeiss, Germany

FemtoJet® 4x

Eppendorf, Germany

Leica M205 fluorescence stereo micro-
scope

Leica, Germany

Leica DM2500 bright field microscope
with color camera

Leica, Germany

Multifuge™ X3R centrifuge

Thermo Fisher Scientific, Germany

NanoDrop™ 2000

Thermo Fisher Scientific, Germany

Odyssey® CLx imaging system

LI-COR Biosciences, USA

peqSTAR thermocycler

PEQLAB, Germany

SevenCompact™ pH meter S210

Mettler Toledo, USA

Trans-Blot® Turbo™ transfer system

BIO-RAD, USA

Thermomixer

Eppendorf, Germany

2.1.9 Consumables

Consumable

Source

Cell strainer (40 um)

Th. Geyer, Germany

Cell strainer (70 um)

Greiner, Germany

Cover slide

Paul Marienfeld, Germany

Cryotube

SARSTEDT, Germany

Glass slide for microscopy

Paul Marienfeld, Germany

Centrifuge tubes (15 ml and 50 ml)

Greiner, Germany

0.2 um filter

SARSTEDT, Germany

Fast read® 102 cell counting chamber

Kova International, USA

Multiwell plates (12-well and 96-well)

Greiner, Germany

Micro tubes (1.5 ml and 2 ml)

SARSTEDT, Germany

Pipette tips (10 ul, 100 pl, 300 pl and 1
ml)

Greiner, Germany

Petri dishes (35 mm)

Greiner, Germany

Round bottom tubes (5 ml)

Greiner, Germany

Syringe (20 ml)

B. Braun, Germany

Suspension cell culture flask (75 cm?)

Greiner, Germany

Serological pipettes (5 ml, 10 ml, 25 ml)

SARSTEDT, Germany

Transfer pipette (3.5 ml)

SARSTEDT, Germany
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2.2 Methods

2.2.1 Alignments

Protein sequences of human (Homo sapiens), murine (Mus musculus), and zebrafish
(Danio rerio) VPS18 were acquired from the UniProt database (https:/www.uni-
prot.org/). (158, 159). Subsequently, sequence alignments were performed using Clustal
Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). Identity and similarity analysis was
performed with the Sequence Manipulation Suite (https://www.bioinformat-

ics.org/sms2/ident_sim.html): Identity and Similarity, using default settings.

2.2.2 Zebrafish husbandry and breeding

Zebrafish were maintained and bred at the zebrafish facility of Deutsches Zentrum fiir
Neurodegenerative Erkrankungen (DZNE, Munich). They were kept at standard condi-
tions at 28.5 °C under a light/dark cycle of 14 h/10 h (160). The wild type (WT) zebrafish
strains AB or Tiipfel long fin (TL) were used in the present study (156).

For breeding the zebrafish, pairwise male and female adult zebrafish were placed in a
mating tank in the late afternoon. The eggs were collected the next morning and trans-
ferred into a sterile petri dish. Zebrafish eggs and larvae were maintained in 1x E3 me-
dium supplemented with 0.3 pg/ml of methylene blue at 28.5 °C until 5 dpf (161). To
eliminate potential contamination, bleaching of the embryos was performed at 24 hpf by
bathing the embryos in the bleaching solution for 5 min, followed by a 5 min rinse in tap
water (162). After repeating this step twice, the embryos were finally rinsed twice in tap
water. Afterwards, embryos were transferred into a new peri dish with 10 ml E3 medium
supplemented with 0.3 pg/ml of methylene blue. One mg/ml pronase was added to the
medium to allow the embryos to hatch from the denatured chorion. In addition, 0.003%
N-Phenylthiourea (PTU) was added into the medium to prevent pigmentation (163). For
analysis, zebrafish larvae were anesthetized with 0.08 mg/ml tricaine in E3 medium or

euthanized by an overdose of tricaine (0.3 mg/ml).

2.2.3 Generation of vpsI8 mutant zebrafish lines

In the present study, vps/8 mutant zebrafish lines were used which were generated and

generously provided by Dr. Daniela Maier-Begandt. Two vps/8 mutant zebrafish lines
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were generated using CRISPR/Cas9 technique with the transgenic zebrafish line
Te(flil:gfp,lyz:dsRed) (Figure 10). Notably, both vps/8 mutant zebrafish lines carried
heterozygous mutations in vps/8. The first vps/8 mutant zebrafish line (referred to as
vps18*~ G26A) harbored a mutation in the exon 1 of vpsI8 leading to a deletion of 22
base pairs (bp) resulting in a premature stop codon at amino acid position 26 (Gly26*).
The second vps18 mutant zebrafish line (referred to as vps18*~ K464A) harbored a muta-
tion in the exon 4 of vpsi8 leading to a deletion of 32 bp resulting in a premature stop
codon at amino acid position 464 (Lys464*). The zebrafish embryos were injected at a
one-cell stage with corresponding guide RNAs and Cas9 protein. Zebrafish of the Fo gen-
eration were raised and outcrossed with Tg(f/i!:gfp,lyz:dsRed) zebrafish. Genotyping and

sequencing were then performed with the F; generation.

A
12 3 4 5
B gRNA1 gRNA2 1 kb
vps18* G26A
vps187: GTCAACACAGT CGGCATCACTCATTC
vps187: GTCAACACACTCAT—————————————————————— TCACTCATTC

vps187K464A

vps18*: GGAGATTGCGCTGAAGTT AGGCCTTG
VPST8%: GGAGATT === = = GGCCAAC

Figure 10. Generation of vpsI8" zebrafish by CRISPR/Cas9 technique. (A) Sche-
matic of the vps/8 gene and target exon 1 of gRNA1 and exon 4 of gRNA2. (B) Partial
genomic sequence of zebrafish lines vps/8™ G26A and vpsI87 K464A. The target se-
quence of the gRNA (green) and deletions (-, red).

2.2.4 Mouse husbandry and breeding

C57BL/6NCrl mice were bred in the Core Facility Animal Models of the Biomedical
Center Munich of the Ludwig-Maximilians-Universitit Miinchen. The Vps18%™*/** mice
with C57BL/6NCrl background were purchased from The Centre for Phenogenomics in
Toronto, Canada. The Vav-iCre*” female mice (stock No. 018968!7°, The Jackson Labor-
atory) were crossed with VpsI8"°x male mice. Vav-iCre*~/Vps18"* (Vav-
iCre*/Vps18¥"1*) mice were used as target animals, and Vav-iCre”/Vps18"/* (Vav-
iCre’/Vps18""°¥) mice were used as controls. All animal experiments in this study were

carried out following the animal protection standards of the DZNE and LMU which were
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approved by the government of Upper Bavaria (Regierung von Oberbayern, Munich, Ger-

many).

2.2.5 Genotyping

To determine the genotypes of mice and zebrafish, genomic DNA was extracted from tail
biopsies of mice or clippings of the caudal fin from adult zebrafish or whole zebrafish
larvae by using PCRBio Rapid Extract PCR Kit (PCR Biosystems) according to the man-
ufacturer’s protocol. Extracted DNA was used as a template and added to the PCR reac-
tion mix (Table 2). The primers used for genotyping are listed in Table 3. vpsi8-1 (for
gRNA 1) and vps18-2 (for gRNA 2) primers were used for zebrafish genotyping. VpsiS§-

wt, distal loxP, target mutation (tm)Ic, and Vav-iCre primers were employed for mouse

genotyping. The PCR reaction conditions are shown in Table 4.

Table 2. Master mix for the PCR reaction.

Component 25 pl reaction volume (per sample)
2x Taq master mix 12.5 ul

Forward primer (1:20 dilution) 1wl

Reverse primer (1:20 dilution) 1l

Template DNA 2-4 ul

PCR grade dH>O to 25 ul

Table 3. Primers used for genotyping.

Name Forward primer (5’-3’) Reverse primer (5°-3°) | Expected
band size of
PCR product
(bp)
vps18-1 AAGACAGA- AATGGGTTTTTCTTC | 524
CATGCAACCAACAC CTCCAAT
vps18-2 TAGTCCTCACCCAG- AATAAATGTTGCTT- | 565
TTCCACTT GCCTTCGT
Vav-iCre | GCCTGCCCTCCCTGTG | GTGGCAGAAGGGG- | 800
GATGCCACCT CAGCCACACCATT
Vpsi8-wt | TGTAGGAGAGCAGCG- | GAAGTTATCTCGAC- | 261
CAGGGTTAC GAAGTTCC
distal loxP | GCGCAAC- TCGTGCTGGGAT- 166
GCAATTAATGATAAC | TCATCCTTGTGGG
tmlc TGCAGCGGAC- GGGATTGGTTCTCTG | 255
TATCGAGAAAGCAAC | TGCCTGAGATG
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Table 4. PCR reaction conditions.

Step Temperature Time
Initial denaturation 94 °C 2 min
35-45 cycles Denaturation 94 °C 30s
Annealing 60 or 65 °C 30s
Extension 72 °C 30s
Final extension 72 °C 10 min

The cycling conditions were adjusted to different primers. For vpsI8, Vpsi8-wt, distal
loxP, and tmc primers, the annealing temperature was 60 °C. For Vav-iCre primers, the
annealing temperature was 65 °C. The cycle number for Vpsi8-wt, distal loxP, tmic, and

Vav-iCre primers was 35.
A

WT allele vps18 mutant allele
Btgl recognition site
]
CCACGG |
PCR product PCR product
@igestion ﬂdigestion
\ CC| [ACGG |
fragment 1 fragment 2 full length
B
o vps187* vps18*
S ) )
© Q Q
= + +
< o o o o
Z O O O O
O a a a a
L —]
~—_—
500 bp— — — — «—full length (524 bp)
0y — < fragment 1 (367 bp)
e L «fragment 2 (157 bp)

Figure 11. RFLP analysis of zebrafish genotype. (A) Left panel: schematic represen-
tation of recognition site of enzyme Bigl in PCR product of WT allele. Right panel: sche-
matic representation of vps/8 mutant allele containing a mutated site (red box). (B) Rep-
resentative image of gel electrophoresis of PCR products of vps/8* and vpsI8™
zebrafish larvae as indicated. PCR products undigested (PCR) or with Bzgl digestion
(PCR+Btgl) are shown. The numbers on the left indicate the size of the DNA ladder (lane
1). Lanes 2-3 show vps18*/* zebrafish larvae, whereas vps 8™~ zebrafish larvae are shown
in lanes 4-5. Arrows indicate different sizes of bands. Results are representative of n=4
independent experiments.

The PCR with vpsI8 primer pairs resulted in PCR products with the same size for
vps18** or vps18™ zebrafish. To further distinguish the vps 18" or vps 18" zebrafish, a
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restriction fragment length polymorphism (RFLP) assay was performed (127). The PCR
products were digested with the restriction enzyme Acul (restriction site:
CTGAAG]J16/14]) or Btgl (restriction site: C/CRYGG) for 2 h at 37 °C. The digested and
undigested PCR products were separated on 1.5% agarose gel along with the FastGene
100 bp DNA marker. Agarose gels were imaged with a Peqlab gel documentation imaging
system with UV light. The PCR with the specific primer pair resulted in a PCR product
size of 524 bp for both vpsI8** and vps18"- zebrafish larvae. In vpsI8*~ zebrafish, the
restriction site for Btg/ was mutated, as a result of CRISPR/Cas9 genome editing (Figure
11A). Therefore, the PCR product of the mutated vps/8 gene was not digested by Brgl.
Thus, the PCR products of vps18*'* zebrafish larvae were cleaved into 2 fragments (size:
367 bp, fragment 1 and 157 bp, fragment 2) upon Btgl (PCR+ Btgl) digestion (Figure
11B). The PCR products of vps 18"~ zebrafish larvae were digested into 2 fragments (size:
367 bp and 157 bp) and additionally showed the undigestible PCR product with 524 bp,
full length.

2.2.6 Generation of Vpsl8 mutant Hoxb8 cells

The immortalized Hoxb8 cell line was generated and generously provided by Dr. Annette
Zehrer according to Wang et al., 2006 (107) and Zehrer et al., 2018 (113). In the present
study, two heterozygous Vps/8 mutant Hoxb8 cells were generated and generously pro-
vided by Dr. Annette Zehrer using WT Hoxb8 cells treated with CRISPR/Cas9 gene ed-
iting technique. Both clones (clone 1 and 2, VpsI18* mutants) harbored one WT allele

and one mutated allele (Figure 12).

A
1 2 3 4 5
— HE—
1
gRNA1 e
B
Clone 1
WT: TCATTGTCC TGGTTGCCCTAGCGTGG
Vps18 mutant: TCATTGTCCCGCTCGGCCGTCT TG TGGTTGCCCTAGCGTGG
Clone 2
WT: TCATTGTCC TGGTTGCCCTAGCGTGG
Vps18 mutant: TCATTGTCC ...Ad4bp

Figure 12. Generation of CTRL and VpsI8 mutant Hoxb8 cells by CRISPR/Cas9
technique. (A) Schematic of the Vps/8 gene and target exon 1 of gRNA1 (B) Partial
genomic sequence of clone 1 and clone 2. gRNA target sequence (green) and deletions (-
, red).
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Clone 1 harbored a deletion of 8 bp that resulted in a frame shift inducing a premature
stop codon at amino acid position 21 of VPS18. Similarly, 44 bp were deleted in clone 2
resulting in a premature stop codon at amino acid position 35 of VPS18. WT Hoxb8 cells
received the same viral transduction but without gRNA and were used as controls

(Vps18*"*, CTRL Hoxb8 cells).

2.2.7 Generation of VPS18-EGFP expressing Hoxb8 cells

To rescue the VPS18 expression in Vpsi8 mutant Hoxb8 cells, VPS18-enhanced green
fluorescent protein (EGFP) expressing Hoxb8 cells (referred to as VPS18 rescue) were
generated and generously provided by Dr. Annette Zehrer. Here, Clone 1 cells were trans-
duced with pMSCV-Puro-hVPS18- EGFP. Additionally, WT Hoxb§8 cells were trans-
duced with EGFP alone as a control (referred to as WT-EGFP). A flow cytometric anal-
ysis was subsequently conducted to validate the successful transduction, as evidenced by

a marked elevation in the EGFP signal in WT-EGFP and VPS18 rescue cells (Figure 13).

Before transduction After transduction Before transduction After transduction
WT  —— WT-EGFP Clone 1 =———}\/PS18 rescue
- EGFP* . .
1.2M7 %%1':5% 99.9% %(.325% %SEE/;

900K+

600K 4 &

SSC-A

300K+

EGFP-FITC-A

Figure 13. Verification of successful VPS18 rescue cell generation. EGFP fluores-
cence intensity in WT, WT-EGFP, clone 1 and VPS18 rescue Hoxb8 cells was measured
with flow cytometry. Numbers indicate EGFP" cells in the percent of total single living
cells (100%).

2.2.8 Cell culture and differentiation

WT-EGFP Hoxb8 cells were cultured in Hoxb8 cell culture medium, whereas CTRL,
Vps18 mutant and VPS18 rescue Hoxb8 cells were cultured in the Hoxb8 cell culture
medium supplemented with 5 pg/ml puromycin. All cell lines were maintained at 37 °C,
5% COz2, and 95% air humidity. The medium was changed every 2 days. Differentiation
was induced by culturing the cells in Hoxb8 differentiation medium supplemented with

20 ng/ml rmG-CSF for 4 days. For long-term storage, cells were washed once with PBS
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at 300 x g for 5 min and resuspended in cell freezing medium. Cells were stored in cryo-
tubes at -80 °C and transferred to liquid nitrogen the next day. To thaw cells, the cryotubes
containing the frozen cells were quickly placed in a 37 °C water bath until the cells were
thawed. Cell suspensions were transferred into fresh Hoxb8 cell culture medium and
washed once with PBS by centrifugation at 300 x g for 5 min to eliminate residual DMSO.
The cell pellet was resuspended in fresh Hoxb8 cell culture medium and transferred into
a new cell culture flask. To determine cell numbers, cells were counted in a Fast read®

102 cell counting chamber and 0.5% trypan blue was used to exclude dead cells.

2.2.9 Western blot

To detect the expression of VPS18 from the BM of mice, mice femurs were flushed using
a 20 G needle in ice-cold PBS containing 2 mM EDTA and 5% FBS and passed through
a 70 um cell strainer. After washing once with ice-cold PBS, BM cells were lysed in
protein isolation buffer on a rotator for 30 min at 4 °C and centrifuged at 1600 x g at 4 °C
for 15 min. The supernatant was transferred into a new tube and the protein concentration
was determined with a Pierce™ BCA Protein Assay Kit. Cell lysates were mixed with 4
x Laemmli buffer and heated at 95 °C for 5 min to denature the proteins. Cell lysates (30
pg per lane) and marker (8 uL) were loaded on Mini-PROTEAN TGX Stain-Free Gel
and proteins were separated by electrophoresis at 220 V for 30 min. After separation,
proteins were transferred onto nitrocellulose membranes by using the Trans-Blot® Tur-
bo™ Transfer System. Membranes were incubated with blocking buffer for at least 1 hour
at room temperature (RT) with gentle rocking. After blocking, membranes were incu-
bated with anti-VPS18 (1:1000 dilution in blocking buffer) and anti-GAPDH (1:5000
dilution in blocking buffer) primary antibodies at 4 °C overnight. Following three times
of washing with TBST, membranes were incubated with secondary antibodies (1:10,000
dilution in blocking buffer) for 2 h at RT. The membranes were imaged at the Odyssey®

CLx imaging system and analyzed with Image Studio Lite software.

2.2.10 Flow cytometry

The Beckman Coulter CytoFLEX S was used for analyzing the expression of VPS18 and
active caspase 3, cell apoptosis and whole kidney marrow (WKM) of adult zebrafish.

Cytek® Aurora Spectrum Cytometry was used for analyzing neutrophil maturation. All
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data were subsequently analyzed using FlowJo software after excluding debris, doublets

and dead cells.

2.2.10.1 Intracellular staining of VPS18 and active caspase 3

To analyze the expression of VPS18 and active caspase 3 by flow cytometry, intracellular
staining was performed. CTRL and Vps 18 mutant Hoxb8 cells (5 x 10° cells per sample)
were first stained with LIVE/DEAD™ Fixable Yellow Dead Cell Stain Kit (1:1000 dilu-
tion in PBS) according to the manufacturer's instructions. Subsequently, cells were fixed
in 100 ul 1 x BD fixation/permeabilization buffer on ice for 20 min. After washing twice
with 500 pl 1 x BD permeabilization/washing buffer, the cells were stained with recom-
binant anti-VPS18 primary antibody (1:50 dilution in 1 x BD permeabilization/washing
buffer ) on ice for 45 min. Subsequently, cells were washed twice with 500 ul 1 x BD
permeabilization/washing buffer followed by staining with Alexa Fluor 488-conjugated
goat anti-rabbit IgG secondary antibody (1:300 dilution in 1 x BD permeabilization/wash-
ing buffer) on ice for 45 min in the dark. Cells were then washed twice with 500 pul 1 x
BD permeabilization/washing buffer and resuspended in 200 pl 1 x BD permeabiliza-
tion/washing buffer before analyzing with the CytoFLEX S. As a negative control, cells
were incubated with a corresponding isotype control antibody instead of the primary an-
tibody. The mean fluorescence intensity (MFI) of the signal was quantified by FlowJo

software.

To detect the activation of caspase 3, CTRL and Vps/8 mutant Hoxb8 cells at day 3 of
differentiation were stained with PE-conjugated anti-active caspase 3 antibody. Cells
were first fixed with 1 x BD fixation/permeabilization buffer on ice for 20 min. After
washing twice with 1 x BD permeabilization/washing buffer, cells were stained with PE-
conjugated anti-active caspase 3 antibody (1:20 dilution in 1 x BD permeabiliza-
tion/washing buffer) on ice for 30 min in the dark. Samples were then analyzed with the
CytoFLEX S. As a negative control, cells were incubated with a corresponding isotype
control antibody instead of the primary antibody. The Percentage of active caspase 3 pos-

itive cells was quantified by FlowJo software.

2.2.10.2 Cell apoptosis assay

To analyze the type of cell death, we employed tetramethylrhodamine methyl ester
(TMRM), FITC Annexin V, and Sytox red dead cell stain. TMRM accumulates in the
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inner mitochondrial membrane of healthy cells and indicates viable cells. Annexin V
binds to phosphatidylserine on the surface of cells when cells undergo apoptosis. Sytox
red binds to nucleic acids of cells with compromised plasma membranes. Here, TMRM"
cells were defined as viable cells, Annexin V* Sytox red" cells as early apoptotic cells,
and Annexin V' Sytox red" cells as late apoptotic cells. CTRL and Vps18 mutant Hoxb8
cells (5 x 10° cells per sample) were washed once in PBS and once in Annexin V-binding
buffer. Subsequently, cells were incubated with 200 nM TMRM, 3.6ug/ml FITC Annexin
V and 10 nM Sytox red dead cell stain at 37 °C for 15 min in the dark. The fluorescence
intensity of TMRM, Annexin V, and Sytox red was detected using the CytoFLEX S. Flu-
orescence minus one (FMO) controls were used to determine the negative cell population.
Cells incubated at 75 °C for 5 min were used as a positive control for Annexin V and

Sytox red double positive cells.

2.2.10.3 Neutrophil maturation assay

Neutrophils from different maturation stages encompassing GMP-like cell (CD34"¢-kit™
iICD16/CD32'Ly6C ), proNeu (CD34'c-kit"CD16/CD32"Ly6C"), preNeu (CD34 c-
kit"CD49d"), immature Neu (c-kit CD49d CXCR2'CD101 ) and mature Neu (c-
kit CD49d CXCR2'CD101") were analyzed according to Ng et al. (20, 21). By
employing this protocol, CTRL and Vps 8 mutant Hoxb8 cells during differentiation (day
0, 1, 2, 3 and 4) were analyzed with flow cytometry. Cells (5 x 10° cells per sample) were
collected by centrifugation. After washing once with Hank's buffer, cells were stained
with the mixture of primary antibodies (Table 5) for 20 min on ice and subsequently fixed
with 4% formaldehyde solution in PBS for 15 min at RT in the dark. The samples were
washed once with Hank's buffer prior to analysis. Data acquisition was performed on a
Cytek® Aurora and data were analyzed using FlowJo. Dead cells were distinguished by

auto-fluorescence (AF) signal.

Table 5. Primary antibodies are used for neutrophil maturation assay.

Primary Conjugate Clone Dilution in FC staining
antibody buffer

CDl11b Brilliant Ultraviolet 496 M1/70 1:200

CD16/CD32 | Brilliant Ultraviolet 615 Ab93 1:50

CD24 Alexa Fluor 700 M1/69 1:200
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CD34 Alexa Fluor 647 HM34 1:75
CD49d Brilliant Ultraviolet 563 9C10 1:100
CD62L Brilliant Violet 480 MEL-14 1:200
CDs81 PerCP/Cy 5.5 Eat-2 1:50
CD101 APC Moushil01 1:50
CD106 Brilliant Violet 605 429 1:100
CD115 Brilliant Ultraviolet 737 AFS97 1:100
c-kit Brilliant Violet 421 2B8 1:50
CXCR2 PE SA044G4 1:50
CXCR4 Brilliant Violet 711 L276F12 1:50
Ly6A/E Brilliant Ultraviolet 661 D7 1:50
Ly6C Brilliant Violet 785 HK1.4 1:300
Ly6G Brilliant Ultraviolet 395 1A8 1:300

2.2.10.4 Analysis of WKM in adult zebrafish

Two-year-old vpsI8"* and vpsI8™~ adult zebrafish were euthanized with 0.3 mg/ml

tricaine in E3 medium. The WKM was isolated according to Gerlach et al. and subse-

quently resuspended in ice-cold FC staining buffer (164). Briefly, single-cell suspensions

were generated by passing the kidney tissue through a 40 pm cell strainer using a 1-mL

syringe plunger handle. Sytox red was added to exclude dead cells. The samples were

then measured using the CytoFLEX S and the data were analyzed using FlowJo. Granu-

locytic cells were distinguished based on their side scatter (SSC) and forward scatter (FSC)
profiles (165). Neutrophils were identified as dsRed" cells.

2.2.11 Microscopy
2.2.11.1 May-Griinwald-Giemsa staining

For morphological analysis, CTRL and Vps18 mutant Hoxb8 cells (5 x 10* cells per sam-
ple) were collected each day during differentiation. Cytospins were prepared on glass

slides using a Cytospin® III cytocentrifuge (Tharmac) at 970 x g for 10 min. The slides
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were air-dried and stained with May-Griinwald working solution for 5 min and with 12%
Giemsa working solution for 15 min. After drying, images were obtained from stained
samples using a bright field Leica DM2500 microscope equipped with a DMC2900
CMOS camera. An HCX PL FLUOTAR 63 x /1.25 oil immersion objective was used for
phase contrast, resulting in an image pixel size of 92 nm. Cells at different stages of neu-
trophil development were characterized according to their nuclear morphology and cyto-

plasmic granules at least 100 cells manually from at least five different fields of view of

one slide (22).

2.2.11.2 Total neutrophil counts in zebrafish larvae

For counting total neutrophil numbers, zebrafish larvae at 3 dpf were euthanized with 0.3
mg/ml tricaine in E3 medium and fixed with 4% formaldehyde solution in PBS at 4 °C
overnight. After removing the formaldehyde solution, the zebrafish larvae were washed
with PBS twice and mounted in 1.5% low melting agarose. The zebrafish larvae were
visualized with a spinning disk confocal laser microscope (Examiner, Zeiss) equipped
with a 5 x /0.15NA objective and Slidebook software or under a Leica M205 FA stereo
microscope equipped with a DFC7000 T camera and Leica Application Suite X software.
Fluorescence for GFP (endothelial cells) was acquired using an excitation wavelength of
488nm. Fluorescence for dsRed (neutrophils) was acquired using an excitation wave-
length of 561nm. Neutrophil numbers were counted manually by using Leica Application

Suite X software or FIJI software (166).

2.2.11.3 Neutrophil trafficking at steady state and during sterile

inflammation

For analysis of spontaneous neutrophil migration, living zebrafish larvae at 5 dpf were
analyzed at steady state as described elsewhere (152). Zebrafish larvae at 5 dpf were anes-
thetized with 0.08 mg/ml tricaine in E3 medium and subsequently mounted in 1.5% low-
melting agar in E3 medium containing 0.08 mg/ml tricaine to retain a proper position
(Figure 14A). Time-lapse imaging was performed with a spinning disk confocal laser
microscope (Examiner, Zeiss) equipped with a 10 x /0.3NA water immersion objective.
Neutrophils in the head area indicated by the red rectangle were imaged and recorded for
15 min with a time interval of 1 min (Figure 14B). Maximum intensity projections were
generated. Two-dimensional (2D) migration velocity and Euclidean distance were quan-

tified with FIJI software with the Manual Tracking and the Chemotaxis Tool plugins
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(ibidi). Analysis of neutrophil trafficking upon sterile inflammation was performed upon
tail fin transection in zebrafish larvae as described previously (152). Briefly, the zebrafish
larvae at 5 dpf were anesthetized with 0.08 mg/ml tricaine in E3 medium and subse-
quently the tail fins were removed by using a scalpel blade under a microscope (Figure
14C). After cutting the tail fins, the zebrafish larvae were placed in fresh E3 medium and
incubated at 28.5 °C. They were euthanized with 0.3 mg/ml tricaine in E3 medium and
fixed with 4% formaldehyde solution in PBS at 0, 1, 3, or 6 hours post wounding (hpw),
respectively. Fixed zebrafish larvae were then incubated at 4 °C overnight. Images were
acquired with the Leica M205 FA stereo microscope mentioned above. The number of

recruited neutrophils within a 200 um distance to the wound was quantified manually.

: %
F ¢

Figure 14. Analysis of neutrophil trafficking in zebrafish larvae. (A) Schematic of
mounting of zebrafish larvae for imaging. (B) Schematic of a zebrafish larva for analyzing
neutrophil spontaneous migration at steady state. The red rectangle indicates the location
of the imaging area. (C) Schematic of a zebrafish larva for analyzing neutrophil traffick-
ing upon sterile inflammation. The red line in the upper panel indicates the region where
the tail fin transection was performed to initiate sterile inflammation. The blue shaded
area in the lower panel indicates the area where the recruited neutrophils were quantified
(200 um away from the wound).

2.2.12  Statistical analysis

GraphPad Prism software was used for statistical analysis. Data is shown as mean + stand-
ard deviation (SD). At least 3 independent experiments were performed for each experi-

ment. Unpaired student’s t-test or one-way ANOVA with Tukey’s multiple comparison
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test or two-way ANOVA with Tukey’s multiple comparison was applied to determine the
statistical significance for the experimental group and control group. Statistically signifi-

cance was evaluated as * p < 0.05, ** p < 0.01, *** p <0.001 and **** p < 0.0001.
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3. Results

3.1 VPS18is conserved in humans, mice and zebrafish

To better understand the functional similarity of VPS18 in different species, sequence
alignments of human, murine and zebrafish amino acid sequences of VPS18 were per-
formed. Here, identity and similarity values were calculated. Identity is defined as the
exact identical amino acids in the compared sequences. Similarity is defined as amino
acids with similar structural and chemical characteristics. Human and murine VPS18
showed a high amino acid identity of 95.7% (Table 6). Zebrafish Vps18 shared 65.8%
identity and 78.5% similarity with humans. These data suggest that VPS18 may share

similar functions among humans, mice and zebrafish.

Table 6. Amino acid identity and similarity of murine and zebrafish VPS18 in per-
cent aligned to the human VPS18 (100%).

% to Homo sapiens Mus musculus Danio rerio
identity similarity | identity | similarity

VPS18 95.8 97.4 65.8 78.5
B-propeller domain 94.3 95.9 63.3 76.9

CC domain 96.4 96.4 75.0 89.2
(close to the N-terminal)

CC domain 100 100 70.2 78.7
(close to the C-terminal)

CHCR domain 98.1 98.7 73.7 80.1
RING domain 92.6 96.8 58.3 76.0

The identity and similarity of each domain of VPS18 were compared among the three
species (Table 6 & Figure 15). The B-propeller domain of human VPS18 was 94.3%
identical and 95.9% similar to murine VPS18, and 63.3% identical and 76.9% similar to
zebrafish Vps18. The CC domain close to the B-propeller domain showed 96.4% identity
and 96.4% similarity between human and mouse, and 75.0% identity and 89.2% similar-
ity between human and zebrafish. The second CC domain close to the RING domain
showed 100% identity and 100% similarity between human and mouse, and 70.2% iden-
tity and 78.7% similarity between human and zebrafish. The CHCR domain of human
VPS18 was 98.1% identical and 98.7% similar to murine VPS18, and 73.7% identical
and 80.13% similar to zebrafish Vps18. The RING domain of human VPS18 was 92.6%
identical and 96.8% similar to murine VPS18, and 58.3% identical and 76.0% similar to
zebrafish Vps18.



3 Results 47

Taken together, these data show that VPS18 and specifically the functional domains are
highly conserved among men, mice and zebrafish, and thus further emphasize that the

zebrafish is a suitable model to study VPSI18.

H. sapiens MASILDEYENSLSRSAVLQPGCPSVGIPHSGYVNAQLEKEVPIFTKQRIDFTPSERITSL 60
M. musculus MASILDEYEDSLSRSAVLOTGCPSVGIPHSGYVSAHLEKEVPIFTKQRVDFTPSERITSL 60
D. rerio MASILDQYEDSQNIRQHSRMSTANIGITHSGFVNVRLEEEKPIFTKQRIDFSPPEKINQF 60
Kokkokokok s kk gk | L sk kkkak | skkak kkkkkkkikksk kook
H. sapiens VVSSNQLCMSLGKDTLLRIDLGKANEPNHVELGRKDDAKVHKMFLDHTGSHLLIALSSTE 120
M. musculus VVSCNQLCMSLGKDTLLRIDLGKASEPNRVELGRKDDAKVHKMFLDHTGSHLLVALSSTE 120
D. rerio SVCNNQLCMSLGKDTLLRIDLGKPDQPNQIELGRKDDSKVHRLFLDPTGSHLVICLTTNE 120
K kkkkkkkkok kR kkkkkk g kokg kkkkkkkgkkky s kkKk kkkkkgy Ky k
H. sapiens VLYVNRNGQKVRPLARWKGQLVESVGWNKALGTESSTGPILVGTAQGHIFEAELSASEGG 180
M. musculus VLYMNRNGQKARPLARWKGQLVESVGWNKAMGNESSTGPILVGTAQGQIFEAELSASEGG 180
D.rerio CVYLNRNTQKVRGLSRWRGHLIESIGWNKLIGSETNTGPILVGTSQGIIFEAEISASEGS 180
:*:*‘k‘k **'* *:**:*:‘k:**:**** :*'*:"k‘k******:** k*‘k‘k*:*****' B_prope”
H. sapiens LFGPAPDLYFRPLYVLNEEGGPAPVCSLEAERGPDGRSFVIATTRORLFQFIGRAAEGAE 240
M. musculus LEFGPAPDLYFRPLYVLNEEGGPAPVCSLEAERGPDGRGFVIATTRQRLFQFIGRAVEDTE 240
D.rerio LENTNPDQYFRQVHYLEEDGKPAPVCCLEVERGLETKYFIIATTRKRLFQFVGKLAEGSE 240
**_ * ok kkx s *:*:* *****‘**_*** : : *:*****:*****:*: .*.:*
H. sapiens AQGFSGLFAAYTDHPPPFREFPSNLGYSELAFYTPKLRSAPRAFAWMMGDGVLYGALDCG 300
M. musculus AQGFAGLFAAYTDHPPPFREFPSNLGYSELAFYTPKLRSAPRAFAWMMGDGVLYGSLDCG 300
D.rerio QQGFSSIFAQNQDLLPSFQEFPVNMGYSEITFYTSKLRSRPKTFAWMMGNGVLYGQLDYV 300
*** . * * * * k k * **** *** * kK Kk * ~****** *kkkk Kk
H. sapiens RPDSLLSEERVWEYPEGVGPGASPPLAIVLTQFHFLLLLADRVEAVCTLTGQVVLRDHFL 360
M. musculus RPDSLLSEERVWEYPAGVGPGANPPLAIVLTQFHFLLLLADRVEAVCTLTGQVVLRDHFL 360
D.rerio RPDSLLSDVQVWEYTQDIDLNFVKPISIVLTQFHFLLLLPDRVRGICTLNGQVVHEDVFEFP 360
*******: :**** R . *::**********‘k* ***..:***.**** .* *
H. sapiens EKFGPLKHMVKDSSTGQLWAYTERAVFRYHVOQREARDVWRTYLDMNRFDLAKEYCRERPD 420
M. musculus EKFGPLRHMVKDSSTGHLWAYTERAVFRYHVOQREARDVWRTYLDMNRFDLAKEYCRERPD 420
D.rerio EKFGTLQKMIKDPITGLVWIYTEKAVFRYHIQKEARDVWQMYMNMNKFDLAKEYCKDRPE 420
Kk Kk k ‘k::‘k:** * * :* ‘k‘k‘k:‘k*****:*:*‘k*‘k‘k‘k: ‘k::**:*‘k*‘k*‘k‘k*::**:
H. sapiens CLDTVLAREADFCFRQRRYLESARCYALTQSYFEEIALKFLEARQEEALAEFLORKLASL 480
M. musculus CLDTVLAREADFCFRQHRYLESARCYALTQSYFEEIALKFLEARQEEALAEFLORKLAGL 480
D.rerio CLDMVLAKEAEHCFQNKRYLESAKCYALTONYFEETIALKFIEAKQEEALKEFLIKKLVNL 480
* k% ***:**:.**:::******:******_*********:**:***** * %k :**7_*
H. sapiens KPAERTQATLLTTWLTELYLSRLGALQGDPEALTLYRETKECFRTFLSSPRHKEWLFASR 540
M. musculus KPTERTQATLLTTWLTELYLSRLGALQGDPDALTLYRDTRECFRTFLSSPRHKEWLFASR 540
D.rerio KPSEKTQITLLVTWLTELYLNRLGQLEADEGKQHLFLETREEFRTFLKSPKHKDCFYNNR 540
** * * % *** ******** * k% *-.* *: * * ***** ** *4(~ B3 .
H. sapiens ASIHELLASHGDTEHMVYFAVIMODYERVVAYHCQHEAYEEALAVLARHRDPQLEFYKFSP 600
M. musculus ASTIHELLASHGDTEHMVYFAVIMQDYERVVAYHCQHEAYEEALAVLARHRDPQLEFYKFESP 600
D.rerio STIYDLLASHGDVDNMVYFSVIMQDYERVISHYCQHDDYSAALDVLSKHCDDKLEYKFSP 600
:*: . kok ok ok ok ok Kk Lo **** Kk khkkkkk ok o A *** *. * %k ** * * *******
H. sapiens ILIRHIPRQLVDAWIEM 660
M. musculus ILIRHIPRQLVDAWIEM 660
D.rerio VLMQHIPKKVVDAWIQM 660
~~k: ek kok . A ***** ** * kK :.********** * * ok e ok kok ok ok ok ok k *
H. sapiens 720
M. musculus 720 CHCR
D.rerio 720
DR kKKK KKK KKy 1k kK kkKxKk; LRk KRk kkkkk g kkky kKK Kk

. sapiens CLASC 780
. musculus ACLASC 780
.rerio INCLSSC 780

Kok kK ok k ok kKKK g hkhkkkk Kk hkok g kkkkkkhkkkhkkkkhkkkk o kk g kk Kok ykk

oxm

H. sapiens PLLKIEDVLPFFPDFVTIDHFKEAICSSLKAYNHHIQELOREMEEATASAQRIRRDLOEL 840

M. musculus PLLKIEDVLPFFPDFVTIDHFKEAICSSLKAYNHHIQELOREMEEATASAQRIRRDLOEL 840

D.rerio NLLKIEDILPFFPDFVTIDHFKEAICSSLEEYNKHIEELKQEMEEATESAKRIREDIQEM 840
******:*********************: **:**:**::****** **:***.*:**:

H. sapiens RGRYGTVEPQDK! 900

M. musculus RGRYGTVEPQDK! 900 RING

D.rerio RNKYGVVESQEKI 900

Ko akk Kk K akk o kkAkKAK AR KKK A KK AR KKK KkkkKk Kk K K Kkk sk okkk

H. sapiens ELMIRSIDRPF 959

M. musculus ELMIRSIDRPF 959

D.rerio ELMIKSIDKPF 960
Kokkokokokekas ok kokkkkhkkkkk s kkk o kk

H. sapiens IDPQRYEEEQLSWL 973

M. musculus IDPQRYEEEHLSWL 973

D.rerio IDPQKFDQEMSSWL 974

KKK gy sk KKK

Figure 15. Sequence alignment of human, murine and zebrafish VPS18. The -
propeller (orange), CC (yellow), CHCR (green) and RING (purple) domains are high-
lighted in the indicated colors. Fully conserved (*), strongly similar () and weakly similar
(.) amino acid residues are indicated below the alignment.
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3.2 Residual expression of VPS18 in VpsI8 mutant Hoxb8 cells

To characterize CTRL and Vps/8 mutant Hoxb8 cells, the residual VPS18 expression
was analyzed using flow cytometry at day 0 (undifferentiated) and day 4 (differentiated).
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Figure 16. Flow cytometric analysis of VPS18 expression in CTRL and VpsI8 mu-
tant Hoxb8 cells at day 0 (undifferentiated) and day 4 (differentiated). (A) Flow
cytometry histograms of intracellular VPS18 staining in CTRL and Vps/8 mutant Hoxb8
cells at day 0 and day 4 of differentiation. Dashed lines indicate isotype controls. (B)
Quantitative analysis of VPS18 expression. The mean fluorescence intensity (MFI) of
VPS18 was normalized to CTRL (100%). Corresponding isotype control was used as a
negative control. n>7, Mean £ SD, One-way ANOVA with Tukey's multiple comparison
test, * p <0.05, ** p <0.01.

Quantification of the relative MFI of VPS18 revealed that at day 0, the expression of
VPS18 in both VpsI8 mutant Hoxb8 cells was downregulated to 54.4% in clone 1 and
45.9% in clone 2 compared to CTRL cells (100%) (Figure 16). At day 4, the expression
of VPS18 also diminished to 54.4% and 48.9% in clone 1 and clone 2, respectively, com-
pared to CTRL cells (100%). Taken together, these data indicate that the presence of one
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WT allele of VpsI8 resulted in a residual VPS18 expression of approximately 50% as
expected. Thus, the heterozygous Vpsi8 mutant Hoxb8 cells with the reduced protein

expression present a suitable model to study the patient's situation.

3.3 Mutations in VpsI8 led to impaired neutrophil maturation

To study whether heterozygous mutations in Vps/8 cause a neutrophil maturation arrest
similar to the patient's situation (patient 1, personal communication by Prof. Dr. Christoph
Klein), we quantified the different neutrophil maturation stages based on the morpholog-
ical changes of neutrophils upon differentiation in a classic way by microscopic inspec-
tion. Here, cytospins of CTRL and Vps/8 mutant Hoxb8 cells before (day 0) and during
differentiation (day 1 to day 4) were stained using May-Griinwald-Giemsa. Cells from
different maturation stages (promyelocytes, myelocytes, metamyelocytes, band cells and

mature neutrophils) were assessed based on their morphological profiles.

As described elsewhere, the majority of Hoxb8 cells at day 0 are at the stage of promye-
locytes (Figure 17A) (110, 111, 167). On day 1 of differentiation, most of the CTRL and
Vps18 mutant Hoxb8 cells developed into myelocytes, suggesting that CTRL and Vpsi8
mutant Hoxb8 cells developed similarly at the initial stages of neutrophil maturation
(from day O to day 1) (Figure 17B). On day 2 of differentiation, 90.3% of CTRL cells
were viable and differentiated further into metamyelocytes. However, the viability of
clone 1 cells dropped to 81.6%. Compared to CTRL cells, the viability of clone 2 cells
did not show a difference, but 46.3% of them remained at the myelocyte stage. Moreover,
on day 3 of differentiation, most CTRL cells were still viable (83.8%) and progressed
further into the late stages of neutrophil maturation with a combination of band cells
(47.9%) and mature neutrophils (30.9%). In contrast, the cell viability of clone 1 and
clone 2 dropped further to 54.1% and 76.2%, respectively. Most of the living cells in
clone 1 and clone 2 were band cells. Additionally, the percentage of mature neutrophils
in clone 1 and clone 2 was 7.6% and 2.1%, respectively, exhibiting a significant decrease
compared to the CTRL cells. Consistent with this trend, on day 4 of differentiation when
83.6% of CTRL cells remained viable, clone 1 and clone 2 showed a significantly higher
percentage of dead cells, at 71.8% and 65.4%, respectively. In contrast to 71.7% of CTRL
cells were fully matured, only 15.4% of clone 1 and 16.4% of clone 2 were matured neu-
trophils. These results show that heterozygous mutations in Vps/8 induced a neutrophil

maturation defect similar to the patient 1's situation.
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Figure 17. Neutrophil maturation analysis of CTRL and Vps18 mutant Hoxb8 cells
during differentiation based on morphological changes. (A) Representative micro-
scopic images of CTRL and Vpsi8 mutant Hoxb8 cells stained with May-Griinwald-
Giemsa stain during differentiation (day 0 to day 4). Scale bar, 10um. (B) Quantification
of neutrophil maturation stages in CTRL and Vps/8 mutant Hoxb8 cells during differen-
tiation (day O to day 4). Promyelocytes, myelocytes, metamyelocytes, band cells, mature
neutrophils and dead cells were shown as a percentage of all single cells (100%). n =5,
Mean + SD. Two-way ANOVA with Tukey’s multiple comparison test. * p < 0.05, ***
p <0.001, **** p <0.0001 compared to CTRL.

In order to validate our findings above, the neutrophil maturation stages were character-

ized using a novel classification model based on distinct cell surface markers at different
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neutrophil maturation stages (20, 21). The gating strategy has been described previously
(Figure 18A) (20, 21).

A
Gating strategy

T q 3 1| <
&) O [OF O O
? ) 1) 123P7 19) 1)
%) %) w N I/, J L S 17§ el
FSC-A CD115-BUV737-A AF
<
©
© mature Neu
< 31 < preNeu < o
N o] e N Wi
I N [proNeu| I &
m i 31 o m = o )8
- ©1 GMP-like o S limma
4 o ¥ Neutrophil < {immature Neu
S 2 (G} I— . . [ 2 S (O} I .
CD34-AF647-A Ly6C-BV785-A CD49d-BUV563-A  CD101-APC-A
B
Day 0 Day 1
*hkk kkkk  FEIE
100 ﬁ ﬁ —~ 100+ = il
2 - X mm Dead cells
1] ] 1% ] mature Neu
8 50- 8 50 immature Neu
preNeu
proNeu
o F o F GMP-like cells
Qy Q)\ G(L ,\\’ G\ Q:L
& 0\00 O\o(\ 4 O\o‘\ O\o(\
Day 2 Day 3 Day 4
~ 1004 i gy ~ 100 e ﬁ —~100- H
& S &
o o ] o ]
& 504 8 50 & 50+
O ——T—T O—r—T— o—r—1—T1
Qy e\ 0(1' &Qy Qa'\ @q, Qy 2 Q‘ﬁ,
CJ& C)\OQ C}\O(\ () \0(\ c)\o(\ é c)\OQ C)\O(\

Figure 18. Neutrophil maturation analysis of CTRL and Vps18 mutant Hoxb8 cells
during differentiation based on immune phenotypes. (A) Gating strategy used to de-
fine neutrophils under different maturation stages in CTRL and Vps/8 mutant Hoxb8
cells. GMP-like cells: CD34'c-kit"CD16/CD32'Ly6C , proNeu: CD34"c-kith
iICD16/CD32"Ly6C*,  preNeu: CD34 c-kit"CD49d", immature  Neu: c-
kit CD49d CXCR2*CD101 , mature Neu: c-kit CD49d CXCR2'CD101" and dead
cells: AF*. (B) Quantification of neutrophil maturation stages in CTRL and Vps8 mutant
Hoxb8 cells during differentiation (day O to day 4). GMP-like cells, proNeu, preNeu,
immature Neu, mature Neu and dead cells were shown as percentage of all single CD115
cells (100%). n = 4, Mean + SD. Two-way ANOVA with Tukey’s multiple comparison
test. * p <0.05, ** p <0.01,*** p <0.001, **** p <(0.0001 compared to CTRL.
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The debris and doublets were excluded based on their forward and side scatter properties.
The AF' cells were determined as dead cells. The GMP-like cells were defined as
CD34"c-kith'CD16/CD32"Ly6C , proNeu as CD34"¢c-kit"CD16/CD32*Ly6C*, preNeu
as CD34 c-kit™CD49d", immature Neu as c-kit CD49d CXCR2'CD101  and mature
Neu as c-kit CD49d CXCR2"CD101".

At day 0 of differentiation, the majority of CRTL Hoxb8 cells were GMP-like cells and
proNeus, while there was a higher presence of GMP-like cells in both Vps/8 mutant
Hoxb8 cells (Figure 18B). On day 1 of differentiation, while the number of GMP-like
cells in CTRL Hoxb8 cells was reduced to 43.9%, most of clone 1 and clone 2 remained
at the GMP-like stage. The percentage of GMP-like cells in clone 1 and clone 2 was 78.0%
and 83.4%, respectively. By day 2 of differentiation, when 70.5% of the CTRL cells were
further developed into immature Neus, the majority of Vps/8 mutants were still at preNeu
stage. Only 31.7% of clone 1 and 19.0% of clone 2 were at immature Neu stage. Whereas
11.5% of CTRL cells developed into mature Neus at day 3 of differentiation, mature Neus
were barely visible in Vps /8 mutants. Compared to CTRL cells which did not contain any
preNeus at day 3, 2.9% of clone 1 and 12.5% of clone 2 cells were still at preNeu stage.
Additionally, in contrast to the CTRL cells containing only 6.0% of dead cells, the per-
centage of dead cells in clone 1 and clone 2 was 23.4% and 19.2%, respectively. At day
4 of differentiation, the CTRL cells were predominantly composed of mature Neu and
immature Neu. However, the proportion of dead cells was dramatically elevated in both
Vps18 mutants, while mature Neus were almost absent in both Vps/8 mutants. These data
further confirm that heterozygous mutations in Vps/8 induced a neutrophil maturation

defect, leading to cell death.

3.4 Mutations in VpsI8 induced neutrophil premature apoptosis

The previous findings indicated that at the late stage of neutrophil differentiation, in-
creased numbers of dead cell were observed in Vps8 mutant Hoxb8 cells in comparison
to CTRL cells. To further distinguish the type of cell death these Vps/8 mutants under-
went, we analyzed the CTRL and Vps/8 mutant Hoxb8 cells during differentiation using
a cell death panel. Here, the cell death panel comprised three different dyes: TMRM,
Annexin V and SYTOX red. TMRM*/Annexin V /SYTOXred cells were defined as vi-
able cells, TMRM /Annexin V*/SYTOX red cells as early apoptotic cells, and
TMRM /Annexin V*/SYTOX red" cells as late apoptotic cells. At day 0, both CTRL and
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Vps18 mutant Hoxb8 cells showed similar proportions of viable, early and late apoptotic

cells (Figure 19A-B).
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Figure 19. Cell death analysis of CTRL and VpsI8 mutant Hoxb8 cells during dif-
ferentiation. (A) Representative dot plots of viable (TMRM*/Annexin V /SYTOXred ),
early apoptotic (TMRM /Annexin V*/SYTOX red") and late apoptotic (TMRM /Annexin
V*/SYTOX red") cells during differentiation (from day 0 to day 4). (B) of viable, early
apoptotic and late apoptotic cells of all single cells (100%) during differentiation. n > 3,
Mean + SD. One-way ANOVA with Tukey’s multiple comparison test. * p < 0.05, ** p
< 0.01, *** p<0.001, **** p <0.0001 compared to day 0, ns = not significant. (C) Rep-
resentative flow cytometry histogram and (D) quantification of active caspase 3 positive
Hoxb8 cells at day 3 of differentiation in % of all single cells (100%). n = 6, Mean =+ SD.
One-way ANOVA with Tukey’s multiple comparison test. ** p < 0.01, **** p < (0.0001
compared to CTRL.
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From day 1 to day 3.5, the percentage of early apoptotic cells in CTRL Hoxb8 cells
changed from 10.7% to 29.2%, while the percentage of late apoptotic cells in CTRL
Hoxb8 cells changed from 2.0% to 9.5%. By day 4 of differentiation, 67.5% of CTRL
Hoxb8 cells were still viable, while 24.5% of the cells underwent early apoptosis and 8.0%
of the cells underwent late apoptosis. During the early stages of differentiation (from day
0 to day 2.5), the majority of both Vps /8 mutant Hoxb§ cells were viable. The percentages
of early apoptotic cells were changed from 11.2% to 21.8% in clone 1 and 9.3% to 12.8%
in clone 2, respectively, similar to CTRL Hoxb8 cells. However, from day 3 of differen-
tiation onwards, the percentages of viable cells in Vps/8 mutant Hoxb8 cells were dra-
matically reduced, accompanied by an increase in early and late apoptotic cells. At day 4
of differentiation, the percentages of early apoptotic cells in clone 1 and clone 2 were
increased to 71.3% and 73.0%, respectively. The percentage of late apoptotic cells in
clone 1 and clone 2 was increased to 27.2% and 23.9%, respectively. These data show
that VpsI8 mutant Hoxb8 cells die during differentiation before they are mature which

we defined as premature apoptosis.

As the executioner caspase of the cell apoptosis pathway, activation of caspase 3 has been
widely used as an indicator for cell apoptosis (168). To further confirm that Vps/8 mutant
Hoxb8 cells underwent apoptosis, active caspase 3 in Hoxb8 cells at day 3 of differentia-
tion was determined using flow cytometry. Here, the fraction of active caspase 3 in both
Vps18 mutants increased significantly compared to CTRL (Figure 19C-D). These data

indicate that mutations in Vps/8 led to premature apoptosis during neutrophil maturation.

To confirm that premature apoptosis was due to mutations in Vpsi8 specifically, VPS18
rescue Hoxb8 cells were analyzed using the cell death panel described above. Addition-
ally, the presence of active caspase 3 was detected. Notably, 79.8% of VPS18 rescue
Hoxb8 cells were viable at day 4 of differentiation (Figure 20A-B). Furthermore, in com-
parison to clone 1, the elevation in active caspase 3 was absent in VPS18 rescue Hoxb8
cells (Figure 20C-D). The level of active caspase 3 was comparable in the CTRL and
VPS18 rescue Hoxb8 cells. These findings indicate that the neutrophil premature apop-

tosis in Vpsl8 mutants was specifically caused by the mutations in VpsI8.
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Figure 20. Cell death analysis of CTRL, clone 1 and VPS18 rescue Hoxb8 cells dur-
ing differentiation. (A) Representative dot plots of viable (TMRM'/Annexin
V /SYTOX red ), early apoptotic (TMRM /Annexin V*/SYTOX red") and late apoptotic
(TMRM /Annexin V/SYTOX red") cells during differentiation (from day 0 to day 4).
(B) Percentage of viable, early apoptotic, and late apoptotic cells of all single cells (100%)
during differentiation. n = 4, Mean + SD. One-way ANOVA with Tukey’s multiple com-
parison test. * p < 0.05, *** p < 0.001, **** p < (0.0001 compared to day 0, ns = not
significant. (C) Representative flow cytometry histogram and (D) quantification of active
caspase 3 positive Hoxb8 cells at day 3 of differentiation in % of all single cells (100%).
n = 6, Mean = SD. One-way ANOVA with Tukey’s multiple comparison test. **** p <
0.0001 compared to CTRL, ## p < 0.0001 compared to clone 1, ns = not significant.
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3.5 Inefficient reduction of VPS18 in conditional KD mouse model

To further study the role of VPS18 in neutrophil biology, a mouse line with a conditional
knockdown (KD) of Vpsi8 in the hematopoietic system was generated by crossing Vav-

iCre™” mice with VpsI8"*/°x mice.
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Figure 21. VPS18 expression in the conditional KD mouse model. (A) Schematic
representation of Vps/8 wt and the VpsI8 floxed alleles. Yellow boxes indicate exons 1-
3 of Vpsi8. Arrows represent the location of Vps18-wt (red), tmic (blue), and distal loxP
(orange) primer binding sites. Flippase recognition target (FRT) site: green symbol. LoxP
sites: red triangles. (B) Representative images of gel electrophoresis of PCR products of
Vav-iCre/Vps18Vo* Vav-iCre*/Vps18 /1o and negative control with primer pairs Vav-
iCre, Vps18-wt, tmlc and distal loxP, respectively. Expected band sizes are 800 bp for
Vav-iCre, 261 bp and 409 bp for Vpsi8-wt, 255 bp for tmic and 166 bp for distal loxP.
(C) Representative Western blot of VPS18 and GAPDH expression (upper panel) and
quantitative analysis (lower panel) of VPS18 expression in BM lysates from Vav-iCre
/Vps 1871 and Vav-iCre*/Vps18"°* mice. The ratio of VPS18/GAPDH was calculated
and presented as a relative protein amount. Mean + SD, n = 5. Unpaired t-test. ns = not
significant.
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The Vpsi18 floxed allele contains a flippase recognition target (FRT) site and a loxP site
before exon 2, and a second loxP site after exon 2 (Figure 21A). The Vav-iCre™”
/Vps18“"ox mice (Vav-iCre*/Vps18""1°*) were used as target animals and Vav-iCre”
/Vps 1871 mice (Vav-iCre/Vps18""°¥) were used as control animals. Genotyping anal-
ysis was performed with Vav-iCre, Vpsi8-wt, tmlc and distal loxP primer pairs (Table
4). The primers Vav-iCre were applied to distinguish between Vav-iCre™ and Vav-iCre
mice. The primers Vpsi8-wt were applied to confirm the presence of the Vps/8 wt allele
(261 bp) and the Vps18 floxed allele (409 bp) in VpsI8"“/°* mice. The primers tmlc and
distal loxP were applied to confirm the presence of the VpsI8 floxed allele in Vps18"/10*
mice. Here, an 800 bp band for Vav-iCre in Vav-iCre*/Vps18""/'°* mice was observed but
no band in Vav-iCre/Vps18""/1°* mice. Two bands (261 bp and 409 bp) for Vps18-wt were
observed in Vav-iCre/Vps18"°* mice and one band (261 bp) in Vav-iCre*/Vps18"/x,
In both Vav-iCre/Vps18“"/* and Vav-iCre*/Vps18""°* mice, a 255 bp band for tm1c and
a 166 bp band for distal loxP were observed, suggesting a successful generation of Vpsi8
KD in Vav-iCre*/Vps18*/°* mice (Figure 21B). To validate the VPS18 reduction in
hematopoietic cells of Vav-iCre*/Vps18¥/1°* mice, a Western blotting analysis was per-
formed. Unexpectedly, the expression of VPS18 in BM cells of Vav-iCre*/Vps18*"/ox
mice was not changed compared to Vav-iCre”/Vps18"/"* mice (Figure 21C). Thus, these
data suggest that the Vav-iCre mouse model seemed not to be a suitable model to study

the impact of Vps /8 mutations on neutrophil differentiation.

3.6 Mutations in vpsi8 led to reduced neutrophil numbers in zebrafish

larvae

To further investigate whether heterozygous mutations in vps/8 impair neutrophil devel-
opment in vivo, total neutrophil numbers were quantified at 3 dpf in both vps/§ mutant
Tg(lyz:dsRed, vps18"-G26A) and Tg(lyz:dsRed, vps18+-K464A) zebrafish lines. In these
transgenic lines, neutrophils were labelled with dsRed allowing the visualization of neu-
trophils using a fluorescent microscope. Strikingly, the total neutrophil number in
vps18*" zebrafish larvae was 106.2, but there were only 69.8 neutrophils in vpsI8™
G26A zebrafish larvae. (Figure 22). Similarly, the total neutrophil number in vps18™
K464A was reduced to 88.6, compared to 110.0 neutrophils in vps18*™* zebrafish larvae.
These results indicate that heterozygous mutations in vps/8 lead to a reduction in neutro-
phil numbers in zebrafish larvae, which is consistent with the findings in the patient 1 and

Vps 18 mutant Hoxb8 cells.
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Figure 22. Total neutrophil numbers in vpsI8"* and vps18*~ zebrafish larvae at 3
dpf. (A) Representative microscopic images of vps18*" and vps18™ zebrafish larvae at
3 dpf. Upper panel: vps18*/* zebrafish larva. Middle panel: vps18*~ G26A zebrafish larva.
Lower panel: vps18"~ K464A zebrafish larva. Neutrophils, red. Scale bars, 200 um. (B)
Quantification of total neutrophil numbers in vps18*/* and vps18*~ zebrafish larvae at 3
dpf. Upper panel: total neutrophil counts in vps18** and vps18™~ G26A zebrafish larvae.
Lower panel: total neutrophil counts in vps18™* and vps18*~ K464A zebrafish larvae.
Each dot represents one individual larva. Mean + SD of > 36 individual larvae of > 5
independent experiments. Unpaired t-test. *** p < 0.001, **** p <0.0001.
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Figure 23. Flow cytometric analysis of WKM cells in two-year-old vpsI8™* and

vps18"- zebrafish. (A) Gating strategy to define myelomonocytes from WKM cells by
SSC and FSC profiles. (B) Percentage of neutrophils (dsRed" cells) of myelomonocytes
(100%) from the WKM cells of adult zebrafish. Left panel: percentage of neutrophils in
vps18** and vps18™- G26A zebrafish. Right panel: percentage of neutrophils in vps18™*
and vps18*- K464 A zebrafish. Mean + SD > 8 individual adult zebrafish of > 2 independ-
ent experiments. Unpaired t-test.
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According to the clinical information (personal communication by Prof. Dr. Christoph
Klein), the patient 1's father carries the same mutation in VPS8 but exhibits normal neu-
trophil counts. To elucidate whether neutrophil counts can normalize with age, akin to
what has been shown in transient neutropenia, neutrophil counts of adult zebrafish were
analyzed. Remarkably, flow cytometric analysis of the WKM in two-year-old adult
zebrafish revealed that the percentage of neutrophils from all myelomonocytes in vps 8™
G26A zebrafish (91.4%) was comparable to that in vpsI8*" zebrafish (83.5%). The
vps18™- K464A zebrafish (77.9%) also showed similar neutrophil amounts as vpsI8**
zebrafish (79.0%) (Figure 23). Taken together, these data suggest that the patient 1 might
suffer from transient neutropenia which is characterized by resolving neutrophil counts

during childhood and adolescence.

3.7 Vpsl8 was dispensable for neutrophil migration in zebrafish

larvae

To decipher whether the mutations in vps/8 impact the recruitment of residual neutro-
phils, I next evaluated the neutrophil migration behavior during steady state and sterile
inflammation in vps18 mutant Tg(flil :gfp;lyz:dsRed, vps18" G26A) zebrafish larvae at
5 dpf. Here, GFP expression is under control of the f7i/ promoter to specifically label
endothelial cells and dsRed expression is under the control of /yz promoter to specifically
label neutrophils. Therefore, endothelial cells and neutrophils were visualized as green

and red, respectively with a fluorescent microscope.

3.7.1 Residual Vps18 was sufficient to sustain normal neutrophil

migration during steady state

Live imaging of non-injured zebrafish larvae was performed with a confocal microscope.
Individual neutrophil in the head region was tracked and recorded for 15 min (Figure
24A). Within the 15 min tracking period, neutrophils in vps18+/+ zebrafish larvae showed
a spontaneous migration velocity of 3.3 + 0.2 pm/min and a Euclidean migration distance
0f28.9 + 3.0 um (Figure 24B). Neutrophils of vps18+/- G26A zebrafish showed a similar
spontaneous migration velocity of 3.9 & 0.3 pm/min and a Euclidean migration distance
of 31.4 £ 5.0 um. Thus, these data suggest that the residual Vps18 was sufficient for

neutrophil migration at steady state.
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Figure 24. Neutrophil spontaneous migration at steady state in vpsI18™* and vps18™"
G26A zebrafish larvae at 5 dpf. (A) Representative images of neutrophil spontaneous
migration tracked in the head area of vpsI8™" and vpsI8" G26A zebrafish larvae at 5
dpf. The lines indicate tracking of individual neutrophils within 15 min. Neutrophils, red.
Endothelial cells, green. Scale bar, 200 pm. (B) Quantification of mean migration veloc-
ity and Euclidean migration distance of individual neutrophils within 15 min. Mean + SD
of > 25 individual neutrophils of > 9 zebrafish larvae of 4 independent experiments. Un-
paired t-test. ns = not significant.

3.7.2 Residual Vpsl18 was sufficient to sustain efficient neutrophil

migration to sites of injury

To further elucidate the impact of vps/8 mutations in neutrophil migration during inflam-
mation in zebrafish larvae, sterile inflammation was induced by a tail fin transection in
vps18™* and vps18*- G26A zebrafish larvae. The numbers of recruited neutrophils at the
wound site were counted manually at 0, 1, 3 and 6 hpw, respectively (Figure 25A). At 0
hpw, the numbers of residual neutrophils at the wound in vpsI8™* and vps18™ G26A
zebrafish larvae were 2.0 = 0.4 and 1.8 £ 0.3, respectively (Figure 25B). From 1 hpw
onwards, the number of neutrophils recruited to the wound site increased in both vps 18**
and vps18™- G26A zebrafish larvae. In vpsI8™* zebrafish larvae, 5.8 + 0.6 neutrophils
were found at the wound site at 1 hpw, 12.2 £ 1.3 at 3 hpw, and 21.8 + 2.1 at 6 hpw,
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respectively. However, at all-time points fewer neutrophils were present at the wound site
in vps18"~ G26A zebrafish larvae (4.0 + 0.6 at 1 hpw, 8.6 £ 0.9 at 3 hpw and 16.4 £ 1.6
at 6 hpw, respectively) compared to vpsI8*" zebrafish larvae. Given the differences in
total neutrophil counts in vpsI8™* and vps18™ G26A zebrafish larvae, the neutrophil
recruitment efficiency was analyzed by calculating the ratio of recruited neutrophils to
total neutrophils. Both vps18*" and vps 18- G26A zebrafish larvae showed a similar neu-
trophil recruitment efficiency over time (Figure 25B), indicating that the reduced neutro-
phil numbers at the wound site were due to the neutropenia in the vps 18"~ G26A zebrafish
larvae. These data suggest that residual Vps18 was sufficient for neutrophil migration to
the sites of injury. Taken together, these data suggest that mutations in vps /8 are dispen-
sable for neutrophil migration both during steady state and sterile inflammation. Further-
more, these data indicate that mutations in vps /8§ cause premature apoptosis in neutrophils

during differentiation and that the residual neutrophils are functionally normal.
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Figure 25. Neutrophil recruitment after tail fin transection in vpsI8™* and vps18™-
G26A zebrafish larvae at 5 dpf. (A) Representative images of exemplary maximum
intensity projections of neutrophils recruited to the wound at 0, 1, 3 and 6 hpw. Neutro-
phils, red. Scale bar, 200 um. Yellow dashed lines indicate the area of recruited neutro-
phils analyzed (200 pm away from the wound). (B) Quantification of neutrophil numbers
at the wound (upper panel) and recruitment efficiency (%) (lower panel) in vpsI8*™* and
vps18*~ G26A zebrafish larvae upon sterile injury at 0, 1, 3 and 6 hpw. Mean = SD of >
26 individual larvae of > 3 independent experiments. One-way ANOVA with Tukey's
multiple comparison test. * p < 0.05, ns = not significant.
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4. Discussion

An adequate number of mature neutrophils in the circulation is critical for innate immune
homeostasis (31). CN patients typically suffer from recurrent and life-threatening infec-
tions due to insufficient neutrophil numbers in peripheral blood (35). Until now, the
global prevalence of CN remains unknown. However, it is estimated to be 2 cases per
million individuals in Europe (169-173). To date, mutations in several genes have been
identified as the underlying cause of CN (35, 174-178). It is estimated that 45% of CN
cases are caused by mutations in ELANE, 14% by mutations in SBDS, 12% by mutations
in G6PT and 7% by mutations in HAX! (35). The mechanisms of these mutations have
been well investigated. Here, impaired intracellular vesicle trafficking has been identified
as one of the underlying mechanisms (41, 154, 179-182). The function of VPS18 in in-
tracellular vesicle trafficking have been elucidated (90, 94, 95). Patient 1 carrying a het-
erozygous mutation in VPSI8 was suffering from neutropenia and recurrent infections
(personal communication by Prof. Dr. Christoph Klein). However, the function of VPS18
in neutrophil biology remained exclusive. In the present study, the functional importance
of VPS18 for neutrophil biology with an emphasis on neutrophil development was ana-

lyzed in detail.

4.1 Ortholog of VPS18 among humans, mice and zebrafish

In the first part of the study, the identity and similarity of the sequences of VPS18 protein
and its five main domains were compared among men, mice and zebrafish. Both mice
and zebrafish VPS18 showed high identity and similarity with human VPS18. Within
VPS18, the B-propeller, CC, CHCR and RING domains are conserved across humans,
mice and zebrafish, suggesting that also the function of VPS18 is conserved across spe-
cies and that mouse and zebrafish are suitable models for studying the function of VPS18.
Indeed, neural-specific Vps/8 KO mice showed disturbances in the endolysosomal path-
way (100). Similar phenotypes were observed in morpholino-induced vps /8 KD zebrafish
larvae, which showed a reduced number of lysosomes, accompanied by the accumulation
of endosomal cargo (86). Moreover, a decreased count of pigment granules in the pig-
mented epithelia of the epidermis and retina was observed in these zebrafish larvae. In
line with this, neural cells of CRISPR/Cas9-induced vps/8 mutant zebrafish larvae were

characterized by an increased number and size of autophagosomes compared to vpsi8
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WT zebrafish (183). Taken together, these findings suggest that the function of VPS18

for intracellular trafficking might be conserved across species.

4.2 VPS18 downregulation in heterozygous VpsI8 mutants

In the present study, CTRL Hoxb8 cells and two heterozygous VpsI8 mutant Hoxb8 cell
lines were used as an in vitro model. Both mutant cell lines harbored heterozygous muta-
tions in Vps/8 which mimic the genotype of the VPS/8 mutant neutropenic patient 1
(compare chapter 1.2.3). Interestingly, during the generation of Vps /8 mutants, no homo-
zygous VpsI8 mutant cells were obtained (personal communication by Dr. Daniela
Maier-Begandt), suggesting that a complete loss of Vpsi8 is lethal. In the heterozygous
Vps 18 mutants with one allele absent, a reduction of VPS18 to 50% was expected. Indeed,
the expression of VPS18 in both Vps /8 mutants was reduced by approximately 50% com-
pared to CTRL Hoxb8 cells. The VpsI8 mutant Hoxb8 progenitor cells were viable with
half amount of VPS18 expression, leading to the theory that the residual amount of VPS18
was sufficient for the survival of myeloid progenitors. Similar theories have been reported
previously for other proteins. For instance, mice with a complete absence of myosin heavy
chain (Myh9) in their hematopoietic system were lethal (113). Likewise, Klapproth et al.
reported that a certain amount of kindlin-3 in mouse hematopoietic cells is necessary for
embryonic and postnatal development (184). In vivo, our homozygous vps/8 mutant
zebrafish cannot reach adulthood (personal communication by Dr. Daniela Maier-Be-
gandt). Similarly, zebrafish larvae with homozygous mutations in vps/8 generated by
others also died after 5 dpf (99, 183). Further, vps/8 KD zebrafish embryos that were
generated with high morpholino concentrations were unable to develop properly (86). In
mice, Peng et al. reported that a complete deletion of Vps/8 resulted in embryonic or early
postnatal lethality (100). Moreover, mice with neural-specific Vps/8 KO cannot survive
beyond P12 and suffered from severe postnatal growth retardation. Based on these data,
our findings suggest the necessity of a critical threshold level of VPS18 expression for

cell survival.

4.3 Effect of PS18 mutations on neutrophil maturation

The BM maturation arrest in CN patients has been elucidated as a cause for the dimin-
ished neutrophil counts in peripheral blood (35). In the present study, analysis of neutro-

phil maturation in CTRL and Vps/8 mutant Hoxb8 cells during differentiation was
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performed to verify the neutrophil maturation defect which has been observed in the pa-
tient 1. Here, two classification systems were employed to determine the neutrophil mat-
uration stages during differentiation. The classic determination model is based on the
morphological alterations during neutrophil development (18, 22, 23). Here, neutrophil
progenitors from different maturation stages are defined based on the distinctive mor-
phology of the nucleus, nuclear-to-cytoplasmic ratio and granule content (23). Using this
approach, Vps18 mutant Hoxb8 cells were shown to have a delayed neutrophil maturation
compared to CTRL Hoxb8 cells. Moreover, an increased number of dead cells was ob-
served in Vps18 mutant Hoxb8 cells during the later stage of neutrophil maturation. How-
ever, this classical approach has some limitations. The morphological and histochemical
observations are subjective. Moreover, the manual quantification of a limited number of
cells rendered it imprecise. Recently, a new classification system was proposed which is
based on the immune phenotypes of neutrophils during differentiation (20, 21). Stage-
specific markers expressed on the surface of neutrophil progenitors during development
enabled us to distinguish neutrophil progenitors from different maturation stages. Analy-
sis of the CTRL and Vps/8 mutant Hoxb8 cells using this novel classification system
further validated our previous finding that Vps/8 mutant Hoxb8 cells showed a neutrophil
maturation defect. Based on published data, there are several explanations for this phe-
notype. A possible explanation as to why mutations in Vps/$§ led to impaired neutrophil
maturation might be that the mutations in Vps/8 impaired the autophagy pathway. Previ-
ous studies in mice neurons suggested that mutations in Vps/§ led to impaired fusion
between autophagosomes and lysosomes, resulting in an accumulation of autophago-
somes (100). Moreover, Riffelmacher et al. demonstrated that autophagy is essential for
neutrophil metabolism during differentiation (185). Here, free fatty acids are generated
by autophagy, subsequently degraded and utilized for energy production by mitochon-
drial respiration. Thus, a lack of VPS18 which was reported to impair the autophagosomal
degradation pathway might lead to a lack of energy. Therefore, a disturbance of the au-
tophagy pathway might account for impaired neutrophil maturation in Vps/8 mutant

Hoxb8 cells during differentiation.

Of note, it has been documented CN patients often suffer from a neutrophil maturation
arrest at the promyelocyte stage (177, 186). However, in our case, mutations in VPSI8
seem to block neutrophil maturation at the metamyelocyte or band cell stage (non-prolif-
erative stage). A possible explanation is that the residual amount of VPS18 protein might

be sufficient for efficient neutrophil maturation at the early stage of differentiation. At the
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late maturation stages, the metamyelocytes or band cells might have an increased require-
ment of vesicle trafficking for further maturation (154, 179, 180, 182), indicating that
more VPS18 protein might be needed for this process. Thus, the residual expression of
VPS18 protein in Vps18 mutants might not be sufficient for further differentiation, result-

ing in a maturation arrest at the metamyelocyte or band cell stage.

4.4 Impact of VpsI8 mutations on neutrophil survival during

maturation

Upon differentiation, a higher number of dead cells was observed in Vps/8 mutant Hoxb8
cells compared to CTRL cells. To further determine the type of cell death experienced by
Vps18 mutant Hoxb8 cells, a cell death analysis was conducted using flow cytometry.
During the late stage of neutrophil differentiation, an increased percentage of apoptotic
cells was observed in VpsI8 mutant Hoxb8 progenitor cells compared to CTRL cells,
suggesting that Vps/8 mutant Hoxb8 cells underwent apoptosis which we defined as
premature apoptosis. Moreover, an increased caspase 3 activation was detected in both
Vps18 mutant Hoxb8 cells compared to CTRL cells, which further confirmed that the
cells underwent apoptosis. These findings were in line with previous reports for Vpsi§
deficient neurons, where an elevated level of activated caspase 3 was observed (100).
Active caspase 3 is a protease that plays a central role in cell apoptosis (187). Conse-
quently, active caspase 3 has been considered as a reliable marker for apoptosis. However,
Wang et al. reported that chemotherapy drugs treated Hela cells underwent GSDME-de-
pendent pyroptosis, following the activation of caspase 3, suggesting that active caspase
3 was also involved in the pyroptosis pathway (188). Pyroptosis is a pro-inflammatory
programmed cell death, which is characterized by pore formation in the plasma mem-
brane but intact nucleus (189). In general, Annexin V and Sytox red staining is considered
to be specific for detecting apoptotic cells (190). However, Annexin V also stains pyrop-
totic cells, while Sytox red does not. Thus, it is likely that Vps/8 mutant Hoxb8 cells died
by apoptosis. In addition, premature apoptosis was absent when expression of VPS18 was
rescued in VPS18 rescue cells, indicating that the observed premature apoptosis in Vps18

mutants was specifically caused by a decreased VPS18 expression.

Previous studies have shown that in multiple cases of CN patients, their neutrophil pro-
genitors underwent premature apoptosis (111, 177, 191, 192). One underlying mechanism

was explained by persistent endoplasmic reticulum (ER) stress in these cells. Protein
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folding by the ER is critical for protein biosynthesis. Abnormal folding or mislocating of
proteins leads to ER stress (42). Unmitigated ER stress ultimately causes increased cell
apoptosis. For instance, the upregulation of several ER stress markers, including X-box
binding protein-1 (XBP1) splicing, binding immunoglobulin protein (Bip) and C/EBP
homologous protein (CHOP) has been observed in ELANE mutant neutrophils, indicating
the persistence of ER stress (38). These cells underwent premature apoptosis due to the
unmitigated ER stress. Interestingly, premature apoptosis and disturbances of intracellu-
lar trafficking have been observed in VPS45 mutant neutrophils (154, 193, 194). How-
ever, the potential increase in ER stress in these cells was not investigated. Whether mu-
tations in VPSI8 induce ER stress is not known to date. Another underlying mechanism
of premature apoptosis has been described through impaired mitochondrial function, as
neutrophil differentiation is an energy-demanding process that requires proper mitochon-
drial function (185). As an anti-apoptotic protein which is predominantly located in mi-
tochondria, HAX1 plays a fundamental role in maintenance of mitochondrial homeostasis
(177). Deficiency of HAX1 leads to impaired mitochondrial function, leading to in-
creased neutrophil premature apoptosis. Previous studies have shown that impaired au-
tophagy led to impaired mitochondrial respiration (185). Moreover, impaired autophagy
has been observed in VPS18 mutant cells (100, 183). However, whether the function of
mitochondria was influenced by VPS8 mutations has not been studied. Taken together,
the link between impaired vesicle trafficking and premature apoptosis in Vps/8§ mutants

needs to be further investigated.

4.5 Vav-iCre*/Vps18"°* mouse model to study neutrophil maturation

To further explore the effect of VPS18 on neutrophil maturation in vivo, we generated a
Vps 18 conditional mutant mouse line by crossing Vav-iCre*” mice with Vps18™*/°*mice.
The Vav-iCre transgenic line can drive Cre expression in all hematopoietic cells (195-
198), thereby a downregulation of VPS18 was expected in Vav-iCre*/Vps187°* mice.
However, in our case, the expression of VPS18 in hematopoietic cells was similar be-
tween Vav-iCre’/Vps 18" and Vav-iCre*/Vps18*"°* mice, indicating an inefficient re-
duction of VPS18 protein in hematopoietic cells in Vav-iCre*/Vps 18" mice. Thus, the
Vav-iCre*/Vps18*"°* mice cannot be used to investigate the impact of Vps/8 mutations
on neutrophil development. This is in accordance with Frey et al.'s recent findings that
the inefficient deletion of VPS45 in the hematopoietic cells of Vav-iCre®/Vps45” mice,

suggesting that Vav-iCre*/Vps457 mice cannot be used as an in vivo model to study the
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function of VPS45 for neutrophil maturation (194). However, the reason for the ineffi-
cient deletion was not investigated. Nevertheless, one possible explanation for our case
might be that a compensatory regulation of residual Vps/8 gene expression leads to nor-
mal protein levels of VPS18 in the hematopoietic cells of Vav-iCre™*/Vps18/** mice.

Interestingly, it has been reported that several mouse lines with neutropenia-associated
genetic defects were not suitable as in vivo models for studying neutrophil maturation, as
they cannot mimic the neutropenic phenotype observed in humans. (199-202). For in-
stance, Hax I ko mice displayed a complete depletion of HAX1 but normal granulopoiesis
(199, 200). Likewise, no NE protein was detected in Elane ko mice, but they showed
normal granulopoiesis (201, 202). These findings indicate that the in vivo mouse model

is not an appropriate model to study neutropenia.

4.6 Role of VPS18 for neutrophil development in zebrafish

In the past, zebrafish have been widely utilized as an in vivo model to investigate the
impact of genetic mutations on neutrophil development (154, 199, 203). Vps45 KO
zebrafish larvae showed a significant decrease in neutrophil numbers, mirroring the ob-
servations in patients with mutations in VPS45. Consistent with the findings in HAX]
mutant patients, the ~ax/ KD zebrafish larvae exhibited impaired neutrophil development
and disruption of the G-csf signaling pathway. Similarly, the phenotypes of the signal
recognition particle (s7p)54"" zebrafish were also akin to the patients with mutations in
SRP54 who suffered from neutropenia and pancreatic insufficiency. In the present study,
the total number of neutrophils was significantly diminished in both vps/8** mutant
Tg(lyz:dsRed, vps18™- G26A) and Tg(lyz:dsRed, vps18™ K464A) zebrafish lines com-
pared to Tg(lyz:dsRed, vps18*'*) zebrafish larvae, indicating that heterozygous mutations
in vps 18 lead to reduced neutrophil numbers in zebrafish larvae. The vps18* mutant lines
used in this study were generated by CRISPR/Cas9 technique. Here, both vps/8*~ mutant
lines showed reduced neutrophil numbers, indicating that this phenotype was not due to

off-target effects of CRISPR/Cas9 gene editing technique.

Intriguingly, the father of the V/PS/8 mutant patient also harbors the same mutation but
remains clinically healthy. This led to the hypothesis that the patient might suffer from
transient neutropenia with neutrophil counts improving with age (203). Unfortunately,
the neutrophil counts of patient 1's father during his childhood were not available. Nev-

ertheless, to verify the hypothesis, I quantified the neutrophil numbers from the WKM
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(equivalent to hematopoietic BM in mammals) of two-year-old vps/8*" and vps18™"
adult zebrafish with flow cytometry analysis. Similar to the human situation, neutrophil
counts of the adult zebrafish in both vps/8™ mutants were normal compared to vps/8*"*
zebrafish. However, the underlying mechanisms were not elucidated. It was reported that
some children showed reduced neutrophil numbers during their childhood, but their neu-
trophil counts were resolved as they grew up (204). Another explanation why the father
seems not to be affected, could be that the patient's neutropenia was gender related. How-
ever, the neutrophil counts between male and female vps /8% adult zebrafish were similar
(data not shown). Additionally, one could speculate that not every individual with
mutations in VPS8 develops neutropenia, which is known as incomplete penetrance.
This has been reported before in paitents with mutation in VPS334, another subunit of
CORVET and HOPS complexes. Here, five patients carried the same mutation in VPS334,

yet one of them had normal neutrophil counts (78).

4.7 Function of Vps18 for neutrophil migration in zebrafish larvae

As highly motile phagocytes in the innate immune system, neutrophils play an essential
role in host defense against pathogenic microorganisms (1). Patients with leukocyte ad-
hesion deficiency (LAD) suffer from life-threatening recurrent bacterial infections owing
to defective neutrophil recruitment (205). Patient 1 was also suffering from recurrent in-
fections, suggesting that she had a defect in innate immunity. Thus, the recurrent infec-
tions might be due to impaired neutrophil functions, encompassing recruitment and bac-
terial killing. To analyze whether neutrophil recruitment to sites of inflammation and neu-
trophil migration in general were affected by mutations in vps/8, neutrophil migration
was analyzed in the zebrafish model. In general, mpx and /yz promoters are widely used
to label neutrophil specifically in zebrafish (130, 144, 146, 147). Renshaw et al. initially
established a transgenic zebrafish model that expresses GFP under the neutrophil specific
mpx promoter (206). Hence, migration of neutrophils could be visualized in individual
living zebrafish larvae using a fluorescent microscope. However, some groups reported
that mpx might not be specific for neutrophils since a weak signal in macrophages has
been observed in 3 dpf zebrafish larvae (147, 148). Hall et al. generated a transgenic
zebrafish model in which the /yz promoter was used to drive expression of GFP or dsRed
specifically in neutrophils (146). From 48 hpf onwards, the /yz promoter is active specif-

ically in neutrophils (149, 150).



4 Discussion 69

In the present study, we utilized the transgenic zebrafish line expressing dsRed under the
lyz promoter to specifically label neutrophils to study the neutrophil migration behavior.
Here, the migratory function of neutrophils in zebrafish larvae was not altered upon het-
erozygous mutations in vps/8, neither at steady state nor during acute inflammation, sug-
gesting that the residual Vps18 protein might be adequate to maintain a normal migratory
capacity of mutant neutrophils. This is in line with data from srp54™" neutropenic
zebrafish larvae. Here, the residual Srp54 protein was sufficient to maintain the migratory
function of neutrophils to sites of injury (203). The unaffected neutrophil migration in
vps 18 mutant zebrafish larvae suggests that recurrent infections of patient 1 might be due
to the overall low neutrophil numbers or other potentially affected neutrophil functions,
such as the phagocytosis ability, ROS production, degranulation ability or NETs for-
mation. In addition, as an essential process in neutrophil host defense, the release of gran-
ule components is tightly controlled by intracellular vesicle trafficking within neutrophils

(207). Nonetheless, further analysis needs to be done to verify this hypothesis.

4.8 Conclusion

In summary, the role of VPS18 in neutrophil biology was studied. Both our in vitro and
in vivo models showed reduced neutrophil numbers. These findings were consistent with
the patient 1's phenotype. In addition, the neutrophil maturation defect and premature
apoptosis in VpsI8 mutants suggest that these were the underlying mechanisms of neu-
tropenia of the patient 1. Notably, the remaining expression of Vps18 seemed to be suf-
ficient to sustain neutrophil migration either at steady state or during sterile inflammation.
Moreover, the present study also indicates that the Vav-iCre™/Vps18* mice might not be
a suitable in vivo model to analyze the role of VPS18 in neutrophil development. Previous
studies have identified impaired intracellular vesicle trafficking as a pathophysiological
mechanism of neutropenia and neutrophil maturation arrest (41, 154, 179-182). As the
importance of VPS18 in intracellular vesicle trafficking has been reported before (86, 90,
94-100), the phenotypes caused by VPS8 mutations might be explained by the disruption
of intracellular vesicle trafficking. In summary, deciphering the role of VPS18 in neutro-
phil biology provided novel molecular insights into the putative mechanisms of a novel

congenital neutropenia syndrome.
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