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RESUME

RESUME

Contexte : I’élimination intracellulaire est un processus complexe par lequel des cellules phagocytaires
¢éliminent des microorganismes apres les avoir absorbés. Chez ’humain, I’élimination intracellulaire est tout
aussi vitale pour combattre des agents pathogénes tels que Klebsiella pneumoniae que pour maintenir
I’homéostasie des tissus. C’est le plus souvent au sein des macrophages et des neutrophiles que s’opére ce
processus. Dictyostelium discoideum est réguliérement utilisé comme organisme modeéle pour les macrophages,
ce qui nous a permis de réaliser un criblage mutagénétique aléatoire a grande échelle dans le but d’identifier des
geénes impliqués dans 1’élimination intracellulaire de K. preumoniae. Deux d’entre eux ont déja été décrits : kill
et kil2. Kill est une sulphotransférase et Kil2 est une pompe & magnésium phagosomale. Ces deux génes ne
sont ni dans la méme voie métabolique, ni complémentaires. Qui plus est, notre connaissance des régulateurs et
des effecteurs de ces voies métaboliques est lacunaire.

But : Identifier de nouveaux génes potentiellement impliqués dans 1’élimination intracellulaire au sein de D.
discoideum.

Méthode : A I’issue du criblage mutagénétique aléatoire, nous avons caractérisé les mutants présentant un défaut
d’élimination intracellulaire de K. pneumoniae, ainsi que leurs liens avec kill et kil2. Cette caractérisation repose
essentiellement sur des observations de cellules vivantes en microscopie a fluorescence.

Résultats : Nous avons trouvés deux geénes impliqués dans I’élimination intracellulaire : vpsi3F et lrrkA.
Vps13F est une protéine de la famille des vacuolar sorting protein et LrrkA de la famille des leucine rich repeats
kinase. A la suite du développement de notre nouvelle analyse de 1’élimination intracellulaire, nous avons
mesuré le temps médian nécessaire pour qu’une cellule de la souche sauvage élimine une bactérie K.
pneumoniae. Ce temps médian est de 7.5 minutes. En comparaison avec la souche sauvage, les cellules mutantes
vps13F KO et IrrkA KO mettent respectivement 18 minutes et 25 minutes. Néanmoins, elles ne présentent
pratiquement aucunes anomalies durant leur croissance, leur développement, ni dans leur voie endocytique.

LrrkA et Vps13F ne sont pas situées dans la méme voie métabolique d’élimination intracellulaire. Comparé aux
mutants simples, le double mutant Avpsi3FAkil2 présente un défaut additionnel d’élimination intracellulaire.
Ceci n’est pas le cas du double mutant AlrrkAAkil2, dont le défaut peut, a I’instar du mutant ki/2, étre
partiellement corrigé par I’ajout de Mg?*.

Contrairement a nos attentes, nous avons non seulement découvert que 1’ajout de folate peut stimuler
I’¢élimination intracellulaire, mais aussi que celle-ci dépend de la voie métabolique affectée par les mutants.
L’ajout extracellulaire de folate ne stimule 1’élimination intracellulaire, dans le cas des mutants simples /r7kA
KO et vpsi3F KO, que le mutant vps/3F. Pour confirmer I’hypothése que la reconnaissance du folate est critique
pour une élimination intracellulaire efficace, nous avons montrés que les mutants insensibles au folate, farl KO
and fspA KO, présentent eux aussi un défaut d’élimination intracellulaire.

De surcroit, I’addition de folate ne stimule pas la mobilité du mutant /rrkA, ce dernier étant constamment plus
mobile que la souche sauvage. Ce phénotype induit par ailleurs une phagocytose plus importance chez le mutant
que pour la souche sauvage.

Conclusion : Vps13F est certainement impliqué dans le trafic vers le phagosome des effecteurs de I’élimination
intracellulaire. Nos prédictions génétiques supportent plus précisément que ce sont les enzymes lysosomal
sulfatées par Kill qui sont concernées.

LirkA, de son c6té, est a la convergence de la détection de signal bactérien (i.e. folate) et de I’activation des
mécanismes d’élimination intracellulaire. Cette dernicére passe par I’activation de la motilité en présence de
folate et de la régulation de ’activité de Kil2 durant la maturation du phagosome.
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SUMMARY

Background: Intracellular killing is a complex process by which phagocytic cells eliminate microorganisms,
once engulfed. In human tissues, intracellular killing is vital to fight off invading pathogens such as Klebsiella
pneumoniae or for tissue homeostasis. Intracellular killing is mainly carried out within macrophages and
neutrophils. Using Dictyostelium discoideum as a model organism for macrophages enables us to perform large
scale random mutagenesis screen to find genes involved in intracellular killing of K. preumoniae. Two of them
have already been described: ki/1 and kil2. Kill is a sulphotransferase and Kil2 a phagosomal magnesium pump.
Both genes are involved in intracellular killing pathways that do not complement each other’s phenotype.
Furthermore, our knowledge of regulators and effectors in these pathways is sparse.

Aim : Increase the number of candidate genes implicated in intracellular killing in D. discoideum.

Method: Characterize mutants from a random mutagenesis screen for intracellular killing deficient mutants of
K. pneumoniae, as well as their mutation dependencies on ki/l or kil2. We focused on fluorescence based live
cell imaging techniques.

Results: We found two genes implicated in IC killing: vpsi3F and lrrkA. Vps13F is a cytosolic protein from
the vacuolar protein sorting family, and LirkA is a cytosolic kinase from the Leucine Rich Repeats kinase
family. Following the development of a new intracellular killing assay, we measured the median time for WT
D. discoideum cells to kill a single K. pneumoniae at 7.5 min. Compared to the WT, vpsI3F KO cells are at
18min and /rrkA KO cells at 25min. vpsI3F and /rrkA mutants nevertheless display virtually no abnormalities
during growth, development, or in their endocytic pathway.

LirkA and Vps13F work in separate IC killing pathways. Compared to single mutants, the double mutant
Avps13FAkil2 exhibits an additive IC killing defect, whereas AlrrkAAkil2 does not. In addition, /rrkA KO cells
IC killing defect can be reversed by adding Mg?*, a phenotype observed in kil2 KO cells.

Unexpectedly, folate can stimulate IC killing. This stimulation is pathway-dependent, as exogenous addition of
folate boosts IC killing in vpsi3F KO but not in /rrkA KO. This unexpected folate-dependent IC killing
stimulation result is reinforced by both folate-sensing deficient mutants, fspA and farl KO cells, being IC killing
deficient as well.

Additionally, /rrkA KO cells are insensitive to the stimulation of motility by folate and are constantly more
motile than the WT, resulting in increased phagocytosis compared to WT.

Conclusion: Vpsl3F is most likely involved in trafficking IC killing effectors to the phagosomes. Genetic
prediction suggests more specifically a role in trafficking Kil1-sulfated lysosomal enzymes.

LirkA is at the convergence between sensing bacterial cue (i.e. folate) and activating intracellular killing
mechanisms by respectively enhancing motility when folate is present and regulating Kil2 activity during the
phagosome maturation.
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INTRODUCTION

Humans and bacteria peacefully cohabit most of the time (Turnbaugh et al., 2007). Indeed, numerous bacteria
in our gut or on our skin are beneficial to human health. Only few bacteria have developed virulent strategies
that harm the human body. In addition, the human body is equipped with an immune system preventing
undesirable microorganism colonization of tissues (Tosi et al., 2005).

The first line of defense of the immune system is called the innate immune system. It notably comprises a set
of cells that exhibit microbicidal activities, allowing them to contain or eradicate invading microorganisms
(Silva et al., 2012). Their modus operandi is the following: they track microorganisms, ingest them in a
membrane-enclosed organelle called a phagosome, and eventually kill and digest them. Uptake of particles
larger than 200nm is called phagocytosis. Immune cells with remarkably high phagocytic activity are referred
to as professional phagocytes and include macrophages, neutrophils, dendritic cells, osteoclasts, and eosinophils
(Gordon et al., 2016). In contrast cells having a low phagocytic activity are designated as nonprofessional
phagocytes and include fibroblasts, epithelial cells, and endothelial cells. Although nonprofessional phagocytes
usually do not ingest microorganisms, they play a role in the phagocytic ingestion and elimination of apoptotic
bodies (Gordon et al., 2016).

Once a foreign microorganism is sequestered in the lumen of a phagosome, a series of complex phagosomal
maturation events occur, allowing intracellular killing and degradation of the microorganism. Within minutes
after closure, the phagosome becomes a highly acidic, degradative and oxidative compartment (Pauwels et al.,
2017). An extensive literature on human professional phagocytes describes their intracellular microbicidal
activities, yet it remains unclear which of these mechanisms are most necessary for intracellular killing and if
we have today discovered the whole spectrum of mechanisms. It is also largely unclear whether killing of
different microorganisms relies on similar or distinct killing mechanisms.

Phagocytosis of microorganisms plays a second role in the immune system as proper degradation of invading
microorganisms is required to efficiently trigger the immune system’s second line of defense: the adaptative
immunity. Unlike innate immune cells that use a defined set of receptors to recognize foreign molecules and
pathogens, cells of the adaptive immune system respond to foreign antigen fragments displayed by the major
histocompatibility complex (MHC) class I and II at the surface of macrophages, dendritic cells, and to a lesser
extent neutrophils (Vono et al., 2017). Therefore, efficient digestion of foreign particles in the phagosome is
necessary to properly load foreign antigens fragments on the MHCs (Litman et al., 2010).

In summary, studying intracellular killing mechanisms within the phagosome of professional phagocytic cells
is essential to understand how the human body protects itself against foreign microorganisms.
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1. Dictyostelium Discoideum a professional phagocyte model

D. discoideum is classified as an amoeba belonging to the phylum Amoebozoa, infraphylum Mycetozoa.
Historically, amoebae were first observed in 1755 by Rdésel von Rosenhof and described as small motile
protozoon. In 1822 the name Amiba, from the Greek amoibé (&poip1) meaning "change", was coined by Bory
de Saint-Vincent and last changed to Amoeba 10 years later by Ehrenberg. In 1869, Brefeld observed
Dictyostelids, a family of amoeba, and Raper in 1935 performed the first characterization of a prominent
member of the family: D. discoideum.

D. discoideum, originally isolated from decaying leaves from a hardwood forest in North Carolina mountains,
can be found in two main states: a vegetative state characterized by motile single cells of approximately 5-10pm
diameter capable of feeding on a bacterial lawn ; on the opposite, the developmental stage corresponds to a
multicellular development cycle where starving cells aggregate to form a slug, which undergoes morphogenesis
into a fruiting body (Raper, 1935) (Fig.1).

The capacity of D. discoideum amoebae to undergo a complex multicellular developmental cycle is a remarkable
feat. Starving cells release CAMP as a signal to regroup. When 105 to 10° cells aggregate, a slug is formed.
Formation of the slug induces a complete transcriptional change for most of the cells. This change triggers
tropism toward light, heat, and humidity enabling the slug to migrate towards favourable grounds. The last step
includes differentiation into two distinct subpopulations of cells in the fruiting body: the stalk and the
sorus/spores (Katz, 2002). Eventually, the spores germinate and give rise to new vegetative cells. This
facultative multicellular process is the reason why D. discoideum is often nicknamed a “social amoeba”.
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Fig.1 D. discoideum life cycle

(A) Amoeboid cells feed on bacteria and replicate by binary fission. (B) The development cycle is initiated upon resource
depletion, and aggregation occurs when starving cells secrete cAMP. (C) The aggregating cells organize to form the
mound stage, enclosed within an extracellular matrix and (D) continue to develop into the standing slug. (E) Depending
on its environment, the standing slug either falls over to become a migrating slug that moves towards heat and light or
(F) proceeds directly to the culmination stages that (G) ultimately produce the fruiting body, which consists of a spore-
containing structure, the sorus, and a stalk of dead cells. (H) Spores are released from the sorus and germinate into
growing cells. Adapted from Dunn et al., 2018.
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D. discoideum was used as a model organism for studying phagocytosis and intracellular (IC) killing of bacteria
in 1978 by Depraitére (Depraitére and Darmon, 1978), and it was used as a model for studying phagocytosis in
the following decades. Hégele opened the path to using D. discoideum as a model phagocytic cell exposed to
pathogenic bacteria in a study of Legionella in 2000 (Hagele et al., 2000). D. discoideum infection by Legionella
recapitulates the same pathogenicity as in macrophages, leading the authors to hypothesize that amoebae are
probably the original target of Legionella in the environment. In 2005 the sequencing of the full genome of D.
discoideum was published and made available on dictybase (Eichinger et al., 2005) revealing that most of the
genes involved in phagocytosis, phagosome maturation, and IC killing are strikingly conserved from D.
discoideum to human (Boulais et al., 2010). The conservation of these genes is one of the main reasons to use
D. discoideum as a model phagocytic cell (Dunn et al., 2018) and allowed D. discoideum to be used as a model
organism for studying the infection course of a dozen pathogens (Table 1).

Bacterial pathogens References
Legionella pneumophila Hagele et al., 2000
Mycobacterium avium, M. marinum, M. Skriwan et al., 2002, Hagedorn et al., 2007,
tuberculosis Solomon et al., 2003
Pseudomonas aeruginosa Cosson et al., 2002
Vibrio cholerae Pukatzki et al., 2006
Klebsiella pneumoniae Benghezal et al., 2006
Neisseria meningitidis Colucci et al., 2008
Burkholderia cenocepacia Aubert et al., 2008
Salmonella enterica/typhimurium Jia et al., 2009
Francisella noatunensis Lampe et al., 2016

Although the mouse is a standard model organism for studying professional phagocytic cells, and more
generally the immune system in mammals, it remains challenging to perform large scale systematic analysis of
gene products directly implicated in IC killing. (Swearengen, 2018). Using D. discoideum for large random
mutagenic screens and subsequent characterization of mutants presents five experimental advantages: it is
simple, short, scalable, cheap and robust. Simple, because in optimal growth conditions, D. discoideum is in a
vegetative state, which is characterized by freely moving single cells. Phenotypes observed are therefore mostly
cell-autonomous reducing the complexity of the interpretations. Short, because D. discoideum doubling time is
6 hours. It is almost 5 times shorter than a standard macrophage cell line (Van Furth et al., 1987). Scalable,
because D. discoideum cells grow in less stringent growth conditions to higher concentration. Cells grows at
20-25 C° without the need to control for 0, and CO0,. Cheap, because cells can be cultivated on a bacterial lawn
or even in a cheap nutritive medium for axenic strains and D. discoideum cells do not required treated culture
plastic to grow. Robust, because D. discoideum genetic modifications are better controlled and defined
compared to the diploid mouse macrophage genome. D. discoideum cells have a haploid genome and strategies
to generate libraries of KOs or KIs mutants are readily available. Recent adaptation of the Crisper-Cas9 system
to D. discoideum facilitates even more the generation of mutants (Sekine et al., 2018).

In numerous laboratories, D. discoideum strains used are called axenic, meaning they can grow on liquid media
without bacteria. In a rich medium, cells remain in a vegetative state with high phagocytic and macropinocytic
rate avoiding entry in the multicellular stage. In 2015, Bloomfield et al. showed that the axenic phenotype is
due to the loss of the RasGAP: NF1. Excessive Ras activity, generated by NF1 loss, increases macropinocytic
activity enabling the cells to survive in nutrient-rich media (Bloomfield et al., 2015). It does not affect axenic
cells capacity to grow on a bacterial lawn and axenic cells are still considered a valid model for macrophages.
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II. Phagocytosis: comparative analysis in human and D. discoideum

Phagocytosis comes from Ancient Greek phagein (payeiv) and kytos (k0tog) meaning “to eat” and “cell”. It is
the process allowing cells to engulf particles larger than 200 nm. The term was coined by Carl Friedrich Wilhelm
Claus to describe the set of cells capable of absorbing and degrading citrus thorns inserted into starfish larvae
observed in 1882 by Elie Mechnikov.

In human cells, phagocytosis role extends beyond immunity, for example it prevents severe anemia by enabling
clearance of erythroblast nuclei (Kawane et al., 2001), it prevents toxic iron deposits in the kidney by removing
senescent erythrocytes (Theurl et al., 2016), it enables correct synaptogenesis by pruning the synapses that are
superfluous or inactive to optimize neuronal communication (Petanjek et al., 2011) and prevents permanent
brain damage by clearing cellular debris during brain ischemia (Morizawa et al., 2017), it clears the lumen of
seminiferous tubules from apoptotic cells for efficiency spermatogenesis (Shaha et al., 2010), and it even
prevents blindness by clearing the shed outer segments of photoreceptor cells in the retina (Nandrot et al.,
2000). Underlying this plethora of roles, we still find common cellular mechanisms.

At the cellular level, phagocytosis is a three step process: first, receptors present at the cell surface recognize
the foreign particle; second, a local remodeling of the cytoskeleton and plasma membrane is induced by a
signaling cascade, and forms the phagocytic cup around the foreign particle; third, the phagocytic cup closes
and forms an intracellular compartment called a phagosome (Desjardins et al., 2005) (Fig.2).

Foreign particle

Phagocytic cup

Cytoskeleton
Phagocytic receptor

Phagosome

Plasma membrane

Phagocytic cell

Fig.2 Phagocytosis — General overview

Phagocytosis is a three step process: first, receptors present at the cell surface recognize the foreign particle (in orange);
second, a local remodeling of the cytoskeleton and plasma membrane is induced by a signaling cascade, and forms the
phagocytic cup around the foreign particle; third, the phagocytic cup closes and forms an intracellular compartment
called a phagosome,
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In D. discoideum, phagocytosis, like for numerous unicellular organisms, is mainly used for feeding purposes.
D. discoideum cells mainly phagocytose bacteria, and the same general steps are conserved. Only internalization
of D. discoideum lectin (Discoidin I) coated bacteria differs from the typical course of phagocytosis and
phagosome maturation. Discoidin-coating of extracellular bacteria protects them from IC killing (Dinh et al.,
2018). When fluorescent Discoidin-coated E. coli were fed to D. discoideum, the fluorescent signal within the
cells persisted on average 25 min, whereas it persisted 4 min with fluorescent non-coated E. coli. The results
indicated that E. coli survived longer within the phagosomes when coated by Discoidin 1. The authors
hypothesized that Lectin-induced modified bacterial internalization can be distinguished from phagocytosis and
has a different maturation process. One explanation could be that during starvation, it might be beneficial to
store bacteria as food and delay their IC killing, to provide germinating spores with a readily available food
source.

1. Binding and recognition of particle

Human phagocytic cells exhibit at the plasma membrane, endosomal membranes and in the cytosol, specific
pattern recognition receptors (PRR). These PRRs recognize either damage-associated molecular pattern
(DAMP) molecules or microbial-associated molecular pattern (MAMP) molecules (Tang et al., 2012) (Fig.3).
More specifically MAMPs ranges from components of the peptidoglycan cell wall to nucleic acids. Four types
of PRRs directly bind them: toll-like receptors (TLRs), integrins, scavenger receptors, C-type lectins (Iwasaki
etal., 2015). Another set of receptors, called opsonic receptors, recognize host-derived opsonins, from the Greek
opsonein “to prepare for eating”, bound to foreign microorganisms. Opsonic receptors include FcyR
(antibodies), CR3 (complement), Integrin alpha-5/beta-1 receptor (fibronectin), and Integrin alpha-v/beta-3 and
alpha-v/beta-5 receptors (lactadherin) (Liu et al., 2013, Freeman et al., 2014) (Fig.3). Heterologous expression
of lectins, scavenger receptors, integrins and FcyR in non-phagocytic cells is sufficient to trigger phagocytosis;
TLRs on the other hand do not (Flannagan et al., 2012). Although TLRs do not directly trigger phagocytosis,
they play two important roles. First, they stimulate phagocytosis: incubation of macrophages with the TLRs
ligands increases bacterial phagocytosis and conversely presence of TLRs antagonists reduces the phagocytic
rate of the macrophages (Doyle et al., 2004). Second, TLRs activation induces a signaling cascade triggering
inflammation, another innate immune system mechanism. In short, upon binding to MAMPs, TLRs recruit
adaptor molecules possessing a Toll-interleukin 1 receptor (TIR) domains such as MyD88, Mal, TRIF, TRAM,
and SARM. In turn, TIR adaptors activation leads to stimulation of mitogen activated protein kinases (MAPKs)
and NF-xB, eventually upregulating phagocytosis and inflammation-related genes (Cen et al., 2018). Not all
plasma membrane located PRRs are direct phagocytic receptors, but all do trigger a signaling cascade leading
directly or indirectly to phagocytosis.

In D. discoideum opsonin-independent phagocytosis has been described: five integrin-like protein (Sib family),
and three scavenger-like receptors (Lmp family) have been identified and characterized (Cornillon et al., 2006,
Sattler et al., 2018) (Fig.4). The Sib family, which comprises 5 members (SibA-E), shows similarity with
integrin . Among them, SibA and SibC are involved directly in adhesion to substrate, beads and bacteria.
Moreover, all Sib proteins interact directly, via their membrane-proximal NPxY motif, with TalinA, an actin-
binding protein (Cornillon et al., 2006, Cornillon et al., 2008). Both features make SibA and SibC good
phagocytic receptors candidates. However, we should take into consideration that TalinA is mostly found at the
posterior cortex during migration, whereas a recent study would suggest that TalinB, the second homolog of
Talin in D. discoideum, is restricted to the leading edge of migrating cells. Compared to TalinA, TalinB contains
a /LWEQ domain and a villin headpiece domain in its C-terminal actin-binding region which seem to play a
role in both TalinA and B segregation (Tsujioka et al., 2019). Phagocytic receptors binding TalinB could be
better phagocytic receptor candidates as phagocytosis compares to a directed migration over a surface. SibA
and C binding affinity to TalinB have not been measured yet. Concerning the Lmp family, which comprises 3
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members (LmpA-C), they are homologs of LIMP-2/CD36 scavenger receptors. LmpA and C are found in
endosomes and lysosomes similar to LIMP-2, and LmpB is present at the cell surface like CD36 (Sattler et al.,
2018). LmpA genetic inactivation induces a severe defect in phagocytosis for beads as well as Gram+ and
Gram- bacteria, whereas LmpB inactivation specifically inhibits uptake of mycobacteria and B. subtilis. Most
likely LmpA affects actin dynamic as /mpA KO cells have a massive decrease of motility, and LmpB regulates
phagocytosis triggering as binding to bacteria is not affected (Sattler et al., 2018). LmpB is an interesting PRR
candidate, specific for Gram+ bacteria, and LmpA play a more global role in phagocytosis, motility and even
phagosome maturation, which is heavily perturbed in /mpA KO cells.

1) Opsonin-dependent phagocytosis
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-
PI3K  cRr3

Fig.3 Phagocytosis initiation in macrophages

1) In the case of opsonin-dependent
phagocytosis:  antibodies (Ab) and C3bij,
opsonizing the bacteria, are bound respectively by
FcR and CR3. In Ab bound-state, the FcR is quickly
phosphorylated, Syk recognizes the phosphorylated
immunoreceptor tyrosine-based activation motifs.
Activation of Syk, further stimulates RAC, which in
turn activates the actin-branching Arp 2/3 complex.
In the case of C3bi binding to CR3, activation of
CR3 stimulates PI3K activity, leading to PIP»
formation with binds WASP relieving inhibition of

=) Arp 2/3.
Scavenger
.............................. receptor 2) In the case of opsonin-independent
C‘wﬁ »IQ‘Q'G w.y'ﬁw phagocytosis: the MAMPs are directly recognized
l: Rho by the receptors. Both integrins and scavenger

receptors stimulate Src kinases after binding. Src
kinases activates Rho, which will release the WASP
inhibition on Arp2/3 to allow actin-branching. The
represented scavenger is class A member MARCO
which binds bacterial CpG DNA.
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Interestingly in D. discoideum no C-type lectins, nor TLR enchased in the plasma membrane have been
characterized so far (Fig.4). Concerning TLRs, two cytosolic proteins in D. discoideum contain toll/interleukin
1 receptor (TIR) domains: TirA and TirB. TIR domains are a hallmark of TLRs, but neither TirA nor TirB
contain both TLR canonical domains: leucine-rich repeats (LRR) and transmembrane domains. Despite not
displaying all the features of a TLR, TirA still plays a role in efficient IC killing: #tirA mutant cells exposed to
an avirulent strain of Legionella exhibit a growth defect (Chen et al., 2007).

D. discoideum cells, unlike in human cells, use a single G-protein coupled receptor (GPCR), fAR1, to induce
phagocytosis following binding to folate and lipopolysaccharide (LPS) (Pan et al., 2016, Pan et al., 2018)
(Fig.4). Folate and LPS are two classical MAMPS: Folate is secreted by many bacterial species such as K.
pneumoniae and is a strong chemoattractant for D. discoideum and LPS are a component on the bacterial outer
membrane. In human cells, LPS binds TLR4 and folate binds folate receptors, which are cell surface
glycosylphosphatidylinositol-anchored glycoproteins. In contrast, D. discoideum cells use a single receptor for
the two MAMPS. In addition, fAR1 is also different from other chemoattractant GPCRs: it belongs to the class
C GPCR family and exhibits a VFT extracellular domain for sensing multiple ligands (Pan et al., 2018). The
main features of fAR1 is that it binds folate and LPS and also mediates engulfment of K. pneumoniae, as farl
KO cells exhibit a specific phagocytosis defect (Pan et al., 2016). fAR1 is the only known GPCR bridging
chemotaxis and phagocytosis.

LmpB Scavenger
receptor
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Fig.4 Phagocytosis initiation in Dictyostelium discoideum

Like in macrophages, MAMPs are directly recognized by their cognate receptors eventually triggering
phagocytosis. SibA shares similarities with mammalian  integrin: notably an extracellular Von
Willebrandt A domain, a glycine-rich transmembrane domain and a highly conserved cytosolic domain
interacting with TalinA. LmpB is a scavenger receptor similar to the mammalian CD36 scavenger
receptor. fAR1 is a GPCR, binding folate and LPS directly inducing phagocytosis.
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2. Phagocytic cup: formation

The membrane cytoskeleton of human phagocytes is very dynamic, even in its “resting” state before induction
of phagocytosis. In FRAP experiments, locally photobleached GFP-tagged cytoskeleton components (actin, o-
actinin, ezrin and myosins) are replaced by their fluorescent counterparts within seconds. Cytoskeleton core
components have a turn-over of a few seconds (Fritzsche et al., 2013). The dynamic remodeling activity of the
cytoskeleton relies on a competition between two polymerizing F-actin networks: an actin branching system
relying on Arp2/3, and a mesh system relying on Rho/formin/myosin (Lomakin et al., 2015). For phagocytosis
to happen, the balance needs to tilt towards Arp2/3 branched structures, as formin-polymerized actin
immobilizes transmembrane proteins obstructing membrane ruffling and the diffusion of non-tethered
membrane proteins and even lipids (Ostrowski et al., 2016).

Tilting the balance begins by activation of the Src-Family Kinase (SFK), after the binding of the microorganism
to PRRs. Activation of the SFKs recruits locally Syk, which in turn phosphorylates adaptors, kinases, and
lipases. The unstimulated Arp2/3 complex is weakly active and requires stimulation by nucleation promoting
factors (NPFs) to branch a novel actin filament at a 70° angle from an existing one (Goley and Welch, 2006).
Members of the Wiskott-Aldrich syndrome protein (WASP) family are known to be major enhancers of the
Arp2/3 complex activity (Politt and Insall, 2009). The WASP family contains two principal classes of proteins
: WASPs and SCAR/WAVE:s. Conformation change of WASPs proteins from inactive to active is triggered by
binding to PIP,, a phospholipid, whereas the Scar/WAVE complex is activated by the Rho GTPase Rac. Once
activated both classes of proteins enhance Arp2/3 branching activity (Fig.5).

Remodeling the cytoskeleton contributes to an increased diffusion of non-engaged PRRs, thus favoring the
formation of novel focal points of adhesion to the target. Moreover, further activation of integrins via Rap
GTPases, downstream of Syk activation, provides a linkage between the target and the actin cytoskeleton via
talin, kindlin, vinculin, and other associated proteins. The integrins engaged and tethered to the actin
cytoskeleton are in fact sufficient to form diffusional barriers for a majority of protein and even lipid rafts
(Maxson et al., 2018). The diffusional barrier is necessary to delimits a perimeter for optimal phagocytosis.
Furthermore, if the target is too voluminous, presence of the diffusional barrier enables the maturation of the
open tubular phagosomes while limiting a potential inflammation through the leakage of its content (Maxson et
al., 2018).

In addition to the Integrin-based diffusion barrier, the protrusion is consolidated by Bin-Amphiphysin-Rvs167
(BAR) domain containing proteins. The BAR proteins are involved in stabilizing membrane curvature.
Additionally, they bind directly the WASP family proteins, including N-WASP and WAVE, which then activate
the Arp2/3 complex (Hanawa-Suetsugu et al., 2019).

Concerning the phagocytosis machinery in D. discoideum, overall the protrusion extension mechanism is very
similar to that used by mammalian cells. MAMPs binding to PRRs leads to the stimulation of the SCAR/WAVE
complex by Rac homologs, notably Racl. The SCAR/WAVE complex activates Arp2/3 leading to actin
branching that drives the formation of the phagocytic cup (Rivero and Xiong, 2016) (Fig.6). Similarly,
segregation of membrane proteins is visible in the phagocytic cup by a mechanism restricting lateral diffusion
(Mercanti et al., 2006). Additionally, BAR proteins stabilize the phagocytic cup. Among the BAR proteins in
D. discoideum, only one localizes specifically at the protrusive rim of the cup and regulates both Rac and Ras
activity: RGBARG. RGBARG induces protrusion formation by activating RacG, whilst restricting expansion
of the cup interior by locally inhibiting Ras activity (Buckley et al., 2019).
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3. Phagocytic cup: guiding and closure

In addition to PRRS, membrane lipids are actively involved in phagocytosis (Bohdanowicz et al., 2013).
Phosphoinositides (PIs) are phospholipids that can be phosphorylated at different positions (3, 4 or 5) of their
inositol head group. PIP, and PIP; play essential functions in phagocytosis. PIP,, mostly localized to the inner
plasma membrane leaflet and constitutes 1-2% of plasma membrane lipids. PIP; recruits and binds actin-
binding proteins driving local actin branching (Mu et al., 2018). Conversion of PIP» to PIP3, by the action of the
PI3 kinase at the tip of the protrusion recruits myosins which exert contractile activity and function as a purse
string to facilitate phagosome closure (Ostrowski et al., 2016). Phagosome closure eventually needs
dephosphorylation of PIP; and disappearance of PIP, mediated by respectively by OCRL and Inpp5B
(Bohdanowicz et al., 2012).

Early endosome

Fig.5 Molecular mechanism of phagocytosis in macrophages

1) Pseudopod extension. The extension is driven by actin polymerization by the Arp 2/3 complex. Activation of the
Arp 2/3 complex depends on both relieving WASP inhibition and activating the Scar/Wave complex. WASP inhibition
is relieved by binding PIP2. Scar/Wave complex activation is induced by RAC. RAC is notably stimulated after the
production of PIP3 which results from the phosphorylation of PIP2 by PI3K. Finally, membrane supply, to support the
extension of the phagosome cup, are delivered via fusion in the actin free bottom of the phagocytic cup.

2) Phagosome closure. PIP3 and PIp2 are depleted at the tip of the pseudopod by OCRL and Inpp5B, reinstating
WASP inhibition on Arp 2/3. OCRL is bound to the cytoskeleton by PADDL and the myosin located at the tip of the
pseudopod generated the contractile force to close the phagosome.
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Additionally, PIP; also recruits Rho GAPs that inactivate Racl, terminating actin polymerization at the base of
the phagocytic cup. Concomitant cleavage of PIP,, to DAG and IPs, by phospholipase C (PLC), also releases
actin-binding proteins such as cofilin, WASp, and ezrin at the base of the phagocytic cup. The joint action of
Rho GAPs and PLC, leading to the loss of actin at the base of the phagocytic cup, allows for fusion of vesicles
with the plasma membrane (Niedergang and Chavrier, 2004). In a nutshell, PIP regulation is crucial to the
protrusion formation, phagosome sealing and membrane fusion at the nascent phagosome base (Fig.5).

Interestingly PIP; is sensitive to the membrane curvature. New evidence suggests that it could autonomously
induce receptor-independent phagocytosis. Binding of a solid particle curves the membrane, which induces a
local sorting of PIP,. PIP; recruits and activate moesin in turn binding Syk and leading to receptor-independent
phagocytosis (Mu et al., 2018). The authors hypothesized that this mechanism it may explain how phagocytes
recognizes almost all variations of solid.

In D. discoideum, the role of phosphoinositides is also established. PIP, accumulates near engaged PRRs and
recruits NPFs and actin-binding proteins involved in membrane deformation in a similar fashion. PIP; is also
phosphorylated by PI3K and cleaved by PLC. The PIP, decrease allows actin disassembly at the base of the
phagocytic cup for vesicle fusion. Regarding phagosome closure, Dd5P4, the Dictyostelium homolog of human
OCRL, dephosphorylates PIP; into PIP> which is an important step for the phagosome closure (Loovers et al.,
2007). In conclusion, similar to mammalian phagocytic cells, PIP; decrease allows actin disassembly and PIP;
dephosphorylation is also necessary for phagosome closure (Fig.6).

Phosphoinositides also plays a role in phagosome maturation in both human phagocytes and D. discoideum cells
and will be subsequently described (Buckley et al., 2019, Luscher et al., 2019).

Fig.6 Molecular mechanism of phagocytosis in
Dictyostelium discoideum

The phagocytic cup extension is, like in
macrophages, driven by actin polymerization
catalyzed by the Arp 2/3 complex. In a similar fashion
activation of the Arp 2/3 complex requires to relieve
WASP inhibition and promote the Scar/Wave
complex activation. WASP inhibition is relieved by
PIP; binding. Scar/Wave complex activation is done
by RACI1. RACI is stimulated after production of
PIPs. PIP; production is catalyzed by PI3K from PIP,.
Membrane supply to support the extension are
delivered via fusion in the actin free bottom of the

phagocytic cup. At the tip of the pseudopod Dd5P4,
the OCRL ortholog participates in reinstating WASP
inhibition on Arp 2/3. Myosin located at the tip of the
Early endosome pseudopod generates the contractile for to close the
phagosome. MyoVII is probably the main driving
force.
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ITI. Phagosomal maturation: comparative analysis in human and D. discoideum

The nascent phagosome quickly undergoes maturation. Within minutes after closure the phagosome becomes a
highly acidic, degradative and oxidative compartment (Pauwels et al., 2017) (Fig.7). The maturation of the
phagosome, both in human cells and in D. discoideum, is divided in three parts: fusion with the early endosomes,
followed by fusion with late endosomes and finally with lysosomes. These three steps are a prerequisite for the
phagosome to obtain its full microbicidal capacity. Interestingly, new material delivered to the phagosomes
does not increase significantly the phagosome size nor decrease the size of the endosomes. This observation led
to a model, coined “kiss and run” (Duclos et al., 2000), that favors repeated transient fusion events over a full
fusion between compartments, although both events occur. The phagosomal maturation is also supported by a
recycling machinery for protein sorting and recycling in order to allow several cycles of phagocytosis.

1. Rab GTPases regulates phagosome maturation

In human cells, the sequence of phagosome fusion with compartments of the endocytic pathway, as well as
recycling of components from the phagosome, is highly regulated by Rab GTPases (Prashar et al., 2017) (Fig.7).
Rabs are small GTPases, that cycle between a GTP-bound active state to a GDP-bound inactive state. Rabs
show homology to YPT1/SEC4, which regulates membrane trafficking between internal organelles in yeast.
Rabs are present on various organelles along the endocytic pathway and are often used to define the organelle
identity (Gutierrez, 2013). Functionally, Rabs in conjunction with Rab adaptors and effectors, allow coordinated
and sequential fusion of the phagosomes with vesicles (Gutierrez, 2013).

Over 20 Rabs are associated with phagosomes (Gutierrez, 2013). Among them, Rab5 and Rab7 where the first
described and are essential for proper phagosome maturation (Chavrier et al., 1990). The first step of maturation
is regulated by Rab5. Rab5 is recruited to phagosomes in a Rabex-5/Rabaptin-5 dependent manner (Horiuchi et
al., 1997). Once Rab5 is recruited, it activates the Class III phosphoinositide3-kinase vacuolar protein-sorting
34 (VPS-34) (Kinchen et al., 2008). VPS-34 catalyzes the production of PI(3)P, which recruits proteins with
PX or FYVE domains such as EEA1 (early endosomal antigen 1), PIKfyve, p40 (subunit of the NADPH
oxidase) Hrs (Hepatocyte growth factor-regulated tyrosine kinase substrate), and the class C core
vacuole/endosome tether (CORVET) complex (Vieira et al., 2004, Kinchen et al., 2008, Prashar et al., 2017).
At this step the phagosome is able to fuse with early endosomes, in an EEA1 and SNARE dependent manner
(Christoforidis et al., 1999), and to transition to the second step. The transition from an early phagosome to a
late phagosome is marked by the conversion from Rab5 to Rab7 and the CORVET to HOPS (homotypic fusion
and vacuole-sorting) complex switch (Gordon et al., 2016). Both conversions depend on the Mon1-Cczl
complex activity. Monl inactivates RAB-5 by displacing RABX-5 and Cczl recruits Rab7 (Nordmann et al.,
2010). Following the Rab5-to-Rab7 switch, late phagosomes are devoid of Rab5 and Rab5-bound-CORVET
complex, while decorated with active Rab7 and the Rab7-bound-HOPS complex. The HOPS complex activity
is necessary for the fusion with late endosomes and Rab7 activity is a prerequisite for the centripetal movement
of phagosomes. During maturation, phagosomes migrate from the cell periphery to the vicinity of the
microtubule-organizing center (MTOC) where lysosomes are numerous (Harrison et al., 2003). Binding to the
microtubule is carried by the Rab7 effector RILP and the cholesterol sensor ORP1L working together to recruit
the dynactin complex (Li et al., 2016). The marker for the completion of phagosome to lysosome fusion are
LAMPI and 2 (Huynh et al., 2007). Once acquired the phagosome can fuse efficiently with lysosomes in a
SNARESs dependent fashion. A process again partly under the regulation of PIPs, where PI(3)P is required to
prime SNARE:s for fusion and PI(4)P is required during and after tethering of the HOPS complex to lysosomes
(Jeschke and Haas, 2017).
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Fig.7 Maturation of the phagosome

Once the phagosome is sealed, the phagosome matures during a successive series of transient fusions with
endosomes and lysosomes, leading to the formation of the phagolysosome. The first maturation marker, Rab5,
is recruited to the phagosome by the Rabex/Rabaptin complex delivered via fusion with early endosomes.
Rab5 activates VPS34 which produces PI(3)P. PI(3)P production serves to dock protein with PIP3-binding
FYVE domains (PykeFYVE, EEA1). Rab5 also recruits the CORVET complex, a fusion machinery allowing
fusion with endosomes. The phagosome up until the recruitment Rab7 is called the early phagosome.
Transition to the late phagosome happens when Rab7 is delivered to the phagosome. Quickly Rab5 will be
sorted out of the phagosome membrane by the Monl-Cczl complex. Once only Rab7 is detectable the
phagosome is known as the late phagosome. Transition to the phagolysosome occurs when the acidic
lysosomes fuse with the late phagosome. RIPL, a Rab7 adaptor, anchors the late phagosomes to microtubules,
driving the late phagosomes towards the Microtubule Organizing Center. The lysosomes, also anchored to
the microtubules and numerous near the Microtubule Organizing Center, fuse with the phagosome. Fusion is

detectable by the presence of LAMP1/2 on the membrane of the phagosome. The phagosome is now an acidic
Rab7-LAMP1/2 positive phagolysosome.
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In D. discoideum, phagosome maturation follows the “kiss and run” model but unlike in human phagocytes,
fusion events are more rapidly orchestrated by Rab7 (Fig.8). Within 3 minutes after ingestion, Rab7 is localized
at the phagosome (Rupper et al., 2001) whereas in macrophages it takes 30min (Seto et al., 2011). Early
recruitment of the VPS-34 homolog DdPIKS is also necessary (Zhou et al., 1995) and production of PI(3)P by
VPS-34 recruits proteins with PX or FYVE domains such as PIKfyve (Buckley et al., 2019). Fusion with
lysosomes is also important for proper maturation in D. discoideum. Similarly to human phagocytes, this fusion
is mediated by SNARESs, in this case Vamp7 and syntaxin 7 (Flannagan et al., 2012).The fusion process is at
least partially under LvsB control. LvsB inhibits Rab14 which promotes fusion between lysosomes and
postlysosomes (Kypri et al., 2013). The main difference between the D. discoideum and human late phagocytic
pathway is that the D. discoideum phago-lysosome typically matures into a postlysosome which is similar to
the secretory lysosomes of some specialized mammalian cells (Blott et al., 2002). Vacuolar-ATPase, responsible
for acidifying the phagosomes, is removed from the membrane of phagosomes in budding vesicles 30 minutes
after ingestion (Carnell et al., 2011). The WASH complex, a regulator of actin polymerization is essential for
the sorting out of V-ATPase (Carnell et al., 2011). Interestingly in human, WASH is enriched in the early
recycling pathway compared to the late degradative pathway, as seen by its preferential colocalization with
Rab5 but far less or not with Rab7 and LAMP (Derivery et al., 2019). The postlysosome, devoid of V-ATPase,
exhibiting a near neutral pH, and an actin coat eventually fuses with the plasma membrane (Lima et al., 2012).
Fusion of the postlysosome with the plasma membrane is regulated in a Ca®>" dependent manner by mucolipin,
a member of the transient receptor potential ion channel family.

Other Rab GTPases play important regulating function in the endocytic pathway. In humans, Rabl and Rab2
mediate the interactions between the phagosome and the ER, post-Golgi and ERGIC compartments (Gutierrez,
2013). Rab14 is involved in Trans-Golgi Network (TGN) to early endosomes and plasma membrane transport.
Rab22A regulates the Rab5 to Rab7 switch. Rab32 and Rab34 regulates in conjunction with Rab7 fusion of the
phagosome with the late endocytic pathway (Seto et al., 2011). Lastly, Rab4 and Rab11 regulates phagosomal
recycling (Gutierrez, 2013). In D. discoideum, homologs of Rabl, Rab4, Rabl1l and Rabl4 have similar
functions (Harris and Cardelli, 2002).

2. The recycling machinery

Proteins delivered to the phagosome during maturation, or originating from the plasma membrane, are recycled
in order to allow their use in several cycles of phagocytosis (Fig.9). In human cells, cargoes delivered into
early sorting endosomes that are destined to be degraded are segregated from cargoes destined to be recycled.
Cargoes destined for degradation are ubiquitinated and recognized by the ESCRT complexes, which induce the
formation of multivesicular bodies (MVBs). MVB formation results from the invagination of a portion of the
limiting membrane of an endosome into its own lumen (Piper and Katzmann, 2007). The early endosome then
matures into late endosome/lysosome, where its content is degraded when the MVBs fuse with lysosomes. On
the other hand, cargoes that need to be recycled are spatially segregated into tubular structures of the sorting
endosome (Piper and Katzmann, 2007). There, they are transported back to the surface or to the TGN by a “fast”
recycling dependent on the retromer or retriever complexes, or via a “slow” recycling through the endosomal
recycling compartment (ERC) (Maxfield and McGraw, 2004; Simonetti and Cullen, 2018). Both recycling
pathways relies on Rab GTPases activity and a family of proteins involved in sorting cargoes: the sorting nexin
family (SNXs). SNXs bind PI(3)P, via their PX domain. A subset of SNXs also contains BAR domains and
induces membrane bending and tubulation (Worby and Dixon, 2002).
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Fig.8 Phagosome maturation in Dictyostelium discoideum

Once closed, the phagosome containing bacteria sheds its actin coat, and rapidly acquires the V-ATPase and Rab7. The
Rab7 positive phagosome fuses rapidly with lysosomes. Rapid acidification of the phagosome luminal pH is necessary
for the lysosomal enzymes function. Fusion between phagolysosomes and lysosome is stimulated by Rab14. The
phagolysosomes stay at peak acidity during approximately 20-30 min. Quickly after the V-ATPase and lysosomal
enzymes are recycled by the WASH complex and the phagosome acquires LvsB, preventing fusion with acidic
compartments. The phagolysosomes mature in a pH neutral large vacuolar named postlysosome. 40 to 60 min after,
non-digested bacterial components are exocytosed by fusion of the postlysosome with the plasma membrane

Exocytosis speed is partially under the control of McIN, which store calcium in the postlysosome lumen, slowing down
fusion with the plasma membrane.
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Regarding the “fast” recycling, the retromer and retriever complexes are both heterotrimers composed
respectively of: Vps35, Vps29, Vps26 and DSCR3, C160rf62, Vps29 (McNally et al., 2017, Gallon and Cullen,
2015). Regulation of how Vps29 interacts with the retromer or the retriever complex is unknown. However,
both complexes interact with SNXs. The Retromer complex is known to interact with SNX-BAR heterodimers
and ensures the recycling of membrane proteins from early endosomes to the TGN (Gallon and Cullen, 2015).
The retromer complex can also interact with SNX27, for the recycling of certain plasma membrane proteins
(Seaman, 2012; Burd and Cullen, 2014; Gallon and Cullen, 2015). Regarding the retriever complex, it was
proposed to interact with other SNXs, such as SNX17, which binds NPx(Y/F)/Nxx(Y/F) motifs present on
certain plasma membrane proteins, for example B1-integrin (McNally et al., 2017; McNally and Cullen, 2018).

An important partner of both the retromer and retriever is the WASH complex, an NPF responsible for activating
the Arp2/3 complex, and thus driving actin polymerization (Carnell et al., 2011). The WASH complex localizes
at retromer-enriched membranes on the membrane of early endosomes. Interaction with the retromer is carried
out by the binding of the WASH complex subunit FAM21 with Vps35 (McGough et al., 2014). The
WASH/Retromer complex creates an emerging tubule from the endosome, further pulled by dynein bound to
SNXs. A scission mediated by EHD1 and dynamin separates the vesicle from the endosome (Lucas et al., 2016).
EHDI1 is one of the four members of the C-terminal Eps15 homology domain family of proteins which are
ATPases that bind endocytic membranes and induce tubulation or vesiculation (Naslavsky and Caplan, 2011).
WASH activity in early endosomes allows fast recycling of surface proteins back to the plasma membrane and
retrograde transport of phagosome content to the TGN (Derivery et al., 2009; Gomez and Billadeau, 2009).

Regarding the “slow” recycling, the ERC, found at the juxtanuclear region, is enriched in Rabl1 which is
necessary for transport of proteins to the plasma membrane (Maxfield and McGraw, 2004). The ERC function
is also regulated by SNX4 and members of the EHD family (Traer et al., 2007, Grant and Donaldson, 2009;
Naslavsky and Caplan, 2011). SNX4 plays an important role in sorting the transferrin receptor (TfR) from the
sorting endosome to the ERC (Traer et al., 2007) and EHD1 and EHD4 are involved in vesiculating tubular
structures of the ER allowing transport of cargoes to the plasma membrane (Cai et al., 2013).

In D. discoideum, like in human phagocytes, plasma membrane components are efficiently recycled from an
early endocytic compartment (Neuhaus and Soldati, 2000, Vines and King, 2019). Two phases can be
distinguished. A fast phase, mediated by the WASH and retromer complexes, in an myoB-independent manner.
A slow phase, relying on a juxtanuclear recycling compartment regulated by Rab11b, vacuolin and potentially
MyoB activity (Neuhaus and Soldati, 2000, Bosmani et al., 2018). WASH participates in recycling of certain
plasma membrane proteins, including SibA, presumably through its interaction with the retromer complex
(Buckley et al., 2016). WASH induces F-actin polymerization providing forces to pull tubules from the sorting
endosome (Simonetti and Cullen, 2018). Unlike in human phagocytes, the interplay between dynamin and EHD
for the scission of the tubule is poorly understood. The unique EHD protein in D. discoideum induces
vesiculation and scission of endosomal tubules, like DymA the dynamin ortholog in D. discoideum, but is
delivered to the phagosome independently from DymA (Gueho et al., 2016). Moreover in D. discoideum,
WASH, EHD and DymA overlaps only for a few minutes on phagosomes in the early stages and association
between the WASH complex and EHD/DymA has not been demonstrated yet (Gueho et al., 2016).

While WASH promotes actin polymerization on the phagosome and retrieval of cargoes, the actin network
coating the phagosome also prevents efficient delivery (Dieckmann et al., 2012). Abp1, a major F-actin binding
protein on phagosomes, play a critical role: in abpl KO cells lysosomal fusion to phagosomes is increased,
likely due to a disorganized actin network on the phagosome (Dieckmann et al., 2012). Abp1 regulation is
important for the function of DymA in the early maturation step and MyoB in the late stage (Gopaldass et al.,
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2012). Proper delivery and retrieval of material back and forth from the phagosome require a tight regulation
of the phagosome actin coating.
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In mammalian cells, cargoes delivered for degradation into the early endosome are segregated from
cargoes destined for recycling. Cargoes for degradation will be ubiquitinated and recognized by the
ESCRT complex. It induces formation of multivesicular bodies (MVBs). Early endosomes then
mature into late endosomes, where their content is degraded when the MVBs fuse with lysosomes.
On the other hand, cargoes that need to be recycled are spatially segregated into tubular structures of
the sorting endosome. They are transported back to the surface or to the TGN by a “fast” recycling
dependent on the retromer or retriever complexes, or via a “slow” recycling through the endosomal

recycling compartment (ERC). Both recycling pathways relies on Rab GTPases activity and a family
of proteins involved in sorting cargoes: the sorting nexin family (SNXs).
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IV. Intracellular killing mechanism: comparative analysis in human and D. discoideum

While the phagosome matures, a linear sequence of event unfolds starting with the acidification of the lumen
of the phagosome, quickly coupled with the production of reactive oxygen species (ROS) and followed by the
delivery of lysosomal enzymes. At the same time, metal transporters selectively deplete several metal ions and
pump toxic metal ions into the phagosomal lumen (Dunn et al., 2018). All these mechanisms contribute to
killing and digesting the phagocytosed bacteria. Role of autophagy will also be discussed in this section.

1. Acidification of the phagosome lumen

Acidification of the phagosome lumen by the H" V-type (vacuolar) ATPases minutes after closure was first
measured 30 years ago (Lukacs et al., 1990). This proton pump consists of two subcomplexes, the membrane
associated V0 and cytosolic V1 complexes. The V1 subcomplex is responsible for hydrolysis of the ATP, which
causes a conformational change allowing the VO complex to pump H" protons inside the phagosome lumen
(Maxson and Grinstein, 2014). The V-ATPase is delivered by fusion to the phagosome of lysosomal vesicles
or tubules (Sun-Wada et al., 2009). The lowest pH reached between 10 and 30 min after phagosome formation
in macrophages is 4,5-5 (Sun-Wada et al., 2009). Acidification plays an important role in both intracellular
killing and phagosome maturation: knocking down a subunit of the V-ATPase, leads to a pH neutral phagosome.
It does not completely prevent maturation of the phagosomes but prevents efficient bacterial killing (Sun-Wada
et al., 2009). pH alone can adversely affect bacterial growth, for E. coli growth is halted in media at pH 4 (Tsuji
et al., 1982) and killed below pH 2.5 (Zhu et al., 2006) but in the phagosomes the pH does not drop below 4.5.
It is more likely that acidification is required for several other IC killing mechanisms to take place (Sattler et
al., 2013) (Fig.10).

Pathogenicity of several microorganisms relies on hijacking the V-ATPase function: either by preventing its
delivery to the phagosome or inhibiting its function. In the case of M. tuberculosis, the pathogen produces PtpA,
a protein which binds a subunit of the V-ATPase blocking its insertion in the phagosome membrane (Wong et
al., 2011). Numerous others bacteria such as, H. capsulatum, Streptococcus pyogenes, Rhodococcus equi,
Yersenia pestis, and even fungi such as C. albicans prevent the insertion of the V-ATPase in the phagosome
membrane (Strasser et al., 1999, Nordenfelt et al., 2012, Toyooka et al., 2005, Pujol et al., 2009, Fernandez-
Arenas et al., 2009). Failure to hijack the V-ATPase function or delivery often results in less pathogenic strains
(Uribe-Querol and Rosales, 2017).

Optimizing H" accumulation requires also efflux of cations and influx of anions, such as chloride through CFTR
and CLC transporters (Di et al., 2006, Soldati and Neyrolles, 2012), to dissipate the development of a restrictive
electrical gradient induced by the H+ influx (Di et al., 2017). Furthermore, it appears that chloride transporter
plays an additional role in regulating the release of luminal Ca*", which is essential for phagosome-lysosome
fusion in macrophages (Wong et al., 2017). Interestingly, a pH and voltage dependent selective proton channel
Hv1 is enchased in the phagosome membrane. Hv1 allows a more pronounced acidification of the phagosome
in macrophages at the cost of lower ROS production. On the contrary, it maintains a neutral phagosomal pH to
sustain high ROS production in neutrophils (EI Chemaly et al., 2014). This dichotomy is due to the ability of
Hv1 proton channels to prevent the luminal alkalinisation caused by ROS production, which in neutrophils
results in lower accumulation of VATPases that would acidify phagosomes (El Chemaly et al., 2014).

In D. discoideum, V-ATPase is rapidly delivered to the phagosomes and they acidify faster (Clarke et al., 2002)
(Fig.11). In D. discoideum a GFP-tagged subunit of the V-ATPase is delivered to yeast-containing phagosomes
1-2 minutes after their closure and maximum acidification is reached 15 min after ingestion (Clarke et al., 2002).
In mouse macrophages, the same delivery takes 6 min and the phagosome reaches its lowest pH 60 min after
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ingestion (Sun-Wada et al., 2009). This difference is most likely explained by the need for D. discoideum to
ensure a rapid action of its lysosomal enzyme that requires an acidic pH (Sattler et al., 2013). D. discoideum
phagosomes are also more acidic than mouse macrophages, with pH 4 or below (Marchetti et al., 2009, Sattler
et al., 2013). Achieving a lower pH for D. discoideum ensures growth inhibition for a wider range of bacteria.
As previously described, in D. discoideum the V-ATPase is sorted out of the postlysosome membrane 45-60min
after ingestion by the WASH complex. Unfortunately, less studies have identified and characterized the counter-
ion channels in D. discoideum on the phagosome membrane, the closest homolog to the chloride channel CFTR
is ABCC.8 a member of ABC superfamily of transporter (Anjard et al., 2002) but has not been characterized,
nor homologs to the cation transporter TRPM2 or even Hv1.

To survive in the highly acidic phagosome of D. discoideum, pathogens use similar strategies to those
characterized in macrophages. For example, infection by M. marinum of D. discoideum, is very similarly to M.
avium infection in macrophages. The mycobacterium initially prevents delivery or promotes extraction of the
V-ATPase from the phagosome membrane. In D. discoideum, barely 50% of the phagosomes display the
presence of a GFP-tagged subunit of the V-ATPase in the M. marinum containing phagosomes 20 min post
infection; and the number keeps decreasing with time (Hagedorn et al., 2007).

Creating a proton gradient ensures not only regulation of the pH, in both organisms, but also transport of other
ions in or out of the phagosome as well as transport and optimal activity of lysosomal enzymes, which will be
subsequently described. Thus, association and dissociation of the v-ATPase is highly regulated during
phagocytosis (Maxson and Grinstein, 2014).

2. ROS production in the phagosome

Enzymes that scavenge superoxide (O>") and hydrogen peroxide (H»0.), such as superoxide dismutase or
peroxiredoxins or catalases, are ubiquitously expressed in eukaryotic organisms. This observation drove
research in oxidative stress since McCord in 1971 hypothesized that oxygen toxicity is mediated by partially
reduced oxygen species, which are by-products of the aerobic metabolism and should be kept in check (McCord
et al., 1971). Due to the high reactivity of the partially reduced oxygen species, they were labelled reactive
oxygen species (ROS). Since their discovery ROS have been shown to function as antimicrobial effectors
(Kovacs et al., 2015), signaling molecules that regulate NF-kB, (Yang et al., 2013), autophagy (Huang et al.,
2009), cytokine secretion (Liu et al., 2014), inflammasome activation (Cruz et al., 2007), apoptosis (Miller et
al., 2010), cytoskeleton dynamics and chemotaxis (Stanley et al., 2014). Generation of ROS is carried out by
members of the NADPH oxidase (NOX) family (Buvelot et al., 2019). More specifically, the production of
ROS in the phagosome of neutrophils and macrophages specifically has been linked to the NADPH oxidase:
NOX2 (Royer-Pokora et al., 1986). NOX2 generates superoxide by transferring electrons from the cytosolic
NADPH to a luminal O molecule. The phagocyte oxidase (phox) complex comprises five subunits:
gp91P%/Nox2, p22Phox, p40Phox, p47Piox and p67°°*, The phox complex also requires Racl and 2 for complete
activation (Abo et al., 1991, Knauss et al., 1991). Two main enzymes subsequently convert superoxide into
other ROS: superoxide dismutase and myeloperoxidase. The superoxide dismutase catalyzes superoxide
conversion to hydrogen peroxide (H>O,). The myeloperoxidase, which catalyzes the production of hypochlorous
acid HOCL (Nguyen et al., 2017). Hypochlorous acid (HOCI) is highly bactericidal at neutral or low pH (Levine
and Segal, 2016). H,O, oxidizes ferrous iron to generate highly reactive hydroxyl radicals *OH through a
mechanism known as the Fenton reaction. Protons and chloride are provided for these reactions respectively by
Hv1 and chloride transporters of the CFTR and CLC family (El Chemaly et al., 2014, Dunn et al., 2018)
(Fig.10).
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ROS targets are DNA, lipids, proteins and Iron-Sulphur (Fe-S) clusters. Interaction of ROS (notably *OH) with
DNA can generate double strand DNA breaks. ROS induce other forms of DNA damage by oxidizing
nucleoside bases leading to G-T or G-A transversions if unrepaired (Srinivas et al., 2019). ROS also induce
mitochondrial DNA lesions, strand breaks and degradation of mitochondrial DNA (Srinivas et al., 2019).
Efficient DNA repair is paramount to overcome ROS DNA damage. For example, knocking down endonuclease
III and endonuclease VIII (that target DNA damaged by oxidizing agents in E.coli) results in a 100-fold growth
defect after H,O» treatment (Saito et al., 1997, Jankowski et al., 2002). Concerning lipids, peroxidation of
polyunsaturated fatty acids alters the membrane bilayer by causing the formation of lipoperoxyl radicals (LOO"),
which, in turn, react with lipids to yield a lipid radical and a lipid hydroperoxide (LOOH). LOOHs are unstable:
they generate new peroxyl and alkoxy radicals and decompose to secondary products (Barrera, 2012).
Glutathione peroxidase 4 KO mice, which are unable to stop this chain reaction, die prematurely underlying the
importance to prevent lipid peroxidation (Muller et al., 2007). For proteins, ROS can cause oxidation of both
amino acid side chains and protein backbones, resulting in protein fragmentation or protein-protein cross-
linking. Oxidative modifications of proteins can change their physical and chemical properties, including
conformation, structure, solubility, susceptibility to proteolysis, and enzymatic activity (Zhang et al., 2013).
Additionally, HOCL produced by myeloperoxidase can chlorinate proteins, a process important during
intracellular killing (Green et al., 2014). Finally, Iron-Sulphur (Fe-S) clusters are the most diversely used
enzymatic cofactor. ROS oxidize ferrous iron to its ferric form, which quickly precipitates and becomes
insoluble (Imlay, 2019). Aerobic organisms have evolved strategies to prevent oxidation of ferrous iron to keep
using it as enzymatic factor.

Numerous pathogens have evolved an array of defenses against ROS, which is a good indicator of the damage
oxidative stress could do. Bacterial defenses against ROS include an array of superoxide dismutases (SODs),
catalases, and peroxiredoxins, but also various iron sequestering mechanism and oxidized DNA damage repair
mechanisms. Some pathogens can also prevent ROS production in the phagosome lumen (Imlay, 2019). For
example, to inhibit the Fenton reaction, S. aureus bacteria produces two superoxide dismutases and a catalase:
sodA and sodM convert O»- into H>O; and the catalase KatA breaks down H>O: into oxygen and water. KatA
genetic inactivation decreases by 10*-fold the resistance of S. aureus to oxidative stress (Cosgrove et al., 2007).
This result suggests that S. aureus faces heavy ROS potential damage that are mitigated by the presence of
KatA. M. tuberculosis has evolved mechanisms to subvert ROS production, by producing the ROS neutralizing
protein nuoG, to avoid macrophage apoptosis and maintain a pathogen-friendly niche (Miller et al., 2010). Other
pathogens even prevent recruitment of the full phox complex. For example, H. pylori prevents the recruitment
of p40P"* and p67°h°x (Allen et al., 2005) and Coxiella burnetti prevent the recruitment of p47°"* and p67°h°* on
the phagosome membrane (Siemsen et al., 2009). Conversely, bacterial strains unable to counter ROS
production or its effect are to less pathogenic (Nguyen et al., 2017).

Following the sequencing of the D. discoideum genome, three catalytic NOX subunits (NoxA, B and C) were
identified by homology with the mammalian NOX family. NoxA and NoxB are homologs of Nox2, and NoxC
is a homolog of Nox5. Two other homologs of the phox complex have been identified: CybA and NcfA,
respectively homologs to p22 P and p67 P** (Lardy et al., 2005, Zhang et al., 2013). Combined RT-PCR and
RNAseq experiments indicate that NoxA, CybA and NcfA are expressed during vegetative growth while NoxB
and NoxC are mainly expressed during multicellular development (Lardy et al., 2005, Rosengarten et al., 2015).
NoxB expression is also upregulated when an axenic strain grows on a lawn of K. pneumoniae, but the role of
NoxB in this situation remains to be determined (Nasser et al., 2013). Surprisingly, noxA KO cells in vegetative
state exhibit no detectable killing defect of non-pathogenic strains of Klebsiella and B. subtilis (Benghezal et
al., 2006). Either ROS production is too low to cause a significant oxidative stress for the bacteria, or redundant
killing mechanisms compensate for the loss of ROS production. To check if ROS production is sufficient to
induce DNA damage, the mutation rate was measured in a D. discoideum lacking the Xpfnuclease, a component
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of the DNA damage repair machinery. When grown in the presence of bacteria (Pontel et al., 2016), The mutant
strain accumulated more mutations than in bacteria-free medium, suggesting that ROS production in the
presence of bacteria is potent enough to damage even the amoeba’s own DNA. The lack of a killing defect in
noxA KO cells is thus more likely to be a consequence of redundant killing mechanisms. In agreement with the
idea that ROS production in D. discoideum is high. D. discoideum membranes have been shown to be highly

resistant to oxidative stress (Katoch and Begum, 2003), and the genome encode for numerous SODs and
catalases (Akaza and Yasukawa, 2002).
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Early during the maturation of the phagosomes both the V-ATPase and the NOX2 complex are delivered
to the phagosome containing the bacteria. The V-ATPase pumps protons in the phagosome lumen, while
the NOX2 complex generates ROS in the phagosome lumen. The phagosome becomes an acidic and
oxidative environment for the bacteria. After fusion with early endosomes, the phagosome fuses with
late endosomes delivering the first antimicrobial peptides and degradative enzymes often in their

proenzyme state to finish their maturation in the acidic phagosome. Additionally, transporters such as

NRAMPI, depleting the phagosome of traces ions, are delivered with late endosomes. Conversely, other

metal transporters such as ZnTs an ATP7A pump zinc and copper inside the phagosome lumen to poison

the bacteria. The phagosome acquires full intracellular killing efficiency when it fuses with lysosomes

Reaching its peak acidic pH, the bacteria now faces mature lysosomal enzymes, antimicrobial peptides
oxidative stress, nutritional immunity and metal poisoning
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Although in D. discoideum the role of ROS in intracellular killing of bacteria remains to be established, ROS
play a role in chemotaxis (Castillo et al., 2017), and during the multicellular development (Bloomfield and
Pears, 2003, Zhang et al., 2016). During the development cycle, a subpopulation called sentinel cells retains a
high phagocytic capacity compared to other cells in the slug. Interestingly, sentinel cells can produce DNA
extracellular traps (ETs), a feature initially observed in mammalian immune cells (Brinkmann et al., 2004, Boe
et al., 2015). The ETs consist of antimicrobial peptides, proteases, and signalling molecules bound to DNA
released from the nucleus or mitochondria. Not only does D. discoideum use a similar strategy to mammalian
phagocytes but it can also be triggered in a similar fashion: a strong LPS stimulation leads to ETs release in a
ROS dependent manner (Zhang et al., 2016). Indeed, a noxABC triple mutant in D. discoideum is unable to
produce ROS and does not produce ETs. Although NOX-independent ETs have been described in mammalian
immune cells as well as other stimuli that trigger ETs release (Arai et al., 2014, Douda et al., 2015), it remains
fascinating that D. discoideum cells share this mechanism with human phagocytes (Zhang and Soldati, 2016).

3. Lysosomal enzymes

Further along the maturation pathway, phagosomes fuses with lysosomes. Lysosomes act as the digestive
system of the cell, although they are also essential in the regulation of numerous other functions such as cells
growth, division or differentiation (Lawrence and Zoncu, 2019). Over 50 monogenic human genetic diseases
ranging from mild to severe symptoms are associated with lysosomal dysfunctions (Liibke et al., 2009) (Fig.10).

The digestion of the phagocytosed content is performed by an array of enzymes, present in the lysosome lumen,
capable of breaking down virtually all types of biological polymers—proteins, nucleic acids, carbohydrates,
and lipids (Luzio et al., 2014). Almost all the lysosomal enzymes are acid hydrolase with optimal functional pH
around 4.6 (Xu an Ren, 2015) highlighting the importance of acidifying the phagosome. In human cells, transfer
of lysosomal enzymes to the lysosomes is carried out by two pathways, a Mannose 6-phosphate-dependent and
a Mannose 6-phosphate-independent pathway (Luzio et al., 2014, Blantz et al., 2015). Most luminal lysosomal
enzymes are routed to the lysosome by the Mannose 6-phosphate-dependent pathway: after insertion in the
lumen of the endoplasmic reticulum, signal sequence cleavage, and core glycosylation, they traffic to the Golgi
complex where they are modified with M6P residues. When they reach the trans-Golgi network (TGN), they
are recruited by one of two Mannose 6-phosphate receptors and trafficked to endosomes. The acidic pH of the
endosome lumen dissociates the enzymes from their receptors allowing the receptors to recycle to the TGN via
the retromer machinery. The acid hydrolases then move on to endolysosomes and lysosomes and can be further
modified, leading to enzyme activation. On the other hand, Mannose 6-phosphate-independent delivery to
lysosomes is more poorly understood (Lawrence and Zoncu, 2019). One of the best described modalities
implicates the scavenger receptor LIMP-2, acting as a trafficking receptor for the B-glucocerebrosidase (Blantz
etal., 2015).

In most intracellular pathogens described previously, an important defense is to prevent the fusion between
lysosomes and phagosomes. A second line of defense is the production of specific lysosomal enzymes
inhibitors. For example, S. aureus can secrete three related protease inhibitors, Eap EapH1 and EapH2, which
specifically target the neutrophil serine proteases (Stapels et al., 2014). They are very potent inhibitors; the
enzymatic activity of neutrophil serine proteases is 20 times higher when the neutrophils are mixed with a
supernatant of AeapAH1AH2 S. aureus compared to cells exposed to a supernatant of WT S. aureus. The
AeapAH1AH2 mutant S. aureus is also less pathogenic when injected in mice (Stapels et al., 2014). Blocking
lysosomal enzymes is a very effective way for pathogens to extend their survival in the degradative phagosome
environment.
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D. discoideum harbours two main classes of lysosomal enzymes. The first class includes enzymes bearing
modified N-linked oligosaccharide chains with mannose-6-phosphomethyldiester and/or mannose-6-sulfate
(Freeze et al., 1990) (Fig.11). The second class of enzymes exhibit an N-acetylglucosamine-1-phosphate
(GIcNAc-1-P) (Souza et al., 1997). The first class contains enzymes such as a-mannosidase, B-glucosidase, and
cathepsins and in the second class cysteine proteases. These two families are present in different vesicles, and
delivered to phagosomes in a sequential manner, with first a wave of GIcNAc-1-P modified lysosomal enzymes
followed by enzymes bearing the mannose-6-sulfate modification (Gotthardt et al., 2002).

Lysosomal enzymes such as cathepsin D could potentially play a role in intracellular killing, but very little is
known about their cellular function. A cathepsin D KO D. discoideum grew as efficiently as WT cells in the
presence of K. pneumoniae bacteria, suggesting that it does not play a critical role in intracellular killing (Journet
et al., 1999). On the other hand, some mutants affect transport or activity of several enzymes : WASH, LvsB,
AP3, Phgl A/Kill. Many of these mutant cells feed poorly upon bacteria, suggesting that they may be defective
in intracellular killing (King et al., 2013, Kypri et al., 2014, Charette and Cosson, 2008, Le Coadic et al., 2013).
This observation suggests that D. discoideum is capable of using degradative enzymes to kill ingested bacteria.
Among the abovementioned mutants, WASH and PhglA/Kill directly affect IC killing as measured by
improved survival of ingested bacteria (King et al., 2013, Le Coadic et al., 2013). Correct recycling and/or
correct targeting of lysosomal enzymes are necessary for efficient intracellular killing of bacteria.

4. Lysozyme

The lysozyme remains a specific case of lysosomal enzyme since only one third is stored in lysosome while the
rest is secreted. The lysozyme is delivered to the lysosome in a M6P-independent pathway and the optimal pH
for the muramidase activity extends from 5 to 7 (Lemansky and Hasilik, 2000). The first observation of the
lysozyme microbicidal activity by Alexander Fleming dates back to 1922. Nasal secretion of a patient suffering
from acute coryza were shown to inhibit growth of a large spectrum of microorganisms (Fleming, 1922). The
microbicidal activity is carried out by a single enzyme coined lysozyme. More specifically the lysozyme has a
muramidase activity, it hydrolyzes the B-1,4 glycosidic bond between N-acetylglucosamine (NAG) and N-
acetylmuramic acid (NAM). This disaccharide is a major component of the bacterial cell wall. Lysozyme
defective for the muramidase activity still retain a microbicidal pore-forming role suggesting that it may
participates in bacterial killing both by digesting the bacterial cell wall and by permeabilizing its membrane(s)
(Diiring et al., 1999, Nash et al., 2006).

To survive in the phagosome when exposed to the lysozyme activity, a bacterium should evolve an anti-
lysozyme strategy. One efficient strategy is to modify the bacterial cell wall to prevent recognition by the
lysozyme: for example, S. aureus acetylates its surface peptidoglycans. The modification is catalyzed by the
acetyl-transferase OatA. In an OatA-defective mutant S. aureus acetylation of peptidoglycans is no longer
detectable by HPLC (Bera et al., 2006). This strain is highly sensitive to lysozyme. Conversely, in a lysozyme-
sensitive Staphylococcus strain, expression of OatA was sufficient to restore growth in presence of Lysozyme
(Bera et al., 2006). Modification of the peptidoglycan by OatA is thus an efficient strategy to counter the
lysozyme activity.

The D. discoideum genome encodes 22 putative lysozymes (Lamrabet et al., 2020) of which only AlyA has
been characterized (Miiller et al., 2005). AlyA account for 50% of D. discoideum lysozyme activity, but there
is no direct evidence of a role in killing. Maybe this result is due to the fact that alyA KO cells progressively
compensate the loss in lysozyme activity (Miiller et al., 2005). For the other members of the ALY family: AlyB,
C, D, and L only RNAseq data has been published (Nasser et al., 2013). The data shows that the expression of
AlyA, B, C, and D are upregulated when D. discoideum cells are exposed to Gram+ bacteria whereas only AlyL
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was upregulated in the presence of Gram- bacteria (Nasser et al., 2013). Differential expression of ALY in the
presence of Gram+ or Gram- bacteria suggests non redundant functions of the set of lysozymes. This result
favors the hypothesis that D. discoideum cells are capable of discriminating bacterial types and adapt
accordingly their digestion and/or intracellular killing mechanisms.

5. Antimicrobial peptides

In mammalian phagocytes, antimicrobial peptides (AMPs) are found in granules of neutrophils and secreted by
epithelial cells (Mahlapuu et al., 2016). AMPs mostly share three features: a short aa sequence (10-50aa), a
global positive charge (+2 to +11) and on average 50% of hydrophobic residues. Most of the AMPs described
target the integrity of the membrane, and a subset target metabolic pathways or DNA stability/synthesis
(Nguyen et al., 2011). They also activate elements of the human acquired immune system, notably T cells and
dendritic cells (Yang et al., 1999; Kosikowska and Lesner, 2016). Bacterial membranes are negatively charged
allowing AMPs to bind (Mahlapuu et al., 2016). When bound to a membrane, AMPs form a pore and
permeabilize the membrane. Some AMPs exhibit in addition target other key cellular processes including
protein synthesis, protein folding, DNA/RNA and enzymatic activity, and cell wall synthesis (Joo et al., 2016).

To resist AMPs, bacteria have evolved resistance mechanisms including sequestration in biofilm, proteolytic
degradation, repulsion by cell surface/membrane alteration, and export by efflux pumps (Joo et al.,2016). Once
again, the case of S. aureus is interesting to decipher resistance mechanisms to AMPs, because lysogenic strains
have evolved both (1) a mechanism sequestering a-defensins, and (2) a change of surface charge which limits
the effectiveness of AMPs. (1) Lysogenic strains of S. aureus produce staphylokinase (SAK) a protein that binds
a-defensins, one of the prominent family of AMPs in the neutrophil granules, decreasing its microbicidal effect
(Ganz et al., 1985, Jin et al., 2004, Joo et al., 2016). Conversely, S.aureus strains like LS-1 that do not express
SAK are very sensitive to a-defensins, a phenotype that can be compensated by the expression of sak in LS-1
strains. (2) AMPs are cationic and bind predominantly negatively charged membrane lipids (Peschel et al.,
2001). Lipid analysis of S. aureus shows a high concentration of an unusual Lysyl-phosphatidylglycerol (L-PG)
lipid which results from esterification of phosphatidylglycerol (PG) with L-lysine, a positively charged aa
(Peschel et al., 2001). The PG to L-PG esterification is catalyzed by MprF, as demonstrated by the observation
that a mutant with an inactivated mprF lacks L-PG. An mprF mutant strain exhibits an increased binding to
AMP and a faster kinetic of IC killing by neutrophils (Peschel et al., 2001). Repelling AMPs by positively
charging bacterial surface components participates actively in the increased survival of S. aureus inside the
phagosome.

Only few antimicrobial peptides have been characterized in D. discoideum, the last to date is a member of the
saposin-like proteins (SAPLIP) called AplD (Dhakshinamoorthy et al., 2018). SAPLIPs interact with
membranes and have a pore-forming role, in multiple organism, notably in amoeba (Leippe, 2014). AplD is a
member of the amoebapore-like peptides (Apl) family. AplD is not necessary for intracellular killing in
vegetative cells, but when undergoing multicellular development ap/D KO cells forms a slug devoid of
protection against K. pneumoniae (Dhakshinamoorthy et al., 2018). ap/D expression increases during the
development cycle. The Dictyostelium discoideum genomes encodes 17 Apl genes, and it is likely that other
Apls play a role in IC killing and/or protection of the slug.

6. Nutritional immunity
In 1975, Weinberg coined the term nutritional immunity to describe how plants and animals try to fight off

pathogens by limiting access to iron for the pathogens (Weinberg, 1975). Today it refers to the inhibition of
microbial growth in the host through the concerted action of effectors that sequester essential nutrients from
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invading bacteria notably iron, zinc and manganese (Juttukonda and Skaar, 2017). Although zinc starvation is
observed at the organism level to fight off infection, zinc is toxic in excess (Niederweis et al., 2015, Hennigar
and McClung, 2016). Immune cells use it to increase the concentration of zinc and other metals such as copper
in the phagosome, in a process referred as metal poisoning (Dunn et al., 2018) (Fig.10).

Regarding nutritional immunity, the Natural Resistance-Associated Macrophage Protein (NRAMP) family of
divalent-metal transmembrane transporters regulates metal-ion homeostasis and transports a broad range of
transition metals (Wessling-Resnick, 2015). In human cells, two NRAMP members have been identified:
NRAMP1 and NRAMP2 which are transmembrane proteins with >70% sequences similarities (Wessling-
Resnick, 2015). Both protein are not interchangeable cation transporters, NRAMPI is located in the membrane
of late endocytic compartment, lysosomes, and maturing phagosomes in professional phagocyte and
preferentially transports Mn**, Fe**, and Co®", NRAMP?2 is located at the plasma membrane of virtually all cells
and is a less restrictive transporter of Mn?', Fe?*, and Co?" as well as Zn**, Cd**, Cu**, Ni?*, and Pb*" (Wessling-
Resnick, 2015). NRAMPI contributes to the resistance to intracellular bacterial infection: mice with reduced
NRAMP1 activity are more susceptible to infection by several intracellular pathogens such as Mycobacterium
species, Leishmania donovani, and Salmonella species (Vidal et al., 1995). Both NRAMPs activity depend on
a H* gradient to drive metal transport, in the case of NRAMP1 the gradient is generated by the V-ATPase
(Garrick et al., 2006, Jabado et al., 2000). NRAMP?2 acts as a proton symporter, but it remains to be determined
if NRAMP1 is a cotransporter or an exchanger (Wessling-Resnick, 2015). Arguments favoring the latter
correlates well with both sequence similarities between NRAMPs and the current hypothesis of nutritional
immunity in which pathogen access to metals is restricted (Niederweis et al., 2015).

Iron is the divalent metal of choice for catalysis of a range of redox-based life-supporting reactions, and
availability to the microorganism once phagocytosed is vital (Nufiez et al., 2018). One strategy to counter iron
depletion in the phagosome is to secrete siderophores meaning "iron carrier”" in Greek. In hypervirulent K.
pneumoniae, aerobactin is the main secreted iron siderophore (Russo et al., 2014). A knockdown of iucA, a gene
involved in the synthesis of aerobactin causes 92% reduction in siderophore activity. In vivo data in the same
study showed that mice infected with WT K. pneumoniae have a 10% chance of survival 15 days post infection,
whereas mice infected with an iuc4 KO K. pneumoniae strain have an 80% chance of survival (Russo et al.,
2004). Iron capture by siderophores to counter nutritional immunity is of paramount importance for the
pathogen and has been demonstrated in numerous pathogens (Nufiez et al., 2018)

The D. discoideum genome encodes two NRAMP proteins called NRAMP1 and NRAMPB (formerly
NRAMP2). NRAMP1 is orthologous to NRAMP1 in mammals, whereas NRAMPB is more closely related to
the prototypical NRAMP from bacteria (Buracco et al., 2015). Both transporters are in different subcellular
compartments: NRAMP1 localizes to macropinosomes, phagosomes, and to the Golgi region, NRAMPB is
exclusively found in the membrane of the contractile vacuole (CV). The two transporters function differently:
NRAMPI transports Fe** and Mn?* in a proton-dependent manner, whereas NRAMPB transports only Fe?" in
a proton-independent manner (Buracco et al., 2015). More specifically, NRAMP1 acts as a symporter using the
V-ATPase-generated proton gradient to transport iron out of the phagosome. Although the V-ATPase complex
localizes also at the membrane of the CV, it is inactive. Nonetheless, NRAMP2 is able transport Fe?* inside the
lumen of the CV (Peracino et al., 2015). During the maturation of phagosomes, iron is progressively exported
out of the phagosomes. This efflux is abolished in nramp1 KO cells (Buracco et al., 2015). This result indicates
that NRAMPI is the main transporter ensuring efflux of iron out of the phagosome (Buracco et al., 2015)
(Fig.11). The exact role of iron efflux in the maturation of the phagosome is not clear but failure to restrict iron
access to intracellular pathogen leads to increase replication of the pathogen (Peracino et al., 2005): infection
of a nrampl KO strain and a nrampl-overexpressing strain by L. prneumophila gave diametrically opposed
results. The KO strain contained almost 100 times more viable bacteria than the overexpressing strain (Peracino
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et al., 2005). The nramp1 KO strain is thus more permissive for intracellular growth of L. pneumophila but also
facilitates Mycobacterium species escape from the phagosome (Simeone et al., 2015). Both phenotypes could
be linked by the ability of L. pneumophila and Mycobacterium species to inhibit the recruitment of the V-
ATPase to the phagosome, which prevent NRAMP1 proton-driven iron transport activity. By doing so the
pathogens ensure that iron ions in the phagosomes are not depleted. Thus, nutritional immunity is also a means
for D. discoideum to limit replication of pathogens in the phagosomes, notably by restricting access to iron.

7. Metal poisoning

After iron, zinc is the second most abundant trace element essential for all living organisms. It exists as a divalent
cation (Zn2+) which is not redox active under physiological conditions. (Kambe et al., 2015). Among its
numerous roles, zinc is essential for macrophage antimicrobial functions (Vignesh and Deepe, 2016). The
macrophage selectively intoxicates or deprives ingested microorganisms, by importing zinc in the phagosome
or exporting it out (Vignesh and Deepe, 2016). Both processes are respectively dependent on Zrt-, Irt-related
proteins (Zips) that transfer extracellular and intra-organelle Zn into the cytosol, and zinc transporters (ZnTs)
that export cytosolic Zn from the cytosol into the extracellular space and into organelles. Both processes occur
in conjunctions with Zn binding proteins such as calprotectin and metallothioneins (Vignesh and Deepe, 2016).

Some pathogens have evolved strategies to counter Zn poisoning. For example, during M. tuberculosis
infection, zinc poisoning is suspected to happen via its release from metallothioneins during the oxidative burst
(Botella et al., 2011). To counter this release M. tuberculosis uses a battery of heavy metal efflux P-type
ATPases (CtpC, CtpG, and CtpV) (Botella et al., 2011). CtpC mutants exhibit impaired intracellular growth,
demonstrating the necessity to resist zinc poisoning (Botella et al., 2011).

In D. discoideum , eleven putative zinc transporters have been previously identified and categorized into
different subgroups by functional analogy to mammalian zinc transporters (Sunaga et al., 2008). The
classification in 3 Zips, 4 “LZT-like superfamily” and 4 “Cation efflux subfamily” was challenged in 2018
(Dunn et al., 2018). The updated classification is 7 Zips and 4 ZnT (Dunn et al., 2018). Functional analysis
remains to be carried out to confirm if D. discoideum cells use Zn poisoning or deprivation to hamper pathogen
replication or increase bacterial killing.

Another ion implicated in metal poisoning strategies of macrophages is copper (Hodgkinson and Petris, 2012).
Unlike zinc, copper is redox active and cycles between the two oxidative states Cu™ and Cu?>". This redox
property enables copper to catalyze the production of hydroxyl radicals via the Fenton and Haber Weiss
reaction, therefore generating ROS. Alternatively, copper can also bind protein, especially via binding to
cysteine, and disrupt their structure. This structural damage is particularly disruptive for iron-sulfur cluster
proteins (Hodgkinson and Petris, 2012). To prevent self-damage to the organism, proteins involved in copper
uptake, sequestration, and trafficking tightly regulate copper homeostasis in cells. Copper uptake into the
cytosol is mediated by the copper permease CTR1. Intracellular copper is taken over by chaperones such as
ATOXI1, CCS, and COX17. Copper is imported into the TGN by the action of two P-type ATPases: ATP7A
and ATP7B. ATP7A is localized at the TGN, at the plasma membrane where it mediates copper efflux from the
cytosol to the extracellular space, and at the phagosomal membrane, where it imports copper from the cytosol
into the phagosomal lumen; ATP7B is localized a the TGN and only translocates to the membrane and endo-
lysosome under copper overload (Besold et al., 2016, Parisi et al., 2018).
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Fig.11 Intracellular killing in Dictyostelium discoideum

Like macrophage, intracellular killing in Dictyostelium discoideum follows at first a similar modus operandi: both the
V-ATPase and the NOX2 complex are quickly delivered to the phagosome containing the bacteria. Transporters such

as NRAMPI, depleting the phagosome of traces ions, are also quickly delivered to the phagosomes. Lysosomal
enzymes delivery starts next within 3-5 min following phagocytosis via fusion with the lysosomes. Lysosomal enzymes

are delivered in two waves, the first wave is detectable by the presence of GlcNAc-1-P labelled lysosomal enzymes,
the second wave by Man-6-S labelled lysosomal enzymes. Once done the phagolysosome in D. discoideum reached its
peak acidic pH, with mature lysosomal enzymes, active antimicrobial peptides, oxidative stress, and nutritional
immunity. Metal poisoning is mentioned as a potential mechanism as D. discoideum possesses zinc and copper

transporters. Later the V-ATPase will be removed from the phagolysosome and the remaining content exocytosed 40-
60 min later.
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Bacteria have evolved three strategies to overcome high copper concentrations: Sequestration, oxidation and
export. S. typhimurium and M. tuberculosis can sequester copper in their periplasm by respectively producing
CueP and MymT, two proteins capable of binding several copper atoms (Gold et al., 2008, Osman et al., 2010).
Both bacteria encode also copper oxidizing proteins in their periplasm, respectively CueO and MmcO (Achard
et al., 2010, Rowland and Niederweis, 2013). In addition, M. tuberculosis encodes MctB a copper export
channel (Wolschendorf et al., 2011). As expected, mutant strains having lost one of these genes have lower
pathogenicity that WT strains. This example demonstrates again the vast array of defense mechanisms
developed by M. tuberculosis to resist intracellular killing.

The D. discoideum genome encodes only one CTR-type copper permease (p80), and three putative copper-
translocating P-type ATPases atp1, atp2 and atp3 (Burlando et al., 2002). p80 localized at the plasma membrane
and at the membrane of endosomes. p80 presence in the phagosome membrane increases during its maturation.
Incubation of D. discoideum cells with bacteria leads to an increased expression of p80, but not upon incubation
with only copper salts, suggesting copper transports may play a role in IC killing of bacteria (Hao et al., 2016).
Additionally, Incubation of D. discoideum cells with bacteria leads to an increased expression of ATP2 and
ATP3. ATP2 is orthologous to ATP7A, which pumps copper inside the phagosome lumen in mammalian cells,
suggesting that copper trafficking is upregulated during phagocytosis and intracellular killing of bacteria in D.
discoideum (Burlando et al., 2002). In summary, although the molecular mechanisms are not entirely elucidated,
D. discoideum express the genes capable of performing copper poisoning and that expression of these genes is
upregulated upon the presence of bacteria.

8. Xenophagy

Xenophagy refers to a specific degradation by autophagy of pathogens in the cytosol (Escoll et al., 2016).
Autophagy is an intracellular process described as the degradation of a cargo in the cytosol, by forming around
it an intracellular double-membrane vesicle (autophagosomes) derived from the ER, eventually fusing with
lysosomes. Ultimately this process leads to degradation of the cargo and the inner membrane (Dikic and Elazar,
2018). During Xenophagy, recruitment of the ULK1 complex, Beclinl, and ATG16L1, initiates membrane
nucleation of the phagophore that engulfs the intracellular bacteria, then ATG5-ATGI12 associates with
ATGI6L1 and ATG5-ATG12-ATG16L1 binds LC3. Specific ubiquitin-binding adaptor such as p62 and
NDP52 (Cemma et al., 2011) also bind LC3. Coordinated action of ATGs, LC3 and ubiquitin-binding adaptors
allow the elongation and closure of nascent autophagosomes. This process requires membranes from the ER,
the Golgi apparatus, the ER-mitochondria contact sites, or the plasma membrane to complete the
autophagosome. Finally, the attachment of syntaxin 17 to the autophagosomal membrane enables the fusion
with lysosomes and represents the final maturation step of autophagosomes into autolysosomes (Dikic and
Elazar, 2018) (Fig.12).

Pathogens, which have evolved mechanisms to escape degradation within phagosomes, encounter xenophagy
once they escape to the cytosol (Escoll et al., 2016). M. tuberculosis and S. typhimurium inhibit autophagy
initiation signaling upstream of autophagosome formation (Shin et al., 2010, Tattoli et al., 2012). Some
pathogens evade xenophagy later , such as Shigella flexneri which produces IcsB, a type III secretion effector,
binding to the autophagy protein, ATGS (Kayath et al., 2010). Binding ATGS prevent the elongation of the
nascent autophagosome around Shigella flexneri. Interestingly some pathogens promote autophagy: Yersinia
pseudotuberculosis replicates intracellularly by subverting an autophagosome and prevents V-ATPase
acidification. The resulting compartment is known as the Yersinia-containing vacuole (YCVs) (Moreau et al.,
2010). Similarly, Legionella pneumophila promotes autophagy to increase the pool of nutriments available
while simultaneously delaying autophagosome maturation to gain enough time to replicate and avoid fusion of
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the autophagosomes with lysosomes (Escoll et al., 2016). Subverting and/or resisting xenophagy is an efficient
intracellular pathogen strategy for survival.

In D. discoideum, bacterial escape from the phagosome has been documented and triggers xenophagy (Mesquita
et al., 2017). Many of the proteins involved in the process of autophagosome formation are conserved between
mammalian cells and D. discoideum (Calvo-Garrido et al., 2010): The inductive stage depends on the UKL/Atgl
kinase complex and the class III PI3K complex, ATG12-ATGS interacts with ATG16 and localizes to the
phagophore membrane. Recruitment of ATGS8 (LC3) is necessary for the elongation of the phagophore. Finally,
ATG?Y recruitment is necessary for lysosome fusion which represents the final maturation step of
autophagosomes (Calvo-Garrido et al., 2010, Mesquita et al., 2017). In D. discoideum, the only selective
autophagy receptor identified so far is p62/SQSTM1, which has been shown to recognize the intracellular
pathogens F. noatunensis and M. marinum (Lampe et al., 2016, Gerstenmaier et al., 2015). However, both
pathogens once freed from the phagosome behave differently. The majority of F. noatunensis replicates in the
cytosol, but a small proportion of bacteria eventually succumb to autophagy, while M. marinum both avoids
xenophagic killing and is ejected through the D. discoideum plasma membrane in an autophagy-dependent
manner (Gerstenmaier et al., 2015). On the other hand, pathogens that escape the phagosome but cannot escape
or block xenophagy in D. discoideum are digested in the autolysosomes, such as S. enterica and S. aureus (Jia
et al., 2009, Pflaum et al., 2012) (Fig.12).

A few years ago, D. discoideum was proposed as a model system to study the interaction of phagocytes with
yeasts (Koller et al., 2016). Axenic strains of D. discoideum can engulf yeasts. While testing IC killing of yeasts
strains, mutant amoebae lacking autophagy proteins (ATGS, ATG6, ATG7, or ATG8) exhibited a killing defect
(Koller et al., 2016). atgl mutants, unlike the other mutants cannot produce autophagosomes, did not exhibit a
killing defect. S. cerevisiae, Candida albicans, and Candida survival once phagocytosed by atg/ mutant D.
discoideum cells is lower than in WT of other autophagy proteins. Once potential explanation is that yeast use
a non-lytic autophagy-dependent mechanism to exit the amoeba, like M. marinum (Pflaum et al., 2012).

o)
OOO i PI3K complex OOO
@) %
Damaged phagosome \4 Oo
Cb Phagophore @)
P62/ STM1 Q
O
Phagosome o0©
©)
é)oooo /'OO
o) ’8 Ooo O
% S ATGS5-12- 16L1/
Q O ®) ULK1/
8%000 = Slele complex
@ Ubiquitin

Autolysosome

Fig.12 Xenophagy in mammalian and D. discoideum

Xenophagy refers to a specific degradation by autophagy of pathogens in the cytosol. Recruitment of ULK1 complex,
and the PI3K complex initiate membrane nucleation of the phagophore that will engulf the intracellular bacteria.
ATGS5-ATGI12 then associates with ATG16L1 and binds LC3. Specific ubiquitin-binding adaptor such as p62 and
NDP52 binds LC3 too. Coordinated action of ATGs, LC3 and ubiquitin-binding adaptor allow elongation and closure
of nascent autophagosomes. Finally, the attachment of syntaxin 17 to the autophagosome membrane enables the fusion
with lysosomes and represents the final maturation step of autophagosomes into autolysosomes. In D.discoideum the
mechanism is very similar. Homologs to mammalian effectors are in green for D. discoideum.
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9. Unexplored mechanisms of IC pathogen recognition and killing in D. discoideum

Macrophages and other professional phagocytes in humans possess three categories of intracellular PRRs :
nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs), retinoic acid inducible gene-I
(RIG-I)-like receptors (RLRs), and absent-in-melanoma (AIM)-like receptors (ALRs).

The NLRs recognize various ligands from microbial pathogens (peptidoglycan, flagellin, viral RNA, fungal
hyphae, etc.), host cells factors and environmental sources. Typically, they contain a NACHT domain, a N-
terminal effector domain, and C-terminal leucine-rich repeats (LRRs). They are important player for autophagy,
inflammation and response to cytokine (Kim et al., 2016). Unfortunately, direct evidence for NLRs binding
bacterial cues or pathogen-containing vacuoles in D. discoideum is lacking.

RLRs are major components of antiviral and pathogen innate immune response as they detect RNA/DNA in the
cytosol and results in the production of type I interferons (IFNs). For example, L. pneumophila secretes the
Icm/Dot substrate SdhA to suppress type I IFN (IFN-o/B) production by interfering with the RIG-I/MDAS5
pathway (Monroe et al., 2009). There again in D. discoideum RLRs have not been characterized.

ALRs are also DNA binding receptors thanks to their PYHIN domain (Ratsimandresy et al., 2013). Mice lacking
AIM2, a canonical ALR, are unable to triggers production of the proinflammatory cytokines and suffer higher
mortality during infections (Fernandes-Alnemri et al., 2010). Currently, no ALRs have been characterized in D.
discoideum.

Macrophages also relies on immunity-related GTPases (IRGs) and guanylate-binding proteins (GBPs) to
prevent the pathogens to survive in the cytosol (Fig.13). IRGs and GBPs cooperate to target NADPH oxidase,
ATG proteins, and inflammasome complex to pathogen-containing vacuoles (Haldar et al., 2013). IRGs are
split in two categories: the cytosolic GKS proteins on one side and the membrane-bound IRGM proteins on the
other side. IRGM presence on membranes blocks GKS-GBPs oligomer binding. Therefore, GKS-GBPs
oligomer only binds IRGM free vacuoles such as autophagosomes and pathogen-containing vacuoles (Haldar
et al., 2013). GBS are I[FN-induced GTPases, and 7 are expressed in human cells (Meunier and Broz, 2015,
Tretina et al., 2019). GBPs have been shown to operate against at least 10 bacterial species. They trigger
canonical or non-canonical inflammasome responses to control cytokine secretion and pyroptosis (Kim et al.,
2016). For example, GBP1 and GBP7 assemble respectively p62/SQSTM1 and NADPH oxidase subunits for
autophagic and oxidative immunity to intracellular bacteria (Kim et al., 2011). As of yet, IRGs and GBPs have
not been studied on D. discoideum, but a homolog to GBP3 exists, and may perform immunity-related functions.

Macrophages possess also seven Tumor necrosis factor (TNF) receptor—associated factor (TRAF) proteins,
(Park, 2018) (Fig.13). They are signaling molecules that can transduce signals from tumor necrosis factor
receptor (TNF-R), TLRs, NLRs, RLRs, and even from cytokine receptor family, placing TRAFss at the heart
of immunity-based signaling. They harbor usually two domains: (i) a RING domain at the N terminus,
constituting the core of the ubiquitin ligase catalytic domain, (ii) a protein—protein interaction domain known
as the TRAF domain which can serve as a scaffold to mediate interactions of various membrane receptors with
diverse downstream effector molecules. In macrophages, TRAF6 notably is responsible for the decoration of
pathogens and pathogen-containing vacuoles with polyubiquitin chains, which recruits GBP and p62, thus
promoting autophagy (Tretina et al., 2019). In D. discoideum, 16 predicted TRAF proteins display both
conserved domains, but none have been functionally characterized (Dunn et al., 2018).

Macrophages also exhibit Tripartite motif-containing proteins (TRIMs) which are involved in many biological
processes including innate immunity, viral infection, carcinogenesis and development (Jiang et al., 2017)
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(Fig.13). TRIMs contain a RING finger, one or two B-box motifs and a coiled-coil motif and are very numerous
, above 80 members are found in humans (Jiang et al., 2017). During autophagy several TRIM proteins function
as platforms for the assembly of autophagy regulators. They recognize ubiquitinated cargos via sequestosome-
1-like receptors (Hatakeyama, 2017). Although TRIMs are often ubiquitinases, they can also recognize bacteria
cargo intended for autolysosomes in an ubiquitin-independent manner, and mediate delivery via binding to LC3
(Kimura et al., 2016). A single homolog of TRIMs is identified in the D. discoideum genome. DATRIM is an
ortholog of human TRIM37. TRIM37 induces K63 polyubiquitination of TRAF2, which is an important
activator of NF-kB signaling, and TRIM37 was the second member of the TRIM family (after TRIMSa) to be
described as having anti-HIV-1 activity as its overexpression induced decreased viral replication and viral DNA
synthesis (Brigant et al., 2019). Unravelling the role of the unique TRIM in D. discoideum may be much simpler
that studying the 80 human TRIMs and may reveal the fundamental role of this family of proteins.

Last are the signal transducers and activators of transcription (STAT) proteins (Mogensen, 2019) (Fig.13). In
macrophages, 7 STATSs can transduce signals from the cytosol to the nucleus. STAT proteins consist of coiled
coil (CC) domain, a DNA binding domain (DBD), and an SH2 domain that binds Janus kinases or other STATSs.
When cytokines or growth factors bind their receptors on at the plasma membrane, receptor-associated JAK
kinases phosphorylate cytosolic STAT monomers. Phosphorylated STAT molecules form dimers that then
translocate into the nucleus to bind their DNA targets (Mogensen, 2019). STATSs deficiency has been implicated
in numerous susceptibilities to infection. For example, STAT1 deficiency increases mycobacterial infections
(Dupuis et al., 2001) and STAT3 deficiency increases susceptibility to S. aureus infection (Minegishi et al.,
2007). In D. discoideum, 4 STATs have been identified: DstA-D (Kawata and Takefumi, 2011). DstA has been
linked to cAMP sensing to trigger the development cycle. DstB function in growth is unclear but STATb mostly
distinguish itself from the other STATs due to be constitutively dimerized, nuclear localized, and active, DstC
responds to DIF-1 during development but also to hyperosmotic stress, heat shock, and oxidative stress. Finally,
the function of DstD remains to be elucidated (Zhukovskayaet al., 2004, Kawata and Takefumi, 2011).
Unfortunately, experimental data during microbial infection is lacking, therefore whether STATS proteins play
a role in responses to bacterial cues is unknown in D. discoideum.
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V. IC killing in D. discoideum: the case of K. pneumoniae

D. discoideum is an interesting model organism to study IC killing notably because it can be used for large scale
screens. These screens can be used to identify bacterial virulence factor or host IC-killing mechanisms. In the
first case, a screen can detect the presence or absence of a bacterial virulence factor by testing if bacterial strains
impair D. discoideum growth (March et al., 2013). This strategy has also been used to identify inhibitors of
virulence (Ouertatani-Sakouhi et al., 2017). In the second case, one can identify D. discoideum 1C-killing
mechanisms by identifying D. discoideum mutant strains that do not kill bacteria (Leiba et al., 2017).

A strain of K. pneumoniae has been extensively used as a food source for amoeba since 1937, but it was not
until 1972 and the work of Brenner that the bacteria was classified as a K. pneumoniae. This strain, KpGe, is
now sequenced (Lima et al., 2018). This strain is non-virulent and D. discoideum cells feed very efficiently on
KpGE. On the other hand, virulent strains of K. pneumoniae tend to inhibit growth of D. discoideum (March et
al., 2012). No colony of D. discoideum grows on a lawn of Kp52145, but D. discoideum grow very efficiently
of a capsule-defective mutant of Kp52145 (March et al., 2013). The versatility of the K. pneumoniae strain
pathogenicity and ease of use of D. discoideum as a host model have fueled large scale mutagenesis screen to
find IC killing related genes in D. discoideum.

1. K. pneumoniae is heavily equipped to resist IC killing

K. pneumoniae is a commensal enterobacteria found in the intestine but can be found ubiquitously in nature and
is generally regarded as an opportunistic pathogen (Bengoechea et al., 2018). Carl Friedlander in 1882 isolated
a bacterium from the lungs of patients who had died from pneumonia, and named it K. pneumoniae (Friedlander,
1882). Today, K. pneumoniae is a leading cause of fatal nosocomial infections and the number of hypervirulent
strains of K. pneumoniae reports is increasing. Pneumonia was the first disease characterized by K. pneumoniae
infection, but urinary tract infection, bloodstream infection, and sepsis are also commonly caused by K.
pneumoniae (Bengoechea et al., 2018). K. pneumoniae -triggered pneumonia are now under heavy scrutiny as
hypervirulent strains can lead to a mortality rate as high as 43% (Paganin et al., 2004). Even more worrying the
occurrence of multi-drug resistant hypervirulent K. pneumoniae strains is rising (Yao et al., 2017).

K. pneumoniae are Gram-negative, non-motile, encapsulated, lactose-fermenting, facultative anaerobic, rod-
shaped bacteria. K. pneumoniae colonizes the mucosal surfaces in humans, particularly the nasopharynx, the
gastrointestinal tract, and urinary tract (Martin et al., 2018). Adhesion is mediated by type 1 pili, filamentous
structures extending from the bacteria surface, and their ability to adhere to human mucosal or epithelial
surfaces. Once K. pneumoniae adheres, it starts producing a biofilm, a gel-like structure embedding the bacteria,
which provides protection against secreted AMPs and phagocytosis (Bellich et al., 2018). Phagocytosis by
macrophages of K. pneumoniae encased in a biofilm is 2-times lower than in the absence of the biofilm (Rathore
et al., 2019) and K. pneumoniae hypervirulent strains produced even higher amount of biofilm (Rathore et al.,
2019). Another virulence trait of K. pneumoniae is the production a polysaccharide capsule, regarded as one of
the most important virulence factors. Incubation of capsule-defective mutant K. pneumoniae strains with
macrophages results in a 35-fold increase in phagocytosis compared to WT K. pneumoniae (Cortés et al., 2002).
Nested in a capsule and in a biofilm, K. preumoniae easily invades the host tissues and avoid phagocytosis by
innate immune cells. It can cause severe sepsis, often fatal in case of multidrug resistant strains.

In macrophages or neutrophils, K. pneumoniae subverts several IC killing mechanisms. K. preumoniae can
withstand the phagosome pH of macrophages. K. pneumoniae growth is optimum at pH7 but only marginally
affected by pH 6 or 5. At pH 4 the growth is arrested, but the bacteria are still viable (Abbas et al., 2014). In
addition, K. pneumoniae uses a multitude of strategies to deflect AMPs: (i) An Outer membrane protein (OMP)-
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dependent mechanism confers resistance to a-defensins is 2-times higher than in the WT (Llobet et al., 2009).
(i) The Sap (sensitivity to antimicrobial peptides) transporter, confers resistance to cathelicidin (Hsu et al.,
2019), (iii) Efflux pumps such as AcrRAB, increase survival of K. pneumoniae mixed with human
bronchoalveolar lavage fluid (Padilla et al., 2010). Like many pathogens, K. pneumoniae is equipped with a
wide range of siderophores to chelate iron and resist nutritional immunity. There is a clear correlation between
the number of siderophores encoded in the K. pneumoniae genome and the strain virulence. Hypervirulent K.
pneumoniae strains can produce all the following siderophores: aerobactin (iucABCD, iutA), colibactin (c/bA-
R), salmochelin, yersiniabactin (ybt, irpl, irp2, fyud) (Holt et al., 2015). In summary, K. pneumoniae strains are
very well-equipped opportunistic pathogens. Not only do they evade phagocytosis, but they are also capable of
withstanding pH, AMPs and nutritional immunity.

2. Role of Phgl A/Kill

As mentioned previously, mutants of D. discoideum that are less efficient at killing K. pneumoniae can be
isolated from random libraries of mutants. In 2000, identification of a mutant defective for phagocytosis led to
the identification of Phgl A as a main actor in cell adhesion (Cornillon et al., 2000). Tested in 2005 for growth
on K. pneumoniae lawn, phg 1A mutant showed a severe growth defect (Benghezal et al., 2006). This defect was
not due to reduced phagocytosis of K. pneumoniae but to the fact that phagocytosed bacteria survived much
longer in phglA KO cells than in WT cells (Benghezal et al., 2006).

PhglA is a member of the TM9 family, defined by their 9 transmembrane domains and a high degree of
conservation. It is not expected to be directly involved in IC killing but regulates sorting of proteins in the
secretory pathway (Perrin et al., 2015). In D. discoideum, Phg1 A regulates the surface expression of the integrin-
like SibA, which is likely to account for its role in phagocytosis (Froquet et al., 2012). Phg1 A mutant cells were
transfected with a D. discoideum cDNA overexpression library and clones were selected for growth restoration
on a K. pneumoniae lawn. kill was identified during this suppressor screen. Overexpression of ki/l in a phgl
mutant did not increase phagocytosis, but the intracellular killing of K. pneumoniae rose back to WT levels
(Benghezal et al., 2006). The presence of Kill requires the presence of Phgl A (Benghezal et al., 2006). Kill is
the main sulphotransferase in D. discoideum. Lysosomal enzymes with mannose-6-sulphate-containing epitope
are undetectable by western blotting in ki/1 KO cells (Le Coadic et al., 2013). In summary PhglA is involved
in phagocytosis because it assists transport of SibA to the cell surface, while its role in IC killing is due to its
ability to stabilize the amount of Kill in the cell (Fig.14). The exact role of Kill in IC killing remains to be
elucidated : it presumably modifies the sugars of proteins essential for intracellular killing, and this modification
is essential either for their function or for their transport to phagosomes.

3. Role of Kil2

In 2010, kil2 mutant cells were identified as mutants growing poorly on a K. pneumoniae lawn but with no
defect in phagocytosis (Lelong et al., 2010). Kil2 exhibits a strong similarity to members of the P-type ATPase
superfamily. This family of transporters is involved in the active transport of a variety of cations across
membranes. Like in phgl A and kill KO cells, the IC killing defect is specific to Gram- bacteria (Lelong et al.,
2010). Like kil1 KO cells, the pH of the phagosomes is unaffected in ki/2 KO cells, and the lysosomal enzymes
are sorted normally (Lelong et al., 2010). The IC-killing defect of kil2 KO cells does not globally affect the
physiology of the cells and is specific to a class of bacteria. Unlike Kill, Kil2 is detectable in the membrane of
purified phagosomes and its concentration increases during the phagosome maturation. To test which ion it
could transport, inside or out of the phagosome, the authors exogenously added in the media CaCl,, NaCl, KCI,
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Fig.14 Phgl1A/Kill and Kil2 role in Kp intracellular killing

PhglA primary role in intracellular killing is to control the cellular amount of Kill. Kill is as sulfotransferase in the
Golgi apparatus. Most likely Kill sulfates lysosomal enzymes for proper delivery and function in lysosomes and
phagolysosomes. PhglA also affects cellular adhesion and phagocytosis due to its role in controlling surface expression
of SibA, an integrin-like protein. Lastly, Phgl A impacts also pH in phagosomes, although it remains unclear how. Kil2
is a cation pump enchased in the phagosome membrane. Kil2 is quickly delivered to the phagosome and its
concentration in the phagosome membrane increases along the maturation process. Kil2 function is to pump magnesium

ions inside the phagosome lumen. Controlling magnesium levels directly affects protease activity. Kil2 and Kill
activities are independent from each other.
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MnCl,, FeSOs, ZnCls, NiCl, or MgCls during IC killing assay with £il2 KO cells. Addition of MgCl, restored
specifically efficient killing in ki[2 KO cells. Mg*" is a known cofactor for proteases, and the authors measured
the proteolytic activity in the phagosomes. Beads covered with red proteolytic insensitive dye and green
proteolytic sensitive dye were fed to the kil2 mutant. The fluorescence reading showed a lower green
fluorescence intensity in kil2 mutant cell indicating a lower proteolytic activity in £i/2 mutants. Proteolytic
activity is restored in the presence or Mg?*. To the best of our knowledge Kil2 is thus a Mg?* pump responsible
to maintain efficient proteolysis. (Fig.14)

The Kill sulphotransferase and the Kil2 cationic pump are two main proteins characterized and involved in the
IC killing of K. pneumoniae. Three experiments classify them in distinct pathways: first overexpression of 4i/l
in a kil2 KO cells does not restore either growth on K. preumoniae lawn or 1C killing of K. pneumoniae. Second,
Proteolytic capacity in the phagosome is impaired only in kil2 KO cells. Third, ki1 is normally expressed in
kil2 KO cells.

OBJECTIVES OF MY THESIS

Intracellular killing within professional phagocytes is essential to protect the human body against foreign
microorganisms. Although numerous mechanisms have been described, it remains unclear which of these
mechanisms act predominantly and if we have discovered the whole spectrum of mechanisms. D. discoideum
has been instrumental in studying intracellular killing of bacteria and notably represents a powerful model to
discover new gene products involved in intracellular killing.

My first goal was to determine the kinetics of intracellular killing in D. discoideum to be able to compare
precisely mutant and WT cells. A live-imaging IC killing assay at the single cell level was essential to
discriminate uptake and motility defects from IC killing defect, and high resolution in time was needed to follow
single bacterium fate once phagocytosed.

My second aim was to identify new gene products involved in intracellular killing. A random mutagenesis
screen was performed by Jade Leiba and Ayman Sabra in 2014. Out of the screen two candidate genes vpsi3F
and /rrkA were selected for further characterization. The main objective of my thesis was to characterize vps13F
and /rrkA KOs, to unravel the role of these two gene products in IC killing and their relationship to i/l and
kil2.
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MATERIALS AND METHODS

1. Media, buffers and solutions

e Component g/L

e KH2PO4:9.985¢g
e NaHPOs:1415¢g
e H:0: Up to 500 ml

For SBS:
e Add 50 ml of 1M Sorbitol
solution

HL5 SM agar LB
e Component (g/L) e Component (g/L) e Component (g/L)
e Peptone: 5 o KH:POs:4.4 e Tryptone: 10
e  Yeast Extract: 5 e  Na:HPOs: 2.0 * Yeast Extract: 5
e Tryptone: 5 e MgSO4: 0.49 * NaCl:5
e KH:POs: 1.2 e Glucose: 7.5
e NaHPOs: 0.35 e Bactopeptone: 10
e Glucose: 10 e Yeast Extract: 1
Serensen buffer (SB) Phosphate Buffer Saline (PBS) 10x | TAE

e Component g/L

e NaCl: 80g

e KCl:2¢g

e NaHPOs4: 144 ¢g
(anhydrous)

e KH:POs:24¢

e  H>0O: 800 ml

e pH: 7.2 Adjust with HCI

e Component for 1 L

e Tris: 242 g in 500 ml of
H:20

e EDTA 0.5M pH 8.0:
100 ml

e Glacial Acetic Acid:
57.1 ml

e Adjust to 1 L with H20

NaPQO, buffer 0.1M pH6.1:
e Component
° 0.1 M NazHPO4
Ld 0.1 M NaH2PO4

Mix the two solutions: while
measuring the pH. The ratio is
about: 1 ml of sol.1 : 4 ml of
sol.2.

Filter sterile and keep this stock
solution at 4°C

Electroporation buffer 500ml:
e Component g/L
e Sucrose 50mM : 8.56 g
e NaPO4pH 6.1 10mM: 50
ml of 0.1 M stock solution
e H,O Adjust to 500ml.

Filter sterile and keep at 4°C

100 mM Folic acid (For 10 ml)
e Component

o (.44 g folic acid

e Add 10 N NaOH until
most of the solid folic
acid dissolved, then add
drop by drop of 1 N Na
OH until everything
dissolved. pH is around
7.8

Filter sterile store frozen and
protected from light

SWL + Proteinase K 50 ml
o KCI50mM: 2.5ml (IM
stock sol)
e Tris pH 8.3 10 mM: 500
ul (1M stock sol)
e MgCI?2.5 mM: 125 ul
(1M stock sol)
e NP40 0.45 %: 225 pnl
e Tween 20 0.45 %: 225 pul
e Adjust to 50 ml H2O
Keep at RT.
e 1 pl of proteinase K in 25
ul SWL buffer
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II. Antibodies

a) Primary antibodies

Antibody description target Publication/supplier
HI61 | p80 PMID: 11831389
221-35-2 | vatA PMID: 9704504
169-477-5 | talA PMID: 7698984
H72 | p25 PMID: 11831389
RBI | rhgA PMID: 11220631

b) Secondary antibodies

Antibody description Method - Dilution Supplier
anti-rabbit/mouse Ig 10 mg/ml 2-5 ug/ml
Alexa 488, 594, 647
III. Antibiotics
Antibiotic Stock concentration Working concentration
G418 10 mg/ml 2-5 ug/ml
Blasticidin S 10 mg/ml 3-5 pg/ml
Kanamycin 50 mg/ml 25-50 pg/ml
Ampicillin 100 mg/ml 100 pg/ml
Tetracycline 125 mg/ml 125 pg/ml
Spectinomycin 100 mg/ml 100 pg/ml
IV. D. discoideum cell lines
Antibody description Background Source
DHI WT Cosson Lab
kil2 KO DHI Lelong et al., 2010
kill KO DHI Benghezal et al., 2006
vps13F KO DHI Leiba et al., 2017
lrrkA KO DHI Bodinier et al., 2020
kil2-vps 13F KO DHI Leibaetal., 2017
kil2-lrrkA KO DHI Bodinier et al., 2020
kill-vps13F KO DHI Leiba et al., 2017
kill-lrrkA KO DHI Bodinier et al., 2020
kill-kil2 KO DHI Cosson Lab
fspA KO DHI Lima et al., 2013
farl KO AX2 Panetal., 2016
farl KO DHI Leiba etal., 2017
SibA DHI Cornillon et al., 2006
TalA KO DHI Cornillon et al., 2008
myoVII KO DHI Cornillon et al., 2008
vps13A4 DHI Leiba etal., 2017
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V. Bacterial strains

Antibody description  Antibiotic resistance Source
K. pneumoniae KpGE - (Lima et al., 2018)
K. pneumoniae LM21 - (Balestrino et al., 2008)
KpGE-GFP Amp (Bodinier et al., 2020)
E. coli B/r - (Gerisch, 1959)

P. aeruginosa PT531
B. subtilis 36.1
B. subtilis 36.1 (Ahag
amyE::Physpank -
mCherry)
M. luteus

VI. Plasmids

Plasmid description

- (Cosson et al., 2002)
- (Ratner & Newell, 1978)

Spec Professor D. Kearns (Indiana
University, USA)

- (Wilczynska & Fisher, 1994).

Resistance Source

pZA2 (IPTG inducible
ye-GFP)

pZA2 (+ constitutive
ye-GFP)

VIIL Primers

Primer description

Kan addgene 97760

Kan Modif: Bodinier et al., 2020

Sequence

BSR lost sense
BSR lost antisense
(G418 lost sense
G418 lost antisense
vps13A4 Loss 5-sense
vps13A4 Loss 5-antisense
vspl3A4 int Loss sense
vps134 int Loss antisense
vps13A4 Loss 3-sense
vps13A4 Loss 3-antisense
pSCba

pSCbb
vps13F Loss 5-sense

vps13F Loss 5-antisense
vspl3F int Loss sense
vps13F int Loss antisens
vps13F Loss 3-sense
vps13F Loss 3-antisense
BSRa
BSRb
IrrkA Loss 5-sense
IrrkA Loss 5-antisense

5-TTGAGTGGAATGAGTTCTTCAATCG-3
5-CATCATGTGGGAGCGGCAATTCG-3
5-TGGAGAGGCTATTCGGCTATGACT-3
5-GATGCTCTTCGTCCAGATCATCCT-3
5-TCAAACAGCTTCACCAGAATTAATA-3
5-CAAATTCAACCAATATCTTTAAGAAC-3
5-TGGATGGTTGATTAGATTTAGATTTG-3
5-TTGTTGTTGAGATGGAATAAATGATG-3
5-TGGAATGTAATGGTTGGTGATCTAAAT-3
5-GAACCAATGATACAAACATCAACCAT-3
5-AGAGACTTCCTGCCTCGTC-3

5-GCATTAGATGTAAAACAGCCAAAGAGT-3
5-TGAAAATGATTCACAATCAGGTGGT-3

5-CGCTTATCAAAGAATTGTGGTGTCC-3
5-TTCAACAACAACTTCATCATCGTCA-3
5-GGTGAATTTGGTGGTTGCAATCTAA-3
5-TTAGATTGCAACCACCAAATTCACC-3
5-TATCAGAGGGTGCATTTCCAAAGAA-3
S-TCAAAAAGATAAAGCTGACCCGAAAGC-3
5-TTCAAATAATAATTAACCAACCAAG-3
5-GATGCTTCATGAAGAAGCAGAG-3
5-GATTGGCTGATAGATCAAGATCACG-3
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IrrkA int Loss sense 5-CGTGATCCTTGATCTATCAGCCAATC-3
lrrkA int Loss antisens 5-ATTGGAAGTGCAGGGTTAACA-3
IrrkA Loss 3-sense 5-GAGGAACAGAAGTAGCAGTGAAAATCC-3
IrrkA Loss 3-antisense 5-TTGGTGACCCAGTTTGTTGTAGTTC-3
Constitutive promotor 5-
PZA2 5’ ACCGAATTCATTTTGACAGCTAGCTCAGTCCTAG

GTATAATGCTAGCATTAAAGAGGAGAAATACTAG
ATGTCTAAAGGTGAAGAATTATTCACTGG-3

Constitutive promotor 5-
pZA2 3’ ATTAAGCTTTCATTTGTACAATTCATCCATACCAT
GGG-3
VIIL. Cell culture

a) D. discoideum cell culture :

D. discoideum cells are cultivated at 22°C on Falcon Petri Dishes (BD Falcon) in HL5 supplemented with 125
pg/ml of Tetracycline.

b) D. discoideum Growth test on bacteria:

e Grow 100.10* cells/mL of D. discoideum cells culture

e Prepare overnight bacterial culture (colony in 3mL of LB 37°C)

e Prepare 24 wells plate containing SM agar medium: 2mL/well

e Put 50uL of bacteria /well

e Move circularly the plate to cover the entire medium with bacteria

e Dry the plate under the hood 2 or 3 hours

e Add 5uL containing Dictyo cells (10°000 — 1°000 — 100 — 10 cells/well)
(10°000 cells/ 5uL = 200.10* cells/mL)

e Dry the plate for a few minutes

e  Wrap the plate in aluminum paper

e Incubate at 21°C and follow the growth of Dictyo during several days.

c) D. discoideum stocks :
For freezing:
e Freezing medium: cold HL-5 medium + 10% DMSO.
e Centrifuge 10 ml of cell culture at a density of about 1 million per ml (1400 rpm, 5 min, 4 °C)
e aspirate all the supernatant, to remove all old medium.
e Resuspend cells gently in 1 ml cold freezing medium
o freeze slowly in a Nalgene cryobox (with isopropanol) in the -80 °C fridge.
e After one day, transfer the cryotubes to liquid nitrogen.

e Thaw rapidly in 37°C water bath

e Pourice cube in 10 ml HL-5 medium.
e Centrifuge 1400 rpm 5 min

e Resuspend gently in HL-5 medium
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d) Bacterial liquid culture :

Scrape one colony with a sterile tip
e Put the tip in a 14ml tube containing 3 ml LB (with appropriate antibiotic if necessary
e 37C° degree, shaking, 16 hours.

e) Bacterial stocks :
For freezing:

e Transfer 500 pl of an overnight culture into a cryogenic vial, add 500 pl of 40-50% glycerol
e Freeze in liquid nitrogen and place at -80°C.

For thawing:
e scrape a bit of frozen bacteria onto a LB agar plate with the appropriate antibiotics.

IX. Generation of knock-out D. discoideum cells
a) Primer design KO and screen
Based on the pKOSG-iba-dicty1 protocol (Wiegand et al., 2011).

Design of primers for KO plasmid:

e Design 2 pairs of primers (forward and reverse) to amplify the left and right “arm”  (flanking
region) of the gene of interest (GOI)

Sequence of primer (5°-3°):

Left Arm Primerl AGCGCGTCTCCAATG - unique RES - forward sequence left arm
Left Arm Primer2 AGCGCGTCTCCGTTG - reverse sequence left arm

Right Arm Primerl AGCGCGTCTCCCTTC - forward sequence right arm

Right Arm Primer2 AGCGCGTCTCCTCCC - unique RES - reverse sequence right arm

e The primers optimal melting temperature is about 50-55°C
o The pairs of primers should amplify a product of about 500-700 bp.
e The primers LA1 and RA2 should be preferably outside the GOI

Design of primers for screen:

e One forward flanking primer: this primer is outside the GOI, upstream, and is further awayfrom the
GOI compared to the LA1. This primer will be used together with the BsR_Reverse primer.

e One reverse flanking primer: same as for the forward, but downstream of the GOI. This primer is used
together with the BsR_Forward primer.

e Two primers inside the gene: these primers will amplify a fragment inside the GOI that should be
deleted in the KO (i.e. that amplify a fragment that is not present in the left or right arm).

b) Plasmid cloning
One-step cloning:

e Mix the following in total 25 pl:

pKOSG-IBA-Dicty 10 ul
PCR product Left Arm 15 ng
PCR product Right Arm 15 ng
Star Solution A1l 1 uL
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Star Solution A2 1 uL
Star Solution A3 1 uL

Incubate 1 h at 30°C.
Transform directly into electrocompetent E. coli

c) Electroporation of D. discoideum cells

D. discoideum cells should be around 1.10%ells/ml

Incubate cells on ice 10 min.

Centrifuge 2000 rpm, 4° C, 10 min

Rinse 1x with ice-cold electroporation buffer (5SmL)

Count cells

Centrifuge again 2000 rpm, 4°C, 10 min

Resuspend at 20x10° cells / ml in ice-cold electroporation buffer

In each electroporation cuvette (Gene Pulser Cuvette, 0.2 cm-gap) transfer 400ul of cell suspension and
20pg plasmid (Endo-free prep)

Electroporate (Biorad : capacitance 3uF, 800V, time expected : 0.8 msec).

Electroporate using the Biorad electroporation system fitted with the Rf module for square waves.

Parameters: voltage 400 V
frequency 50 Hz
delivery time 2 ms (burst duration)
time between pulses 1 s (burst interval)
% Mod 100

number of burst4 or 5
Add 1mL HLS5 to cuvette. Incubate 30 min RT
Transfer to a large plate containing 35 ml HL5
When a G418 selection is envisaged, transfer into 2 plates (half of the cells per plate)
Blasticidin (or Geneticin) is added about 24 hrs later
For BSR & G418 selection, change the medium 6-7 days later
continue the selection for another 6-7 days.

d) KO clones selection

Selection of clones by serial dilutions:

Use confluent plate of mutants.

Count 1000, 100, 50, 25, 12, 6, 3, 1 cells and plate them by serial dilutions in 96 well plates containing
HLS rich medium and the correct antibiotic.

Wait 1 week until cells grow, and expand cells to 24 well plates for DNA extraction and PCR screening.
Repeat if the dilution was not enough to reach a maximum or one colony per 96 well plate.

Selection of clones on Klebsiella lawns:

e Prepare first SM agar medium
e Thaw KpGE on SM agar plates. Incubate O/N at 37°C.
e Prepare 3 SM agar plates for each pool:
o One plate with 1000 Dicty cells + 300 pl of Klebsiella culture
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o One plate with 100 Dicty cells + 300 pl of Klebsiella culture

o One plate with 10 Dicty cells + 300 pl of Klebsiella culture
Use HLS medium without antibiotics to dilute cells, spread the mix on the plate and gently swirl it. Let
it try under the hood and put it at 22°C upside down. Plates are checked after about 2-3 days.
Pick about 8-20 well-isolated plaques per pool by scraping the plaque with a tip and placing it in a 24
well already full with medium and 5 pg/ml of BsR. The next one/two days the plaques should be ready.
Once cells are confluent, DNA is recovered from 24 well plates and screened

e) Cre Lox system

Material :

30 pg pDEX-NLS-cre vector

Dicytostelium culture (1-2 x106/ml) in HL5 KO system IBA pKOSG

Electroporation Buffer

Specific oligonucleotides matching in the BSR cassette (to verify the excision) and in the Neo cassette
(to verify the absence of the pDEX-NLS-cre vector eventually integrated in the Dictyostelium genome)

Procedure :

Transfect D. discoideum cells with 30 pg pDEX-NLS-cre vector (not linearized) in Electroporation
Buffer. Cf electroporation protocol.
24 hours later add the G418 selection to the medium. 15pug/ml (6 pl for 10 ml; stock : 25 mg/ml)
5-6 days from the adding of selection,
Recover transfected cells dilutions to plate on Klebsiella culture, growing on SM agar (if your KO can
grow on Klebsiella. If not, choose another way to select clones, limiting dilutions).
Recover 1 ml of transfected cells (even if clones are not visible in the plate and recovering also dead
cells) and after one wash with HLS, plate it on Klebsiella SM agar.
Another ml of transfected cell will be diluted in this way :

-1:1000/-1:500/-1:300/-1:100
When phagocytic plaques are evident (5-6 days later), pick-up cells with toothpicks and directly dilute
them in 15 pul of SWL lysis Buffer.
Lysis conditions in the PCR cycler:

1. 4°C 2 min

2.95°C 2 min

3. 4°C pause
PCR the product to detect BSR and G418.

DNA-related protocols
a) Extraction of genomic DNA (gDNA) from D. discoideum

From liquid culture:

Put 1'10° cells in an Eppendorf tube
Centrifuge 2 min, 4000 rpm, 21°C
Aspirate the supernatant.
Resuspend the cell pellet in 200 pl of SWL+ Proteinase K, and transfer in a 200 pl PCR tube.
Lysis is made in the PCR machine, with the following program :
Step 1:4°C 2 minutes
Step 2 :95°C 5 minutes
Step 3:4°C  Pause
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For a 20 ul PCR reaction, use 2 pl of this lysate.

Clones growing in 96 well plates:

For each clone to be tested, put 10 pul of SWL+PK per PCR tube.

Remove almost all liquid from the 96 well, but leave about 50 pl of medium (1 or 2 drops).
Resuspend cells in this little volume and transfer 10 pl of cell suspension in the PCR tube containing
SWLAPK.

Lysis is made in the PCR machine, same conditions as above.

For a 20 ul PCR reaction, use 2 pl of this lysate.

From colonies growing on bacteria:

For each prep, transfer 20 pul of SWL+PK per PCR tube.

Pick dicty from colony with a yellow tip or a toothpick and transfer in the PCR tube.
Lysis is made in the PCR machine, same conditions as above.

For a 20 ul PCR reaction, use 2 pl of this lysate.

b) PCR-GoTaq (Promega)

For KO and mutants screening: 20 pl of PCR reaction
5x GoTaq buffer 4 ul
6.25x ANTP 3.2l
Oligo 1 100 ng/ul 1.3 pl
Oligo 2 100 ng/ul 1.3 ul
GoTaq 0.1 ul
Template (gDNA) 2l
dH,0 8.1l
PCR program
1) 95°C 2 min
2) 95°C 30 sec
3) 58°C 30 sec
4) 65°C 1 min 30 (for 1000 bp amplification)  Return to step 2 for 40 cycles
5) 65°C 10 min (optional)
6) 4°C  Pause

c) Restriction enzyme digestion

About 1 ng of DNA is used. In the case of diagnostic digestions to screen minipreps, 5 pl of miniprepped DNA
are used.

Component Volume
DNA 1 pg—5puL
Buffer 10x 2.5 ul
Enzyme 0.5 pl
HO 20ul

Incubate for 2 hours at 37°C. Up to 2 different enzymes were used per reaction.
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d) Isopropanol precipitation

PCR product:

NaOAc 0.3 M final

0.7 volumes isopropanol

Centrifuge max speed at 4°C for 30 min.

Remove supernatant carefully and wash 2 times in 75% EtOH

Let the pellet air-dry and resuspend in H20 (approx. 20 ul). Measure the concentration with Nanodrop.

Plasmid:

This protocol yield plasmid which is fine for enzymatic digestion and sequencing if the bacteria in which the
plasmid is propagated are free of nucleases (TOP10, SURE, DH5a...). It will not work for bacteria still
containing nucleases (MC1061P3, BL21...)

Grow 3 ml of bacteria overnight in LB + antibiotics

Centr. 1 ml of culture, 6000 rpm, Eppendorf centrifuge, 2 min, RT

Aspirate supernatant with a different tip for each culture

Vortex pellet extensively (minimum 20-30 sec)

Add 150ul Solution 1 (from commercial miniprep kits)

Vortex until there are no visible aggregates

Add 150ul Solution 2, immediately mix gently by inverting tubes several times.
Leave 5 min at RT

Add 150ul Solution 3. Mix by inverting and shaking the tubes.

Centrifuge Smin 10000rpm 4°C

Collect approx. 400ul supernatant and transfer to new tubes. As much as possible try not to transfer
white precipitate

Add 800ul EtOH

Leave minimum 5min at RT

Centrifuge Smin, 10000rpm, 4°C

Pour supernatant and stand tubes inverted on paper towel

Add 1ml 70% EtOH, vortex until pellet detaches from bottom

Centrifuge Smin, 10000rpm, 4°C

Pour supernatant and stand tubes inverted on paper towel

Dry the pellet. Option: if you wash with 100% EtOH drying will be very fast.
Resuspend in 50ul TE or autoclaved water.

For analysis we usually use 5ul for enzymatic digestion in 20ul total volume (5pl miniprep DNA, 1-
2ul of enzymes, 2pul of 10x buffer, complete to 20ul with autoclaved water-1h 37°C)

e) Gel purification kit

Protocol Genelet Gel extraction kit (Qiagen):

Excise gel slice containing the DNA fragment using a clean scalpel or razor blade.
Place the gel slice into a pre-weighed 1.5 mL tube and weigh. Record the weight of the gel slice.
Note.

Add 1:1 volume of Binding Buffer to the gel slice (volume: weight) (e.g., add 100 puL of Binding
Buffer for every 100 mg of agarose gel).
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Incubate the gel mixture at 50-60 °C for 10 min or until the gel slice is completely dissolved. Mix the
tube by inversion every few minutes to facilitate the melting process.

Check the color of the solution. A yellow color indicates an optimal pH for DNA binding

Transfer up to 800 pL of the solubilized gel solution (from step 3 or 4) to the GeneJET purification
column. Centrifuge for 1 min. Discard the flow-through and place the column back into the same
collection tube.

Add 700 pL of Wash Buffer (diluted with ethanol as described on p. 3) to the GeneJET purification
column. Centrifuge for 1 min. Discard the flow-through and place the column back into the same
collection tube.

Centrifuge the empty GeneJET purification column for an additional 1 min to completely remove
residual wash buffer.

Transfer the GeneJET purification column into a clean 1.5 mL microcentrifuge tube (not included).
Add 50 pL of Elution Buffer to the center of the purification column membrane. Centrifuge for 1 min.
Discard the GeneJET purification column and store the purified DNA at -20 °C.

f) DNA ligation

New England Biolabs protocol:

Set up the following reaction in a microcentrifuge tube on ice. (T4 DNA Ligase should be added last

COMPONENT 20 ul REACTION
T4 DNA Ligase Buffer (10X)* 2ul

Vector DNA (4 kb) 50 ng (0.020 pmol)
Insert DNA (1 kb) 37.5 ng (0.060 pmol)
Nuclease-free water to 20 ul

Gently mix the reaction by pipetting up and down and microfuge briefly

For cohesive (sticky) ends, incubate at 16°C overnight or room temperature for 10 minutes

For blunt ends or single base overhangs, incubate at 16°C overnight or room temperature for 2 hours
(alternatively, high concentration T4 DNA Ligase can be used in a 10 minute ligation)

Heat inactivate at 65°C for 10 minutes

Chill on ice and transform 1-5 pl of the reaction into 50 pl competent cells

g) Transformation competent E. coli

Preparation of cells:

Inoculate 11 of Super-broth with 1/100 volume of a fresh O.N. culture

Grow cells at 37°C with vigorous shaking to an ODeoo of 0.5 to 0.6. It might take less than 2 hrs.

Pour into prechilled 500 ml centrifuge flasks, cool on ice 15-30 min. Centrifuge in a cold rotor at 4000
rpm for 15 min

Resuspend pellets in 1 liter precooled Electroporation buffer (EB)- Centrifuge as in 3-/ Repeat with 500
EB

Resuspend in 100 ml of precooled EB- Centrifuge in the bench-top centrifuge (15 min, 3000 rpm)
Resuspend in a final volume of 3-4 ml in precooled EB. Aliquot in precooled Eppendorf tubes, freeze
in an EtOH-dry ice bath, store at -70°C. The cells are good for at least 6 months under these conditions

Electrotransformation:

Thaw the cells on ice
In a pre-chilled eppendorf tube, mix 40 pl of cell suspension with 1 pl DNA 20ng/ul. DNA (from
ligations for example) must be precipitated and resuspended in dH2O before use (No salts !)
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Swith on Gene Pulser II

Set gene pulser at 25 pF (GenePulser II Capacitance) and 1.7 kV (Gene Pulser II, press Set Volt, it will
light up). Set the pulse controler to 200 Ohms on Low range, and High range to infinite (OO).
Transfer the mixture of cells and DNA to a cold 0.1 cm electroporation cuvette and shake suspension
to bottom of cuvette. Dry the cuvette very carefully and place in a safety chamber, push the slide into
the chamber until the cuvette is seated between the contacts in the base of the chamber.

Pulse once by pressing the two red buttons on the Gene Pulser II until you hear a Bip (a few sec). It
should produce a time constant of 4,5 to 5 ms. (The field strength will be 17 kV/cm).

Remove the cuvette and immediately add 1 ml SOC medium (or LB) to the cuvette. (Rapid addition of
SOC is important to maximize the recovery of transformants). Put back on ice.

Transfer the cell suspension to an eppendorf tube (or al,7x, 100mm polypropylene tube) and incubate
at 37°C for 1 hour, shaking at 225 rpm.

Centrifuge (Smin 6000 rpm), aspirate medium, add 300ul SOC.

Plate on selective medium (LB-Amp).

XI. Phagocytosis assay

Use cells kept well diluted in culture for at least 2 medium changes. When cells become more confluent than

5x10° cells/ml their ability to phagocytose in HL5 decreases strongly. Ideally on the day of the experiment cells

are at 200-300.000 cells/ml for phagocytosis.

XII.

Transfer 1 ml of cell culture in a 1.5 ml Eppendorf.
Centrifuge 4000 RPM, 2', RT, Eppendorf centrifuge.
Resuspend cells in 700 pl HLS containing:
- FITC latex beads 1um/0.2 pm/0.05 pm  1ul/ml/ 4ul/ml/ 6ul/ml

- Ka-TRITC 10ul/ml
- DH5a-Rhodamine 10ul/ml
- Alexa647-dextran (stock 2mg/ml, use 1:200) 2.5ul/ml

20", 21°C, + shaking 200 RPM (tubes horizontal)

Centrifuge 4000 RPM, 2', 4°C.

Wash 1ml ice-cold HL5+Azide 0.1% (for bacteria wash 2x1ml SB).
Resuspend cells in 100ul HL5+Azide 0.1% ice-cold.

Use FACS machine for analysis

Live microscopy

a) Killing assay

Sample preparation:

Count D. discoideum cells: Aim for 700’000 cells/mL the day of the experiment.
In 1.5 ml Eppendorf take 1mL Dictyo

In 1.5 ml Eppendorf take 1mL of O/N KpGE-GFP culture

Centrifuge both 4000rpm 2min RT

Wash ImL SB-sorb (1uL SB50x + 5mL sorbitol 1M - 50mL H20)
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Centrifuge 4000rpm 2min RT

Resuspend Dictyo in 300ul. SB-sorb

Resuspend KpGE-GFP in 1mL SB-sorb with 1:100 dilution
Put 150ul. KpGE-GFP in each IBIDI well (4max)

Wait 5 minutes

Add 100uL Dictyo

Microscope

Objective 40x oil

Select Brightfield channel: Exposure 50msec Gain 5

Set Lampe brightness 17%

Select GFP channel: Exposure 140msec Gain 64 Sola 9%
Acquisition: Time 2hours interval 30sec (241 points) Lambda Brighfield and GFP Z: 5 steps 3pm steps
range 10um XY: select 4 positions

Put oil on objective

Place plate and move plate to put oil everywhere (avoid loss of focus)
Set PFS (autofocus)

Chose name for the file

Turn all ambient light off

Run the movie

When the movie is done:

Create maximum intensity profile in z to maximize GFP signal detection
Save/Export to TIFF with Resize 60%

Deinterleave the stack (Image>Stacks>Tools>Deinterleave)

Apply new Lookup table on the GFP channel (On GFP movie Image>Lookup Tables > Fire)
Image>Adjust>Brightness and contrast>Auto Reduce Brightness

Merge channels

Analysis:

Use Prism

Use Kaplan-Meyer survival curve

Select at random 30-60 phagocytosis events per film

For each bacterium followed, register the time spent inside the amoeba until the fluorescence vanished.
For each bacterium that was exocytosed during the assay or for which the movie finished before the
vanishing of fluorescence register these events as censored.

Draw the curve

b) Beads preparation for pH and proteolysis:

(Sattler et al., 2013)

Wash 50 mg of 3um carboxylated silica particles three times with 1 mL of PBS by brief vortexing and
spin at 2,000 x g for 60 s in a tabletop centrifuge
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Resuspend beads in 700 p L of PBS (pH 7.2) containing 17.5 mg of cyanamide (concentration 25
mg/mL).
Incubate at room temperature with shaking for 15 min
Remove cyanamide by washing as in step 1 twice with coupling buffer
Incubate overnight with agitation at 4°C in 1 mL of coupling buffer containing:
o (a) 5 mg of defatted BSA ( see Note 11 ) for the pH-sensitive reporter beads.
o (b) 1 mg of DQgreen-labeled BSA and 250 mg of defatted BSA for the proteolysis reporter
beads.
Wash beads twice with quenching buffer to quench unreacted cyanamide.
Wash beads twice with coupling buffer to remove soluble amine groups
Resuspend beads in 700 p L of coupling buffer and add:
o (a) For the pH-sensitive reporter beads: 20 p L of FITC and 20 p L of Alexa 594 succinimidyl
ester stocks (for each total amount 0.25 mg)
o (b) For the proteolysis reporter beads: 20 pu L Alexa 594 succinimidyl ester (total amount 0.25
mg)
Incubate for 1h at room temperature with shaking to allow labelling of BSA with fluorophores
Wash particles once with quenching buffer and twice with PBS
Resuspend in 1 mL of PBS with 0.01% w/v sodium azide as a preservative
Store at 4°C in the dark and avoid drying of the particles
Before adding beads to cells wash with PBS to remove sodium azide

c) Proteolysis assay

Sample preparation:

Count D. discoideum cells: Aim for 700’000 cells/mL the day of the experiment.
In 1.5 ml Eppendorf take 1mL Dictyo

Centrifuge 4000rpm 2min RT

Wash ImL SB-sorb (1uL SB50x + 5mL sorbitol 1M = 50mL H20)

Centrifuge 4000rpm 2min RT

Resuspend Dictyo in 300ul. SB-sorb

Add 100uL Dictyo in each well

Add 200ul SBS

Add 10 ul 1:100 proteolysis beads dilution

Wait 5 minutes

Microscope

Objective 40x oil

Select Brightfield channel: Exposure 50msec Gain 5

Set Lampe brightness 17%

Select GFP channel: Exposure 140msec Gain 64 Sola 9%

Select RFP channel: Exposure 30 ms Gain 64 Sola 3%

Acquisition: Time 3 hours Lambda Brighfield and GFP and RFP Z: 5 steps 3um steps range 10um XY:
select 4 positions

Put oil on objective

Place plate and move plate to put oil under all well (avoid loss of focus)

Set PFS (autofocus)
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Chose name for the file
Turn all ambient light off
Run the movie

When the movie is done:

Create maximum intensity profile in z for all fluorescence channel signal detection
Save/Export to TIFF with Resize 60%

Deinterleave the stack (Image>Stacks>Tools>Deinterleave)

Select randomly 15 beads

Draw a circle zone on the first frame of phagocytosis for the first bead

Drag the circle at every frame on the bead position and register the “Area of interest”

When for a bead the series of position is registered configure the measurement for average value

Press “Measure” in each channel and register the fluorescence in both GFP and RFP channel at each
position on an Excel file

Compute the ration GFP fluorescence/RFP fluorescence

Open prism and paste the list of ratios over time.

Repeat for every bead

d) Phagosomal pH assay

Sample preparation:

Count D. discoideum cells: Aim for 700’000 cells/mL the day of the experiment.
In 1.5 ml Eppendorf take 1mL Dictyo

Centrifuge 4000rpm 2min RT

Wash ImL SB-sorb (1uL SB50x + 5mL sorbitol 1M - 50mL H20)

Centrifuge 4000rpm 2min RT

Resuspend Dictyo in 300uL SB-sorb

Add 100uL Dictyo in each well

Add 200ul SBS

Add 10 ul 1:100 proteolysis pH beads dilution

Wait 5 minutes

Microscope

Objective 40x oil

Select Brightfield channel: Exposure 50msec Gain 5

Set Lampe brightness 17%

Select GFP channel: Exposure 140msec Gain 64 Sola 9%

Select RFP channel: Exposure 30 ms Gain 64 Sola 3%

Acquisition: Time 3 hours Lambda Brighfield and GFP and RFP Z: 5 steps 3um steps range 10um XY
select 4 positions

Put oil on objective

Place plate and move plate to put oil under all well (avoid loss of focus)
Set PFS (autofocus)

Chose name for the file

Turn all ambient light off
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e Run the movie

When the movie is done:

e Create maximum intensity profile in z for all fluorescence channel signal detection
e Save/Export to TIFF with Resize 60%

o Deinterleave the stack (Image>Stacks>Tools>Deinterleave)

e Select randomly 15 beads

e Draw a circle zone on the first frame of phagocytosis for the first bead

e Drag the circle at every frame on the bead position and register the “Area of interest”

e  When for a bead the series of position is registered configure the measurement for average value

e Press “Measure” in each channel and register the fluorescence in both GFP and RFP channel at each
position on an Excel file

e Compute the ration GFP fluorescence/RFP fluorescence

e Open prism and paste the list of ratios over time.

e Repeat for every bead

e) Motility assay:

Cell culture:

e One 100 mm Petri dish at 10-20.104 cells/ml in HL5.1deally, cell culture concentration should be at
between 40.104 cells/ml and 80.104 cells/ml the day of the experiment.

Cell preparation
Count the cells.

In an Eppendorf tube put 20.104 cells + 1 ml SBsorbitol.

Centrifuge 2 min, 4000 rpm, RT. Aspirate supernatant.

Wash pellet with 1 ml SBsorbitol. Centrifuge 2 min, 4000 rpm, RT. Aspirate supernatant.
Resuspend cells in 1 ml SBsorbitol.

In a 96 well plate : (uclear plate, black, Greiner cat no 655090)
e Put 100 pl of cell suspension per well (= 2.104 ¢).
Allow cells to attach for 30 min RT (cell culture room).
Aspirate supernatant VERY SLOWLY, and resupend cells gently in :
100 pl SBsorbitol : control
100 pl in SBsorbitol + 1 mM Folate (1 pl of 100mM stock) or 1:100 Bacteria final
Incubate 20 minutes RT (cell culture room).

Imaging:
e ImageXpress XL or Nikon Eclipse Ti2 equipped with a DS-Qi2 camera (obj 10x)
e Image cells for 30 minutes, one picture every 15 seconds.
e Assemble pictures into a movie and save as .stk file.

Analysis:
e Use Metamorph “Track Points” tool

e Follow 15 individual cells during all the duration of the movie.
e (Calculate average distance and persistence for each condition tested.
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f) RICM Spreading assay

Material:

Amoeba cell culture: optimal between 0.5x10° cells/ml and 1x10° cells/ml
Media: HL5, SB or SBS

Glass bottom wells dishes

SRIC or RICM objective

Sample preparation:

Transfer 1ml of cell culture in an Eppendorf
Centrifuge 4000 rpm, 2 min
Rinse with 1ml of your desired medium
Centrifuge again 4000 rpm, 2 min
Resuspend in the corrected volume to have around 1 x10° cells/ml final concentration.
Deposit in a Glass bottom wells dishes the volume desired:
In 8 wells ibidi glass bottom dishes [10 ul — 200 ul]

Microscope:

Open fully the diaphragm for the fluorescent light input

Launch the Nikon software

Set the objective on “oil 60x”

Set the Brightfield channel to select the field of interest

Set SRIC/RICM setting to adjust the “Z” (You should dark spots on a bright background)

Set “PFS” on

Acquisition: Time: it depends whether it is just a picture or a movie Lambda: Brightfield and
SRIC/RICM Z: 5 steps 3um steps range 10um XY: select 4 positions for movies

Run for picture or movie

Image analysis:
For picture analysis:

Open Software: ImageJ
Remove the background (Process>Remove background)
Click on “preview” and select the “rolling radius” that keep your dark spots but smooth the
background
Click on Image/Threshold
Click on light background
Apply (it generally selects the best fit but you can adjust the window)
Click on “Analysis/set measurement”
Choose “area”
Click on “Analysis/Analyse particle »
Select : 2-infitiny
Select : Show outline
Select : Display Results
Select : Clear results
Press “ok”

In the result window you will have listed the area of each dot.
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For movie analysis:

Import movie or image in: Matlab
Load the following algorithms:
o Dictyotrack
o DictyoAnalyze
o Area_comparison
o Global Analysisv2
To select the time frame, modify the “t window = [ value start value end]” in “Area_comparison”
Run the “threshold” detection algorithm
Once all amoebae are correctly selected, click on “Analysis”
Pressing “Save” will generate the excel file with all relevant data
o Position
o Surface Area global
o Surface retracted
o Surface expanded

XI1I. Cell fixation and Immunofluorescence

Immunofluorescence (Actin/p80/H-ATPase):

Cells grown in HLS5 (not filtrated) to a maximum of about 1.0X10° cell/ml

Plate About 500 000 cells on glass coverslips (not ethanol sterilized) for 3 hours in about 500 pl of HLS
(fresh medium). Manipulate carefully the six-well plate to do not spill the medium off of the coverslip.
Fix in paraformaldehyde 4% final in HL5 30 min at RT (minimum of 200 pl of fixation solution, not
more than 500 pl to do not spill the solution off of the coverslip)

Rinse with 2ml of 1x PBS-NH4Cl 40mM. Cells can be kept in this solution for a while. (Stock is 2M =
50X,200 plin 10 ml or 300ul in 15 ml)

Replace 1x PBS-NH4Cl 40mM by 2ml of plain 1x PBS.

Permeabilize cells with Saponin: PBS+0.1% saponin (PBS-Sapo), 5 min (Stock is 5% = 50X, 200 pl in
10 ml or 300l in 15 ml)

Incubate in PBS-BSA (0.2%) at least 5 min (Stock is 20% = 100X)

Incubate coverslip in new dry six-well plate for 45 minutes with 100l first antibody solution (anti-H-
ATPase [221-35-2] diluted 1:4 in PBS-BSA)

Rinse 3x PBS-BSA (1ml), last rinse leave Smin

Incubate coverslip in new dry six-well plate for 30 minutes with 100 ul secondary fluorescent antibody
(Alexa Fluor 547 [red] diluted 1:600 = 5ul aliquot in 3ml of PBS-BSA)

Rinse 3x PBS-BSA, last rinse leave S5min

Incubate coverslip in new dry six-well plate for 30 minutes with 50 pl of Alexa Fluor 488-coupled
H161 antibody (Antibody diluted 1:300 in PBS-BSA)

Rinse 3x PBS-BSA, last rinse leave 5min

Rinse 1x PBS

Mount in moewiol with DABCO (8ul per coverslip)
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L

VPSI13F alters intracellular killing in a Kil2-independent manner in D. discoideum

1. Early characterization of Vps13F.

Out of the random mutagenesis done to identify killing-defective mutant cells, vpsI3F was the first gene to be
identified and properly inactivated. Like Kill and Kil2, vps13F is not a direct effector of killing since it is a
cytosolic protein. Based on its homology with the previously characterized yeast Vps13, Vps13F was expected

to be involved in intracellular transport.

The main highlights of this study are:

We characterized a new IC-killing defective mutant: vps13F KO

We showed that vps13F activity is independent of Kil2.

We showed that IC killing can be stimulated by addition of exogenous folate.

Use of live imaging for IC killing provided sufficient precision to measure the median IC killing time
in WT cells for K. pneumoniae : 7.5min, and 18min in vps!3F KO cells.

When we studied vps13F KO cells we applied the same rationale as when studying ki/2 KO cells (Lelong et al.,
2010). Kil2 has the features of a cation pump so it is likely that the ion addition that restores the IC killing could
be what the pump transports. In a similar fashion, we hypothesized that if addition of folate stimulates IC killing

in vps13F KO cells then Vps13F plays a role in the folate sensing pathway. As will be discussed below, our
later studies changed our interpretation of these results. Our current hypothesis is that vps13F is independent of
the folate-sensing pathway.
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2. Vpsl3F links bacterial recognition and intracellular killing in Dictyostelium
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Abstract

Bacterial sensing, ingestion, and killing by phagocytic cells are essential processes to protect the
human body from infectious microorganisms. The cellular mechanisms involved in intracellular
killing, their relative importance, and their specificity towards different bacteria are however
poorly defined. In this study, we used Dictyostelium discoideum, a phagocytic cell model amenable
to genetic analysis, to identify new gene products involved in intracellular killing. A random
genetic screen led us to identify the role of Vps13F in intracellular killing of Klebsiella pneumoniae.
Vps13F knock-out (KO) cells exhibited a delayed intracellular killing of K. pneumoniae, although
the general organization of the phagocytic and endocytic pathway appeared largely unaffected.
Transcriptomic analysis revealed that vps13F KO cells may be functionally similar to previously
characterized fspA KO cells, shown to be defective in folate sensing. Indeed, vps13F KO cells
showed a decreased chemokinetic response to various stimulants, suggesting a direct or indirect
role of Vps13F in intracellular signaling. Overstimulation with excess folate restored efficient
killing in vps13F KO cells. Finally, genetic inactivation of Farl, the folate receptor, resulted in
inefficient intracellular killing of K. pneumoniae. Together, these observations show that stimula-

tion of Dictyostelium by bacterial folate is necessary for rapid intracellular killing of K. pneumoniae.

1 | INTRODUCTION

Phagocytic cells play a key role in the elimination of invading microor-
ganisms in the human body. These cells ingest many different types
of bacteria and eliminate them in phagosomes. In neutrophils and mac-
rophages, phagocytosis is accompanied by a burst in the production of
superoxide, and the oxidative burst is thought to play a key role in killing
ingested bacteria, because free radicals can react with and damage vir-
tually any biological molecule (Silva, 2010). The evidence implicating
free radicals in intracellular killing of bacteria is mostly based on the
analysis of patients in which NOX2, which produces superoxide ions,
is partially or totally inactivated by mutations. Loss of NOX2 activity
results in a disease called chronic granulomatous disease (CGD),

characterized by an increased susceptibility to infections with fungi

“These authors contributed equally to this work

and with a subset of catalase-positive bacteria (Goldblatt & Thrasher,
2000). In addition, it has been observed that neutrophils from CGD
patients are less efficient at killing Staphylococcus aureus in vitro (Ellson
et al., 2006). It is not clear why certain bacteria and not others are more
prone to mount infections in these patients. Oxidative burst and free
radical productions were also reported to play important roles to pro-
tect macrophages against infection with Salmonella (Rushing & Slauch,
2011). Although these observations have brought to light the role of
free radicals in the elimination of ingested bacteria, it is also clear that
other killing mechanisms must exist: they presumably account for the
fact that CGD patients are not prone to infections with all bacteria.

A number of additional mechanisms have been implicated in
intracellular killing, in particular exposure to the acidic pH of
phagolysosomes and activity of lytic lysosomal enzymes and of
antibacterial molecules such as defensins, cathelicidins and histatins
(De Smet & Contreras, 2005; Zanetti, 2005). In neutrophils, the
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myeloperoxidase-mediated halogenation as well as the cathepsin G,
elastase, and proteinase 3 also contribute to the killing of bacteria
(Segal, 2005). Other mechanisms such as the generation of DNA and
lytic enzymes that complex by dying neutrophils (NETs: Neutrophil
Extracellular Traps) may in addition account for extracellular killing of
bacteria (Papayannopoulos & Zychlinsky, 2009). The relative impor-
tance of these different killing mechanisms is not fully known, and it
is also not clear if different bacteria are killed by different mechanisms.
It has for example been shown that elastase knock-out mice are highly
susceptible to infections with Candida albicans, Klebsiella pneumoniae,
and Escherichia coli but not with S. aureus, whereas mice lacking
cathepsin G were highly susceptible to S. aureus (Belaaouaj et al.,
1998; Reeves et al., 2002). In these mice, microbial killing was
abolished despite a normal oxidative burst, suggesting that free
radicals and other antimicrobial mechanisms act synergistically, and
that their relative importance in the control of infections depends on
the infecting pathogen.

Dictyostelium discoideum is a free-living unicellular organism
continuously engaged in bacterial ingestion and killing. Its haploid
genome makes it easily amenable to genetic analysis, and it has been
used to study many facets of cell biology, in particular cellular motility,
phagocytosis, and organization of the endocytic pathway. In addition,
Dictyostelium provides a good model to study interactions between
phagocytic eukaryotic cells and pathogenic or nonpathogenic bacteria
(Cosson & Lima, 2014; Cosson & Soldati, 2008). Characterization of
mutants with decreased ability to kill ingested bacteria allowed the
identification of new gene products involved in intracellular bacterial
killing. For example, Kil2, a phagosomal P-type ATPase presumably
transporting Mg?* ions into the phagosome, is essential for intracellular
killing of K. pneumoniae bacteria (Lelong et al., 2011). Kil2 knock-out
(KO) cells still kill efficiently ingested Pseudomonas aeruginosa or
Bacillus subtilis, suggesting that different bacteria are killed by different
mechanisms (Lelong et al., 2011).

In this study, we isolated a new Dictyostelium mutant defective for
intracellular killing of K. pneumoniae. Detailed analysis revealed that
vps13F KO cells are partially defective in bacterial recognition and as
a consequence, fail to efficiently kill ingested K. pneumoniae bacteria.
These results provide the first evidence that over a time scale of a
few minutes, recognition of ingested bacteria is necessary to ensure

efficient intracellular killing.

2 | RESULTS

2.1 | Vps13F is involved in the interaction between
Dictyostelium and Klebsiella pneumoniae

We previously identified Kil2 as a gene product essential for efficient
intracellular killing of nonpathogenic, noncapsulated K. pneumoniae
(Lelong et al., 2011). In order to identify new gene products involved
in intracellular killing of bacteria that could potentially exhibit a
functional redundancy with Kil2, we created, in kil2 KO cells, a library
of random mutants by restriction enzyme-mediated insertion (REMI).
We then tested individual clones for their ability to grow on six differ-

ent nonpathogenic bacteria (Micrococcus luteus, B. subtilis, E. coli B/r,

K. pneumoniae, K. pneumoniae LM21, and P. aeruginosa) and selected
double mutants defective for growth on at least one bacteria. This
study is dedicated to the analysis of one mutant strain initially seen
to exhibit a defect for growth on K. pneumoniae. The mutagenic vector
recovered from this strain, together with the flanking genomic
sequences, was found to be inserted in the vps13F gene (Figure S1A).
In order to ascertain that the growth defect of this original insertional
mutant strain was caused by the disruption of the vps13F gene, we
deleted in the parental strain a large portion of the vps13F gene by
homologous recombination. Three individual vps13F KO clones were
selected (Figure S1 B, C, and D), and they all exhibited similar pheno-
types, detailed below. Three clones of double kil2-vps13F KO were
also generated and analyzed in parallel.

We first compared the ability of kil2-vps13F KO cells to grow in the
presence of K. pneumoniae with that of its parental single kil2 KO. For
this, a defined number of Dictyostelium cells (from 10 to 10,000) was
deposited on a lawn of K. pneumoniae bacteria, and Dictyostelium growth
was observed after 5 days (Figure 1A). Wild-type (WT) Dictyostelium cells
grew rapidly in the presence of K. pneumoniae, and kil2 KO cells grew less
efficiently, as previously described (Lelong et al., 2011). When combined
with a mutation in kil2, disruption of the vps13F gene created a strong
additional growth defect (Figure 1A). In a WT background, vps13F
inactivation only slightly delayed growth on K. pneumoniae (Figure 1A).
When tested on a wider array of bacteria, the growth defect created
by vps13F inactivation in the kil2 KO background was seen when cells
were exposed to K. pneumoniae, to a mucoid strain of E. coli B/r, and to
M. luteus (Figure 1B). Growth of all these KO strains was identical to that
of WT cells in liquid HL5 medium, suggesting that the genetic inactiva-
tion of vps13F created a specific defect in the interaction of Dictyostelium
cells with K. pneumoniae and a few other bacteria.

Interestingly, a separate genetic screen performed in a WT
background also yielded a mutation in a gene of the Vps13F family
(Figure S2): vps13A KO cells grew inefficiently in the presence of
M. luteus but as efficiently as WT cells in the presence of other bacteria
(Figure 1B). This indicates that different members of the Vps13F family
have distinct functions during Dictyostelium growth in the presence of
different bacteria.

Although mutations in vacuolar protein sorting 13 (Vps13) genes
have already been studied in a number of organisms, the function of
Vps13 proteins is still poorly understood. Vps13 was first identified
in Saccharomyces cerevisiae, which encodes a single member of the
family. Its mutation causes a defect in the sorting of lysosomal
enzymes, and more specifically, in vesicular transport between the vac-
uole and the Golgi apparatus (Brickner & Fuller, 1997, Redding,
Brickner, Marschall, Nichols, & Fuller, 1996). The human Vps13 family
is composed of four members: Vps13A (also called Chorein), Vps13B,
Vps13C, and Vps13D. Mutations in Vps13A and Vps13B result in rare
neurological diseases, respectively, chorea-acanthocytosis (Rampoldi
et al., 2001; Ueno et al., 2001) and Cohen syndrome (Kolehmainen
et al., 2003). In both cases, the large size of these proteins and the lack
of well-characterized domains or motifs in their structure made their
functional characterization difficult. To date the molecular function
of Vps13 proteins is still poorly understood, as well as their specific
involvement in these genetic diseases. The Dictyostelium Vps13 family

comprises six members, and one of them, Vps13C (also called TipC),
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FIGURE 1 Vps13F and vps13A KO cells exhibit specific growth
defects in the presence of different bacteria. (a) To quantify the
ability of Dictyostelium mutants to feed upon Klebsiella pneumoniae,
Dictyostelium cells (10,000, 1,000, 100, or 10 cells) were applied onto a
lawn of K. pneumoniae. After five days, wild-type (WT) Dictyostelium
cells created phagocytic plaques (white) in the bacterial lawn. Kil2 KO
cells grew slower than WT cells on K. pneumoniae and double kil2-
vps13F KO cells presented an even more pronounced growth defect.
Vps13F KO cells grew slightly slower that WT cells, but this growth
defect is less pronounced than that of kil2 KO cells. (b) Growth of
Dictyostelium cells on several bacterial species was assessed as shown
in (a) in four independent experiments and scored from 4 (efficient
growth) to O (no growth). A white square indicates an average score of
4-3, a black triangle a score of 3-2, and a black square a score of 2-0.
Double kil2-vps13F KO cells presented a severe growth defect on
Escherichia coli B/r, K. pneumoniae and M. luteus. Vps13A KO cells grew
poorly on M. luteus. (Bs = Bacillus subtilis; Ec B/r = Escherichia coli B/r;
Kp = K. pneumoniae; Kp21 = Klebsiella pneumoniae LM21;

MI = Micrococcus luteus, Pa PT531 = Pseudomonas aeruginosa PT531)

was proposed recently to play a role in autophagy (Munoz-Braceras,
Calvo, & Escalante, 2015).
The six Dictyostelium Vps13 proteins show relatively low overall

primary sequence similarity with each other (between 25% and 40%),

but their domain structure is conserved and essentially identical to that
of human and yeast proteins (Figure 2A), with six conserved domains:
(@) an N-terminal domain, also called Chorein domain, (b) a second N-
terminal domain, (c) a repeated coiled region, (d) an an SHORT-ROOT
(SHR)-binding domain shown in plants to bind the SHR transcription
factor (Koizumi & Gallagher, 2013), (e) a C-terminal domain, and (f) a
second C-terminal autophagy-related domain (also found in the Atg2
protein). The molecular functions of these domains remain essentially
unelucidated in all species. Vps13 proteins have no transmembrane
domain or signal peptide sequences, suggesting that they are neither
secreted nor present in intracellular organelles.

Phylogenetic  reconstructions using the proteins from
Dictyostelium, human, and yeast suggest that paralogs were generated
by duplication independently after divergence of Amoebozoae and of
Metazoa (Figure 2B). Each of the six D. discoideum paralogs have
orthologs in two other Dictyostelium species (D. purpureum and D.
fasciculatum), indicating that the duplications occurred before the
speciation of the Dictyostelid group. Dictyostelium Vps13A and D are
close, as well as C/E and B/F. The human proteins show a large degree
of divergence, as evidenced by the long branch lengths between the

four orthologs (Figure 2B).

2.2 | Defective killing of K. pneumoniae in
vps13F KO cells

In order to test the putative role of Vps13F in phagocytosis and
macropinocytosis, WT and vps13F KO cells were incubated in the
presence of fluorescent latex beads, of fluorescently-labeled
K. pneumoniae, or of a fluorescent dextran. Phagocytosis of latex beads
and of K. pneumoniae was unaffected in vps13F KO cells compared to
WT cells, as well as fluid-phase uptake of dextran by macropinocytosis
(Figure 3). Kil2 KO and kil2-vps13F KO cells both showed a minor
defect in phagocytosis of latex beads compared to WT cells (Figure 3).

We next tested whether ingested bacteria were efficiently killed
in vps13F KO cells. For this, we followed the fate of internalized
K. pneumoniae bacteria expressing Green Fluorescent Protein (GFP)
(Kp-GFP). As described previously (Benghezal et al., 2006; Lelong
et al, 2011), killing of Kp-GFP bacteria results in extinction of the
GFP fluorescence. We first incubated Dictyostelium cells with an
excess of Kp-GFP bacteria (10 bacteria per Dictyostelium) and
measured the intracellular accumulation of fluorescent bacteria by flow
cytometry. In WT cells, accumulation of intracellular fluorescent
bacteria reached a maximum after approximately 15 min, then decreased
as extracellular bacteria were gradually ingested and killed (Figure 4). In
vps13F KO cells, the maximal intracellular fluorescence was also reached
after 15 min, but it was significantly higher than in WT cells (Figure 4),
suggesting that internalized bacteria remained fluorescent longer in
vps13F KO cells than in WT cells.

We next visualized phagocytosis and intracellular killing of
individual GFP-expressing K. pneumoniae, as previously described
(Delince et al., 2016). For this, we imaged directly Dictyostelium cells
phagocytosing and killing Kp-GFP and measured the time between
ingestion and killing of individual bacteria. Two representative movies
extinction of GFP

are shown (Figure 5A):. in these instances,

fluorescence occurred approximately 3 min after phagocytosis in WT
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FIGURE 2 The Vps13F family. (a) Proteins of the vacuolar protein
sorting 13 family share a similar domain organization. On the basis of
primary sequence analysis, Dictyostelium proteins share the same six
conserved domains present in human and yeast proteins: two N-
terminal domains (the first one corresponding to the Chorein domain),
a repeated coiled region, an SHR-binding domain, and two C-terminal
domains (the last one corresponding to an autophagy or Atg2-related
domain). (b) Unrooted maximum-likelihood phylogenetic tree of
Vps13F proteins from dictyostelid, fungi, and metazoan species.
Numbers at the nodes indicate the percentage of bootstrap support
(upper values for the maximume-likelihood tree and lower values for the
neighbor-joining tree; only numbers above 50% are shown)

cells, while GFP fluorescence persisted for 13 min in vps13F KO cells
(Figure 5A). The time required for fluorescence extinction was quanti-
fied for a large number of bacteria (>100) in at least three independent
experiments and plotted as a Kaplan-Meyer survival curve. The curves
generated in three independent experiments for WT and vps13F KO
cells are shown (Figure 5B), as well as the curves combining the results
of the three experiments for the WT and seven experiments for
vps13F KO (Figure 5C). Vps13F KO cells killed internalized bacteria
significantly slower than WT cells (Figure 5C). The average survival
time of internalized bacteria was 7.6 min in WT and 22.1 min in
vps13F KO cells. Note that the average survival time (7.6 min for
WT cells) is significantly higher than the median killing time (5.0 min)
due to the fact that a small number of ingested bacteria remain

FIGURE 3 Phagocytosis and macropinocytosis are not defective in
vps13F KO cells. Wild-type (WT) or knock-out (KO) cells were
incubated for 20 min with fluorescent latex beads, heat-inactivated
Klebsiella pneumoniae, or dextran. The internalized fluorescence was
measured by flow cytometry. Mean fluorescence was plotted for each
strain and expressed as a function of internalization in WT cells.
Macropinocytosis of dextran and phagocytosis of beads or bacteria
were as efficient in vps13F KO as in WT cells (mean + SEM; 5 and 7
independent experiments for WT and KO respectively). Kil2-

vps13F KO cells exhibited a minor defect in phagocytosis of latex
beads compared to WT cells, as also seen in kil2 KO cells (p < .05)

fluorescent for extended periods of time (>30 min), as previously
observed (Delince et al., 2016).

Finally, in order to assess directly the viability of bacteria in
Dictyostelium cells, we incubated WT or vps13F KO cells with a small
number of K. pneumoniae (200 Dictyostelium cells per bacteria) to
ensure optimal phagocytosis. At various times, an aliquot of the
suspension was collected, the Dictyostelium cells were killed, and the
surviving (intracellular and extracellular) bacteria plated on agar where
they formed colonies after an overnight incubation at 37 °C. WT cells
internalized bacteria over a period of 6 h and phagocytosed bacteria
are rapidly killed as previously observed (Benghezal et al., 2006; Lelong
et al., 2011; Lima, Balestrino, Forestier, & Cosson, 2014; Figure 6A). In
vps13F KO cells, bacteria survived longer: after 2 h of incubation with
vps13F KO cells; 64% of bacteria were still alive, against 45% in the
presence of WT cells (Figure 6A). Because K. pneumoniae are phagocy-
tosed as efficiently in vps13F KO cells and in WT cells (Figure 3), these
results confirm the proposal that intracellular killing of K. pneumoniae is
delayed in vps13F KO cells compared to WT cells. In summary, three
different assays indicate that intracellular killing of K. pneumoniae is
slower in vps13F KO cells than in WT cells. We also tested the
survival of B. subtilis upon incubation with Dictyostelium cells and
observed no difference in survival of ingested B. subtilis in vps13F
KO cells (Figure 6B).

We then compared the killing defect observed in vps13F KO cells
with that in kil2 KO cells: intracellular killing was significantly slower in
kil2 KO cells than in vps13F KO cells, and it was even slower in the
double kil2-vps13F KO cells (Figure 7; average survival time: 7.6 min
in WT cells, 22.1 min in vps13F KO, 48.5 min in kil2 KO and 85 min
in kil2-vps13F KO cells). The fact that genetic inactivation of vps13F
conferred an additional killing defect to a kil2 KO cell suggests that
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FIGURE 4 Intracellular accumulation of live Klebsiella pneumoniae in

vps13F KO cells. Wild-type or vps13F KO Dictyostelium cells were
incubated in the presence of K. pneumoniae expressing GFP (10
bacteria per Dictyostelium). At the indicated time, an aliquot was
collected, and the fluorescence associated with cells was determined
by flow cytometry. The number of intracellular fluorescent bacteria
increased gradually and reached a plateau after 15 minutes, when
internalization and killing rates equilibrated. Intracellular fluorescence
then decreased gradually as extracellular bacteria were depleted.
Vps13F KO cells accumulated more intracellular fluorescence than WT
cells, suggesting that genetic inactivation of vps13F causes a defect in
intracellular killing of K. pneumoniae. (mean + SEM; *: p < .05; student t
test; n =7)

the two proteins function in different pathways in the killing process.
Interestingly, vps13A KO cells did not exhibit significant defects in
ingestion or intracellular killing of K. pneumoniae (Figure S3), confirming
the specificity of the vps13F KO killing defect. As observed previously
with other mutants unable to kill efficiently bacteria (e.g., kil2 KO cells),
both vps13F KO and kil2-vps13F KO cells grew as efficiently as WT

cells in the presence of heat-killed bacteria (Figure S4).

2.3 | The organization of the phagocytic and
endocytic pathways is not affected in vps13F KO cells

In order to account for the defective killing of K. pneumoniae, we first
checked the organization and function of the endocytic and phagocytic
pathway in vps13F KO cells. Acidification of the endocytic pathway was
analyzed by measuring extinction of internalized Oregon green-labeled
dextran as previously described (Marchetti, Lelong, & Cosson, 2009)
and was found to be unaffected in vps13F KO cells: after an 18-min
pulse, internalized fluid phase was found in the very acidic endosomes,
from which it was transferred after approximately 30 min to less acidic
postlysosomes (Figure 8A and Figure S5). The morphology of the main
endocytic compartments was assessed by immunofluorescence with
antibodies against p80, a marker of lysosomes and postlysosomes;
p25, a marker of the cell surface and of recycling endosomes; and
rhesus, a marker of the contractile vacuole. No gross defects in

endosomal morphology and sorting were detected (Figure Sé).
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FIGURE 5 Impaired intracellular killing of Klebsiella pneumoniae in

vps13F KO cells. To visualize ingestion and intracellular killing of
individual K. pneumoniae, Dictyostelium cells were incubated with GFP-
expressing K. pneumoniae (Kp-GFP) at a ratio of 1:3 in PB-Sorbitol for a
total duration of 2 h. Cells were imaged every 30 sec by phase contrast
and fluorescence microscopy. (a) Representative, successive images
showing a WT cell that kills an individual Kp-GFP in 3 min. Below,
representative images showing a vps13F KO cell killing a Kp-GFP in
13 min. (b) The time between phagocytosis and fluorescence
extinction of each phagocytosed bacterium was determined and the
probability of bacterial survival is represented as a Kaplan-Meyer
estimator. Survival curves of ingested K. pneumoniae collected in three
independent experiments in WT cells (blue) and KO cells (red). (c)
Survival curves of ingested K. pneumoniae combining results of three
independent experiments in WT cells (blue) and seven in vps13F KO
(red). Intracellular killing is significantly slower in vps13F KO cells
compared to WT cells (p < 107%; log-rank test; number of ingested
bacteria is 228 for WT and 457 for vps13F KO cells)

Silica beads coated with Bovine Serum Albumin (BSA) coupled
to DQ green were used to assess the activity of lysosomal proteases
inside phagosomes as previously described (Lelong et al., 2011,
Sattler, Monroy, & Soldati, 2013). In vps13F KO, like in WT cells,
degradation of BSA-released DQ green and dequenched its
fluorescence (Figure 8B). The fact that no difference was seen
between WT and vps13F KO cells indicates that beads were trans-
ferred with similar kinetics to acidic compartments where they were
processed by active proteases. Alterations in phagosome maturation
and acidification, in protease delivery to phagosomes, or in protease
activity would all be expected to delay proteolytic digestion in
phagosomes.

We also tested the levels of glycosidases in cells and in the cell
supernatant: in WT and in vps13F KO cells, intracellular levels of N-
acetyl B-glucosaminidase and a-mannosidase were indistinguishable,
and only minor amounts of enzymes were detected in the cell superna-
tant (Figure 8C), indicating that their intracellular sorting was not
grossly perturbed.

Finally, we measured by Western blots the intracellular level of

several proteins previously shown to participate in phagocytosis and
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FIGURE 6 Vpsl13F KO cells are defective for killing

Klebsiella pneumoniae but not Bacillus subtilis. (a) WT or KO
Dictyostelium were mixed with K. pneumoniae (200 Dictyostelium cells
per bacteria to ensure optimal phagocytosis). At the indicated times, an
aliquot of the mixture was collected, Dictyostelium cells were lysed, the
bacteria were plated on LB-agar, and the total (extracellular and
intracellular) number of remaining viable bacteria was evaluated by
counting colony forming units (CFUs). Results are expressed as a
percentage of CFUs at time O (mean + SEM; *: p < .01; student t test;
n =12 for WT or 16 for vps13F KO). (b) Intracellular killing of B. subtilis
was assessed as described in (a). No significant difference was
detected between WT and vps13F KO cells (n = 4)

intracellular killing: the cellular levels of SibA (Froquet et al., 2012),
Phg1A (Le Coadic et al., 2013), Kil1, and Kil2 were identical in WT and
in vps13F KO cells, as well as the level of Farl (Figure 8D and Figure S7).

In summary, all our observations indicate that the organization and
function of the endocytic and phagocytic pathways are unaffected by
genetic inactivation of vps13F, suggesting that the role of Vps13F in
intracellular killing of Klebsiella is linked to another, more subtle func-

tional alteration.

2.4 | The killing defect of vps13F KO cells is linked to
defective bacterial sensing

We next analyzed by RNA sequencing the transcription profile of
vps13F KO cells and compared it to that of WT and of other KO
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FIGURE 7 Deletion of vpsi3F in kil2 KO cells strongly impacts
intracellular killing of Klebsiella pneumoniae. Intracellular killing of
individual Kp-GFP by amoeba cells was visualized as described in
Figure 5 in WT, vps13F, kil2, and kil2-vps13F KO cells. Intracellular
survival of ingested Kp-GFP was significantly longer in kil2 KO cells
than in vps13F KO cells, and significantly longer in kil2-vps13F KO cells
than in kil2 KO cells (p < 1074 log-rank test; number of ingested
bacteria is 198 for kil2 and 194 for kil2-vps13F KO). The sets of data
for WT and vps13F KO cells are the same as presented in Figure 5C

cells defective for growth in the presence of K. pneumoniae: kil2
(Lelong et al., 2011), kil1 (Benghezal et al., 2006), phg1A (Cornillon
et al.,, 2000), and fspA KO cells (Lima et al., 2014). Compared to the
experimental variability, the effects of the genetic inactivations were
too subtle to be clearly visible from a global expression analysis includ-
ing all genes. Analysis was thus conducted on a subset of 927 genes,
differently regulated in at least one of the pairwise combinations of
strains (see experimental procedures). Principal Component Analysis
(PCA) revealed that vps13F KO cells clustered together with fspA KO
cells in all three combinations of the first three principal components
(Figure 9A), while WT and the other KO cells clustered separately.
Although the biological mechanism at play is unclear, this observation
suggested that the transcriptional profile of vps13F KO cells is more
similar to that of fspA KO cells than of kill, kil2, or phgla KO cells,
and led us to analyze if phenotypic traits observed in fspA KO cells
were also found in vps13F KO cells.

Previous results showed that fspA KO cells have a defect in
sensing folate (Lima et al., 2014), and that folate is the main feature
of noncapsulated K. pneumoniae recognized by Dictyostelium (Lima
et al., 2014). This result led us to test the ability of vps13F KO cells
to respond to various stimuli.

Dictyostelium cells respond to various stimuli by increasing their
random velocity. This can be observed after exposure to folate or to
different bacteria (K. pneumoniae, B. subtilis, and M. luteus; Lima et al.,
2014). In this assay, unstimulated vps13F KO cells exhibited a random
motility identical to that of WT cells (Figure 9B). Upon stimulation with
K. pneumoniae or with M. luteus, a 2.4-fold increase of motility was
observed in WT cells. In these conditions, motility of vps13F KO cells

also increased significantly (1.5 fold) but to a lesser extent than seen
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FIGURE 8 The organization of the endocytic pathway is not altered
in vps13F KO cells. (a) Kinetics of endosomal acidification and
reneutralization in vps13F KO and in wild-type (WT) cells are
identical. To assess acidification in endosomal compartments, cells
were allowed to engulf for 18 min two fluorescent dextrans, then
washed and incubated further for the indicated chase times.
Intracellular fluorescence was measured by flow cytometry. The
endosomal pH was estimated by the fluorescence ratio of the two
internalized probes. This experiment was repeated 3 times with
identical results. (b) Phagosomal proteolysis is not defective in
vps13F KO cells. Cells were incubated with latex beads coupled to
BSA labeled with DQ-green for 15 min, then incubated further for O
or 1 h. At time O, internalized beads exhibited low fluorescence.
Intracellular proteolysis of BSA released DQ-green fluorescence and
revealed the intra-phagosomal proteolysis of BSA. Results are
expressed as the ratio of DQ-Green/Alexa-594 (mean + SEM; 3
independent experiments). (c) After 3 days of culture in HL5 medium,
Dictyostelium cells were recovered by centrifugation, and the activity
of two lysosomal enzymes (NAG = N-acetyl B-glucosaminidase;
NAM = a-mannosidase) was measured in cell pellets and in
supernatants using chromogenic substrates. The total activity of
lysosomal enzymes was very similar in vps13F KO and in WT cells. In
both cells, only a small fraction of lysosomal enzymes was secreted
(mean = SEM; 3 independent experiments). (d) Cell lysates of WT and
vps13F KO cells were migrated on polyacrylamide gels, transferred to
nitrocellulose, and analyzed by Western-blot using antibodies against
SibA (209 kDa), Phg1A (55 kDa), Kill (56 kDa), Kil2 (131 kDa), and
Farl (70 kDa) proteins (quantification in Figure S7). No significant
difference was seen between WT and vps13F KO cells

(@)

8_
39" .
ol *
o o~
‘IE o4 o
o2
51 i -
i A
T T T T T
40 20 0 20 40
PC 1 :var 38.5%
& s WT
=8
?}? ) fspA
L - o kil1
Soq ., ® oo | e k2
o .
8 =8 e o phg1A
S e VPS13F
" 40 20 0 20 40
PC 1 : var 38.5%
8—
Bg L
A= .
S &
g = ©o0
(o]
O (= | . o .
a P
o ® e « 3
=20 <10 0 10 20
(b) PC 3 :var 9.3%
1007 m wr *
O vps13F
—~ 804 * *
£ *
£
3 601
£
3 *
2 401
Q
o
(5]
> 204
0+ h
Buffer Kp Bs Ml Folate

FIGURE 9 Sensing of bacteria and folate is defective in vps13F KO
cells. (a) Principal component analysis, done on a subset of 927
genes, showing the three first principal components (explaining 57.9%
of the variance). This analysis suggested that vps13F KO cells were
most closely related to fspA KO cells (var = variance; *: the dot
corresponding to the fourth fspA replicate is hidden behind the vps13F
dot). (b) Cells were imaged during 30 min in the absence or presence of
bacteria (Klebsiella pneumoniae, Bacillus subtilis, Micrococcus luteus) or
folate (1 mM). Individual cell trajectories of 15 cells were tracked to
measure cell motility in response to stimulants. Differences between
each condition within the same cell type and between vps13F KO and
WT strains were statistically significant (mean + SEM; *: p < .05;
student t test; n = 14 to 30 independent experiments)

for WT cells (Figure 9B). Addition of B. subtilis or of a high folate
concentration (1 mM) increased even more the motility of WT cells

(3 fold). Vps13F KO cells responded to these more efficient stimulants
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FIGURE 10 Intracellular killing of Klebsiella by vps13F KO cells is

stimulated by a high concentration of folate. (a-c). As in Figure 5,
intracellular killing of individual Kp-GFP by amoeba cells was visualized
in (a) wild-type (WT) cells, (b) kil2 KO cells, or (c) vps13F KO cells in the
presence (red curves) or absence (black curves) of folate (1 mM). In
these experiments, folate was directly added in the medium containing
cells and bacteria, and imaging was initiated 5 min later. Stimulation
with folate significantly accelerated intracellular killing in vps13F KO
cells but not in WT or kil2 KO cells (p < 10™%; log-rank test; number of
ingested bacteria with folate is 350 for vps13F, 200 for WT, and 264
for kil2 KO cells). The sets of data for WT, vps13F KO and kil2 KO cells
incubated in the absence of folate are the same as presented in
Figure 5c and Figure 7. (d) Kp-GFP bacteria were preincubated for

15 min with 1 mM folate, washed with PB-Sorbitol, and mixed with
vps13F KO cells before analysis. In vps13F KO cells, intracellular killing
of Kp-GFP coated with folate was significantly faster than killing of
untreated Kp-GFP (p < 10™% log-rank test; number of ingested bacteria
coated with folate is 161). The set of data for killing of untreated Kp-
GFP is the same as presented in Figure 5c. (e) Intracellular survival of
Kp-GFP in Ax2 cells (blue) and far1 KO cells (red). Genetic alteration of
the Farl folate receptor significantly impaired intracellular killing of
Klebsiella pneumoniae (p < 10™% log-rank test; number of ingested
bacteria is 197 for Ax2 and 206 for far1 KO cells)

by increasing 2.4 fold their random motility (Figure 9B). Thus with all
stimulants tested, motility of vps13F KO cells increased significantly
less than observed in WT cells. These experiments suggest that
vps13F KO cells respond less efficiently to extracellular stimuli, and
in particular to Farl-dependent folate stimulation. Note that strong

stimuli (B. subtilis, or a high folate concentration) are sufficient to

stimulate vps13F KO cells to the same extent as WT cells stimulated
with K. pneumoniae or M. luteus.

We next tested the hypothesis that inefficient killing of Klebsiella
in vps13F KO cells resulted from the inability of vps13F KO cells to
efficiently respond to the presence of K. pneumoniage. For this, we
assessed intracellular survival of K. pneumoniae in cells that were simul-
taneously exposed to a high concentration of extracellular folate
(1 mM). Exposure to folate did not significantly increase killing effi-
ciency in WT cells (Figure 10A), or in kil2 KO cells (Figure 10B). Strik-
ingly, in vps13F KO cells, exposure to folate restored an efficient
killing of ingested K. pneumoniae (Figure 10C; average survival time:
22.1 min without folate and 10.7 min in the presence of folate). Note
that in this assay, the folate was added to Dictyostelium cells at the
same time as the bacteria, and a few minutes before imaging. This indi-
cates that the effect of folate on intracellular killing can be observed
within minutes of exposure to folate. This result suggests that the slow
killing observed in vps13F KO cells is due to the fact that these cells
are not properly stimulated upon phagocytosis of K. pneumoniae. We
next assessed intracellular survival of K. pneumoniae preincubated with
folate prior to their ingestion. For this, K. pneumoniae were preincu-
bated with 1 mM folate for 15 min, washed, then incubated with
vps13F KO cells in the absence of excess folate. In these conditions,
efficient killing of ingested K. pneumoniae was restored (Figure 10D;
average survival time: 8.23 min for folate-coated K. pneumoniae). The
level of folate secreted by K. pneumoniae is presumably not sufficient
to induce efficient killing in vps13F KO cells, but a higher level of folate
can overcome this sensing defect.

Together, these observations suggest that upon ingestion of
K. pneumoniae by Dictyostelium, sensing of folate is required to ensure
rapid intracellular killing. To test this hypothesis directly, we assessed
intracellular killing of K. pneumoniae in cells genetically inactivated for
the Farl folate receptor (Pan, Xu, Chen, & Jin, 2016). Remarkably,
farl KO cells also showed a significant defect in intracellular killing of
K. pneumoniae compared to their parental cell line (Figure 10E; average

survival time: 6.1 min in Ax2 and 12.3 min in farl KO cells).

3 | DISCUSSION

In this study, we identified Vps13F as a new gene product involved in
intracellular killing of K. pneumoniae bacteria by Dictyostelium amoeba.
Our key finding, based on the analysis of vps13F KO cells, is that effi-
cient intracellular killing of K. pneumoniae requires cells to sense and to
respond to the bacteria that they are ingesting. In the case of
K. pneumoniae, and as suggested by our previous studies, the main fac-
tor allowing Dictyostelium cells to sense the presence of K. pneumoniae
is the folate secreted by the bacteria.

More specifically, we showed that vps13F KO cells respond poorly
to extracellular stimulation, suggesting that in these cells inefficient
killing of K. pneumoniae is due to a defective sensing of ingested bacte-
ria. Indeed, vps13F KO cells overstimulated with a high concentration
of folate kill ingested K. pneumoniae as efficiently as WT cells do.
Restoration of killing can be achieved by adding folate to the medium
during the ingestion of K. pneumoniae, but it is even more efficient to

preincubate shortly the K. pneumoniae with folate prior to their
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encounter with Dictyostelium. The critical role of folate sensing in stim-
ulating intracellular killing was further demonstrated by showing that
genetic inactivation of the folate receptor also resulted in inefficient
intracellular killing of ingested K. pneumoniae. Recent results have
shown that Dictyostelium senses folate during phagocytosis of bacteria
or folate-coated particles and that this stimulates phagocytosis (Pan
et al., 2016). The current study brings these results one step further
by showing that after phagocytosis, folate sensing also stimulates the
subsequent killing of K. pneumoniae. A working model for intracellular

killing of K. pneumoniae bacteria is proposed (Figure 11).
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FIGURE 11 Intracellular killing of Klebsiella pneumoniae: a working

model. All Dictyostelium gene products involved in intracellular killing
of K. pneumoniae are depicted in this scheme. In the Golgi apparatus,
Phg1 ensures efficient sorting of Kill, a sulfotransferase sulfating
lysosomal enzymes essential for efficient killing. In the phagosome,
Mg?* ions transported by Kil2 are necessary for optimal activity of lytic
enzymes. The current study indicates that three gene products (Far1,
FspA, and Vps13F) are involved in sensing of bacterial folate and are
also essential for efficient killing of K. pneumoniae. ldentifying the lytic
enzymes specifically involved in killing of K. pneumoniae and their
regulation is one of our next goals

One previous study has shown that Dictyostelium cells modify their
gene expression patterns following exposure to different bacteria
(Nasser et al., 2013). This allows them to adapt to changes in their
source of nutrients. However, changes in gene expression occured over
a time frame of several hours, while the effect of folate on the kinetics
of intracellular killing observed in this study is almost immediate. It is
likely that the very rapid sensing of bacteria and slower modifications
of gene expression patterns both contribute to ensure optimal adapta-
tion of Dictyostelium to changes in its environment and food supply.

Defective growth of kil2-vps13F KO cells was apparent in the
presence of K. pneumoniae, as well as of a mucoid strain of E. coli (E. coli
B/r), and of M. luteus, but not in the presence of other bacterial species
like B. subtilis and P. aeruginosa, or even in the presence of another
strain of K. pneumoniae (capsulated K. pneumoniae LM21). This pheno-
type suggests that phenotypic features of a bacterial strain (such as the
composition of its cell surface and resistance to various bactericidal
mechanisms) are more important than their species to determine their
intracellular processing by Dictyostelium cells. We only measured the
effect of genetic inactivation of vps13F on intracellular killing of
K. pneumoniae and of B. subtilis, as these are for the moment the only
bacteria for which assays measuring intracellular killing have been
developed. As observed before with other mutants defective in intra-
cellular killing (phg1la, kil1, and kil2 KO cells; Le Coadic et al., 2013;
Lelong et al., 2011), alteration of the vps13F gene affects intracellular
killing of K. pneumoniae, but not of B. subtilis, suggesting that the
molecular mechanisms engaged in intracellular killing of different bac-
teria are largely distinct. Together, these new results reinforce the
notion that molecular mechanisms responsible for intracellular killing
of bacteria exhibit a high degree of specificity.

Our results do not identify the exact molecular role of Vps13F in
response to extracellular stimulants. Because Vps13 has been pro-
posed to play a role in intracellular sorting in S. cerevisiae, one possibil-
ity would be that genetic inactivation of vps13F in Dictyostelium
perturbs intracellular transport of one or several molecules critical for
sensing. Existing knowledge on the cellular function of Vps13F pro-
teins is, however, very succinct. It is equally possible that the main role
of Vps13 is to participate directly in intracellular activation, and that its
function in intracellular sorting in S. cerevisiae was an indirect effect of
an alteration of intracellular signaling. Our study indicates that a cer-
tain degree of specificity exists between different members of the
family, because genetic inactivation of vps13A and vps13F in
Dictyostelium resulted in radically different phenotypes. More detailed
studies will be necessary to determine the exact mode of action of
Vps13F proteins.

Concerning the strategy followed in this study, the vps13F inser-
tional mutant was identified by screening a library of random mutants
generated in a kil2 KO background. The underlying assumption was
that there is a certain degree of redundancy in mechanisms ensuring
the intracellular killing of bacteria, and in this case more specifically
of K. pneumoniae. Consequently, the role of certain gene products in
intracellular killing may become more apparent when other killing
mechanisms are inactivated. This hypothesis is confirmed by our
results: the vps13F insertional mutant would not have been selected
if it had been created in a WT background: it exhibits a significant
but limited killing defect, which is not sufficient to cause a major
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growth defect in the presence of K. pneumoniae bacteria. On the con-
trary, genetic inactivation of vps13F in a kil2 KO background causes a
strong additional growth defect in the presence of K. pneumoniae. In
further studies, analysis of double or triple KO cells may be necessary
to determine the role and the relative importance of various gene

products in intracellular killing of different types of bacteria.

4 | EXPERIMENTAL PROCEDURES

4.1 | Cell culture and strains

Dictyostelium cells were grown in HL5 medium at 21 °C (Cornillon,
Olie, & Golstein, 1998) and subcultured twice a week to maintain a
density below 10° cells/ml.

Unless specified, Dictyostelium cells used in this study were all
derived from the DH1-10 subclone (Cornillon et al., 2000) of the
D. discoideum strain DH1 (Caterina, Milne, & Devreotes, 1994), referred
to in this study as wild-type (WT). The phg1A (Cornillon et al., 2000), kil2
(Lelong et al., 2011) and fspA (Lima et al., 2014) KO strains were
described previously. In this study, we created a new kil2 KO strain by
deleting a sequence of the kil2 gene in DH1-10 and replacing it with a
Blasticidin S Resistance (BSR) cassette (Figure S8). The BSR cassette
was then excised by extrachromosomal expression of Cre (Linkner,
Nordholz, Junemann, Winterhoff, & Faix, 2012). This new kil2 KO strain
behaved in the same manner as the previously published kil2 KO strain
(Lelong et al., 2011), and it was used as a starting point for mutagenesis
(see below). Ax2 and far1l KO strains were a kind gift of Dr. Miao Pan
and Pr. JinTian (National Institute of Health, MD, USA; Pan et al., 2016).

Bacterial strains were grown overnight in Lysogeny broth (LB)
medium at 37 °C. Bacteria used were uncapsulated K. pneumoniae
laboratory strain (Benghezal et al., 2006), capsulated K. pneumoniae
LM21 (Balestrino, Ghigo, Charbonnel, Haagensen, & Forestier, 2008),
E. coli B/r (Gerisch, 1959) and P. aeruginosa PT531 (Cosson et al.,
2002), B. subtilis 36.1 (Ratner & Newell, 1978), and M. luteus
(Wilczynska & Fisher, 1994).

4.2 | Screening for growth-deficient Dictyostelium
mutants

To isolate Dictyostelium mutants that are specifically unable to grow in
the presence of bacteria, kil2 KO cells were mutagenized by restriction-
enzyme-mediated insertion of the pSC plasmid and screened as previ-
ously described (Cornillon et al., 2000; Lelong et al., 2011; Figure S1).
Briefly, individual mutant cells were cloned in 96 well plates using a cell
sorter. Overall, 10,000 individual clones were tested for their ability to
grow efficiently on several bacteria: M. luteus, B. subtilis, E. coli B/r,
K. pneumoniae, K. pneumoniae LM21, and P. aeruginosa PT531. Mutants
that grew poorly on at least one of the tested bacteria were selected
and expanded, and their genomic DNA was extracted. To identify the
site of insertion of the pSC plasmid in each mutant, genomic DNA
was digested with Clal, self-ligated, transformed in E. coli SURE, and
sequenced. Mutants in which the plasmid was inserted in a coding
region were selected for further analysis. The vps13F mutant was iso-
lated in a kil2 KO background, while the vps13A mutant was identified
in a WT background (Figures S1 and S2).

A KO plasmid was constructed to replace a sequence in the
vps13F gene with a BSR cassette, in both WT and kil2 KO strains
(Figure S1), to generate simple vps13F KO and double kil2-vps13F KO
cells. Individual clones were identified by polymerase chain reaction
(PCR) (Figure S1). Three independent clones of each KO cells were
obtained and yielded identical results in this study.

The plasmid recovered from the Dictyostelium genome after plas-
mid rescue and containing the genomic region flanking the insertion
site in vps13A was used to create new vps13A KO (Figure S2). Three

independent clones were obtained, but only one was used in this study.

4.3 | Growth of Dictyostelium in the presence of
bacteria

Dictyostelium cells were grown in the presence of bacteria as described
previously (Froquet, Lelong, Marchetti, & Cosson, 2009). Briefly, 50 ul
of an overnight bacterial culture were plated on 2 ml of SM-agar in
each well of a 24-well plate. Alternatively, to test the growth of
Dictyostelium in the presence of dead bacteria, an overnight culture
of K. pneumoniae (7 ml) was boiled for 4 h at 95 °C, pelleted, resus-
pended in 200 pl and applied in each well. Then, 10, 100, 1,000 or
10,000 Dictyostelium cells were added on top of the bacterial lawn.
Growth of Dictyostelium generated phagocytic plaques after 4-7 days
of incubation at 21 °C. Quantification of the extent of the growth
defect was done by scoring the growth of Dictyostelium strains on each
bacteria in at least four independent experiments. For each experi-
ment, growth was scored from 4 (efficient growth) to O (no growth).
For each bacteria tested, the average score of Dictyostelium growth
was calculated.

4.4 | Phagocytosis and macropinocytosis

To measure efficiency of phagocytosis, 3 x 10° Dictyostelium cells
were washed once, resuspended in 1 ml of Phosphate Buffer (PB:
2 mM NayHPO,4, 14.7 mM KH,PO,4, pH 6.5) supplemented with
100 mM sorbitol (PB-Sorbitol) and incubated for 20 min with 1 ul FITC
latex beads (Fluoresbrite plain YG 1 micron, Polysciences), or with
5 x 107 glutaraldehyde-fixed K. pneumoniae labeled with rhodamine
at a multiplicity of infection of 1:200. To assess macropinocytosis, cells
were incubated in PB-Sorbitol containing 10 pg/ml Alexa-647 Dextran
(Life Technologies) for 20 min. Then, cells were washed in ice cold HL5
supplemented with 0.1% NaN3 and internalized fluorescence was
measured by flow cytometry. Mean fluorescence was plotted for each

strain.

4.5 | Intracellular killing of bacteria

Three methods were used to measure intracellular killing of bacteria.
First, as previously described (Benghezal et al., 2006), cells were mixed
with a small number of bacteria (200 Dictyostelium cells for
1 K. pneumoniae) and incubated at 21 °C in PB-Sorbitol. Aliquots were
taken at different time points, cells were lysed, and bacteria were
plated on LB-agar. The number of colony-forming units decreased as
bacteria were ingested and killed.

A second method (Benghezal et al., 2006) was to incubate

Dictyostelium cells with a larger number of GFP-expressing
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K. pneumoniae (Kp-GFP, 10 bacteria per Dictyostelium cells) and to
measure by flow cytometry the accumulation of GFP fluorescence in
cells. For this, bacteria were grown overnight in LB supplemented with
100 pg/ml of ampicillin, and washed once with PB-Sorbitol.
Dictyostelium cells (10°) were washed with PB-Sorbitol, mixed with
10° bacteria in 1 ml PB-Sorbitol and incubated at 21 °C. At the indi-
cated times (0-60 min), a 100 pl aliquot was collected. Then, cells were
washed in ice cold HL5 supplemented with 0.1% NaNs; and internal-
ized GFP fluorescence was measured by flow cytometry.

To measure phagocytosis and intracellular killing of individual bac-
teria (Delince et al., 2016) Kp-GFP bacteria were mixed with
Dictyostelium cells at a ratio of 3:1 in PB-Sorbitol, deposited on a glass
slide (Fluorodish, World Precision Instruments, Inc.) for 10 min, then
imaged every 30 sec for 2 h with a videotime lapse (Zeiss Axiovert
200 M). At each time, one picture (phase contrast and GFP fluores-
cence) was taken in four successive focal planes (step size 3 um) to
image the whole cell volume. The Metamorph software was used to
extract images, and Image) to compile and analyze movies. Survival
analysis of phagocytosed fluorescent bacteria was computed using
the Kaplan-Meier estimator. Statistical comparisons between
Kaplan-Meier curves were done using the log-rank test. We rejected
the null hypothesis if the p value was below 1072, Statistical analysis
was done using XLSTAT (Version 2016.03.31333). For each condition,
the number of ingested bacteria is indicated and at least three inde-

pendent experiments were performed.

4.6 | Chemokinetic response to folate and bacteria

For chemokinetic measurements, 2 x 10* Dictyostelium cells were
allowed to attach to the polystyrene bottom of one well of a 96-well
microplate (Cell culture microplate PS F-bottom, pclear, Greiner bio-
one) for 20 min in 100 ul of PB-Sorbitol with or without supplementa-
tion of 1 mM folate, or of bacteria (1:1000 v/v., from an overnight cul-
ture washed twice in PB-Sorbitol). Cells were then imaged every
15 sec during 30 min using the widefield plate reader ImageXpress
XL with a 10X S Fluor objective. The images were acquired with a
CoolSnap HQ camera (Photometrics) and movies assembled with
Metamorph. Track point tool of Metamorph was used to track individ-
ual trajectories and total distance of 15 cells for each experiment and

to calculate velocity.

4.7 | Organization of endosomal and lysosomal
pathways

Kinetics of endosomal acidification were assessed by flow cytometry
as previously described (Marchetti et al., 2009). Endosomal pH was
determined by fluorescence levels of two internalized dextrans, one
coupled to pH-sensitive fluorophore and the other coupled to pH-
insensitive fluorophore. The activity of lysosomal glycosidases in cells
and in supernatant was measured as previously described (Le Coadic
et al., 2013) using a colorimetric assay.

The activity of phagosomal proteases was measured as previously
described (Lelong et al., 2011; Sattler et al., 2013), using silica beads
coupled to Alexa-594 red fluorescent succinimidyl ester (Molecular
Probes) and to BSA labeled with DQ-green (490 nm, Molecular Probes)

at a self-quenching concentration. Cells were allowed to engulf beads
in phosphate buffer for 15 min, then aliquots collected after O or 1 h.
Upon proteolysis, green fluorescence was released and measured by

flow cytometry.

4.8 | Immunolabeling

To perform immunofluorescence analysis, 10° cells were let to adhere
to a glass coverslip for 30 min in HL5 medium. Then, Dictyostelium cells
were fixed with 4% paraformaldehyde for 30 min, washed, perme-
abilized with methanol at —20°C for 2 min, and labeled with the indi-
cated primary antibody in phosphate buffer with 0.2% bovine serum
albumin for 1 h. Permeabilized cells were labeled with markers of
endosomal compartments (p80, p25) and of the contractile vacuole
(Rhesus). Cells were stained with the corresponding Alexa-488 fluores-
cent secondary antibodies for 1 h and observed by LSM700 confocal
microscopy (Carl Zeiss).

To determine the levels of cellular proteins, 10% cells were
resuspended in 10 ul of 0.103 g/ml sucrose, 5 x 10-2 M Tris, pH
6.8, 5 x 10-3 M EDTA, 0.5 mg/ml bromophenol blue, 2% SDS, and
proteins were separated by electrophoresis on an SDS-polyacrylamide
gel. Proteins were then transferred to a nitrocellulose membrane for
immunodetection using anti-PhglA (Blanc, Zufferey, & Cosson,
2014), anti-SibA (Cornillon et al., 2006), anti-Kil1 (Benghezal et al.,
2006), and anti-Kil2 (Lelong et al., 2011) primary antibodies. Horserad-
ish-peroxidase-coupled antimouse (for anti-SibA and anti-Phg1A) and
antirabbit (for anti-Kil1 and anti-Kil2) antibodies were used as second-
ary antibodies. A recombinant anti-Farl antibody was generated by
the Geneva Antibody Facility (http://www.unige.ch/antibodies; refer-
ence MRB 168).

4.9 | Sequence and Phylogenetic analysis

Protein sequences of Vps13F homologs from a diverse group of organ-
isms were aligned using the K-align algorithm (Lassmann, Frings, &
Sonnhammer, 2009). The alignment was then manually refined in order
to remove regions that were hyper variable or with gaps. Phylogenetic
trees were generated using MEGA 6.0 (Tamura, Stecher, Peterson,
Filipski, & Kumar, 2013). Genetic distances were computed using the
Jones-Taylor-Thornton algorithm, and Neighbor-Joining (NJ) was used
to generate distance-based phylogenetic trees. Maximum-likelihood
(ML) phylogenetic estimates were obtained with the Le_Gascuel_2008
model. Sequence evolution model was selected using the “find best
model option” in MEGA 6.0. Bootstrap assessment of tree topology
with 100 replicates was performed to find the support for the inferred
clades. Similar topologies were found for the two phylogenetic
methods employed; the star-shaped, unrooted tree displayed in
Figure 2B corresponds to the maximum-likelihood topology (with
bootstrap values for both ML and NJ trees shown). The organisms
and the accession codes of the proteins investigated in the phyloge-
netic analysis are shown in Table S2.

4.10 | RNA sequencing and analysis

RNA was isolated from at least 5 x 10° Dictyostelium cells using the
Direct-zol RNA MiniPrep kit (Zymo Research, # R2052). The quality
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of RNA was confirmed with a Bioanalyzer (Agilent, RNA 6000
Nano Kit # G2938-90037). Libraries were constructed from
100 ng of RNA using the Ovation Universal RNA-Seq System kit
(Nugen, # 0343). The quality of the libraries was verified by TapeStation
(Agilent, High Sensitivity D1000 ScreenTape, # 5067-5584). Samples
were pooled and run in single read 50 flow cell (lllumina, # 15022187)
and run on a Hiseq 2500 (lllumina).

From six different Dictyostelium strains, 21 libraries were analyzed:
WT (2 replicates), fspA (4 replicates), kil1 (4 replicates), kil2 (3 repli-
cates), phg1A (4 replicates), and vps13F (4 replicates) KO cells. 50 nt
singe-end reads were mapped to the Dictyostelium discoideum genome
(2009, downloaded from dictybase) using tophat (version 2.0.13) and
bowtie2 (version 2.2.4) softwares. As the RNASeq data is stranded,
parameter library-type was set to fr-secondstrand. Multihits were not
allowed, by using option --max-multihits 1. The other parameters were
default. The read counts per gene were generated using HTSeq
software (version 0.6.1) and the GFF annotation downloaded from
dictybase (February 2015). Options for htseg-count were -t exon
--stranded = yes -m union. The counts were then imported in R
(version 3.2.2). The genes were filtered for minimal expression, by
removing genes with an average through all samples lower than 5
reads. Normalization factors to scale the libraries sizes were calcu-
lated using edgeR. The read counts were then log transformed
and variance stabilized using voom. The log-transformed counts
were then batch corrected for date effect using the R package
sva and the ComBat function. The experimental design (mutation)
was provided to the ComBat algorithm.

A differential expression analysis was then performed on these
batch-corrected data using the R package limma. All the comparisons
2 by 2 were performed between the 6 conditions, so in total 15 com-
parisons. The genes having an adjusted p-value lower than 0.05 and an
absolute log fold change above 1.5 were considered differentially
expressed. The union of these genes was then taken for the following
of the analysis. The principal component analysis were generated using
the R function prcomp, with centering and scaling the data. The 3 first

principal components were considered and plotted versus each other.
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RESULTS

3. Manuscript: Vps13F supplementary data
Figure S1. Isolation and generation of vpsI13F KO cells.
A. Schematic representation of the vpsi3F insertional mutant obtained by REMI mutagenesis, with the
mutagenic plasmid pSC inserted 7’144 nucleotides (nt) after the start codon.
B. The site of insertion was identified by digestion of genomic DNA with Clal, which allowed the recovery of
the mutagenic plasmid with the genomic flanking regions of vpsI3F.
C. Schematic representation of the vpsI3F gene in WT or KO cells. To create a new vpsI3F KO, we deleted
909 nt of the genomic sequence, 1’752 nt downstream of the vpsI3F start codon and replaced this portion with
a blasticidin resistance cassette by homologous recombination. Arrows indicate the positions of the
oligonucleotides used to identify KO cells.
D-E. Identification of vpsI13F KO cells was done by PCR using distinct pairs of oligonucleotides to verify both
loss and gain of signal.

Figure S2. Isolation and generation of vps134 KO cells.

A. Schematic representation of the vpsi34 insertional mutant obtained by REMI mutagenesis, with the
mutagenic plasmid pSC inserted 5’151 nt after the start codon.

B. The site of insertion was identified by digestion of genomic DNA with Clal, which allowed the recovery of
the mutagenic plasmid with the genomic flanking regions of vps/34. We used this same plasmid to transfect
WT cells in order to create a new vpsi34 KO by homologous recombination.

C. Schematic representation of the vps/34 gene in KO cells. Arrows indicate positions of the oligonucleotides
used to identify KO cells.

D. Identification of vpsi134 KO cells was done by PCR using distinct pairs of oligonucleotides to verify the
expected size of PCR products.

Figure S3. Phagocytosis, macropinocytosis, and intracellular Killing of K. pneumoniae or B. subtilis are
not defective in vps134 KO cells.

A. Internalization of fluorescent latex beads, of rhodamine-labeled glutaraldehyde-fixed K. pneumoniae and of
fluorescent Dextrans in PB-Sorbitol was assessed by flow cytometry (mean + SEM; 3 independent
experiments). Differences in phagocytosis of fixed K. pneumoniae between WT and KO cells were not
significant.

B. Kp-GFP survival curve in WT or in vps/34 KO cells (number of ingested bacteria is 228 for WT and 224
for vps134 KO cells). The set of data for WT is the same as presented in Fig. 5C.

Figure S4. Vps13F is not required for growth in the presence of heat-killed Kiebsiella.
WT, kil2 KO, kil2-vps13F KO and vpsi3F KO cells were seeded on a lawn of heat-killed Klebsiella bacteria.
All cells analyzed grew comparably in these conditions.

Figure S5. The endosomal pH in WT and in vpsI3F KO cells is similar.

To measure endosomal pH, Dictyostelium cells were allowed to endocytose during 18 min a mixture of dextrans
coupled to Oregon Green 488 (OG, pH-sensitive) and to Alexa 647 (A-647, pH-insensitive). Flow cytometry
was used to measure levels of intracellular fluorescence, at different chase time points after 18 min of
endocytosis. The intracellular fluorescence of both probes exhibited the same profile in WT and mutant cells.
This experiment was repeated 3 times with identical results.

Figure S6. General organization of cellular compartments is similar in vpsI3F KO and WT cells.
Immunofluorescence was used to label p25, p80, and Rhesus proteins, in order to detect distinct pericentriolar
compartments, endosomes, and the contractile vacuole respectively. Confocal images are shown. Scale bar 5
pm.
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Figure S7. Western-blot analysis of Far1l expression.

A. Western-blot analysis of Farl protein expression in Ax2, far! KO, WT (DH1) and vps13F KO strains. Cells
were allowed to grow at a density of 3x10° cells/ml. 1.3x10° cells were suspended in 20 pl of 2x sample buffer
and loaded on a 10% SDS-PAGE gel. After migration and transfer of proteins on a Nitrocellulose membrane,
the latter was blocked overnight with PBS-Tween (0.1%)-milk (7%) at 4°C. The next day, the membrane was
washed twice in PBS-Tween for 30 sec and incubated overnight at 4°C in the presence of the primary antibody
(MRB168) in PBS-Tween. The next day, after three 5-min washes with PBS-Tween-milk the membrane was
incubated for 2 h in the presence of the secondary antibody (HRP-coupled anti-mouse Ig) diluted 1/3000 in
PBS-Tween-milk. Finally, after five washes with PBS-Tween the ECL solution was added to reveal the presence
of the Farl protein.

B. Quantification of Western-blot analysis of SibA, Phgl A, Kill, Kil2 and Farl proteins in vps/3F KO and WT
strains. The relative abundance of each protein in vpsI3F KO cells and WT cells was determined in two to four
independent experiments using the ImageJ software. The quantifications corresponding to gels shown in Fig.
8D are marked in red. The small increase in Kil2 levels observed in vpsI3F KO cells is not significant (p=0.31;
Student t-test, n=4).

Figure S8. Isolation and generation of kil2 KO cells.

A. Schematic representation of the kil2 gene in WT or KO cells. To create a new ki/2 KO, we deleted 1’646 nt
of the genomic sequence, 798 nt downstream of the kil2 start codon and replaced this portion with a blasticidin
resistance cassette by homologous recombination. Arrows indicate positions of the oligonucleotides used to
identify KO cells.

B. Identification of ki/2 KO cells was done by PCR using distinct pairs of oligonucleotides to verify both loss
and gain of signals.
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Table S1. List of species and corresponding gene accession codes used for phylogenetic analysis (Fig. 2B).

Protein | Organism Accession ID
Vpsl3A | D. discoideum XP 637643
Vps13B | D. discoideum XP_644147
Vpsl13C | D. discoideum XP_647570
Vps13D | D. discoideum XP_ 637675
Vps13E | D. discoideum XP_647037
Vps13F | D. discoideum XP_637397
Vpsl3A | D. purpureum XP_ 003286357
Vps13B | D. purpureum XP_ 003292820
Vps13C | D. purpureum XP 003293812
Vps13D | D. purpureum XP_003290022
Vps13E | D. purpureum XP_ 003291063
Vpsl13F | D. purpureum XP_ 003293882
Vps13A | D. fasciculatum XP 004358813
Vps13B | D. fasciculatum XP_ 004363054
Vpsl13C | D. fasciculatum XP_ 004361633
Vps13D | D. fasciculatum XP_ 004358786
Vps13E | D. fasciculatum XP_004359975
Vps13F | D. fasciculatum XP 004358101
Vps13A | Homo sapiens NP 150648
Vps13B | Homo sapiens NP_ 060360
Vps13C | Homo sapiens NP 065872
Vps13D | Homo sapiens NP 056193
Vps13A | Mus musculus NP_766616
Vps13B | Mus musculus NP _796125
Vps13C | Mus musculus NP_796158
Vps13D | Mus musculus NP_001263431
Vps13A | Danio rerio NP_001112365
Vps13C | Danio rerio XP_009301518
Vps13D | Danio rerio XP_001919988
Vpsl3 Caenorhabditis elegans NP_740899
Vps13A | Drosophila melanogaster | NP_610299
Vps13B | Drosophila melanogaster | NP_729825
Vps13C | Drosophila melanogaster | NP_651753
Vps13 Saccharomyces cerevisiae | NP_013060
Vps13 Cryptococcus neoformans | XP_012052436
Vpsl3 | Neurospora crassa XP_ 960097
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Figure S2:
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Figure S5:
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Figure S7:
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Figure S8:
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RESULTS

IT.  LrrkA alters intracellular killing in a Kil2-dependent manner in D. discoideum
1. First characterization of LrrkA KO mutant

IrrkA is the second gene identified in the random mutagenesis that revealed vpsi3F. Like Vps13F, LirkA does
not have any feature that would suggest that it acts as a direct effector of IC killing. Sequence analysis displays
the features of a cytosolic kinase.

The main highlights of this study are:
e We characterized a new mutant defective in IC-killing: drkD KO
e Based on sequence analysis we renamed drkD into lrrkA. Indeed, drkD shares very little similarities
with drkA, B and C but several with the LRRK family.
o  We showed that Kil2 activity depends on LrrkA.
e We showed that fAR1 is implicated in intracellular killing unravelling a fAR1-LrrkA-Kil2 pathway
allowing extracellular folate to control intracellular killing.

It was already established that folate regulates phagocytosis and chemotaxis. Our observations revealed that it
also regulates IC killing. These observations strongly reinforce the hypothesis that D. discoideum can sense and
answer specifically to different bacterial cues. Unfortunately, we were not able to identify the molecular targets
phosphorylated by LirkA. Further detailed genetic and biochemical studies will be necessary to establish the
precise molecular organization of the pathway allowing folate to regulate intracellular killing.
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2. LrrkA, a kinase with Leucine-Rich Repeats links folate sensing with Kil2 activity and intracellular
killing
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1 | INTRODUCTION

Pierre Cosson?

Abstract

Phagocytic cells ingest bacteria by phagocytosis and kill them efficiently inside
phagolysosomes. The molecular mechanisms involved in intracellular killing and their
regulation are complex and still incompletely understood. Dictyostelium discoideum
has been used as a model to discover and to study new gene products involved in intra-
cellular killing of ingested bacteria. In this study, we performed random mutagenesis of
Dictyostelium cells and isolated a mutant defective for growth on bacteria. This mutant
is characterized by the genetic inactivation of the IrrkA gene, which encodes a protein
with a kinase domain and leucine-rich repeats. LrrkA knockout (KO) cells kill ingested
Klebsiella pneumoniae bacteria inefficiently. This defect is not additive to the killing
defect observed in kil2 KO cells, suggesting that the function of Kil2 is partially con-
trolled by LrrkA. Indeed, IrrkA KO cells exhibit a phenotype similar to that of kil2 KO
cells: Intraphagosomal proteolysis is inefficient, and both intraphagosomal killing and
proteolysis are restored upon exogenous supplementation with magnesium ions. Bac-
terially secreted folate stimulates intracellular killing in Dictyostelium cells, but this stim-
ulation is lost in cells with genetic inactivation of kil2, IrrkA, or farl. Together, these
results indicate that the stimulation of intracellular killing by folate involves Farl (the
cell surface receptor for folate), LrrkA, and Kil2. This study is the first identification of

a signalling pathway regulating intraphagosomal bacterial killing in Dictyostelium cells.

KEYWORDS

Dictyostelium, DrkD, intracellular killing, Kil2, Klebsiella pneumoniae, LrrkA, magnesium

other microorganisms. In both mammalian cells and amoebae, intracellu-

lar destruction of ingested microorganisms is one of the first events fol-

Phagocytosis is used by both mammalian cells and environmental amoe-
bae to ingest microorganisms, in particular bacteria. In mammals, one of
the main functions of specialised phagocytic cells (e.g., neutrophils and
macrophages) is to eliminate invading microorganisms and to protect

the body against infections. Amoebae use phagocytosis to feed upon

lowing phagocytosis. To achieve this goal, ingested bacteria are rapidly
transferred into acidic phagolysosomes, equipped to perform efficient
killing. Phagocytosis, phagosome maturation, and intracellular bacterial
killing are complex and interdependent processes involving multiple

gene products. Consequently, our understanding of the molecular
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mechanisms ensuring intracellular killing is still largely incomplete (Dunn
etal, 2017).

The Dictyostelium discoideum amoeba has been an instrumental
model to study the molecular mechanisms controlling the dynamics of
the actin cytoskeleton, phagocytosis, and intracellular killing of bacteria
(Cosson & Soldati, 2008; Mori, Mode, & Pieters, 2018; Stuelten, Parent,
& Montell, 2018). To the best of our current knowledge, molecular
mechanisms involved in ingestion and killing of bacteria are largely sim-
ilar in Dictyostelium and mammalian cells (Cosson & Soldati, 2008). Due
to the relative ease with which haploid Dictyostelium cells can be grown,
observed, and genetically altered, they have been largely used to dis-
cover and analyse the role of specific gene products in various facets
of the phagocytic process. Identification of mutants with interesting
phenotypic alterations has notably been a powerful method to discover
new gene products involved in phagocytosis and intracellular killing.

One relatively easy way to identify Dictyostelium mutants with
interesting phenotypic defects is to test their ability to grow in the pres-
ence of bacteria. Defects in various facets of phagocytosis (e.g., phago-
cytosis or intracellular bacterial killing) were indeed found to reduce the
ability of Dictyostelium cells to feed upon various bacteria. This strategy
has been successfully used to identify gene products involved in phago-
cytosis like SpdA (Dias et al., 2016) or in intracellular killing like Kill
(Benghezal et al., 2006) Kil2 (Lelong et al., 2011) and Vps13F (Leiba
et al., 2017). Importantly, growth in the presence of bacteria can be
affected in many different manners, for example, by mutations decreas-
ing the ability of the cell to recognise bacteria, to ingest them, to kill
them, to digest them, or to make use of the nutrients. Defects in cellular
motility, cell division, or gene expression could also modify the ability of
a cell to grow in the presence of bacteria. As detailed in Section 3, from
a practical point of view, this means that isolating mutants unable to
grow in the presence of bacteria is a practical method to isolate inter-
esting new mutants but a very poor method to characterize mutants.

In this study, we isolated and characterized a new Dictyostelium
mutant unable to grow in the presence of Gram-positive bacteria. The
IrrkA (formerly drkD) gene, disrupted in this mutant, encodes a kinase
with leucine-rich repeats (LRRs). Our results reveal that LrrkA plays a

key role in a pathway activating intracellular killing in response to folate.

2 | RESULTS

2.1 | LrrkA knockout cells are unable to feed upon
Gram-positive bacteria

In order to identify new gene products implicated in ingestion and killing
of bacteria, we previously created a collection of random insertional
mutants in a kil2 knockout (KO) cell line (Leiba et al., 2017). We then
tested the ability of individual clones to grow on a lawn of nonpatho-
genic strains of various bacterial species (Klebsiella pneumoniae,
Micrococcus luteus, Bacillus subtilis, Escherichia coli, and Pseudomonas
aeruginosa). We isolated in this manner a mutant clone unable to feed
upon M. luteus and B. subtilis. We purified the genomic DNA of the
mutant cells, digested it with Clal, self-ligated DNA fragments, and

transformed them into competent bacteria. This led to the isolation of
the inserted pSC plasmid with the genomic flanking regions (Figure
S1a). Sequencing revealed that the mutagenic plasmid was inserted in
the coding sequence of the drkD gene at position 1,782 (Figure S1a).
As detailed below, this gene was renamed IrrkA in this study and in the
dictyBase database.

In order to ascertain that the phenotype of the original mutant was
due solely to the insertion of the plasmid in the IrrkA gene, we created
deletion mutants where a part of the IrrkA gene was deleted. Specifi-
cally, we generated by homologous recombination three IrrkA KO
clones as well as two kil2-IrrkA double KO clones (Figure S1b-d). These
independent mutant clones were characterized in parallel and yielded
indistinguishable phenotypes in all assays described below.

In order to precisely assess the ability of Dictyostelium cells to feed
upon various bacteria, we deposited increasing numbers of cells (10 to
10,000) on a lawn of bacteria. After a few days, wild-type (WT)
Dictyostelium cells eliminated bacteria and created visible phagocytic
plaques in bacterial lawns of K. pneumoniae and B. subtilis (Figure 1a).
LrrkA KO cells grew as efficiently as WT cells on K. pneumoniae, but they
were unable to feed upon B. subtilis (Figure 1a). We also assessed
growth of IrrkA KO cells on a wider range of bacteria (M. luteus, a
Kp21 K. pneumoniae strain, E. coli, and one nonpathogenic P. aeruginosa
strain), and this analysis revealed that IrrkA KO cells were unable to feed
upon the two Gram-positive bacteria tested but showed no defect

when grown on a lawn of Gram-negative bacteria (Figure 1b).

22 |
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LrrkA is a kinase with LRRs and no Roc GTPase

The IrrkA gene analysed in this study was originally named drkD.
The Drk family as originally defined contained four kinases
characterized by the presence of a conserved putative kinase domain
(Araki et al., 1998). However, there are notable differences between
DrkA, DrkB, and DrkC on one side and DrkD on the other side. First,
DrkA, DrkB, and DrkC have a signal peptide and a transmembrane
domain, both absent in DrkD (Figure 2a). Second, DrkD contains seven
LRRs, not found in DrkA, DrkB, and DrkC (Figure 2a). Third, the size of
DrkD (1,288 residues) differs widely from that of DrkA, DrkB, and
DrkC (642-749 residues; Figure 2a). Consequently, we propose to
move DrkD out of the Drk family and to rename it LrrkA (LRR kinase).

Cytosolic kinases containing LRRs are found in a variety of species
over the whole evolutionary tree (Figure 2b). There are, for example,
eight LRR-containing kinases in the unicellular ciliate Paramecium
tetraurelia and 35 in the plant Arabidopsis thaliana. Although the
phylogenetic relationships remain to be determined, a variation on this
basic structure appeared after the divergence of plants: Starting at
this point, some LRR-containing kinases contain in addition a
Roc/COR GTPase domain, and they are often referred to as Roco
kinases. In Mycetozoa (including D. discoideum) and Acanthomyxids
(Acanthamoeba castellanii), many LRR-containing kinases can be found,
some of which belong to the Roco subfamily (Figure 2b). In animals,
LRR-containing kinases are less numerous, and they all belong to

the Roco subfamily. In human, there are only two Roco kinases,
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named LRRK1 and LRRK2 (Figures 2b and S2). We did not
identify LRR-containing kinases in fungi (Saccharomyces cerevisiae,
Paramicrosporidium saccamoebae, and Ustilago bromivora; Figure 2b).
A more complete description of Roco proteins, including proteins
devoid of a kinase domain, was recently published (Wauters, Versees,
& Kortholt, 2019).

Note that the classification of LRR kinases and Roco kinases is not
devoid of some ambiguity, because Roco kinases can contain incom-
plete Roc/COR domains, or be devoid of LRRs. In Dictyostelium, we
identified a total of 13 LRR kinases (Figure S2):

LrrkA.
DDB_G0278509 has an overall structure similar to that of LrrkA.

Primary sequence analysis revealed one kinase domain, 13 LRRs,
and no other functional domains. We consequently named it LrrkB.
DDB_G0278909 contains one kinase domain, six LRRs, and 13
HEAT repeats. The kinase domain misses a catalytic aspartate and
is expected to be inactive.

Eight Roco kinases contain a full Roc/COR domain and LRRs (Roco
1-6, 8, and 11).
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R. filosa (0/0)

E. histolytica (9/0)
E. dispar (9/0)

Acanthomyxids,

A. castellanii (23/18)

Funai
U9 s cerevisiae (0/0)
P. Saccamoebae (0/0)
U. bromivora (0/0)

H. sapiens (2/2)

M. musculus (2/2)

D. melanogaster (1/1)
C. elegans (1/1)

C. fasciculata (15/5)
D. purpureum (11/7)
D. discoideum (13/8)
P. fungivorum (20/4)

P. pallidum (13/6)
T. lacteum (13/8)

(LRRK proteins / LRRK proteins with a full Roc/COR domain)

FIGURE 2 DrkD/LrrkA belongs to the family of leucine-rich repeat (LRR) kinases. (a) Organisation of functional domains of DrkA-DrkD, of the
Dictyostelium ROCO2 kinase, and of the human LRR kinase 1. DrkA, DrkB, and DrkC contain a putative signal peptide and a putative
transmembrane domain situated N-terminally of the kinase domain. LrrkA/DrkD, Roco 2, and human LRRK1 contain LRRs and a kinase domain. In
addition, ROCO proteins (Roco 2 and human LRRK1) contain a Roc and a Cor domain. (b) Schematic phylogenetic tree representing the number of
LRR kinases (with or without a Roc/COR domain) in eukaryotes (indicated in red) and the number of LRR kinases containing a full Roc/COR

domain (indicated in blue)

e Two kinases classified as Roco kinases (Roco 9 and 10) contain

LRRs but an incomplete or absent Roc/COR domain.

e Roco 7 has been classified as a Roco kinase. It contains an incom-
plete Roc/COR domain and no LRRs and is thus strictly speaking
not an LRR kinase.

In order to verify that LrrkA has a functional kinase domain, we
expressed myc-tagged LrrkA, both WT, and a catalytically inactive
version (K877A). After immunoprecipitation of LrrkA-myc with an
anti-myc antibody, anti-phosphoserine antibodies revealed that a

serine is phosphorylated in LrrkA but not in the inactive mutant

(Figure S3). No tyrosine phosphorylation was detected with an anti-
phosphotyrosine antibody. These results suggest that LrrkA is a serine
(and presumably a serine/threonine) kinase and that it is capable of

autophosphorylation.

2.3 | The structure and pH of phagocytic
compartments is unaffected in IrrkA KO cells

Many mutants showing a reduced ability to feed on bacteria exhibit a
defect in the structure or function of the endocytic or phagocytic

pathways. Consequently, we first checked whether the basic structure
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FIGURE 3 General organisation of cellular compartments is similar in IrrkA knockout (KO) and in wild-type (WT) cells. (a) Immunofluorescence
labelling of p80 and H™-ATPase allowed to identify lysosomes (arrowheads; p80*" and H*-ATPase™) and post-lysosomes (arrows; p80* and H*-
ATPase”). (b) Immunofluorescence labelling of rhesus and H™-ATPase allowed to identify contractile vacuole (circles with bar; rhesus™ and H*-
ATPase*). (c) Immunofluorescence labelling of recycling endosomes enriched in p25. Scale bar in (a-c): 5 um. (d) Intracellular retention of lysosomal
glycosidases is as efficient in WT as in IrrkA KO cells. After 4 days of culture in HL5 medium, Dictyostelium cells were recovered by centrifugation,
and the activity of two lysosomal enzymes (NAG, N-acetyl-B-glucosaminidase; NAM, a-mannosidase) was measured in cell pellets and in
supernatants using chromogenic substrates. The percentage of intracellular glycosidase activity was not different for WT and IrrkA KO

cells (mean + standard error of the mean, N = 7, paired Student's t test, NAG p = .948, NAM p = .492). (e) Intracellular levels of lysozyme activity
are similar in WT and IrrkA KO cells (mean + standard error of the mean, paired Student's t test, N = 5, p = .251)
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of the phagocytic pathway was perturbed in IrrkA KO cells. For this,
we visualised the structure of the endocytic pathway by immunofluo-
rescence, using antibodies against the main endocytic compartments.
The structure of the contractile vacuole, visualised with an anti-rhesus
antibody (Benghezal, Gotthardt, Cornillon, & Cosson, 2001), of
recycling endosomes (p25 positive; Charette, Mercanti, Letourneur,
Bennett, & Cosson, 2006), of lysosomes (p80 positive and H*-ATPase
positive; Ravanel et al., 2001), and of post-lysosomes (p80 high and
H*-ATPase negative; Ravanel et al., 2001) was indistinguishable in
IrrkA KO and in WT cells (Figure 3a-c).

We next assessed the intracellular retention of two lysosomal gly-
cosidases (a-mannosidase and N-acetyl-glucosaminidase) and found
no difference between WT and IrrkA KO cells (Figure 3d), suggesting
that lysosomal targeting is not grossly deficient in IrrkA KO cells. Finally,
the activity of intracellular lysozymes, hydrolytic enzymes potentially
implicated in intracellular killing in phagocytic cells (Muller et al.,
2005), was indistinguishable in WT and in IrrkA KO cells (Figure 3e).

We then measured the pH of phagosomes after ingestion of beads
coupled to two fluorophores, one of which (FITC) is extinguished at
low pH, whereas the other one (Alexa Dextran 594) is not. In WT cells,
a very rapid acidification was observed after formation of the
phagosome (Figure 4a), and this very acidic pH was maintained for
more than 30 min, that is, largely after intracellular killing was com-
pleted. Interestingly, a calibration curve of fluorescence extinction at
low pH indicated that FITC coupled to beads was quenched gradually
between pH 2 and 8 (Figure 4b). This behaviour differs from that of
FITC coupled to a soluble dextran, which is completely quenched at
pH 5 or below (Marchetti, Lelong, & Cosson, 2009). This allows us to
extrapolate that the pH in phagosomes may be as low as 2.5, in agree-
ment with previous results suggesting that Dictyostelium lysosomes
are exceptionally acidic (inferior to 3.5; Marchetti et al., 2009). In IrrkA
KO cells, acidification kinetics were indistinguishable from those in
WT cells (Figure 4a), revealing that at least in beads-containing
phagosomes, acidification is not perturbed in IrrkA KO cells.

In summary, immunofluorescence analysis and pH measurement
did not reveal major defects in the structure and organisation of the

endocytic pathway in IrrkA KO cells.

2.4 | LrrkA KO cells are defective for intracellular
killing of K. pneumoniae bacteria

The fact that IrrkA KO cells grow poorly in the presence of some bacte-
ria may be due to their inability to kill efficiently ingested bacteria. In
order to test this hypothesis, cells were allowed to ingest GFP-
expressing K. pneumoniae bacteria, and the survival of the bacteria
was monitored as previously described (Leiba et al., 2017). Previous
experiments have established that loss of fluorescence accompanies
loss of bacterial viability (Lelong et al., 2011). Using this assay, WT cells
were found to kill ingested K. pneumoniae shortly after phagocytosis
(Figure 5a; median killing time 6 min). In IrrkA KO cells, intracellular
killing was significantly slower (Figure 5a; median killing time 14 min).
This delay in intracellular killing was highly reproducible in multiple

experiments (Figure 5b). As previously described (Lelong et al., 2011),
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FIGURE 4 Acidification of phagosomes is unaffected in IrrkA
knockout (KO) cells. (a) Wild-type (WT) and IrrkA KO cells were
allowed to internalise 3-um-diameter beads coated with two
fluorophores (pH-sensitive FITC and pH-insensitive Alexa 594) and
imaged every 75 s for 3 hr. The pH was deduced from the
fluorescence 488/594 nm ratio (mean * standard error of the mean, N
=4, n = 40 beads for each strain). The kinetics of acidification and the
pH value in phagolysosomes were identical in IrrkA KO and in WT
cells. The fluorescence ratio in acidic phagolysosomes is 0.324. (b)
Calibration curve of the pH-sensitive beads in buffer ranging from pH
1 to 9. The dynamic range allows to discriminate variations of pH from
2 to 8 (mean * standard error of the mean, N = 3, n = 100 beads per
pH). A fluorescence ratio of 0.324 corresponds to a pH value between
2.5and 3

intracellular killing was also delayed in kil2 KO cells (Figure 5b). Remark-
ably, the effect of the two mutations was not additive: Killing was not
slower in kil2-IrrkA double KO cells than in kil2 KO cells (Figure 5b).
This observation suggests that Kil2 and LrrkA play partially redundant
roles in intracellular killing. On the contrary, kil1-IrrkA double KO
cells killed bacteria even slower than kil1 KO cells (Figure 5b), suggest-
ing that Kil1 and LrrkA do not play redundant roles in intracellular killing.

We also tested in a similar manner the ability of IrrkA KO cells to
kill ingested B. subtilis expressing a fluorescent mCherry. Interest-
ingly, IrrkA KO cells killed these Gram-positive bacteria as efficiently
as WT cells (Figure S4). This result indicates that different killing

mechanisms are involved in the killing of K. pneumoniae and B.
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FIGURE 5 Intracellular killing of Klebsiella pneumoniae is impaired in

IrrkA knockout (KO) cells. Dictyostelium cells were incubated with GFP-
expressing K. pneumoniae (Kp-GFP) in phosphate buffer-sorbitol for 2
hr. Cells were observed by phase-contrast and fluorescence
microscopy, and the ingestion and intracellular killing of Kp-GFP were
monitored. (a) The probability of bacterial survival following ingestion
is represented as a Kaplan-Meyer estimator for one experiment in
wild-type (WT) cells (white squares) and IrrkA KO cells (black squares).
(b) For each experiment, the survival of bacteria was determined by
measuring the area under the survival curve from 0 to 75 min. Each
dot is the result of a separate experiment. Intracellular killing was
significantly slower in IrrkA KO cells and in kil2 KO cells than in WT
cells (p = .013; paired Student's t test, N = 8 independent
experiments). Intracellular killing was not slower in IrrkA-kil2 KO cells
than in kil2 KO cells (p = .510; paired Student's t test, N = 7
independent experiments), but it was significantly slower in IrrkA-kil1
KO cells than in kil1 KO cells (p = 41074 paired Student's t test, N = 6
independent experiments). Total number of events observed: WT =
351, IrrkA = 496, kil2 = 274, IrrkA-kil2 = 252, kil1 = 120, and IrrkA-kil1
=120

subtilis. It is at first glance surprising that IrrkA KO cells are unable to
grow in the presence of Gram-positive bacteria, although they can
kill them normally. Similarly, it is surprising that IrrkA KO cells grow
normally in the presence of K. pneumoniae bacteria, while they kill
them inefficiently. This lack of congruence between these two

assays is discussed in Section 3.
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Phagosomal proteolysis is defective in IrrkA KO

Previous experiments have shown that the killing defect observed in
kil2 KO cells is accompanied by a defective activity of proteases in
phagosomes (Lelong et al., 2011). If LrrkA and Kil2 do play redundant
roles, a similar phenotype may be expected in IrrkA KO cells. In order
to test the activity of proteases in phagosomes, cells were allowed to
ingest silica beads coated with Alexa Fluor 594 and DQ Green-labelled
BSA at a self-quenching concentration. Proteolysis releases DQ Green
from the beads and increases its fluorescence (Sattler, Monroy, &
Soldati, 2013; Figure 6a). Quantification of the images obtained by
fluorescence microscopy confirmed that phagosomal proteolysis was
less efficient in kil2 KO cells than in WT cells (Figure 6b).

Proteolysis was also less efficient in IrrkA KO cells than in WT cells,
although the defect was less pronounced than in kil2 KO cells
(Figure 6b). Proteolysis was however not slower in kil2-IrrkA double
KO cells than in kil2 KO cells (Figure 6b). These results suggest that
Kil2 and LrrkA play partially redundant roles in controlling proteolysis

in Dictyostelium phagosomes.
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FIGURE 6 Proteolytic activity in phagosomes is reduced in IrrkA
knockout (KO) cells. (a) Cells were allowed to internalise beads
coated with a quenched fluorophore (DQ™ Green BSA) and a
proteolysis-insensitive dye (Alexa 594) and were imaged every 75 s.
Representative, successive pictures of a wild-type (WT) cell ingesting a
bead and processing it over 80 min are shown. Upon degradation of
BSA by proteases, the DQ™ Green is released in phagosomes, and the
corresponding fluorescence increases. (b) To quantify proteolysis, we
plotted the 488/594-nm fluorescence ratio as a function of time
following phagocytosis. In all cells, DQ green fluorescence reached a
plateau approximately 40 min after phagocytosis. The fluorescence
ratio was lower in IrrkA KO cells than in WT cells and even lower in
kil2 KO cells or in kil2-IrrkA KO cells (mean * standard error of the
mean, N = 4, n = 40 beads for each strain)
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2.6 | Magnesium supplementation alleviates the
killing and proteolysis defects of IrrkA KO cells

It has been previously proposed that Kil2 stimulates intraphagosomal
proteolysis by pumping magnesium ions into the phagosome. This pro-
posal is mainly based on the observation that exogenous addition of
magnesium restores normal intraphagosomal killing and proteolysis in
kil2 KO cells (Lelong et al., 2011). We consequently determined the
effect of exogenous magnesium on intracellular killing and proteolysis
in WT, kil2, and IrrkA KO cells (Figure 7). Addition of exogenous mag-
nesium restored efficient killing in IrrkA KO cells (Figure 7a). As previ-

ously reported, exogenous magnesium also greatly stimulated killing in
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FIGURE 7 Exogenous addition of magnesium restores intracellular
killing and proteolytic activity in IrrkA knockout (KO), kil2 KO, and
IrrkA-kil2 KO cells. (a) Intracellular killing of Klebsiella pneumoniae was
determined in wild-type (WT), IrrkA KO, kil2 KO, and IrrkA-kil2 KO cells
in the presence or absence of MgCl, (1 mM), as described in Figure 5. In
these experiments, MgCl, was directly added in the medium containing
cells and bacteria. Exogenous MgCl, accelerated significantly
intracellular killing in all mutant cells (p < 10™%; paired Student's t test, N
= 5 independent experiments). (b) Proteolytic activity was measured in
phagosomes in the presence of 1 mM of MgCl, as detailed in Figure 6.
Normal levels of phagosomal proteolytic activity were restored in all
mutant cells by addition of exogeneous magnesium

kil2 KO cells. An identical effect was observed in kil2-IrrkA double KO
cells (Figure 7a).

Exogenous magnesium also restored normal phagosomal proteoly-
sis in IrrkA KO cells, kil2 KO cells, and IrrkA-kil2 double KO cells
(Figure 7b). These results further suggest that LrrkA and Kil2 play
redundant roles in the control of magnesium-dependent phagosomal

proteolysis and bacterial killing.

2.7 | Stimulation of intracellular killing by folate
requires Farl, LrrkA, and Kil2

The results presented above suggest that LrrkA can modulate Kil2
activity and intraphagosomal killing. Little is known about the regula-
tion of intracellular killing mechanisms in Dictyostelium in response to
extracellular cues. We recently reported that folate, which is synthe-
sized and secreted by many bacteria, can stimulate killing (Leiba
et al., 2017). This effect was initially detected in killing-deficient
vps13F KO cells: Upon exposure to folate, efficient killing was restored
in vps13F KO cells (Leiba et al., 2017). Our previous results have also
shown that folate does not stimulate intracellular killing in kil2 KO cells
(Leiba et al., 2017; Figure 8), suggesting that Kil2 may be necessary for
the response to folate. If LrrkA stimulates Kil2 activity, it may repre-
sent a missing link between folate sensing and Kil2 activity. To test this
hypothesis, we measured the ability of folate to stimulate intracellular
killing of ingested K. pneumoniae in various mutant cells.

As previously reported for vps13F KO cells, folate stimulated intra-
cellular killing in kil1 KO cells (Figure 8). Remarkably, intracellular killing
was not stimulated (and actually inhibited) in IrrkA KO cells upon expo-
sure to folate (Figure 8). Farl has been identified as the main folate
receptor at the cell surface (Pan, Xu, Chen, & Jin, 2016), and intracellu-

lar killing was also not stimulated by folate in far1 KO cells (Figure 8).
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FIGURE 8 Farl, LrrkA, and Kil2 participate in a folate-sensitive
pathway stimulating intracellular killing. Intracellular (IC) killing of
Klebsiella pneumoniae (Kp) was determined in far1 knockout (KO), IrrkA
KO, kil2 KO, and kil1 KO cells in the presence or absence of folate (1
mM), as described in Figure 5 (N = 5). Each dot represents the
difference of area under the curve for each strain with or without
folate. All values above zero indicate that the addition of folate slowed
intracellular killing. Conversely a value below zero indicates that
addition of folate accelerated intracellular killing. Folate stimulated
intracellular killing in kil1 KO cells but not in far1 KO, IrrkA KO, and kil2
KO cells, revealing the role of Fari, LrrkA, and Kil2 in increasing killing
upon folate sensing
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Taken together, these results reveal the existence of a signalling path-
way where folate is recognised at the cell surface by the Farl receptor,
leading to the sequential activation of LrrkA and Kil2 and ultimately to
the activation of intraphagosomal killing of bacteria (Figure 9).

3 | DISCUSSION

In this study, we identified a new molecular mechanism controlling
intracellular killing of K. pneumoniae. LrrkA is a kinase with LRRs, and
its genetic ablation results in a markedly slower intracellular killing of
ingested K. pneumoniae, although the overall structure of the phago-
cytic pathway is not defective in these cells. Genetic analysis of kil2-
IrrkA double KO cells, as well as analysis of the phenotype of IrrkA
KO cells indicate that LrrkA stimulates the activity of Kil2, a putative
magnesium transporter in the phagosomal membrane. Magnesium is
essential for optimal activity of phagosomal proteases and for efficient
killing of ingested K. pneumoniae. In addition, our results indicate that
LrrkA links the sensing of bacterially secreted folate to the activity of
Kil2 and intracellular killing. A schematic description of the roles of
folate, LrrkA, Kil2, magnesium ions, and proteases in intraphagosomal
killing of bacteria is depicted in Figure 9. It is logical to assume
that Dictyostelium uses bacterial-sensing mechanisms to adapt
intraphagosomal killing to the ingested bacteria, but to our knowledge,
this is the first study suggesting the existence of a folate-sensing path-
way stimulating intracellular killing.

In order to propose a unified model, we have been led to revisit the
interpretation of previously published results (Leiba et al., 2017).
According to our current interpretation, the fact that intracellular
killing is stimulated by folate in vps13F KO cells but not in kil2 KO cells
indicates that Vps13F is not involved in stimulation of intracellular
killing by folate, whereas Kil2 is. Similarly, Farl and LrrkA are essential
for the stimulation of intracellular killing by folate, whereas Kill is not.
Moreover, the fact that kil2-vps13F double KO cells are more
defective in intracellular killing than kil2 KO cells indicates that the
function of Kil2 is not dependent on Vps13F. According to this new
interpretation, we suggest that Kil1 and Vps13F play a role in intracel-
lular killing distinct from that of Far1, Kil2, and LrrkA: while the folate-
Farl-LrrkA-Kil2 pathway controls ionic composition of phagosomes,
Kill and Vps13F may play a role in the modification and phagosomal

targeting of lysosomal enzymes involved in killing (Figure 9). Although
this model accounts for the results presented in this study, we are fully
aware that the proposed scheme is overly simple and that it will most
probably be refined by further studies.

Screening for mutants exhibiting defective growth in the presence
of bacteria has proven a powerful method to identify mutants defective
in intracellular killing, but we would like to point out the difficulty in
interpreting precisely the results of these growth assays. For example,
in the current study, IrrkA KO cells were shown to grow efficiently on
a lawn of K. pneumoniae but not on a lawn of B. subtilis. Simple logic
would lead to predict that IrrkA KO cells kill K. pneumoniae efficiently
and B. subtilis inefficiently. The opposite result is reported in this study.
This is not the first case of a discrepancy between assays measuring dif-
ferent facets of Dictyostelium physiology: For example, kil1 KO cells kill
K. pneumoniae very poorly, yet they grow almost as efficiently as WT
cells on a lawn of K. pneumoniae (Le Coadic et al., 2013). These results
stress the fact that these two assays (growth in the presence of bacteria
and killing of bacteria) measure different parameters in different situa-
tions. To measure killing, we use cells growing exponentially in rich lig-
uid medium and measure over a short time (2 hr maximum) their ability
to kill ingested bacteria. On the contrary, growth in the presence of bac-
teria is assessed over a period of 5 to 10 days. During that time,
Dictyostelium cells must achieve numerous functions to be able to grow:
sense, ingest, kill, and digest bacteria and also migrate on the plate,
grow, divide, and so forth. Any alteration in one or several of these
functions can potentially alter in a highly unpredictable way the final
outcome. In addition, previous studies have shown that the pattern of
gene expression is profoundly different in Dictyostelium cells growing
in HL5 medium and on a lawn of bacteria and also differs depending
on the bacterial species forming the lawn (Nasser et al., 2013). Conse-
quently, the relative importance of any given gene product may vary
significantly between these different conditions. To obtain meaningful
comparisons, we have chosen to focus on a standard invariant growth
condition, that is, cells growing in HL5 medium. It may be of interest
in future studies to establish if the mechanisms allowing efficient killing
are significantly modulated when Dictyostelium cells are grown contin-
uously in the presence of bacteria. This may allow to reconcile the
results obtained in growth assays with those obtained during more pre-
cise characterization of Dictyostelium mutants. From a practical per-

spective, the fact that a mutant cell is not capable of feeding upon

FIGURE 9 Intracellular killing of Klebsiella
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given bacteria is often indicative of a defect in the structure or function
of the phagocytic pathway. It cannot however be equated with specific
alterations in cell physiology, such as an inability to kill specific bacteria.
Specific assays must be used to measure alterations in various facets of
Dictyostelium physiology.

Finally, this study reveals a high degree of specificity in the mech-
anisms controlling intracellular killing of different bacteria: Killing of K.
pneumoniae is slower in IrrkA KO cells than in WT cells, but killing of B.
subtilis is not affected. Similar results were reported previously when
the phenotype of kil1 and kil2 KO mutants was analysed (Benghezal
et al, 2006; Lelong et al., 2011). Overall, our current knowledge
strongly suggests that Dictyostelium uses vastly different mechanisms
to kill different types of bacteria. Although our knowledge of the intra-
cellular mechanisms controlling intracellular killing of K. pneumoniae is
growing, the mechanisms controlling intracellular killing of other bac-
teria remain to be identified.

It is not easy to compare the function of Dictyostelium LrrkA with
human Lrr kinases, because the family of Lrr kinases is more diverse
in Dictyostelium than in human. The function of LRRK2 has been most
intensely studied in human cells because it has been identified as a risk
factor for sporadic Parkinson's disease (Lill, 2016). LRRK2 has been
detected in several intracellular locations and linked to a range of func-
tions. It has been proposed to be associated with mitochondria where it
interacts with DLP1 and regulates mitochondrial dynamics and function
(Wang et al., 2012). On endosomal compartments, LRRK2 may associ-
ate with NAADP receptors and regulate lysosomal calcium homeostasis
and autophagy (Gomez-Suaga et al., 2012). In human macrophages,
LRRK2 associates with the class Il phosphatidylinositol-3 kinase com-
plex and Rubicon and inhibits the maturation of phagosomes containing
Mycobacterium tuberculosis bacteria (Hartlova et al., 2018). Detailed
studies will be necessary to establish if Dictyostelium LrrkA recapitu-
lates some of the functions of human LRRK2 or whether Lrr kinases

control different cellular functions in human and in Dictyostelium cells.

4 | EXPERIMENTAL PROCEDURES

4.1 | Strains and cell culture

Dictyostelium cells were grown at 21°C in HL5 medium (Froquet,
Lelong, Marchetti, & Cosson, 2009). Dictyostelium cells used in this
study were all derived from the DH1-10 parental strain (Cornillon
et al., 2000), referred to in this study as WT. The kil2 KO and kill
KO strains were described previously (Leiba et al., 2017).

Bacterial strains were grown overnight in Luria-Bertani medium at
37°C. Bacteria used were uncapsulated K. pneumoniae KpGe (Lima
et al, 2018), capsulated K. pneumoniae LM21 (Balestrino, Ghigo,
Charbonnel, Haagensen, & Forestier, 2008), P. aeruginosa PT531
(Cosson et al., 2002), E. coli B/r, B. subtilis 36.1, and M. luteus
(Benghezal et al., 2006). To generate fluorescent K. pneumoniae bacte-
ria, the KpGe strain of K. pneumoniae was transfected with a plasmid
constitutively expressing codon-optimised yeast-enhanced GFP

(ye-GFP) and conferring resistance to kanamycin. For this, ye-GFP

was amplified by PCR from pZA2 (addgene 97760; using as oligos:
Oligol: ACCGAATTCATTTTGACAGCTAGCTCAGTCCTAGGTATAAT
GCTAGCATTAAAGAGGAGAAATACTAGATGTCTAAAGGTGAAGAA-
TTATTCACTGG and Oligo2: ATTAAGCTTTCATTTGTACAATTCATCC
ATACCATGGG). The PCR fragment (765 bp) was cloned into pZA2
(EcoRI/HindIll), thus switching the IPTG inducible promotor, plLac, to
the strong synthetic constitutive promoter contained in Oligol. A
flagella-less B. subtilis expressing mCherry (DK4214 Ahag amykE::
Physpank-mCherry spec) was a kind gift of Professor D. Kearns (Indiana
University, USA).

4.2 | Screening for growth-deficient Dictyostelium
mutants

Dictyostelium mutants unable to grow in the presence of bacteria were
isolated as described previously (Leiba et al., 2017). Briefly, kil2 KO
cells were mutagenised by restriction enzyme-mediated insertion
(REMI) of the pSC plasmid, a variant of pUCBsrABamHI (Adachi,
Hasebe, Yoshinaga, Ohta, & Sutoh, 1994) with a modified polylinker
(Figure S1e). Individual mutant cells were deposited in HL5-containing
96-well plates using a cell sorter, grown for 10 days, and then tested
for their ability to grow efficiently on several bacteria: M. luteus, B.
subtilis, E. coli B/r, K. pneumoniae KpGe, K. pneumoniae LM21, and P.
aeruginosa PT531. Mutants that grew poorly on at least one of the
tested bacteria were selected and further characterized.

A KO plasmid was constructed to replace a sequence in the IrrkA
gene with a blasticidin-resistance cassette, in WT, kil1 KO, or kil2
KO strains (Figure S1). Individual IrrkA KO clones were identified by
PCR (Figure S1). At least two independent clones of each mutant were
obtained and yielded identical results in this study.

4.3 | Growth of Dictyostelium in the presence of
bacteria

Dictyostelium cells were grown in the presence of bacteria as
described previously (Froquet et al., 2009; Leiba et al., 2017). Briefly,
50 ul of an overnight bacterial culture was plated on 2 ml of Standard
Medium (SM, for 1 |: 10 g peptone, 1 g yeast extract, 2.2 g KH2PO4, 1
g K2HPO4, 1 g MgS04 : 7H20, 10g glucose) agar in each well of a 24-
well plate. Then, 10, 100, 1,000, or 10,000 Dictyostelium cells were
added on top of the bacterial lawn. Growth of Dictyostelium generated

phagocytic plaques after 4-7 days of incubation at 21°C.

4.4 | Intracellular killing of bacteria

To visualise phagocytosis and intracellular killing of individual bacteria,
K. pneumoniae bacteria constitutively expressing a fluorescent GFP
were mixed with Dictyostelium cells at a ratio of 3:1 in phosphate
buffer (PB: 2 mM of Na,HPO, and 14.7 mM of KH,PO,4, pH 6.0) sup-
plemented with 100 mM of sorbitol, deposited on an eight-well slide
(Ibidi p-slide 8 well Glass Bottom, 80827) for 10 min, and then imaged
every 30 s for 2 hr with a videotime lapse (Nikon Eclipse Ti2 equipped
with a DS-Qi2 camera) as described previously (Froquet et al., 2009;
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Leiba et al., 2017). At each time, one picture (phase contrast and GFP
fluorescence) was taken in five successive focal planes (step size 3 um)
to image the whole-cell volume. Four samples were analysed in paral-
lel in this set-up, generating paired series of measures. The Nikon NIS
software (NIS Element AR 5.02.00) was used to extract images, and
FiJi (v1.52j) was used to compile and analyse movies. Survival of at
least 30 phagocytosed fluorescent bacteria was computed using the
Kaplan-Meier estimator. In each experiment, the area under the sur-
vival curve was calculated, and a number between 1 (very rapid killing)
and 7,500 (no killing) was obtained. To compare two conditions mean-
ingfully (e.g., mutant vs. WT or not treated vs. folate treated), at least
five independent experiments were performed and compared. Statisti-

cal comparisons were done with a paired Student's t test.

4.5 | Sequence analysis

Domain searches were done with Interpro, TMHMM v.2.0, and
SignalP v.4.1 servers. Searches for domains with a structure similar
to LrrkA were done on the UniProt server using the following syntax:
(ipr032675 OR ipr003591 OR ipr001611; ipr011009 OR iprO00719
OR ipr001245) NOT (keyword:transmembrane OR annotation:(type:

transmem)).

4.6 | Organisation and function of endosomal and
lysosomal pathways

To perform immunofluorescence analysis, 10° Dictyostelium cells
were let to adhere to a glass coverslip for 30 min in HL5 medium. Cells
were then fixed with 4% paraformaldehyde for 30 min, washed,
permeabilised with methanol at -20°C for 2 min, and labelled with
the indicated primary antibody in PBS containing 0.2% BSA for 1 hr.
For this, antibodies against p80 (H161), p25 (H72; Ravanel et al.,
2001), vacuolar H*-ATPase (221-35-2), and rhesus (Benghezal et al.,
2001) were used. Cells were then stained with fluorescent secondary
antibodies for 1 hr and observed by LSM800 confocal microscopy
(Carl Zeiss).

To determine the pH of phagosomes, we used pH-sensitive
bifluorescent beads as previously described (Sattler et al., 2013). Car-
boxylated silica beads (3 um; Kisker Biotech; PSI-3.0COOH) were
coupled with both a green pH-sensitive fluorescent probe (FITC) and
a pH-insensitive probe (Alexa 594 succinimidyl ester; Thermo Fisher
A20004). They were mixed with Dictyostelium cells at a ratio of 5:1
in PB-sorbitol, deposited on an eight-well slide (Ibidi u-slide 8 well
Glass Bottom, 80827) for 10 min, and then imaged every 75 s for 3
hr with a videotime lapse (Nikon Eclipse Ti2 equipped with a DS-Qi2
camera) as described above.

To measure the proteolytic activity in phagosomes, we used
proteolysis-sensitive bifluorescent beads (Sattler et al., 2013). Three-
micrometer carboxylated silica beads (Kisker Biotech; PSI-3.0COOH)
were coupled with both a proteolysis-sensitive probe (DQ™ Green
BSA; Thermo Fisher D12050) and a proteolysis-insensitive probe
(Alexa 594 succinimidyl ester; Thermo Fisher A20004).
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The activity of lysosomal glycosidases in cells and supernatants
was measured as previously described (Le Coadic et al, 2013)
using a colorimetric assay. Briefly, cells were grown to a density of
2 x 10° cells per ml. Cells and medium were separated by centrifuga-
tion (1,500 g, 2 min), and the glycosidase activity (N-acetyl-B-
glucosaminidase and a-mannosidase) revealed using chromogenic sub-
strates (p-nitrophenyl-N-acetyl-B-D-glucosamide and p-nitrophenyl-a-
D-mannopyranoside, respectively). Release of para-nitrophenol upon
glycolysis was measured by spectrophotometry (405 nm).

4.7 | Lysozyme activity

To measure lysozyme activity, 2.5 x 10° Dictyostelium cells were
washed twice in PB buffer and lysed with 600 ul of lysis buffer (50
mM of sodium PB pH 3, 0.5% Triton X-100, 20 pg ml™ of leupeptin,
10 pg mi~! of aprotinin, and 18 pg ml™? of phenylmethylsulfonyl fluo-
ride [PMSF]). The suspension was centrifuged (30,000 g during 10 min
at 4°C), and the supernatant was collected and diluted in lysis buffer.
Muramidase activity was assessed by mixing in a microtitre plate
100 pl of cell lysate with 100 ul of heat-killed Micrococcus lysodeikticus
(Sigma) suspended in 50 mM of PB (pH 3) to a final optical density at
450 nm of 0.5. The decrease in turbidity (optical density at 450 nm)
after 2 hr of incubation at 21°C was measured with a spectrophotom-
eter plate reader and used to determine the muramidase activity of

IrrkA KO cells relative to their WT counterparts.

4.8 | Autophosphorylation of LrrkA

4.8.1 | Construction of vectors for expression of
tagged LrrkA proteins

A DNA fragment corresponding to the entire open reading frame of
IrrkA was amplified by PCR using cDNAs as template. The amplified
fragment was subcloned into pCR-Blunt 1I-TOPO (Invitrogen). The
coding sequence was then subcloned in pLD1ABX-myc (Kawata
et al., 2015) to yield an expression vector encoding LrrkA tagged with
the myc epitope.

For point mutation of the conserved ATP-binding site (Hanks &
Hunter, 1995; lysine residue at 878) of the LrrkA kinase domain, an
inverse PCR was performed with KOD plus Mutagenesis Kit
(TOYOBO, Osaka, Japan) according to the manufacturer's instruction.
The LrrkA (K878A) fragment was purified and ligated as above into
pLD1ABX-myc. The resultant vectors were transformed into IrrkA
KO cells to produce LrrkA-Myc and LrrkA (K878A)-Myc, a kinase-
dead form of LrrkA.

Immunoprecipitation of Myc-tagged LrrkA was performed as previ-
ously described (Araki et al., 1998): Cells (6.0 x 108 were washed
twice in KK2 buffer (16.5 mM of KH,PO,4 and 3.8 mM of K,HPO,,
pH 6.2), suspended in KK2 buffer at a density of 2 x 107 cells per
ml, and shaken for 4 hr at 150 r.p.m., followed by addition of
cAMP (Tokyo chemical industry, Tokyo, Japan) to achieve a final con-
centration of 5 mM, and further shaken for 15 min. Cells were har-
vested and lysed in 6 ml of mNP40 lysis buffer (50 mM of Tris-HCI
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(pH 8.0), 150 ml of NaCl, 1.0% (v/v) Nonidet P-40, 50 mM of NaF, 2
mM of EDTA (pH 8.0), 2 mM of Na pyrophosphate, 2 mM of
benzamidine, 1 pg/ml of pepstatin, 1 mM of PMSF, and complete
EDTA-free protease inhibitor mixture [Roche Diagnostics]) for 10
min on ice. After preclearing by centrifugation, the supernatant was
incubated with anti-Myc antibody for 2-3 hr at 4°C with gentle
rocking, followed by additional 2-3 hr of incubation with Dynabeads
Protein-G (Thermo Fisher Scientific). Alternatively, the supernatant
was directly incubated with anti-Myc tag magnetic beads (M047-9,
MBL International Co.) for 2 hr. Beads were washed four times in
mNP40 buffer, and proteins were eluted by boiling in SDS gel sample
buffer and then subjected to Western blot analysis.

The primary antibodies used in the experiments were anti-
phosphotyrosine antibody 4G10 (Merck Millipore) for general
phosphotyrosine modification, anti-phosphoserine antibody A8G9
(Abnova), and anti-Myc antibody 9E10 (Wako Pure Chemical, Osaka,
Japan) for Myc-tagged proteins. Alkaline phosphatase-conjugated
anti-mouse IgG (H + L) antibody (S372B, Promega) or anti-rabbit 1gG
(Fc) antibody (S373B, Promega) was used as the secondary antibody
for Western blot analysis. Proteins were detected using the Western
Blue® Stabilized Substrate for Alkaline Phosphatase (53841,
Promega).
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3. Manuscript: LirkA IC killing supplementary data

Figure S1. Isolation and generation of /rrkA KO cells.

(A) Schematic representation of the lrrkA insertional mutant obtained by REMI mutagenesis, with the
mutagenic pSC plasmid inserted 1’782 nucleotides (nt) after the start codon of lrrkA. The site of insertion was
identified by digestion of genomic DNA with Clal, which allowed the recovery of the mutagenic plasmid with
the genomic flanking regions of lrrkA. (B) Schematic representation of the lrrkA gene in WT and in KO cells.
To create lrrkA KO cells, we deleted 880 nt of the genomic sequence, 1’048 nt downstream of the lrrkA start
codon and replaced this portion with a blasticidin resistance cassette by homologous recombination. Arrows
indicate the positions of the oligonucleotides used to identify KO cells. (C-D) Identification of IrrkA KO cells
was done by PCR using distinct pairs of oligonucleotides to verify both loss and gain of signal. Three
independent IrrtkA KO clones were identified. (E) Structure of the pSC plasmid. The overall structure of the
plasmid is indicated, as well as the sequence of the cloning site.

Figure S2. Detailed structure of all Dictyostelium LRR kinase proteins. The main functional domains
present in each protein are indicated. Note that Roco7 is strictly speaking not an LRR kinase, since it lacks
LRRs. The structure of the human LRRK1 and 2 is also shown for comparison. Domains were drawn using

“Illustrator for Biological Sequences” (http://ibs.biocuckoo.org).

Figure S3. LrrkA is capable of self-phosphorylation on a serine residue.

Cells expressing either LrrkA-Myc (WT) or Ltk A(K877A)-Myc were harvested and starved in KK2 buffer for
4 h. After starvation, cAMP was added and incubated further 15 min. Myc-tagged LrrkA was
immunoprecipitated with the 9E10 anti-myc antibody, and the precipitated samples were subjected to Western
blot analysis. The blot was probed with anti-phosphoserine antibody A8G9 (upper row; pSer), anti-
phosphotyrosine antibody 4G10 (middle row; pTyr), or 9E10 (lower row; c-Myc).

Figure S4. Intracellular Killing of B. subtilis is unaffected in lrrkA KO cells.

Dictyostelium cells were incubated with mCherry-expressing B. subtilis PB-sorbitol for 2 h. Cells were observed
by phase contrast and fluorescence microscopy, and the ingestion and intracellular killing of Bs monitored. (A)
The probability of bacterial survival following ingestion is represented as a Kaplan-Meyer estimator for one
experiment in WT cells (n=91 ingested bacteria) (white squares) and /r7k4 KO cells (n=76) (black squares). (B)
For three independent experiments, the survival of bacteria was determined by measuring the area under the
survival curve from 0 to 75 min. Intracellular killing was not different in WT and lrrkA KO cells (Wilcoxon
matched-pairs rank test, N=3, p=0.75)
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Figure S2.
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ITI. LrrkA is a folate-sensitive motility switch
1. LrrkA regulates multiple cellular functions.

In this second study on LrrkA, we focused on cellular motility and phagocytosis. LrrkAd KO cells exhibit no
major alteration in the spatial distribution of the actin cytoskeleton or in the organization of the endocytic
pathway. Yet we observed that these cells showed altered kinetics of phagocytosis and cellular motility. Our
results suggest that LirkA acts as a switch between a folate activated state and a resting state. This allows cells
to regulate in a coordinated manner phagocytosis, cellular motility and intracellular killing of ingested bacteria
in response to extracellular folate. It will be interesting in the future to test if LirkA is necessary for response to
AMPc, another chemoattractant, to test whether LirkA is a shared element in folate and cAMP signalling
cascades.

The main highlights of this study are:

o [rrkA KO cells phagocytose more efficiently than WT cells. This phenotype is not due to impaired
quorum sensing. Rather it is cell-autonomous and represents a dysregulation of the pathway allowing
folate to regulate phagocytosis and cellular motility.

e Control of gene transcription by folate stimulation is independent of LrrkA.

e TalinA and MyoVII, two cytoskeletal proteins which interact together, are involved in the pathway
linking folate sensing by Farl and cellular motility.

This study increases the number of potential LrrkA targets. In the future it will be interesting to study the
dynamics of the actin cytoskeleton in cells exposed to folate, in order to better define how LrrkA regulates
cellular motility and phagocytosis.
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2. LrrkA relays folate activation and controls cell motility and phagocytosis
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Summary

LrrkA is a Dictyostelium discoideum kinase with leucine-rich repeats. It has been suggested that LrrkA
stimulates Kil2 and intra-phagosomal killing of ingested bacteria in response to folate. In this study we show
that genetic inactivation of /rrkA causes a previously unnoticed phenotype: lrrkA KO cells exhibit enhanced
phagocytosis and cell motility. This phenotype is cell autonomous and is not due to an abnormal response to
inhibitory quorum-sensing factors secreted by D. discoideum in its medium. Parental D. discoideum show
enhanced phagocytosis and motility when exposed to folate, but this stimulation is lost in /rrk4 KO cells, as
well as in farl, myoVII and talA KO cells. On the contrary, l[rrkA KO cells regulate gene transcription in response
to folate in a manner indistinguishable from WT cells. Overall our results suggest the existence of a folate
signaling pathway inhibiting motility and phagocytosis and implicating Farl (the surface folate receptor),
LirkA, MyoVII and TalA. In non-stimulated cells LrrkA inhibits cell motility and phagocytosis, while in the
presence of folate this inhibition is lost and LrrkA stimulates intracellular killing. This branching signaling
pathway provides a mechanism by which D. discoideum encountering bacterially secreted folate migrates,
engulfs and kills bacteria more efficiently.

Introduction

The initial contact between a cell and a substrate is a key element that determines the ability of the cell to adhere
and spread on the substrate, and depending on its size to ingest it by phagocytosis (if it is small enough), or to
move on its surface [1]. Cell adhesion, spreading and motility involve massive changes in cell shape, which are
carried out by a dynamic reorganization of the actin cytoskeleton. Actin-driven changes in cell shape can also
lead to the enclosure of a large volume of extracellular medium, and its capture within an intracellular
macropinosome, although in this situation the process of reshaping and ingestion is not driven by adhesion to a
substrate [2].

Phagocytosis is used by both mammalian cells (e.g. neutrophils and macrophages) and environmental amoebae
as a mean to ingest microorganisms, in particular bacteria. Ingested bacteria are then transferred into acidic
phago-lysosomes, where they are killed and digested. In mammals one of the main functions of phagocytic cells
is to destroy invading microorganisms and to protect the body against infections. Amoebae use phagocytosis to
feed upon other microorganisms. Phagocytosis, phagosome maturation and intracellular bacterial killing are
complex processes involving multiple gene products. Our vision of the role of individual gene products in these
processes is largely incomplete.

Dictyostelium discoideum has been an instrumental model to study the molecular mechanisms controlling the
dynamics of the actin cytoskeleton, phagocytosis and intracellular killing of bacteria [3-5]. Due to the relative
ease with which these haploid cells can be grown, observed, and genetically altered, they have proven
instrumental to discover and analyze the role of multiple gene products in various facets of these cellular
processes. For example, characterization of adhesion-defective Dictyostelium mutant cells led to the discovery
that SibA, a molecule with integrin features, is a surface adhesion molecule essential for efficient phagocytosis
of certain substrates [6]. Not all adhesion-defective mutants reveal gene products playing a direct role in cellular
adhesion: for example Phgl A controls cell surface expression of SibA, and its genetic inactivation thus results
indirectly in a cell adhesion defect [7]. To the best of our knowledge, molecular mechanisms involved in
ingestion and killing of bacteria are largely similar in Dictyostelium and mammalian cells [3].

One relatively easy way to identify Dictyostelium mutants with interesting phenotypic defects is to test their
ability to feed upon bacteria. Defects in various facets of phagocytosis (e.g. spreading to a substrate, intracellular
bacterial killing...) were indeed found to reduce the ability of Dictyostelium cells to feed upon various bacteria.
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This has been used successfully as a means to identify gene products involved in cell spreading on a substrate
and phagocytosis like SpdA [8], or intracellular killing like Kil2 [9].

In a recent study, we characterized a new Dictyostelium mutant unable to feed upon Bacillus subtilis bacteria.
LrrkA KO cells were initially identified in a random screen as mutants exhibiting defective ability to grow on a
lawn of gram-positive B. subtilis (Bodinier et al., 2020). The lrrkA gene, affected in this mutant, encodes a
kinase associated with leucine-rich repeats. Our earlier results revealed that a signaling pathway implicating
Farl (the cell surface folate receptor), LrrkA and Kil2 (a putative magnesium transporter in the phagosomal
membrane) stimulates intracellular killing in response to extracellular folate. In this study we show that LrrkA
also controls phagocytosis and cell motility. Since LrrkA is endowed with the ability to control both
phagocytosis, cell motility and intracellular killing it has the capacity to co-regulate these functions.

Results
IrrkA KO cells phagocytose particles more efficiently than WT cells

LrrkA KO cells were initially shown to present a defect in intra-phagosomal killing (Bodinier et al., 2020).
Beyond this defect, l[rrkA KO cells did not exhibit any major alteration of the structure of the endocytic pathway
(Bodinier et al., 2020). The overall structure of endocytic compartments appeared unaffected, as well as the
acidic pH of lysosomes (Bodinier et al., 2020), but this left open the possibility that kinetic parameters such as
endocytosis were modified. In order to test the ability of /rrk4 KO cells to perform phagocytosis, WT or mutant
cells were incubated in the presence of fluorescent latex beads for 20 min in HL5 medium, and the number of
internalized beads was then determined by flow cytometry (Fig. 1A). Interestingly, /rrkA KO cells phagocytosed
beads more efficiently than WT cells (171% of WT + 12; mean = SEM, N=7; p<0.01, Mann-Whitney test). On
the contrary, lrrkA KO cells did not ingest a fluid phase marker (fluorescent dextran) more efficiently than WT
cells (104% of WT + 14; mean + SEM; N=7; p=0.70, Mann-Whitney test). We also assessed phagocytosis of
beads over a period of 2 h, and observed that /rrk4 KO cells ingest beads more efficiently than WT cells at all
times, even after 5 min of internalization (Fig. 1B). The fact that phagocytosis is increased upon lrrkA genetic
inactivation while macropinocytosis is not, suggests that an increase in cell size is not responsible for the
increased phagocytosis. We verified this by measuring directly cell size using two different techniques: image-
based analysis (Tali cytometer) and electric current exclusion (CASY analyzer). Both techniques revealed that
the size of /rrkA KO cells was essentially identical to that of WT cells: 100% =+ 0.2 (average £ SEM; n=3) for
image analysis 97.6% + 0.2 (n=3) for electric current exclusion. Staining of the actin cytoskeleton also failed to
reveal any gross anomaly of the actin cytoskeleton in /rrk4 KO cells (Fig. S1).

The increased phagocytosis of IrrkA KO cells is cell autonomous

Phagocytosis is a highly regulated process in D. discoideum. In particular, previous studies have shown that
accumulation of (unidentified) quorum-sensing factors in cell culture medium can modulate significantly cell
adhesion, phagocytosis and cell motility in D. discoideum [10, 11].

A modification in the secretion of quorum-sensing factors could in principle result in a modification of
phagocytosis rates. We first studied whether the medium in which lrrk4 KO cells grew contained more quorum-
sending factors than the medium in which WT cells grew. For this we grew lrrkA KO or WT cells to the same
density and collected the cell supernatants. WT cells were then exposed for 4 h to increasing concentrations of
these two supernatants, and their rate of phagocytosis measured. The rates of phagocytosis were identical for
cells exposed to supernatants from /rrkA KO and from WT cells (Fig. 2) indicating that both supernatants
contained the same amounts of quorum-sensing factors.
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We then tested whether the phenotype of lrrkA KO cells is cell-autonomous. For this, we co-cultured WT cells
expressing GFP and /rrk4 KO cells for 6 days. We then incubated the mixed population with rhodamine-labeled
polystyrene beads and analyzed uptake of beads by flow cytometry. GFP-expressing WT cells can readily be
distinguished from /rrkA KO cells based on the fluorescence of GFP (Fig. 3A) and the phagocytosis of beads
analyzed for the two populations of cells (Fig. 3B). LrrkA KO cells mixed with GFP-expressing WT cells
exhibited a higher level of phagocytosis (150% of WT + 4; mean + SEM; N=6; p<0.01, Mann-Whitney test)
(Fig. 3C). This result confirms the fact that the phenotype of lr7kA KO cells is cell-autonomous and not
influenced by the conditions (medium, cell density, and contact with other cells...) in which the cells are grown.

A modification in the cellular response to quorum-sensing factors could in principle result in a cell-autonomous
modification of phagocytosis rates. To test this possibility, we exposed lrrk4 KO and WT cells for 4 h to an
increasing concentration of quorum-sensing factors then measured their ability to perform phagocytosis. At all
concentrations of quorum-sensing factors tested, including in the absence of quorum-sensing factors, lrrk4 KO
cells phagocytosed more efficiently than WT cells (Fig. 4A). Moreover, when the rates of phagocytosis were
compared between /rrk4 KO and WT cells incubated in the same conditions, the phenotype was quantitatively
virtually identical in all conditions, with /rrk4 KO cells ingesting approximately two time more efficiently than
WT cells (Fig. 4B). These observations suggest that lrrk4 KO cells respond normally to quorum-sensing factors.

LrrkA controls interaction of D. discoideum with its substrate

Mutations can alter phagocytosis either by modifying the level of the phagocytic receptor(s) or by modifying
the cytosolic machinery involved in phagocytosis. SibA is the phagocytic receptor responsible for phagocytosis
of beads in HLS, while it is dispensable in phosphate buffer where other (unidentified) receptors are engaged
(Benghezal, 2003 #20). We compared by Western blot the amount of SibA found in /r7k4 KO and WT cells
and did not detect any significant difference (Fig. S2). We then measured phagocytosis in phosphate buffer for
WT or mutant cells. LrrkA KO cells phagocytosed more efficiently than WT cells both in HLS medium and in
phosphate buffer (Fig. 5A). Genetic inactivation of Talin A (ta/4) and Myosin VII (myoVIl) inhibited
phagocytosis in both HL5 medium and PB, while genetic inactivation of SibA inhibited phagocytosis only in
HLS (Fig. 5A).

In many mutants, alterations in the phagocytic process result from alterations in the interaction between the
phagocytosed particle and the phagocytic cell. However, the phagocytic event is transient and difficult to
visualize, and it is much easier to characterize the interaction of D. discoideum with a surface to gain an
understanding of its ability to interact with a substrate. In order to measure the ability of /rrkA KO cells to
interact tightly with their substrate, we visualized and measured their zone of contact with a glass surface by
interference reflection microscopy (IRM, Fig. 5SB). The contact area was larger for /rrk4 KO cells than for WT
cell, both in HL5 and in phosphate buffer (Fig. 5C). Tal4 and myoVII KO cells exhibited defective spreading in
both HL5 and phosphate buffer, while sibA4 KO cells spread less efficiently than WT cells in HL5, but normally
in phosphate buffer (Fig. 6B).

Together these results indicate that LirkA regulates negatively the cytosolic machinery engaged in cellular
adhesion and phagocytosis and is not specifically involved in the function of SibA.

LrrkA KO cells exhibit an increased motility

An alteration of the interaction between cells and their substrate can modify their ability to move. We first
determined the random motility of WT and lrrkA KO cells on a glass substrate in HL5 by taking pictures every
10 sec. This revealed a major increase in motility of /rrk4d KO cells compared to WT cells when considering
either mean square displacement (Fig. 6A) or instantaneous speed (Fig. 6B). More precisely, it is typical for D.
discoideum cells that on short time scales they move in a rectilinear fashion, whereas on longer time scales they
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display typical random motility. The crossover scale between the two regimes is around 2 min and is similar for
both WT and lrrkA KO cells. We also observed a major increase in motility of /rrkA KO cells compared to WT
cells when analyzed in phosphate buffer (Fig. 6C).

Folate stimulates phagocytosis and motility via a Far1-LrrkA pathway

Our recent results indicated that LirrkA participates in a signaling pathway linking Farl, the folate receptor to
Kil2, and allowing folate to stimulate intracellular killing (Bodinier et al., 2020). We thus tested the ability of
various mutant cells to modify their motility in response to folate. For this we measured random cell motility in
phosphate buffer supplemented or not with ImM folate. As previously described (Lima, 2014 #21), folate
stimulated motility of WT and of ki/2 KO cells (Fig. 7). Unstimulated /r7kA KO cells were more mobile than
WT cells, but their motility did not increase upon addition of folate (Fig. 7). Unstimulated far! KO cells, devoid
of folate receptor, exhibited normal motility but did not respond to the addition of folate (Fig. 7). In talA or
myoVII KO cells, the unstimulated motility was reduced, and the cells failed to respond to folate (Fig. 7).
Together these results suggest that Lrrk A relays a folate activation signal from Farl to TalA/MyoVII, allowing
cells to increase their motility in the presence of folate.

LrrkA is dispensable for the transcriptional response to folate

We have recently studied by RNA sequencing the transcription profiles of D. discoideum cells exposed to
various stimuli, in particular folate (Lamrabet et al., submitted). This allowed us to define a set of ten genes
whose expression varies upon exposure to folate (Fig. S3). We first validated these results by preparing RNA
from WT D. discoideum cells exposed to folate or not. This experiment confirmed that the expression of the
selected set of genes is regulated by folate (Fig. S3). We then measured the expression of these genes in WT,
farl or IirkA KO cells (Fig. 8). In far! KO cells, gene expression was not modified by exposure to folate,
confirming that folate sensing relies critically on the Farl receptor. On the contrary, lrrkA KO cells responded
to folate in a manner indistinguishable from WT cells (Fig. 8), indicating that LirkA does not play a critical role
in gene regulation upon folate exposure.

DISCUSSION

In this study, we describe a new role for LirkA, as a negative regulator of cell motility and phagocytosis. This
inhibitory function is detected in cells growing in HL5 medium, as well as in phosphate buffer. Our results lead
us to propose a model where LirkA functions in two modes, as schematized in Fig. 9. In the absence of folate,
LrrkA fails to stimulate killing. In addition, it inhibits motility and phagocytosis, as evidenced by the fact that
its genetic inactivation leads to an increase in phagocytosis and motility in these conditions. In the presence of
a high concentration of folate (1mM), which in the environment is secreted by bacteria, Farl activates LirkA
thus suppressing its inhibitory effect on phagocytosis and motility and allowing it to stimulate intracellular
killing via activation of Kil2. This dual role allows LirkA to coordinate capture, internalization and killing of
bacteria, and represents a mechanism for rapid adaptation to changes in the amoeba environment.
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Materials and Methods

Strains and cell culture

Dictyostelium cells were grown at 21°C in HL5 medium (Froquet et al., 2009). Dictyostelium cells were all
derived from the DH1-10 parental strain (Cornillon et al., 2000), referred to in this study as wild-type (WT).
IrrkA KO, farl KO, kil2 KO, sibA KO, talA KO and myoVII KO were described previously (Bodinier et al.,
2020; Pan et al., 2016; Lelong et al., 2011; Froquet et al., 2012; Tsujioka et al., 2008; Gebbie et al., 2004).

Phagocytosis and macropinocytosis

To measure efficiency of phagocytosis, 3x10° Dictyostelium cells were washed once, resuspended in either 1
ml of HL5 or 1 ml of phosphate buffer (PB: 2 mM Na,HPOa, 14.7 mM KH,POy4, pH 6.5) and incubated for 30
min with 1 pl FITC latex beads (Fluoresbrite plain YG 1 micron, Polysciences). To assess macropinocytosis,
cells were incubated in either HL5 or PB containing 10 pg/ml Alexa-647 Dextran (Life Technologies) for 30
min. Then, cells were washed in ice cold HL5 supplemented with 0.1% NaN3 and internalized fluorescence was
measured by flow cytometry. Mean fluorescence was plotted for each strain.

For phagocytosis kinetic measurements, cells were resuspended in 1 ml of HLS, mixed with 1 ul FITC latex
beads and a 100 ul of the suspension was taken at each time point. Cells were then washed, and phagocytosis
was analyzed as mentioned above.

Cell autonomous
Conditioned medium experiments: Cells incubated 4 h in conditioned medium in 6-well plates (450’000 cells
per condition in 1.5ml) then recover the cells, phagocytosis Smin with beads in fresh HLS

Cell volume measurement

We measured cell size based on electric current exclusion (CASY technology), using a CASY 1 cell counter [8]
as previously described [8]. The Tali image-based cytometer (ThermoFischer Scientific) was also used to
measure automatically the size of cells based on pictures of cell suspension.

Motility assay

To assess the motility of Dictyostelium cells, 1.10° cells were washed once and resuspended in 1 ml PBS (PB +
100 mM Sorbitol). 100 ul was deposit in 96 wells plates with treated bottom (Greiner Bio one ref:655090).
Either 100 pl of PBS or PBS + 1 mM folate was added to each well. For imaging we used a Nikon Eclipse Ti2
equipped with a DS-Qi2 camera, and image the cells every 15 seconds for 30min. Image were analyzed with
the software MetaMorph (Molecular Devices) using the “Track points” function. Measure of mean square
displacement and speed plots were done in HLS.

Immunofluorescence

To perform immunofluorescence analysis, 10° Dictyostelium cells were let to adhere to a glass coverslip for 30
min in HLS medium. Cells were then fixed with 4% paraformaldehyde for 30 min, washed, permeabilized with
methanol at -20°C for 2 min and labeled with the indicated primary antibody in PB containing 0.2% bovine
serum albumin for 1 h. For this, antibodies against actin were used. Cells were then stained with fluorescent
secondary antibodies for 1 h and observed by LSM800 confocal microscopy (Carl Zeiss).

Cell spreading

To measure the spreading surface of Dictyostelium cells, 5-10.10° cells were washed once and resuspended in
either 1 ml HLS or 1 ml SB. A 50 ul drop was deposited for each strain on a glass-bottom fluorodish (WPI, inc;
ref: FD35-100). A Zeiss Axio Observer Z1 equipped with a Neofluar 63x / 1.25 Oil Ph3 Antiflex objective for
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RICM measurement was used for imaging. The cells were imaged once after 30 min incubation in the media.
Quantification of the cell speading surface was done using FiJi (v1.52)).

Waestern-blot

To determine the levels of cellular proteins, 1.10° cells were resuspended in 10 ul of sample buffer (0.103 g/ml
sucrose, 5.10 mM Tris, pH 6.8, 5.10 mM EDTA, 0.5 mg/ml bromophenol blue, 2% SDS), and proteins were
separated by electrophoresis on an SDS-polyacrylamide gel. Proteins were then transferred to a nitrocellulose
membrane for immunodetection using anti-SibA [6], anti-TalinA [12] and anti-PDI [9] primary antibodies.
Horseradish-peroxidase-coupled anti-mouse (for anti-TalinA and anti-PDI) and anti-rabbit (for anti-SibA)
antibodies were used as secondary antibodies.

RT-PCR
To be completed by Otmane Lamrabet for experimental conditions. primer sequences can be found in Fig S3.
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Figure 1. Genetic inactivation of lrrkA stimulates phagocytosis. A. D. discoideum cells (WT or lrrk4d KO)
were incubated for 20 min in HL5 medium containing either fluorescent polystyrene beads, or a fluorescent
dextran. Internalization of beads or of dextran was measured in 7 independent experiments and averaged. B. D.
discoideum cells (WT or lrrkA KO) were incubated for the indicated time in HL5 medium containing fluorescent
polystyrene beads. The average and SEM at each time are indicated. Lrrk4 KO cells phagocytosed beads was
significantly more than WT cells at all times (p<0.01, N=9, Mann-Whitney test).
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Figure 2. Secretion of quorum-sensing factors by /rrkA KO cells. Cell supernatants from WT or lrrkA KO
cells grown at the same density were incubated with WT cells for 4 h, then they were incubated with polystyrene
beads and phagocytosed measured as described in the legend to figure 1 (average + SEM, N=3 independent
experiments). Cells incubated in fresh medium phagocytosed beads approximately four times more efficiently
than cells incubated in pure cell supernatants containing concentrated quorum-sensing factors. Cell supernatants
diluted with fresh medium were also assessed to evaluate more precisely the quorum-sensing activity. The

supernatant of /rrk4 KO cells exhibited exactly the same inhibitory effect on phagocytosis as the supernatant
of WT cells.
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Figure 3. The phenotype of lrrkA KO cells is cell-autonomous. WT cells expressing GFP were mixed with
IrrkA4 KO cells and co-cultured for six days. The mixed population of cells was then incubated with rhodamine-
labeled polystyrene beads for 20 min, washed, and analyzed by flow cytometry. A. Based on the GFP
fluorescence, WT cells were easily distinguished from Irrk A cells. B. Phagocytosis of beads was determined for
WT and IrrtkA KO cells. Even when mixed with WT cells, lrrkA KO cells exhibited significantly more
phagocytic activity (average £ SEM; p<0.01, N=6, Mann-Whitney test).
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Figure 4. Response of lrrkA KO cells to secreted quorum-sensing factors. WT or lrrkA KO cells were
incubated for 4 h with a cellular supernatant of WT cells. The ability of the cells to ingest polystyrene beads
was then measured as described in the legend to figure 1. Both WT and /rrk4 KO cells incubated in fresh
medium phagocytosed beads more efficiently than cells incubated in pure cell supernatants containing
concentrated quorum-sensing factors. At all concentrations of quorum-sensing factors, lrrkA KO cells
phagocytosed beads more efficiently than WT cells (average = SEM, N=3 independent experiments). B. For
each condition, phagocytosis by IrrkA KO cells was represented as a percentage of WT phagocytosis in the
same condition. In all conditions, /rrk4 KO cells phagocytosed 1.5 to 2 times more beads than WT cells.
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Figure 5. Genetic inactivation of IrrkA stimulates
interaction with substrates in HL5 and in phosphate
buffer. A. Phagocytosis of polystyrene beads was
measured for the indicated mutant cells as described in
the legend to figure 1. LrrkA KO cells phagocytosed
more efficiently than WT cells both in HLS and in
phosphate buffer (PB). B. Brightfield and interference
reflection pictures of WT and /rrk4 KO cells (her in
HLS5) allow to visualize the contact area between cells
and their substratum. C. Spreading of WT and mutant
cells on their substrate in HL5 and in SB reflects their
ability to phagocytose particles. The contact surface
between WT D. discoideum and the glass substrate was
62 um? and 87 um? in HLS5 and SB, respectively.
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Figure 6. Cell motility is strongly increased by genetic inactivation of /rrkA. A. For the trajectories of more
than 100 cells in 3 independent experiments the mean-square displacement was determined as a measure of the
time interval. details B. details C. Random motility of WT or /r7k4 KO cells on a substrate was measured in
phosphate buffer. Motility was significantly higher in /rrk4 KO cells than in WT cells (p<0.01, N=13, Mann-

Whitney test)
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Figure 7. Stimulation of cell motility by folate is perturbed in /rrk4A KO cells. Random motility of WT or
mutant cells on a substrate was measured in the presence or absence of folate as described in the legend to figure
6. Motility increased significantly in WT cells or in ki/2 KO cells upon exposure to folate. In /rrk4 KO cells,
cell motility was high even in the absence of folate and was not further elevated upon folate treatment. In farl,
talA and myoVII KO cells folate failed to stimulate cell motility. *: p<0.01, student t test. For each condition,
the motility of at least 100 cells in at least 3 independent experiments was analyzed.
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Figure 8. Folate controls gene transcription is independent of LrrkA. We measured by RT-PCR the levels
of various RNAs in cells exposed or not to folate. The average and SEM of three independent experiments are
shown. As previously observed, the transcription of genes foll-fol10 is altered when cells are exposed to folate.
This regulation is essentially lost in far! KO cells. On the contrary, in /rrk4 KO cells transcriptional response
to folate is indistinguishable from that observed in WT cells. For each condition, the motility of at least 100
cells in at least 3 independent experiments was analyzed.
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3. Manuscript: LirkA phagocytosis supplementary data

Figure S1. Morphology of the actin cytoskeleton in WT and lrrkA KO cells. WT and /r7k4 KO were allowed
to adhere to a glass coverslip, then fixed, permeabilized and stained with fluorescent phalloidin to reveal the
structure of the actin cytoskeleton. Three pictures are shown for WT and for /rrkA KO cells. The morphology
of the actin cytoskeleton appeared highly similar in WT and /rrkA KO cells. Bar: 10um.

Figure S2. Cellular levels of SibA, PDI and Talin are similar in WT and lrrkA KO cells. A. Cellular proteins
were separated on an SDS-polyacrylamide gel, transferred to nitrocellulose, and the indicated proteins were
detected with specific antibodies. B. The intensity of the signal was determined in several independent
experiments and is indicated as a ratio of the signal in lrrk4d KO and WT cells. The quantification of the
experiment shown in A are indicated in red. The amount of SibA, Talin and PDI was indistinguishable in /rrk4
KO and WT cells.

Figure S3. Regulation of gene expression by folate. D. discoideum WT cells grown in HL5 were exposed or
not to 1mM folate for 4h. RNA-Seq analysis allowed the identification of 10 genes for which transcription was
significantly altered by exposure to folate (Lamrabet et al., in preparation) A. For each gene considered (foll to
foll0), the gene identity and name are indicated, as well as the pair of primers used for RT-PCR and the size of
the amplicon. B. For the 10 genes analyzed, RT-PCR analysis confirmed the results obtained by RNA-Seq.
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Figure S3.
A
Gene DDBId Name Forward primer
fol1 G0282461 griC  CATTGTTAACAGCACAAGTTG
fol2 G0272030 GTCACCCTTTCATTCTCATCAG
fol3 G0293208 GGTTCATGTCAAGGAAGTTGTTC
fol4 G0286015 gmsA GTCACCAACCGAACAACAAA
fol5 G0271684 griA GTGGTGATTGGAGTGATATGGG
fol6 G0275559 GCAATTACTCGTAATCCAGCAG
fol7 G0289485 vacA GAAGCCAATACATTATCATCTG
fol8 G0272244 griG CCAAGGAAAAGTAAATGTTGAA
fol9 G0282459 grilH  CAGCCAATGTAAATGATATGGG
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Reverse primer
CATTAAATCCTTCAACTACCAA
GCAATTTGCATATATTTTGAATGG
GTTGATGGATTCCATGATGCAT
CATTCCATTTTAATGCTGGAAT
GAATCTTCAATTGCTTGTTTGG
CCGAATTTTTCCATTGTCTGTT
GTCTTTCAGAGGATTCATTGG
GCCTTCATACATTTTGGCAAT
ACATGCGACAGTATGACCTTG
ATTCCAATTCTCTGGTGTATAATAA

Size (bp)
123
146
146
104
145
137
109
187
200
143
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DISCUSSION

I.  The advantages to go “Live"

In the recent years, our laboratory has developed live-cell imaging procedures. This has provided us with new
insights on the interplay between the Kill and Kil2 pathways. It also allowed us to assess the role of phagosome
acidification and proteolytic activity during IC killing of K. preumoniae.

1. A better understanding of K. pneumoniae Kill1/Kil2 IC killing pathways

The development of an assay allowing direct visualization of IC killing has enabled us to better analyze the
phenotypes of D. discoideum mutant cells defective in IC killing. As a reminder the test routinely used in early
characterization of killing-defective mutants was designed as follows: D. discoideum cells and bacteria were
mixed at a MOI of 0.1, aliquots were taken every hour, the D. discoideum cells were lysed and plated on LB-
agar and the remaining bacteria colony-forming units were measured the following day. We then developed a
live-imaging assay, where we observed a single D. discoideum cell interacting with a single fluorescent
bacterium. This allowed us to measure the time between phagocytosis of an individual bacteria and the
extinction of its fluorescence, an event presumed to indicate bacterial death. This assay bypassed two main
limitations of our early studies: (i) This assay measured both phagocytosis and IC killing. It allowed the
detection of the IC killing defect of /rrk4 KO cells that was masked by the increased phagocytosis. In the CFU
based assay described above, lrrk4d KO cells killed K. preumoniae more efficiently than WT cells (data not
published), but this was due to faster phagocytosis of bacteria. The 75% increase in phagocytosis compensated
the lrrkA KO cells IC killing phenotype; (ii) The sensitivity of the assay was significantly increased. This was
also essential to reveal small killing defects in fsp4 and far! KO cells which would have gone undetected
otherwise (Leiba et al., 2017; Bodinier et al., 2020). Moreover, the assay also provided a more quantitative
measure of intracellular killing defects: in our original CFU assay kill, phgla and kil2 KO cells displayed
indistinguishable IC killing defects (Le Coadic et al., 2013). Our new assay revealed that phglA KO cells and
kill KO cells have much more significant killing defect than £i/2 KO cells.

The ability to measure quantitatively IC killing enabled us to analyze double KO mutants to evaluate the
functional links between different genes products. This type of analysis allowed us to define each individual
gene as either Kill-dependent or Kil2-dependent. Interestingly Akil1Akil2 double KO cells lost virtually its
entire ability to kill ingested K. pneumoniae (data not published). This revealed that K. pneumoniae intracellular
killing in D. discoideum depends virtually entirely on Kill and Kil2.

2. Limitations of the new IC killing assay

Obviously, using a fluorophore as a death marker comes with limitations. The eGFP expressed in K. pneumoniae
is potentially sensitive to pH, proteolytic degradation and chlorination, and we cannot today determine which
of these mechanisms is responsible for loss of GFP fluorescence. Nonetheless, The GFP is expressed in the
cytosol of the bacteria, any of the three abovementioned alterations would require that the bacteria membrane
is disrupted and no longer protects the bacterial cytosol from the degradative environment of the phagosome.
Use of kill and kil2 KO cells showed that GFP quenching or degradation was severely diminished in these
mutants, suggesting that the bacteria retained longer its membrane integrity. A recent study has observed the
extinction of GFP fluorescence in GFP-expressing E. coli and S. aureus strains phagocytosed by macrophages
and revealed that it is well-correlated with bacterial death (Flannagan and Heinrichs, 2018). Addition of another
dye such as propidium iodide which stains DNA only when the bacterial membrane is breached, could provide
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a direct measure on bacterial membrane integrity (Thurston et al., 2016). Obviously, to determine the exact
correlation between the fluorescence extinction and bacterial death will require further investigation.
Experiments currently made in our laboratory are trying to determine whether the ability of bacteria to replicate
disappears before, after, or concomitant with loss of GFP fluorescence.

Another question remains unanswered: do D. discoideum cells have a finite capacity for intracellular killing?
When cells ingest multiple bacteria, is their killing activity reduced? This would leave D. discoideum exposed
to pathogens or unable to feed properly when confronted with numerous bacteria Indeed, macrophages do fail
to match sustained phagocytosis with sustained microbial killing when exposed to large inocula of S. aureus
(Jubrail et al., 2015). In our current experimental setup, it is difficult to establish whether the IC killing level
decreases with the number of bacteria ingested (Leiba et al., 2017, Bodinier et al., 2020). Specific experiments
could be designed to answer this question.

3. K. pneumoniae is presumably not killed directly by acid exposure.

The exact role of pH in IC killing is still controversial. Inhibitors of the V-ATPase inhibit acidification,
maturation of the phagosome and IC killing at the same time. As described in the introduction, numerous
pathogens, like S. aureus or M. tuberculosis, see their virulence reduced when unable to counter the acidification
of phagosomes. But is the lack of an acidic pH in phagosomes enough to prevent IC killing or does it act by
halting the phagosomal maturation process?

Virulent K. pneumoniae strains ingested by macrophages are found in a compartment positive for the acidotropic
probe LysoTracker (Cano et al., 2015) which does not fuse with TR-dextran labeled lysosomes. This
observation suggests that K. pneumoniae can subvert the maturation process without altering the phagosome
acidification. Since K. pneumoniae is strongly resistant to acidic pH, one might argue that the pH in
macrophages is not acidic enough to kill the bacteria. In D. discoideum the phagosomal pH was reported to be
at least 1 pH unit lower than in macrophages, approximately 3.5-4 (Dunn et al., 2018) but this assessment was
done using a population-based assay. In our experiments we measured a phagosomal pH of 2.8 (Bodinier et al.,
2020). In principle, a pH below 3 ensures that K. pneumoniae growth is at least halted. We should however take
into consideration the observation that kill KO cells are strongly defective for IC killing of K. preumoniae,
while the phagosomal pH remains unaffected. Thus, even the extreme acidity of the D. discoideum phagosome
is not sufficient to ensure efficient killing. In D. discoideum the acidic pH probably only provides a secondary
barrier to prevent growth of K. pneumoniae rather than being bactericidal.

Of course, it must be kept in mind that D. discoideum in its natural environment encounters numerous
microorganisms that may not all have the same tolerance for pH as K. pneumoniae. It will be essential in the
future to extend our observations of IC killing to other bacteria in order to determine if an acidic pH can be
sufficient to kill certain bacteria in phagosomes.

4. Proteolysis in the maturing phagosome.

We used fluorescent beads to measure proteolysis in phagosomes. In initial experiments, fluorescent beads were
mixed with D. discoideum cells then centrifuged to try to synchronize phagocytosis and the whole well
fluorescence was measured in a plate reader (Russel et al., 2009). The continuous increase in fluorescence over
3 hours observed by the authors reflected in part the asynchronous phagocytosis of beads by D. discoideum
cells. In our live-imaging assay at single cell level (Bodinier et al., 2020), we showed that proteolysis is
detectable in the minutes following phagocytosis, it persists for 40min, then it reaches a plateau until exocytosis
of the beads. The transfer to postlysosomes occurs around 40min after phagocytosis and may explain the
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plateau; the proteases may no longer be present, or the product of proteolysis may fail to accumulate in the
postlysosome.

Kil2 KO cells also show a decreased rate of phagosomal proteolysis compared to WT cells. Exogenous addition
of Mg?* completely corrected the defect. In lrrkA KO cells phagosomal proteolysis is also reduced in the
absence of exogenous Mg?". This could be due to a lower level of Kil2 in the phagosomes or to a lower activity
of Kil2. Does Kil2 need to be phosphorylated by LirkA to be fully functional? Further experiments to quantify
Kil2 concentration in the phagosome of /r7kA KO cells will be necessary to answer this question, and to
determine if Kil2 is phosphorylated in a LirkA-dependent manner.

I. LrrkA is involved in sensing, motility and phagocytosis in D. discoideum.

To orchestrate efficient nutrient intake D. discoideum must sense bacteria, chase them, ingest them and kill
them. Folate is the best studied bacterial cue that may trigger cytoskeleton remodeling, increased motility and
directionally (Pan et al., 1972, Pan et al., 2016).

1. Folate, an essential signal

Folate is a byproduct of bacterial metabolism which attracts D. discoideum (Pan et al., 1972). D. discoideum
when presented with a source of folate increased its mobility and directionality toward the source (Rifkin et al.,
2006). Two membrane receptors were phosphorylated immediately after exposure to folate and shown to act as
folate receptors: fAR1 and fAR2 (Pan et al., 2016). Far/ KO cells exhibit a loss of folate chemotaxis towards
folate, confirming the main role of fAR1 in folate signaling. In addition, our group also identified previously
fspA as an essential element in folate sensing (Lima et al., 2013), but its role in this process remains to be
established.

We tested both farl and fspA KO mutant cells with our live imaging IC killing assay to check if a defect in
sensing or response to folate affects IC killing. Both mutants were defective for intracellular killing (Leiba et
al., 2017; Bodinier et al., 2020). Although the IC killing defect was relatively minor this observation revealed
that mutants defective in folate sensing are also defective in IC killing. This may provide D. discoideum cells
with the ability to stimulate rapidly intracellular killing via a fAR1/FspA/LirkA folate-sensing pathway.
Interestingly fspA KO cells are defective for folate sensing but have an intact capsule sensing mechanism, as
well as an intact B. subtilis sensing (Lima et al., 2013). D. discoideum can probably sense several distinct
bacterial cues with different signaling pathways.

2. LrrkA, a pivotal kinase in the folate-sensing pathway

Farl KO, IrrkA KO and kil2 KO cells do not increase IC killing in response to folate stimulation identifying
them as elements in a folate-sensing pathway stimulating IC killing. fAR1 the surface receptor activates the
folate signaling pathway, LirkA the cytosolic kinase participates in transducing the signal, and Kil2 the
phagosome pump, which activity is regulated by LirkA, regulates luminal magnesium concentration to increase
proteolytic activities.

LrrkA was not only necessary to relay the folate activation signal to Kil2, we also observed in lrrk4 KO cells
an increased phagocytosis and cellular motility. LirkA is likely among the first proteins activated by fARI, in
parallel or subsequently to the arrestin AdcC. AdcC is a key adaptor protein that controls the fate of cell-surface
membrane proteins and modulates downstream signaling cascades (Mas et al., 2018). LirkA downregulates
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motility when folate is not present. Most likely LirkA inhibits actin cytoskeleton remodeling via TalinA and
MyoVIL. In the future we should also investigate the functional interaction of LirkA with TalinB, since TalinB
localizes at the leading edge of migrating cells.

3. LrrkA could integrate LPS and cAMP signals.

Recently Pan described that LPS sensing is another feature of the fAR1 receptor (Pan et al., 2018). In the future
it will be very interesting to determine if LPS stimulates IC killing in farl KO, /rrkA KO and kil2 KO cells.
This will allow to determine if this signaling pathway responds identically to folate and to LPS.

Measuring the response of /rrkA KO cells to cAMP would also be of interest: cAMP is a chemoattractant during
the development cycle of D. discoideum. The cAMP receptor is a G-protein-linked surface receptor, like fAR1,
named cAR1 (Dormann et al., 2001). Upon activation of both cAMP and folate, the AdcC translocates to the
surface (Mas et al., 2018). Upon cAMP activation cells increase directional motility toward the source. It is
possible that a similar signal transduction machinery is stimulated by cAR1 and fAR1 and LrrkA may thus be
involved in multiple sensing pathways.

ITI. VPS13F exhibits only a subset of Vps13p functions.

The canonical vps13 gene was first discovered in yeast during the initial screen to select mutants defective in
the sorting of vacuolar proteases. (Bankaitis et al., 1986). Functionally, vps13A mutants exhibit four vacuolar
proteases mislocalizations: CPY (Bankaitis et al., 1986), PrA (Rothman et al., 1989), PrB (Rothman et al., 1989)
and Pep4 (Robinson et al., 1988). Mislocalization of vacuolar proteins indicates the implication of Vps13p in
the Golgi-to-vacuole transport via a specific pathway, indeed Vps13p is required both for transport from the
trans-Golgi network (TGN) to the late endosome/prevacuolar compartment and for TGN homotypic fusion (De
et al., 2017). Another potential role is linked to bypassing the endoplasmic reticulum—mitochondria encounter
structure (ERMES) complex. The ERMES complex tethers the mitochondria to the endoplasmic reticulum
(Kornmann et al., 2009). The ERMES complex has yet an undefined role, and has been lost in metazoans
(Wideman et al., 2013). Nonetheless ERMES mutants are lethal when combined with vps39A, vps13A, crdlA,
or any VCLAMP subunit mutants. Intriguingly, a domain at the C-terminus of VPS13 mediate a function that
can compensate for ERMES defect (Park et al., 2016).

In human cells, a sequence homology study at genome scale with VPS13p revealed 4 genes in total in the human
genome: VPS13A (CHAC), VPS13B (COH1), VPS13C, VPS13D (Velayos-Baeza et al., 2004). Mutations in
VPS13A trigger a rare neurodegenerative disease: chorea-acanthocytosis. Mutations in VPS13B trigger the
Cohen syndrome. Mutations in VPS13C correlate with early onset severe parkinsonism (Lesage et al., 2016).
Lastly, mutations in VPS13D trigger ataxia with spasticity (Seong et al., 2018). Vps13A and Vps13C act as
lipid transporters at organelle contact sites (Kumar et al., 2017, Mufioz-Braceras et al., 2019). Vps13C and
Vps13D affect mitochondria morphology: silencing of VPS13C leads to mitochondrial fragmentation (Lesage
et al., 2016) and mitochondria are larger in VPS13D mutant cells (Anding et al., 2018). Overall the duplication
event of the yeast gene VPS13p led to a partial partitioning of its function. A mutation in each of the genes is
not compensated by the other but phenotypes are not unrelated, and we expect a similar situation in D.
discoideum .

D. discoideum genome encodes 6 Vpsl3 proteins: Vps13A to F. Vps13C (TipC) is the only characterized
member of the family and is involved in autophagosome closure (Mufioz-Braceras et al., 2015). Like numerous
autophagy mutants in D. discoideum, the vps13C KO defect leads to abnormal multicellular development.
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VpsI3F KO cells exhibit normal multicellular development. We do not suspect Vps13F to be involved in
autophagy. Regarding mitochondria, vps13F KO cells exhibit a mitochondria network similar to the WT (data
not published) suggesting that Vps13F does probably not affect mitochondria either. Unfortunately, we were
unable to locate Vps13F in D. discoideum. Nonetheless Vps13F contains 3 lipid binding domains: (i) the
ATG_C autophagy-related protein C-terminal domain, (ii) the APT1 domain, (iii) the PH pleckstrin homology
are typically docking sites for phosphatidylinositol lipids (Kaminska et al., 2016). Consequently, Vps13F
presence at contact points between organelles is highly likely. Although exact localization at organelle contact
sites is elusive, we suspect Vps13F to be implicated in trafficking of lysosomal enzymes as vpsi3F KO cells
exhibit an IC killing defect without major alterations of the endocytic pathway. Proteomic studies to identify
missing enzymes delivered to phagosomes in vps3F KO cells remain to be performed. Like in yeast, we do not
expect numerous lysosomal enzymes to be mislocated as the IC killing defect is relatively small compared to
kil2 or kill KO cells. Finally, it appeared clearly also through their effect on D. discoideum growth that Vps13A
and Vps13F have different functions (Leiba et al., 2017).

IV. LirkA may share several functions as LRRK2

LRRK (leucine-rich repeat kinase) is a family of kinases widely spread in eukaryotes. In plants and amoeba
particularly, the family bloomed (Bodinier et al., 2020). In human, the LRRK family has only 2 members:
LRRKI1 and LRRK2. More specifically they are ROCO kinases. ROCO kinases form a subfamily of LRRK,
characterized by the presence of the so-called ROC (Ras of complex proteins)/COR (C-terminal of ROC)
domains. Mutations in LRRK2 were studied extensively because they are involved in the pathogenesis of
familial Parkinson's disease (Zimprich et al., 2004). LRRK?2 is also involved in intracellular killing in mice
through its implication in lysozyme sorting in Paneth cell (Rocha et al., 2015), but mutations in LRRK2 also
cause a defect in migration of immune cells to the gut, lower ROS production, and decrease lysozyme secretion
in the intestinal lumen leading to Crohn’s disease pathogenesis (Zhang et al., 2015, Rocha and al., 2018). The
decreased lysozyme secretion results from a failure to recruit Nod2 onto lysozyme-containing dense core
vesicles leading to lysosomal degradation of lysozyme. This failure occurs either in the absence of LRRK2 or
absence of commensal bacteria in the gut (Zhang et al., 2015). Although the link between presence of bacteria
and LRRK?2 remains elusive, LRRK2 is part of a response to bacterial cues and bacterial killing.

In D. discoideum the function of LRRKSs is only partially understood and they were not previously described as
involved in intracellular killing in vegetative cells (van Egmond et al., 2010). The exact role of LirkA in D.
discoideum is unclear also, but our results indicate that it links sensing, motility and bacterial killing. LrrkA
may perform some of the functions linked to bacterial sensing and killing performed by LRRK2. LrrkA KO
cells in D. discoideum exhibit an excess of motility, but the question of directionally has not been tackled. It is
likely that chemotaxis towards folate is impaired in /r7kA KO cells. This impaired chemotaxis could mimic the
migration defect of immune cells to the gut in /r7k2 mutant mice. Regarding ROS production, we have not
measured ROS production in /rrk4d KO cells, but we do not suspect a defect in ROS production since
multicellular development requires ROS production and is unaffected. Lastly, concerning lysozyme secretion,
it is possible that among the 22 putative lysozymes in D. discoideum some are secreted (Lamrabet et al., 2020).
Testing for lysozyme activity in a filtered culture media could help us answer the question of whether some are
secreted, and which are affected by lrrkA KO.
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Abstract

Dictyostelium discoideum is a widely used model to study molecular mechanisms control-
ling cell adhesion, cell spreading on a surface, and phagocytosis. In this study we isolated
and characterize a new mutant created by insertion of a mutagenic vector in the heretofore
uncharacterized spdA gene. SpdA-ins mutant cells produce an altered, slightly shortened
version of the SpdA protein. They spread more efficiently than WT cells when allowed to
adhere to a glass substrate, and phagocytose particles more efficiently. On the contrary, a
functional spdA knockout mutant where a large segment of the gene was deleted phagocy-
tosed less efficiently and spread less efficiently on a substrate. These phenotypes were
highly dependent on the cellular density, and were most visible at high cell densities, where
secreted quorum-sensing factors inhibiting cell motility, spreading and phagocytosis are
most active. These results identify the involvement of SpdA in the control of cell spreading
and phagocytosis. The underlying molecular mechanisms, as well as the exact link between
SpdA and cell spreading, remain to be established.

Introduction

Phagocytosis is the process by which eukaryotic cells ingest big particles (diameter typically
>1um) such as bacteria or cell debris. This process plays a key role in the defense of mamma-
lian organisms against invading microorganisms [1], as well as in the clearance of dead cells
continuously generated by cell division and apoptosis [2]. Phagocytosis is a complex process
that is initiated by binding of a phagocytic cell to a particle. This initial binding triggers a local
activation cascade, leading to a local reorganization of the actin cytoskeleton and a change in
cell shape, ultimately allowing the engulfment of the particle into a closed phagosome [3]. Cel-
lular adhesion, regulated dynamics of the actin cytoskeleton, membrane fusion and fission
events are at play at multiple steps of the phagocytic process, and multiple molecular players
are implicated in this process. In addition, many signaling pathways regulate this core adhesion
machinery and control cellular adhesion and particle engulfment [3].
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Dictyostelium discoideum is a widely used model to study phagocytosis. This social amoeba
lives in the soil, where it feeds by continuously ingesting microorganisms. The molecular pro-
cesses at play are similar to those characterized in mammalian cells, and implicate notably an
adhesion molecule with integrin beta features, which interacts with talin and myosin VII to
regulate actin dynamics [4]. Many other gene products participating in phagocytosis directly
or indirectly (for example by controlling surface levels of adhesion molecules) have been char-
acterized in this system. One of the key experimental advantages of Dictyostelium discoideum is
its small haploid genome, allowing the relatively easy generation of random and targeted
mutant cells. Typically, the role and relative importance of any given gene product in phagocy-
tosis is determined in this organism by comparing the rate of phagocytosis of the correspond-
ing KO strain with that of parental cells. Some mutations can reduce phagocytosis efficiency
drastically [5], others show more modest defects [6], and a few were reported to increase
phagocytosis [7-9]. Upon detailed analysis, each gene product can usually be classified as
directly involved in adhesion to phagocytic particles or in engulfment, or as a regulator of the
phagocytic process.

In this study we report the identification and characterization of a new gene product,
named spdA, which is involved in cell spreading. Genetic alterations of spdA modify the ability
of cells to spread on a substrate, and to phagocytose particles.

Materials and Methods

Isolation of spdA-ins mutant cells

All Dictyostelium strains used in this study were derived from the subclone DH1-10 [5] of the
DHI1 strain, referred to as wild-type (WT) for simplicity. Cells were grown at 21°C in HL5
medium (14.3 g/L peptone (Oxoid, Hampshire, England), 7.15 g/L yeast extract, 18 g/L maltose
monohydrate, 0.641 g/L Na,HPO,2H,0, 0.490 g/L KH,PO,) and subcultured twice a week to
maintain a maximal density of 10° cells/ml. Unless otherwise specified, all experiments pre-
sented in this study were done with cells grown to a density of approximately 500’000 cells per
mL.

Random mutants were generated by restriction enzyme-mediated integration (REMI)
mutagenesis [10], subcloned individually, then tested for their ability to grow on a lawn of bac-
teria as described previously [11]. In this study, one mutant growing inefficiently on a labora-
tory strain of Micrococcus luteus (MI) bacteria was selected for further analysis. The genomic
DNA from these spdA-ins mutant cells was recovered, digested with Clal and religated, and the
mutagenic plasmid was recovered together with the flanking regions of its genomic insertion
site (Fig 1). This plasmid was sequenced to identify the insertion site. It was also used after Clal
digestion to transfect WT cells and generate targeted spdA-ins mutant cells. Three independent
spdA-ins mutant clones were generated, and used in parallel in this study, with indistinguish-
able results (Fig 1).

Phagocytosis and Fluid Phase Uptake

Phagocytosis and fluid phase uptake were determined as described previously [5] by incubating
cells for 20 min in suspension in HL5 medium containing either 1-um-diameter Fluoresbrite
YG carboxylate microspheres (Polysciences, Warrington, PA) or Alexa647-dextran (Life Tech-
nologies, Eugene, OR). Cells were then washed twice with HL5 containing 0.2% NaN3, and the
internalized fluorescence was measured by flow cytometry [5]. Kinetics of phagocytosis were
determined similarly after 0, 5, 10, 15, 20, 30, 40, 60, 90, 120 and 150 min of incubation. Since
these experiments required a large number of cells, the cells were grown to a higher concentra-
tion than for all other experiments described in this study (1.5x10° cells per mL vs 500°000 cells

PLOS ONE | DOI:10.1371/journal.pone.0160376 August 11,2016 2/17



el e
@ ' PLOS ‘ ONE Role of SpdA in Cell Spreading and Phagocytosis in Dictyostelium

A pSC
0 2763
spdA-ins
mutant
2635
B

K. pneumoniae M. luteus

spdA-ins WT spdA-ins
/4 .

(

Dictyostelium cells (number)

;
2o R
L Q Q
© © T
T & Q

Mi

Bs

Ec DH5«
Ec B/r

Kp

Pa PT894

WT

kil2 KO
phg1A KO
lvsA KO

lvsB KO -

apm3 KO

.

SspdA-ins
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random insertion of a REMI mutagenic vector (pSC) in the coding sequence of gene DDB_G0287845
(position 2635). (B) To quantify growth of Dictyostelium on bacteria, we applied 10'000, 1'000, 100 or 10
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doi:10.1371/journal.pone.0160376.g001
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per mL). This accounts for the fact that phagocytosis was less efficient for all strains in this set
of experiments.

To determine if the elevated phagocytosis observed in spdA-ins mutant cells was a cell-
autonomous phenotype, we mixed WT cells and spdA-ins mutant cells expressing GFP (ratio
1:1). After three days of co-culture in HL5, phagocytosis was analyzed as described above, but
using latex beads fluorescent in the rhodamine channel (Polysciences, Inc). During flow cytom-
etry, GFP fluorescence allowed to distinguish WT from spdA-ins mutant/GFP cells.

Cell spreading and motility

In order to visualize cell spreading on a substrate, 1.5x10” cells were allowed to adhere for 20
min on a glass surface in a FluoroDish (World Precision Instr., Sarasota, FL). To monitor the
presence and spreading of D. discoideum cells we used an inverted microscope (Olympus IX71
or Zeiss Axiovert 100M) and imaged by phase contrast and Reflection Interference Contrast
Microscopy (RICM) as previously described [12]. Images and movies (15 frames per second)
were acquired with an Olympus DP30 CCD camera or a High resolution black/white CCD
camera (Hamamatsu CCD cooled camera). RICM images were sub-sampled at 1 image per 1.2
s, the background was subtracted and flattened and the noise filtered. Dark cell-surface contact
zones were defined by segmentation and quantified as described [13].

To measure cell motility, cells were observed for 60 min (picture every 30 sec) by phase con-
trast with a Plan-Neofluar 10x magnification. Pictures were taken with a Hamamatsu CCD
cooled camera. We used Particle tracking from the Metamorph software to track individual
cell trajectories.

Cell detachment assays

In these experiments, borosilicate glass plates were first cleaned with detergent in alkaline con-
ditions, then briefly detached with a 14 M NaOH solution, thoroughly rinsed and dried. Radial
flow experiments were performed essentially as described previously [14, 15]. Briefly, cells were
resuspended in HL5 (10° cells/mL) and allowed to attach on the glass surface during 10 min,
then a radial hydrodynamic flow was applied for 10 min and the density of the remaining
attached cells was determined as a function of the distance to the center of the flow. The results
were expressed as the percentage of detached cells as a function of the applied shear stress.

Microscopy

To visualize filamentous actin, cells were allowed to adhere on a glass coverslip for 10 min in
HL5 and were fixed in PB containing 4% paraformaldehyde for 30 min. This fixation was suffi-
cient to permeabilize the cells. The actin cytoskeleton was labeled by incubating the cells for 1h
in phosphate-buffered saline (PBS) containing 0.2% bovine serum albumin and 1pg/ml tetra-
methylrhodamine B isothiocyanate (TRITC)-labeled phalloidin. The coverslips were then
washed twice, mounted and observed by laser scanning confocal microscopy (Zeiss LSM 510).
The pictures presented represent optical sections at the site of contact between the cells and the
substrate.

For scanning electron microscopy, cells were incubated on glass coverslips overnight in
HLS5. Cells were then fixed with 2% glutaraldehyde in HL5 for 30 min followed by 2% glutaral-
dehyde in 100 mM PB (pH 7.14) for 30 min. Cells were rinsed and postfixed in 1% osmium
tetroxide in 100 mM PB (pH 7.14) for 1 h. The fixative was removed, and cells were progres-
sively dehydrated through a 25-100% ethanol series. After air-drying, cells were sputter-coated
in gold and viewed on a JEOL-JSM-7001 FA Field Emission Scanning Electron Microscope.
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Measuring cell size

To measure cell size based on electric current exclusion (CASY technology), cells were grown
to a density of 50x10* cells/mL, diluted to 1x10* cells/mL, and 10 mL were analyzed using a
CASY 1 cell counter (Roche; CASY Model TTC).

To determine packed cell volume, cells are grown to a density of 3x10° cells/mL. Cells were
counted under a Nikon eclipse TS100 microscope with a cell counting Neubauer chamber.
3x10° cells in 1 mL were transferred in the packed cell volume (PCV) tube with calibrated cap-
illary and volume graduation (5uL) (TPP Techno Plastic Products AG; Product no 87005).
Cells were centrifuged 2 min at 1500 rpm, and the pellet volume measured in the calibrated
capillary. The ratio pL of pellet/number of cells was calculated.

To measure the amount of protein per cell, 10° cells were collected by centrifugation,
washed once in 1ml PBS, resuspended in 50 uL PBS containing triton X-100, 0.05% and trans-
ferred to a 96 well plate. To quantify protein content using a Lowry assay (DC Protein Assay,
Bio-RAD) we added to each well 25 uL of reagent A and 200uL reagent B. After 15 min the
absorbance at 750 nm was measured in a microplate reader, and compared to a set of calibrated
serial dilutions.

Western blot analysis

To determine the cellular amounts of SibA, Phgl and Talin, we resuspended cell pellets in sam-
ple buffer and separated the proteins on a polyacrylamide gel (7% for SibA and Talin and 10%
for Phgl), after which they were transferred to a nitrocellulose membrane (Invitrogen, Carls-
bad, CA). The membranes were incubated with a polyclonal anti-SibA antibody (SibA) [12],
the YCI rabbit antipeptide antiserum to a Phgl peptide [5], or the anti-talin 169.477.5 [16], a
kind gift from Prof. G. Gerisch (Martinsried, Germany). Binding of antibodies was revealed by
ECL using a secondary HRP-coupled antibody (Amersham Biosciences). The signal intensity
was evaluated using Quantity One software (Bio-Rad).

Results
Selection of spdA-ins mutant cells

Mutations affecting the organization or function of the endocytic/phagocytic pathway were
previously shown to alter the ability of Dictyostelium cells to feed upon bacteria, while preserv-
ing their ability to feed upon HL5 medium. In order to identify new gene products potentially
involved in phagocytosis, we created a library of random mutants by Restriction Enzyme Medi-
ated Insertion, as described previously [11]. Briefly, a BamHI-digested pSC vector and the
SaullIA restriction enzyme were introduced in cells by electroporation. After selection of stably
transfected cells in the presence of blasticidin, individual mutant cells were cloned by flow
cytometry, and their ability to grow upon a variety of bacteria was tested. Previous results sug-
gested that different gene products are essential for efficient growth on K. pneumoniae, P. aeru-
ginosa, M. luteus, and B. subtilis, and that their common denominator is to be linked to one of
the facets of the phagocytic process (adhesion, phagocytosis, intracellular killing. . .) [11]. The
spdA-ins mutant was initially isolated as a mutant growing poorly on a lawn of M. luteus, a
gram-positive bacterium. The mutagenic pSC plasmid was recovered from spdA-ins mutant
cells, and the flanking genomic regions were sequenced. In spdA-ins mutant cells, the pSC plas-
mid is inserted on chromosome 5, 2636 nucleotides downstream of the start codon of
DDB_G0287845 (Figs 1A and S1), hereafter called spdA. New spdA-ins mutant cells were gen-
erated by homologous recombination and three independent mutant lines were used in parallel
for further characterization (S1 Fig). The predicted SpdA protein is composed of 920 amino
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acids, and the insertion of pSC in the coding sequence of SPDA results in the production of a
truncated protein where the last 41 aminoacid residues are deleted. The SpdA protein exhibits
no transmembrane domain or previously characterized domains. No clear ortholog could be
identified in mammals or other species. A region extending from positions 3 to 450 shows
homology with the N-terminal portion of many proteins from D. discoideum, D. purpureum
and D. lacteurn and may represent a novel undescribed domain. In Dictyostelium discoideum,
the most conserved region encompassed the first 120 residues, and a Genome Blast search
identified 18 gene products with homology to the N-terminal region of SpdA (S1 Table).
Besides a conserved N-terminal region, none of these gene products exhibits a known func-
tional domain. We are proposing to name the members of this putative new family SpdA to
SpdS (S1 Table).

Growth of spdA-ins mutant cells in HL5 medium was unaffected compared to WT cells. To
quantify growth of Dictyostelium discoideum strains on bacteria, 10'000, 1’000, 100 or 10 Dic-
tyostelium cells were applied onto a bacterial lawn (Fig 1B). After 5 days in the presence of K.
pneumoniae bacteria or of several other bacterial species, WT and spdA-ins mutant cells cre-
ated phagocytic plaques cleared of bacteria with similar efficiencies (Fig 1B and 1C). On the
contrary spdA-ins mutant cells grew less efficiently on a lawn of M. luteus and on the non-viru-
lent PT531 P. aeruginosa strain (Fig 1B and 1C). Other mutant cells with poor growth on M.
luteus characterized in our laboratory include lvsA KO cells [6], IvsB KO cells [6] and apm3 KO
cells [17] (Fig 1C). Since these three mutants have shown alterations in the organization and
function of the endocytic and phagocytic pathway, we next tested the ability of spdA-ins
mutant cells to perform phagocytosis and endocytosis.

SpdA-ins mutant cells phagocytose particles more efficiently than WT
cells

To assess the function of the endocytic and phagocytic pathways, spdA-ins mutant cells and
WT cells were incubated for 20 min in the presence of fluorescent dextran or fluorescent latex
beads (1um diameter). The internalized material was then measured by flow cytometry.
Macropinocytosis of fluid phase was similar in WT cells and in spdA-ins mutant cells (Fig 2A).
On the contrary, spdA-ins mutant cells phagocytosed latex beads more efficiently than WT
cells (Fig 2B).

Analysis of phagocytosis kinetics further revealed that this difference was due to an
increased rate of phagocytosis, evident at early phagocytosis times, while accumulation of
ingested beads reached a similar plateau in WT and spdA-ins mutant cells after 120 min (Fig
2C). Phagocytosis and macropinocytosis both rely on similar rearrangements of the actin cyto-
skeleton, while phagocytosis requires in addition efficient adhesion of the cell to particles. Con-
sequently several mutants defective in cell adhesion have been found to exhibit a decreased
phagocytosis and no decrease in macropinocytosis [5, 12, 18].

To determine if the phenotype of spdA-ins mutant cells was cell-autonomous, we mixed
spdA-ins mutant cells expressing GFP with WT cells. After three days of co-culture, we assessed
the phagocytosis of rhodamine-labeled latex beads by flow cytometry. Expression of GFP
allowed the identification of mutant cells (Fig 3A), and revealed that spdA-ins mutant cells co-
cultured with WT cells still phagocytosed more efficiently than W'T cells (Fig 3B).

SpdA-ins mutant cells adhere better than WT cells to their substrate

In order to assess the efficiency with which cells adhered to a substrate, cells were allowed to
attach to a glass substrate, then subjected to a radial hydrodynamic flow for 10 min (Fig 4A)
[19]. The shear stress applied to the cells depends on the velocity of the flux, which decreases
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Fig 2. SpdA-ins mutant cells phagocytose particles faster than WT cells. Cells were incubated for 20
min in HL5 medium containing fluorescent dextran or fluorescent latex beads. Cells were then washed, and
internalized fluorescence was measured by flow cytometry. (A) Uptake of fluorescent dextran was expressed
as a percentage of the value obtained for the WT cells. (B) Phagocytosis of fluorescent beads was expressed
as the average number of beads ingested per cell. The average and SEM of 6 independent samples are
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presented. *: p<0.01 (Student t-test). (C) Cells were incubated for 0, 5, 10, 15, 20, 30, 60, 90, 120, or 150 min
in HL5 medium containing fluorescent latex beads. The average and SEM of 4 independent experiments are
presented. SpdA-ins mutant cells ingested particles faster than WT cells.

doi:10.1371/journal.pone.0160376.g002

when the distance to the center of the flow increases (Fig 4A). The percentage of cells detached
by the flow was determined as a function of the distance to the center, and the results expressed
as the percentage of detached cells as a function of the applied shear stress. At a low shear
stress, between 0 and 0.5 Pa, spdA-ins mutant cells detached less readily than WT cells from
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Fig 3. The phenotype of spdA-ins mutant cells is cell autonomous. (A) SpdA mutant cells expressing
GFP were mixed with WT cells and cultured for three days. We then incubated the cells with rhodamine-
labeled latex beads and assessed phagocytosis by flow cytometry. Expression of GFP allowed to distinguish
WT cells from spdA mutant cells, and revealed that spdA mutant cells co-cultured with WT cells
phagocytosed more efficiently than WT cells. (B) The phagocytosis of WT and spdA-ins cells cultured
separately or co-cultured is indicated (mean+SEM; n = 6). *: p<0.01 (Student t-test).

doi:10.1371/journal.pone.0160376.9003
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Fig 4. SpdA-ins cells adhere more efficiently than WT cells to their substrate. (A) Side view of a cell
attached to its substrate and exposed to a flow of medium. The adhesion of the cell to its substrate can be
assessed by determining the speed of a flow of medium that is necessary to detach the cells [19]. The
strength applied by the flow of medium on the cell is 6h?, and its mechanical moment (ch®) is balanced by the
adhesive force (F). Inspired from [18]. (B) Percentage of detached cells as a function of the applied shear
stress. At a low flow (between 0 and 0.5 Pa), spdA-ins cells detached less readily than WT cells from the
substrate. At higher flow (>0.5 Pa) no significant difference can be seen between WT cells and spdA-ins
cells. Data from three independent experiments is represented in this graph. A decrease in cell detachment
can be the result of an increase in the adhesion force (F) or of a decrease in h (i.e. of a more efficient cell
spreading).

doi:10.1371/journal.pone.0160376.g004

the substrate (Fig 4B). When the shear stress was higher than 0.5 Pa, almost 100% of both WT
and spdA-ins mutant cells detached from the substrate (Fig 4B). These results indicate that
spdA-ins mutant cells adhered more efficiently than WT cells to their substrate. An alternative
interpretation is that mutant cells spread more readily on their substrate, which would decrease
cell height (h in Fig 4A) and thus reduce the shear stress.

SpdA-ins mutant cells spread more efficiently than WT cells on a
substrate

The spreading of cells on a substrate was first visualized by Scanning Electron Microscopy. WT
cells appeared round and they did not spread much on their substrate. On the contrary, spdA-
ins mutant cells formed extended contacts with the substrate, and their height may be reduced
(Fig 5A). To quantify the difference between these two phenotypes, we visualized by Reflection
Interference Contrast Microscopy (RICM) the size of the contact area between cells and their
substrate. Cells were allowed to adhere to their substrate for 10 minutes, then they were
observed by phase contrast and by RICM (Fig 5B). The average contact area between cells and
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Fig 5. SpdA-ins cells spread more efficiently than WT cells. (A) WT and spdA-ins cells attached to a
glass substrate were examined by scanning electron microscopy. Three representative pictures of each cell
line are shown. SpdA cells spread more efficiently on their substrate than WT cells. Scalebar: 10um. (B) To
quantify cell spreading, cells were examined by phase contrast and RICM (Reflexion Interference Contrast
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Microscopy). The contact area between cells and their substrate appears black and it was quantified for WT
and spdA-ins cells (mean+SEM; n = 4 independent experiments. In each experiment 20 cells were analysed
for each sample). *: p<0.01(Student t-test). (C) The contact area of individual cells is represented for the
whole population of cells analyzed. (D) Kinetics of cell spreading was determined. SpdA-ins cells spread
more and faster than WT cells. Thin lines: average spreading kinetics of cells (11 and 6 cells, respectively,
representative of 3 independent experiments). Solid lines: fit with eq. 7 in ref 13, A(t) = Amax tanh (at).

doi:10.1371/journal.pone.0160376.g005

their substrate (black in RICM) was quantified, and was significantly higher for spdA-ins
mutant cells than for WT cells (Fig 5B). When the contact area of each cell was plotted (Fig
5C) the whole population of spdA-ins mutant cells presented an increased area of close contact
with the glass substrate. Finally, we measured the kinetics of cell spreading by RICM, and
observed that Dictyostelium spdA-ins mutant cells spread more and faster than WT cells (Fig
5D). These observations confirm the proposal that spdA-ins mutant cells spread more effi-
ciently on their substratum.

An increased spreading could result from increased expression of cellular proteins involved
in cell adhesion, such as Talin [20], SibA [12] or PhglA [5]. In order to evaluate this possibility,
we analyzed by Western blot the amount of these proteins in WT and spdA-ins mutant cells.
The amounts of SibA, Talin and PhglA appeared very similar in WT and spdA-ins mutant
cells (Fig 6).

We also visualized the organization of the actin cytoskeleton in WT and spdA-ins cells by
fluorescence microscopy. For this, cells were allowed to adhere to a glass coverslip, fixed and
stained with fluorescent phalloidin and observed by confocal microscopy. Pictures were taken
in the region where cells are in contact with the substratum. The organization of actin did not
appear significantly different in WT cells and in spdA-ins mutant cells showing small actin foci
and peripheral accumulation at sites where pseudopods emanate from the cell body (Fig 7).
Incubation in phosphate buffer induces the formation of filopodia in WT Dictyostelium cells
[21] and a similar phenotype was observed in spdA-ins mutant cells (Fig 7). Similarly, the ran-
dom migration of cells, a phenomenon highly dependent on the dynamics of the actin cytoskel-
eton was similar in WT and spdA-ins mutant cells (1.5 um/min) (S2 Fig). Thus, the increased
ability of spdA-ins mutant cells to spread on a substratum was not associated with a gross alter-
ation of the organization or dynamics of the actin cytoskeleton.

The size of WT and spdA-ins mutant cells is similar

An increase in phagocytosis or in the area of contact with the substrate could potentially result
from an increase in cell size, all other parameters unchanged. We used three independent
methods to measure the size of WT and mutant cells. First, we used flow cytometry associated
with a measure of electric current exclusion (CASY technology). The diameter of WT and of
spdA-ins mutant cells was very similar (respectively 8.4 um and 8.95 um) (Fig 8A). Second, the
packed cell volume was measured using graded centrifugation tubes, and was highly similar for
WT and spdA-ins mutant cells (Fig 8B). Third, the amount of protein per cell was similar in
WT and spdA-ins mutant cells (Fig 8C). Together these experiments indicate that WT and
spdA-ins mutant cells have similar sizes.

Phagocytosis and spreading are decreased in spdA KO cells

In spdA-ins mutant cells the mutagenic plasmid was inserted close to the 3’ of the spdA cod-
ing sequence resulting in the production of a slightly shorter version of the SpdA protein (See
Fig 1A). This aberrant protein may either be functionally inactive or unstable, or on the con-
trary exhibit an increased activity or stability. To distinguish between these two possibilities,
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Fig 6. The cellular amounts of SibA, Phg1 and Talin are similar in WT cells and in spdA-ins cells. To
determine the cellular amount of SibA, Pgh1A or Talin, cellular proteins were separated by electrophoresis
and specific proteins revealed with antibodies against SibA (A), Talin (B) or Phg1A (C). The intensity of the
signal was quantified and expressed in arbitrary units (a.u.). The average and SEM of four independent
experiments are represented. The amounts of SibA, Phg1a and Talin were similar in WT cells and in spdA-
ins cells.

doi:10.1371/journal.pone.0160376.9006

we generated by homologous recombination spdA KO cell lines where a large part of the
spdA coding sequence was deleted (S3 Fig). In three independent clones of spdA KO cells,
phagocytosis was found to be reduced compared to WT cells (51+4% of WT phagocytosis;
mean+SEM; n = 6), while internalization of fluid phase was unchanged (103+2% of WT
uptake; mean+SEM; n = 6). In addition, the spreading of spdA KO cells on a substrate was
less efficient than that of WT cells (83+2% of WT spreading; mean+SEM; n = 7). This did not
reflect a change in the size of the spdA KO cells, which was unchanged compared to WT cells
(diameter WT 8.90£0.1pm; spdA KO 9.0+0.1um; n = 6).
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Fig 7. The actin organization is not significantly altered in spdA-ins cells. Cells were allowed to adhere
to a glass coverslip for 10 min in HL5. After fixation filamentous actin was labeled with fluorescent phalloidin.
The contact area between cells and their substrate was visualized by confocal microscopy, and did not reveal
gross alterations of actin organization in spdA-ins cells. When cells were incubated in phosphate buffer (PB),
formation of filopodia was induced in both WT and spdA-ins cells.

doi:10.1371/journal.pone.0160376.g007

The fact that the effect of a spdA genetic inactivation is to decrease phagocytosis and cell
spreading confirms the implication of SpdA in these cellular functions. Moreover it indicates
that SpdA either participates directly in cell spreading, or acts as an activator of these

functions.

A B C

10

0.6 1

€ 8 — 8 @
=2 0 3
w o) @O
o 6 o 6 o 0.4 F—
(&) o ~—
G = £
g 4 ——— 24 g
S o 2 0.2 A—
8 [9) o
a 2 < 21 — =)

0 04 . 0

WT  spdA-ins WT  spdA-ins WT  spdA-ins

Fig 8. WT and spdA-ins cells have similar sizes. (A) Cell size was analyzed by electric current exclusion using a CASY 1 cell counter. (B) The packed
cell volume of a known number of cells was determined in graded tubes. (C) The amount of protein per cell was determined using a Lowry assay. For

each experiment, the average and SEM of three independent experiments is indicated. No significant differences were seen between WT and spdA-ins
cells.

doi:10.1371/journal.pone.0160376.g008
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Cell adhesion and phagocytosis are heavily regulated processes in Dictyostelium, and are in
particular sensitive to cell density [22]. In order to evaluate if SpdA may participate in the regu-
lation of cell spreading and phagocytosis, we grew cells at different densities, and assessed their
ability to phagocytose latex beads. In WT Dictyostelium cells, phagocytosis strongly decreased
when cellular density increased (Fig 9A). At very low cell density, phagocytosis was almost as
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Fig 9. Role of SpdA in the regulation of phagocytosis by cell density. (A) Cells were grown to the
indicated densities, and allowed to phagocytose fluorescent latex beads for 20 minutes. Phagocytosis was
measured by flow cytometry. The results of three independent experiments were pooled in this figure. (B) In
the experiment described in A, phagocytosis in mutant cells was directly compared to phagocytosis by WT
cells grown at the same density. While both mutant cells phagocytosed like WT cells at low cell density,
marked differences appeared when cellular density increased.

doi:10.1371/journal.pone.0160376.g009
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efficient in WT, spdA-ins mutant cells, and spdA KO cells. On the contrary, as cell density
increased, phagocytosis decreased less in spdA-ins mutant cells than in WT cells, and more in
spdA KO cells than in WT cells (Fig 9).

Discussion

In this study we identified a new gene implicated in the control of cell adhesion and spreading,
named spdA. SpdA-ins mutant cells spread faster and more efficiently than WT cells. They also
phagocytose particles more efficiently than WT cells. These mutant cells were originally iso-
lated based on the observation that they were defective for growth in the presence of M. luteus
bacteria. It is likely that the inability of spdA-ins mutant cells to grow in the presence of M.
luteus reflects the observed alterations in the function of the phagocytic pathway. This observa-
tion confirms that isolation of mutants defective for growth on certain bacteria does allow to
identify new genes implicated in the organization and function of the endocytic and phagocytic
pathways.

Previous studies have suggested that cell adhesion, phagocytosis and cell motility can be
modulated negatively by secreted quorum-sensing factors in Dictyostelium [22, 23]. This allows
cells to modulate their behavior as a function of cell density. Strikingly, at very low cell densi-
ties, both spdA-ins and spdA KO mutant cells phagocytosed as efficiently as WT cells. However,
at increasing cell densities, spdA KO and spdA-ins mutant cells exhibited marked differences
with WT cells: phagocytosis was inhibited more readily in spdA KO cells than in WT cells, and
less in spdA-ins mutant cells than in WT cells. These results suggest that SpdA is involved in
the pathway allowing cells to control their adhesion and phagocytosis as a response to cell den-
sity. SpdA may be directly involved in phagocytosis and cell spreading, and mobilized only
when cells are growing at high densities and thus are exposed to high concentration of inhibi-
tory quorum-sensing factors. Alternatively, SpdA may play a negative role in the quorum-sens-
ing signaling pathway inhibiting cell adhesion and phagocytosis. Note that in spdA mutant
cells, some phenomena implicating actin dynamics are affected (cell spreading, phagocytosis),
while others are not (actin skeleton morphology, cell motility). It is thus possible that SpdA is
involved specifically in certain facets of actin dynamics (cell spreading and phagocytosis) and
not in others (e.g. cell motility).

As detailed above, spdA-ins and spdA KO mutations generate opposite phenotypes: phago-
cytosis and cell spreading are increased in spdA-ins cells and decreased in spdA KO cells com-
pared to WT cells. In both cases three independent clones were analyzed, suggesting strongly
that the phenotypes observed are truly generated by the mutations. This result suggests that
in spdA-ins mutant cells, SpdA is either stabilized or hyperactive. We generated anti-SpdA
recombinant antibodies (MRB19, 20 and 21). While they readily detected a full-length
GFP-SpdA protein, they failed to detect endogenous SpdA, and this prevented us from test-
ing whether the amount of SpdA was actually increased in spdA-ins mutant cells (data not
shown). Very little is known on how Dictyostelium cells modulate phagocytosis, adhesion
and cell motility in response to secreted quorum-sensing factors. SpdA is the first identified
protein that may participate in these regulatory pathways. Further studies will be necessary
to establish the precise molecular mechanisms linking SpdA to the regulation of cell spread-
ing and phagocytosis.

Supporting Information

S1 Fig. Generation of spdA-ins mutant cells. Analysis of the genomic alteration of the original
SpdA-ins mutant, design and usage of a mutagenic vector to create new SpdA-ins mutant cells.
(TTF)
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S2 Fig. Cell migration is unaffected in spdA-ins mutant cells. Analysis of random cell migra-
tion of a glass surface revealed no difference between WT and SpdA-ins mutant cells.
(TIF)

S3 Fig. Generation of spdA-ins mutant cells. Design of a vector to create SpdA KO cells, and
selection of the mutant clones.
(TIF)

S1 Table. Dictyostelium gene products with significant homology to SpdA.
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APPENDIXES

II. Manuscript: SpdA Supplementary data
Figure S1. Generation of spdA-ins mutant cells.

Analysis of the genomic alteration of the original SpdA-ins mutant, design and usage of a mutagenic vector to
create new SpdA-ins mutant cells.

Figure S2. Cell migration is unaffected in spdA-ins mutant cells.

Analysis of random cell migration of a glass surface revealed no difference between WT and SpdA-ins mutant
cells.

Figure S3. Generation of spdA-ins mutant cells.

Design of a vector to create SpdA KO cells, and selection of the mutant clones.

S1 Table. Dictyostelium gene products with significant homology to SpdA.
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Figure S3:
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