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Eradicating, retaining, balancing, swarming, shuttling
and dumping: a myriad of tasks for neutrophils during

fungal infection

Constantin F Urban and Emelie Backman

Opportunistic, invasive mycoses in immunocompromised
patients remain challenging for health care with unacceptably
high levels of morbidity and mortality. Neutrophils are essential
in host protection against invasive mycoses. Upon
development of acute infection, neutrophils are recruited from
circulation to the infected tissue, where they exert a
considerable variety of effector functions with the ultimate task
to eradicate invading microbes. Effector functions include
recognition, phagocytosis and intracellular killing of
microorganisms via oxidative and non-oxidative mechanisms,
excretion of antimicrobial factors from intracellular storages
(degranulation), release of neutrophil extracellular traps (NETs)
and of extracellular vesicles (EVs), as well as generation of
cytokines and chemokines to modulate immune responses.
Herein, we describe recent findings which further our
understanding of the roles of neutrophils during opportunistic
fungal infections which could serve as starting point for the
development of immune-targeted interventions to improve
clinical management of affected individuals.
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Introduction

The main role of the immune system is to prevent other
organisms from gaining access and exploiting the hosts
own resources. To do so, immune components need to be
able to eradicate invading pathogenic entities. Polymor-
phonuclear leukocytes (PMNs) from the myeloid lineage
of blood cells form a first line of defense against such
invaders. These cells are equipped with an ample number
of toxic components and functions which in sum neutral-
ize a large variety of microbes [1]. PMNs are also named
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neutrophils, as they preferably incorporate neutral dyes,
used by Paul Ehrlich to characterize different white blood
cell types [2]. Both names will be used interchangeably
throughout this review.

As first line of defense, neutrophils are crucial to prevent
invasive infections of fungal pathogens [3]. The majority
of fungal infections worldwide are superficial mycoses [4].
However, the largest number of deaths due to fungal
infections are due to opportunistic mycoses [4]. These are
caused by ubiquitous, environmental fungal organisms or
pathobionts and are increasing due to a concurrent
increase of immunocompromised individuals [5]. The
genera Candida, Aspergillus, Cryptococcus and Pneumocystis
together cause 90% of invasive opportunistic infections
ranging from oropharyngeal, pulmonary, CNS-related to
systemic infections depending on the causative agent and
immune status of affected hosts [4].

As the group of opportunistic mycoses give rise to inva-
sive infections spreading from inoculation niches to other
tissues and organs in the body neutrophils are recruited
and contribute to antifungal defenses. Thus, in the fol-
lowing paragraphs the different traits of neutrophils con-
tributing to antifungal immunity against opportunistic
mycoses will be discussed with a focus on recent findings
without a claim for comprehensiveness. Instead, the
article highlights the current status of the field and future
directions. Important topics not discussed here due to
space restrictions are nutritional immunity and influences
of microbiota, host physiology (such as hypoxia) and IL-
17 cytokine milieu which all shape neutrophil responses.

Recruitment of neutrophils to the site of
infection

To exert their main task — eradication of microbes —
neutrophils are recruited from the bloodstream to the
site of infection [6]. A rare genetic disorder called leuko-
cyte adhesion deficiency type I (LAD-1) syndrome exem-
plifies the importance of this process. LAD-1 affects
integrins, receptors required for leucocyte extravasation.
LAD-1 patients are more susceptible to fungal and bac-
terial infections, as their PMNs are unable to enter
infected tissue [7]. It is, therefore, interesting to delineate
how neutrophil recruitment is affected in susceptible
groups of patients and, as a consequence, neutrophil
recruitment during different fungal infections has been
an area of intense research in recent years.
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IL-1 cytokines are pro-inflammatory effector molecules
released early during infection to prepare an inflammatory
milieu. Members of this cytokine family also play an
important role in neutrophil recruitment during
oropharyngeal Candida albicans infection (OPC) [8] and
Aspergillus fumigatus pneumonia [9]. Both IL-1a and IL-
1B are activating cytokines for IL.-1 receptor (IL-1R).
During OPC keratocytes produce IL-1a, whereas the
hematopoietic compartment produces IL-1B, both to
further enhance chemokine production and neutrophil
recruitment [8]. During pulmonary aspergillosis CCR2+
monocytes are required for optimal IL.-1a production and
neutrophil recruitment [9]. Interestingly, patients with
inherited defects in caspase recruitment domain-contain-
ing protein 9 (CARDY) display a strong tropism for fungal
infections with CNS involvement as cases with C. a/bicans
and A. fumigatus infection describe [10,11]. CARD9 is an
adapter molecule in innate immune signaling essential for
conveying signals of the C-type lectin pattern recognition
receptors (Figure 1). In agreement, microglia in the brain
of mice with systemic candidiasis recruit protective neu-
trophils via chemokines IL-18 and CXCL1 in a CARD9-
regulated fashion [12°°].

Very early recruitment of PMNs during aspergillosis
(<12 hour after challenge) also depends on leukotriene
B4 (L'TB4) [13]. Leukotrienes are potent lipid-based
immune modulators. Mice lacking the receptor for
L'TB4 are more susceptible to pulmonary aspergillosis
than wild-type littermates. Similarly, ' TB4 is an impor-
tant mediator in early neutrophil recruitment during
systemic candidiasis [14°°]. Intriguingly, in the lung of
intravenously challenged mice, but neither in liver nor in
kidney, intravascular PMNs associate with C. a/bicans by
complement-mediated chemotaxis and subsequently
form clusters to control C. albicans cells during the first
hours of infection in a L' TB4-dependent manner. This so-
called swarming of necutrophils seems to be a more
common defense against fungal than bacterial pathogens
[14°°]. The highly coordinated movement of PMNs upon
extravasation is regulated via PMN-released L'TB4 on
further distances and via integrins on close contact.
Swarming probably serves as wound sealing in sterile
inflammation and infection [15]. Similar to C. albicans
[16°] which induces swarming via spleen tyrosine kinase
(SYK) signaling [17], Cryptococcus neoformans also induces
neutrophil swarming [18].

Another immune effector regulating neutrophil recruit-
ment is Galectin-3 (Gal3), a soluble mammalian lectin.
Galectin-3 is released by hematopoietic and non-hemato-
poietic cells by active secretion or upon cell injury and
Gal3-deficient mice succumb to pulmonary A. fumigatus
infection due to decreased neutrophil extravasation into
infected airways of the lung [19]. Extracellular Gal3 from
predominantly stromal sources regulate neutrophil
recruitment. An opposite function for intracellular Gal3

was described for C. a/bicans infection [20]. Murine neu-
trophils lacking this lectin showed enhanced intracellular
SYK activation and anti-Candida activity than wild-type
controls and in systemic candidiasis Gal3-deficient mice
where more resistant against infection, a phenotype
which could also be obtained by treatment with a specific
Gal3-inhibitor. These studies highlight the diverse roles
for Gal3 during infection depending on Gal3 localization,
pathogen, infection site, and mounted immune
responses.

In addition to host factors, pathogen-related factors also
regulate PMN recruitment. The discovery of candidaly-
sin, the first bona fide peptide toxin from an opportunistic
fungal pathogen to be described, is responsible for host
damage and danger signaling during candidiasis [21]. The
importance of the latter for PMN recruitment is con-
firmed by several studies demonstrating that candidalysin
and toxin-inflicted damage is a prerequisite for neutrophil
recruitment to the site of infection in systemic [22],
oropharyngeal [23] and vaginal candidiasis [24].

Collectively, the above studies show that neutrophil
recruitment is required to combat opportunistic mycoses,
but also needs to be balanced in order to prevent over-
whelming neutrophil responses.

Recognition and phagocytosis

At the site of infection neutrophils seek to recognize
fungal pathogens to destroy them. As innate immune
cells, neutrophils use pattern recognition receptors
(PRRs) for this task that bind fungal surface ligands
(Figure 1). Upon receptor engagement, adaptor mole-
cules convey signals into the cells starting gene expres-
sion, mobilization of granular vesicles and phagocytosis of
the detected particle [5]. Neutrophils store their main
arsenal of toxic weapons (mainly enzymes and antimicro-
bial peptides) in cytoplasmic granules, which are also
name-giving for the group of granulocytes (neutrophils,
eosinophils, and basophils), as they contain large numbers
of three different types of granules [1]. During phagocy-
tosis, granules are fused with the phagosomal membrane
to discharge the granule content into the phagosome.

In addition to the known PRRs (Figure 1), recently new
receptors have been identified, which act on neutrophils.
Ephrin type-A receptor 2 (EphA2) was identified as new
B-glucan receptor on epithelial cells [25]. EphA2 is
important for early neutrophil recruitment in OPC and
enhances phagocytic killing of opsonized yeast-form C.
albicans by neutrophils and hence EphAZ2 is crucial for
anti-Candida defense in OPC [26°]. The identity of a PRR
recognizing chitin, a crucial polymeric carbohydrate com-
ponent of fungal cell walls, was shrouded in mystery for a
long time, fueled by numerous immunological studies
revealing inflammatory as well as anti-inflammatory
responses towards chitin preparations. A recent study
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Figure 1
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Pattern recognition receptors of neutrophils.

Pattern recognition receptors (PRRs) recognizing fungal components and implicated in neutrophil function (adapted from Ref. [74]). Toll-like
receptors (TLRs) recognize fungal ligands. TLR2 is a heterodimer TLR1/TLR6 recognizing phospholipomannan and, as recently shown [27°°], chitin.
TLR4 is a homodimer recognizing O-linked mannan. TLR9 is an intracellular PRR recognizing unmethylated CpG motifs in microbial DNA. TLRs
signal via adaptor molecule MyD88, using a kinase cascade starting with IRAK-4. TLR4 can additionally signal via IRF3 to induce type | interferon
mediated responses. The soluble lectin galectin-3 (Gal3) binds B-mannosides and multimerizes via an N-terminal region motif. Depending on type
of ligand, Gal3 induces a variety of responses and surface-bound receptors mediating signaling from extracellular Gal3 in neutrophils are not
defined. Neutrophils also contain Gal3 intracellularly (not depicted). C-type lectins are dectin-1, dectin-2, and macrophage-inducible C-type lectin
(Mincle). Dectin-1 binds B-glucan, dectin-2, and Mincle recognize mannan. Lectins signal via SYK and CARD9-mediated transduction. Dectin-1
additionally signal via RAS/RAF mitogen activated protein kinase (MAPK) cascade. Complement receptor 3 (CR3), also called macrophage-1
antigen (Mac-1), recognizes 3-glucan and is a heterodimer of two integrins CD11b and CD18. Signaling occurs via PI3K and depends on kindlin3
and SYK [49] (not depicted) and can lead to PKC activation which in turn regulates assembly of NOX2. Ephrin A2 receptor (EphA2) also binds
B-glucan and mediates signals via MAPK cascade which continues with kinases MEK1/2 and ERK1/2 to activate NOX2. CR3 and EphA2 may also
signal via other cascades; however, this remains to be determined. Not depicted is Fc vy receptor (FcyR), which recognizes mainly antibody-
opsonized fungal particles and also mannan. FcyR signals via SYK.

Abbreviations: Myeloid differentiation primary response gene 88 MyD88; interleukin-1 receptor-associated kinase IRAK; interferon regulatory factor
3 IRF3; TIR-domain-containing adapter-inducing interferon-g (TRIF; TNF receptor—-associated factor 6 TRAF6; SYK; caspase recruitment domain-
containing protein 9 CARD9; B-cell lymphoma/leukemia 10 BCL-10; mucosa-associated lymphoid tissue lymphoma translocation protein 1 MALT-
1; Phosphoinositide 3-kinases PI3K; protein kinase C (PKCRas family of small GTPases(RAS; rapidly accelerated fibrosarcoma(RAF; Mitogen-
activated protein kinase MEK; extracellular signal-regulated kinases ERK; reactive oxygen species (ROSproduced by NADPH oxidase (NOX2).
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sheds light on this dilemma, as they describe that
n-acetyl-glucosamine (NAG) fragments, the building
blocks for chitin, with seven or more monomers induced
pro-inflammatory cytokine release in immune cells,
whereas fragments of 4-5 NAGs rather inhibited this
release [27°°]. The PRR shown to be responsible for
chitin recognition is TLR-2 and the size dependence
and high purity of NAGs used explains some of the
controversy about chitin recognition in immunological
studies. As neutrophils express TLR-2, it can be expected
that phagocytic uptake of chitin-containing particles
depends on this PRR and probably contributes to intra-
cellular killing; however, this remains to be elucidated.
One study revealing a role of acidic mammalian chitinase
in neutrophil-mediated killing during corneal aspergillo-
sis in mice provides first clues in this regard [28]. One
variant of the above named LADI1 syndrome is a defi-
ciency in CD11b, together with CD18 a subunit of the
receptor Mac-1, also called complement receptor 3 (CR3)
(Figure 1). Recently, studies on pulmonary aspergillosis
revealed that neutrophil recruitment to the lung in
CD11b-deficient mice surprisingly increased, whereas
pro-inflammatory cytokine production and phagocytic
killing by PMNs decreased [29]. One could speculate
that enhanced neutrophil recruitment might be compen-
satory mechanism for impaired killing activity by CD11b-
deficient PMNs.

Taken together, the publications above highlight that
recognition, phagocytic uptake and killing of opportunis-
tic fungi is a central task for neutrophils. In line with this
notion, a recent study describes a new PMN dendritic cell
(DC) hybrid cell which forms during acute pulmonary
infection to eradicate fungal pathogens. Remarkably,
although only contributing to 1% of infiltrating cells
PMN-DC hybrids conduct 15% of fungal killing [30°].

The oxidative burst

Upon pattern recognition and phagocytosis, neutrophils
trigger signaling cascades that lead to the assembly of
nicotinamide adenine dinucleotide phosphate oxidase 2
(NOX?2), also called phagocyte oxidase [31]. Upon assem-
bly of cytoplasmic and transmembrane protein subunits
of the NOX2 complex (Figure 2), molecular oxygen is
transformed to superoxide radicals as the first reactive
oxygen species (ROS). Either spontaneously or with help
of superoxide dismutase superoxide radicals react further
to hydrogen peroxide which in turn is converted into
hypochloric acid (bleach) by myeloperoxidase (MPO)
[31]. ROS are potent antimicrobial and signaling mole-
cules which react with virtually all cellular macromole-
cules to render them unfunctional. The importance of
ROS as antimicrobial molecules is highlighted by the
genetic disorder chronic granulomatous disease (CGD) in
which parts of the NOX2 complex are attenuated and
thus neutrophils (and other phagocytes) are not capable of
producing an oxidative burst [32]. CGD patients often

Figure 2
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Schematic structure of NADPH oxidase.

NADPH oxidase 2 (NOX2) is an enzyme complex in vesicular and
plasma membranes of neutrophils. gp91phox and p22phox are
transmembrane subunits that form the catalytic core of the complex
(also called flavocytochrome b558). The heterodimer generates
superoxide by catalyzing electron transfer from NADPH in the cytosol
to molecular oxygen located at the other side of the membrane. The
catalytic complex is regulated by association with the subunits
p47phox, p67phox, p40phox and the small GTPase Rac. These
regulatory subunits localize to the cytosol of unstimulated cells and
associate with the catalytic complex upon protein kinase C activation.
In case NOX2 complex is localized on the phagosomal membrane the
area depicted as ‘extracellular’ then is situated within the phagosome.
Image adapted from Ref. [75].

suffer from recurrent, severe infections starting in early
age, particularly with Aspergi//us molds. In addition, many
pathogenic fungi express ROS-detoxifying enzymes
which protect them from oxidative bursts and contribute
to immune evasion [33].

A recent study revealed that neutrophil ROS triggered
by conidial uptake is the main Kkilling route exerted by
the competent immune system to prevent A. fumigatus
infection upon inhalation of spores [34°°]. Thereby, ROS-
triggered sterilization specifically depends on ROS-
induced programmed cell death (PCD) of conidia, rather
than on direct oxidative damage of macromolecules. The
authors used, among many other experiments, SURVI-
VIN-overexpressing A. fumigatus strains. SURVIVIN is a
conserved inhibitor of PCD and overexpression led to
hyper-inflammatory and hyper-virulent progression of
pulmonary aspergillosis. Hence, immune-mediated
induction of PCD could be the Achilles’ heel of patho-
genic fungal microbes and might be exploited for devel-
opment of new antifungal agents. In a complex crosstalk
with monocyte-derived dendritic cells (DCs) and PMNs
depending on chemokines CXCL9 and CXCL10, plas-
macytoid DCs (pDCs) are recruited to the lung via
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chemokine receptor CXCR3 and enhance ROS-produc-
tion by PMNs as demonstrated in a mouse model of
pulmonary aspergillosis [35]. Reasonably, pDCs, which
are rather known for their antiviral properties, enhance
ROS responses to further augment the PCD-inducing
capacity of neutrophils. Also, for neutrophils ROS is
important for phagosomal killing of the yeast form of
C. albicans. 'The newly discovered B-glucan receptor
EphA2 mobilizes subunit phox47 on phagosomal mem-
branes and thus enhances ROS production targeted at
phagocytosed yeast-form cells [25]. In accordance, iz vitro
killing of opsonized C. albicans is dependent on NOX2
and ROS production [36]. The importance of ROS-medi-
ated killing is confirmed by findings concerning phos-
phate importer Pho84 in C. a/bicans. Cells deficient in the
only phosphate importer show increased susceptibility
against oxidative stress, and hence against neutrophil
ROS and neutrophil killing remains on equal levels when
neutrophils form CGD patients and healthy donors are
compared [37]. In addition to killing, ROS may also
modulate immune responses. For instance, microbial size
determines production site of ROS and thereby regulates
chemotaxis induction by IL.-1B release [38]. Small parti-
cles are phagocytosed and majority of ROS production
remains intracellularly leading to oxidation and removal
of transcription factors responsible for IL-1B expression
and PMNs remain dispersed. In contrary, when large
particles (such as hyphae) are encountered, the majority
of ROS is produced extracellularly, since large particle
cannot be efficiently engulfed. Expression of IL-1 8
remains intact and subsequent release leads to clustering
of neutrophils for increased cooperation to control larger
pathogens [38]. Hence ROS localization selectively con-
tributes to specific clustering efficacy towards filamentous
fungi. This agrees with a report demonstrating that neu-
trophils are an important source for IL-1B release during
corneal aspergillosis in mice [39]. Whether L' TB4-medi-
ated swarming and IL-1B-mediated clustering may be
organized independently or in a coordinated fashion
remains to be determined.

In summary, ROS are important for eradication of oppor-
tunistic fungal pathogens. However, their additional role
as signaling and regulating molecules is further emerging.

NET formation

An extracellular antimicrobial mechanism of neutrophils
is the release of neutrophil extracellular traps (NE'T's)
[40]. Upon PRR activation with diverse stimuli, neutro-
phils release DNA fibers decorated with antimicrobial
proteins of granular and cytoplasmic origin which form a
three-dimensional mesh with the ability to ensnare and
clear microbial organisms [41]. A recent review on NET's
in fungal infection describes what is known about the
different stimulatory pathways for NET's involving either
nuclear chromatin or mitochondrial DNA, released in a
ROS-dependent or ROS-independent fashion from

either dying or alive neutrophils [42] (see also Figure 3).
Here, new findings are briefly highlighted.

Evidence accumulates that the main route of NET
induction by fungal organisms is the ROS-dependent,
lytic type of NET formation, during which the plasma
membrane of neutrophils eventually ruptures to release
chromatin fibers decorated with antimicrobial proteins
[43], similar to stimulation of phosphokinase C using
phorbol ester [44]. A recent study on corneal aspergillosis
confirms this notion. Complement receptor 3 (CR3) on
neutrophils conveys a ROS-dependent signal to release
NETs during A. fumigatus infection [45]. Protein arginine
deiminase 4 (PAD4), A key mediator of chromatin decon-
densation via histone 3 citrullination [44], in contrast
contributes to NE'T release but is dispensable for extra-
cellular killing of A. fumigarus hyphae in vitro and in vivo
[45]. These findings are confirmed by using CD11b and
CD18-specifc antibodies and human neutrophils. These
antibodies, but not other a-PRR antibodies, inhibited
Aspergillus-induced NET formation, yet again in a PAD4-
independent manner [46]. In agreement, PAD4 is dis-
pensable for C. albicans-induced NE'T formation iz vitro
and for anti-Candida immunity during murine OPC and
systemic candidiasis [47]. The previous studies point
towards the induction of NET's during aspergillosis and
candidiasis in a ROS-dependent fashion and contrarily
not via Ca®* influx and subsequent PAD4-regulated chro-
matin decondensation which is independent of NOX2
and ROS [44]. The latter conclusion, however, is chal-
lenged by a study from 2019, where CR3 on mouse
neutrophils was identified to be responsible for ROS-
dependent induction of NETs upon challenge with
opsonized C. albicans, whereas PRR Dectin-2 recognized
unopsonized C. albicans resulting in ROS-independent
but PAD4-dependnet NE'T' formation [48]. Both path-
ways occur 7 vitro and iz vive and contribute to contain-
ment of the organism during intraperitoneal candidiasis.
Hence, further studies need to delineate, if different
NET-forming pathways are regulated differently in
dependence of infectious agent, opsonization, localiza-
tion of infection and of the host species being used.
Contrarily, human neutrophils seem to use CR3 for
recognition of unopsonized (. albicans and A. fumigatus
[49].

A hint to the relevance of NET's during candidiasis was
given by recent studies showing that biofilms, as opposed
to planktonic growth forms of different Candida species,
actively block NET formation and in doing so may
contribute to immune evasion [50-53]. Interestingly,
echinocandin treatment of biofilms restored NET-induc-
tive capacities [54]. In addition, a new form of severe
combined neutropenia (SCN) is described. The new form
is caused by a defect in the gene jagunal homolog 1
(JAGN1) which encodes an ER transmembrane protein
[55]. Affected patients frequently suffer from severe
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Figure 3
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Different routes to release of NETs and NET-like structures.

Pathways of neutrophil extracellular trap formation that may occur in the context of infection. Left panel: PMA, diverse fungi and bacteria or
products thereof stimulate NET formation depending on NOX2 and ROS production. This eventually leads to lytic release of chromatin fibers with
low amounts histone 3 citrullination. Chromatin decondensation is regulated by serine protease neutrophil elastase (NE) and MPO [76]. NETs have
antimicrobial activity and mitochondrial ROS is not required. Middle panel: bacterial peptide toxins or calcium ionophores induce NET-like
structures (also termed leukotoxic hypercitrullination [77]) are independent of NOX2. Mitochondrial ROS may occur, but it remains unclear, if
mitochondrial ROS are required. Ca2* signaling is induced and activates protein arginine deaminase 4 (PAD4) which citrullinates histone 3 and
thereby contributes to chromatin decondensation. Right panel: Upon granulocyte monocyte colony stimulatory factor (GM-CSF) stimulation in
combination with either complement factor C5a or Lipopolysaccharide (LPS) mitochondrial DNA is expelled in a catapult-like and NOX2-
dependent fashion. It remains unclear whether citrullination and mitochondrial ROS contribute. Image adapted from Ref. [77].

opportunistic mycoses. JAGNI1-deficient neutrophils  mycoses but that the role of NETs depends on the
showed defective anti-Candida activity of NETs [56].  pathogen, the localization of infection and the host
Albeit the formation of NET's was unaffected, levels of  immune status.

MPO and calprotectin were diminished, indicating that

both NET components are important to control €. New neutrophil mechanisms on the horizon:
albicans. For aspergillosis, the role of NET's remains less  extracellular vesicles, dumping, and shuttling
clear. Although different Aspergillus species induce  Similar to other cell types, neutrophils release extracel-

NETs, A. fumigatus seems to be quite resistant against  lular vesicles (EVs) [59]. EVs are small membrane
NET attack [57] and a recent study reveals that NET's vesicles (50 nM to 1 pM in diameter) which expose
might even decrease clearance of A. fumigatus in experi-  phosphatidylserine in their membranes and transport
mental pulmonary aspergillosis [58]. proteins, RNA and DNA. EVs are traditionally known

to serve intercellular communication and are implicated
In conclusion, the interest and likewise skepticism con-  in many processes during health and disease, such as for

tinue to shape studies on NET's. An increasing body of  instance cancer [60]. Neutrophils release EVs with anti-
literature points towards the conclusion that there is not microbial content to target bacteria [61] and fungi [62°].
one defined contribution of NET's during opportunistic ~ Notably, neutrophil EVs traverse A. fumigatus cell wall
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and are somehow internalized to deliver toxic molecules
into the fungal cell. Essential components for EV-medi-
ated hyphal killing were serine protease cathepsin G and
AMP azurocidin (CAP37) which are abundantly loaded
into neutrophil-derived EVs [62°]. This study describes
an additional trait of neutrophils to control large hyphae
that are difficult to be phagocytosed and are quite resis-
tant to NET-mediated inhibition, as it is the case for A.
Sfumigatus hyphae.

Once the antimicrobial arsenal of neutrophils is exhausted,
giventhey have not metanother death, neutrophils become
apoptotic and together with associated (killed or attenu-
ated) microbes neutrophils are removed by internalization
of macrophages, a process which is called efferocytosis [63].
Is this the end of the story? Notaccording to recent findings
which describe non-lytic escape of viable fungi described
for C. neoformans. Vomocytosis is a known process in which
macrophages expel internalized C. neoformans [64,65]. This
process is induced by the fungus, probably to escape
unfavorable environments, such as the phagosome of
macrophages or from yeast-eating ameba. For neutrophils
and C. neoformans, a similar process has been described.
Nonlytic exocytosis of (. neoformans from neutrophils was
influenced by either the fungus (capsule and viability) or
the neutrophil (phagosomal pH and actin polymerization)
[66]. Moreover, nonlytic exocytosis of C. neoformans from
neutrophils was recorded in brain tissue. And in zebrafish iz
vivo and in mouse phagocytes iz vitro A. fumigatus and
Talaromyces marneffei are shuttled, in other words, trans-
ferred from PMNs to macrophages [67] with the latter
phagocyte being a presumably more favorable environ-
ment for the investigated fungi. This unidirectional shut-
tling can be observed frequently and does not depend on
viability of engulfed particles. Coating of beads with (3-glu-
can is sufficient to induce shuttling [67]. Similarly, a study
from 2015 shows that neutrophils ‘dump’ Candida glabrata
after intracellular killing [68]. The mechanistic details of
this non-lytic expelling of C. glabrata are unknown; how-
ever, intriguingly release of eradicated microbes could
serve to increase antigen presentation by secondary uptake
of macrophages of the attenuated particles. Whether these
relatively new observations of dumping and shuttling are
similar or distinct processes and whether they contribute to
antifungal immunity remains to be determined.

Negative regulation of neutrophils

As neutrophils are armored with a large number of toxic
compounds, damage to the host tissue can be devastating
if neutrophil recruitment is not timed properly or activity
is not balanced correctly [1]. Numerous anti-inflamma-
tory host factors regulate neutrophil recruitment and
activity; here we highlight new findings which describe
how neutrophils themselves contribute to their own
regulation.

Well-known transcription factor PU.1 downregulates
accessibility of immune enhancer elements for AP1
transcription factor JUNB by epigenetic programming
during systemic candidiasis and thus preventing uncon-
trolled activation and harmful tissue damage in acute
infection [69°°]. This was demonstrated using neutro-
phil-specific knockout of PU.1 in mice. Although neu-
trophil recruitment to infected organs and neutrophil
activation as determined by CD62L. expression are
increased in these animals, they were more susceptible
to systemic C. albicans infection than wild-type litter-
mates, confirming that overstimulation of neutrophils
has negative consequences for the host [69°°]. Presence
of neutrophils may also influence cytokine release by
macrophages. In a PMN-macrophage co-culture model
with A. fumigatus, neutrophils reduced fungal-triggered
IL-1B and TNFa release by macrophages in a CR3- and
MPO-dependent manner, respectively. In addition, neu-
trophil-produced ROS contribute to downregulation of
inflammation of the lungs in an experimental inflamma-
tory model where non-viable (and thus non-infectious)
C. albicans are administered intranasally. Increased
inflammation is attributed to higher release of IL-1B
and TNFa by PMNs and alveolar macrophages when
these are deficient in NOX2 as compared to wildtype
cells [70].

Collectively, these studies underline the importance of
negative regulation of neutrophil activity to mount bal-
anced immune responses for optimal pathogen clearance
and suggest that host-directed medical interventions
targeting neutrophils could be useful future strategies
to treat severe fungal infections. While approaches to
increase neutrophil functions using cytokine-related
therapies with interferon y, GM-CSF or G-CSF (the
latter two also in combination) have been successfully
applied in susceptible patients, studies on granulocyte
transfusion as adjunct therapy still remain inconclusive
[71]. Yet, dampening of neutrophil activity might be a
fruitful approach to treat invasive mycoses, particularly
in patients with immune reconstitution syndrome (IRS)
[72]. During IRS an overwhelming immune response
may lead to death of patients with invasive fungal
disease which developed during immune suppression
and subsequently exacerbates during immune reconsti-
tution. However, to establish such therapies we require
defined biomarkers for IRS followed by pre-clinical and
clinical studies with therapeutic agents specifically
reducing neutrophil activity.

Concluding remarks

Undoubtedly, neutrophils are important eradicators of
invading fungal pathogens (and other microbes) [49].
Hence, what is in the neutrophil’s tool box that can
actually Kill a microbial cell?
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1) Enzymes: mainly proteases breaking down structural
components and destroying essential proteins of
microbes

2) Antimicrobial peptides (AMPs): integrating in mem-
branes and causing lytic pores.

3) Reactive oxygen species (ROS): denaturing essential
macromolecules and triggering programmed cell
death.

4) lon-chelating proteins (such as lipocalin, lactoferrin, and
calprotectin): binding essential metal ions. However,
particularly these proteins are rather bacteriostatic and
fungistatic and prepare for killing by ROS [73].

Neutrophils need to eradicate invading microbes in
numerous different milicus with varying conditions (oxy-
gen levels, pH, salt, osmotic pressure, etc.) To be able to
use their limited set of killing mechanisms in the most
efficient manner in each body niche, it seems logical that
several deploying mechanisms have evolved in neutro-
phils. Hence, depending on the conditions they may use
the phagosome to concentrate the effector molecules,
degranulate them to the outside, place them on sticky
chromatin fibers or pack them into vesicles to deliver the
cargo into microbial cells, or they may use a combination
of the aforementioned mechanisms. In doing so, neutro-
phils are more likely to use the adequate response at the
right place and time and researchers should thoroughly
identify these different conditions to exactly define the
role of neutrophils for each of them.
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