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Abstract

Neutrophils are critical for antifungal defense, but the mechanisms that clear hyphae and other
pathogens that are too large to be phagocytosed remain unknown. We show that neutrophils sense
microbial size and selectively release neutrophil extracellular traps (NETS) in response to large
pathogens, such as Candida albicans hyphae and extracellular Mycobacterium bovis aggregates,
but not small yeast and single bacteria. NETSs are fundamental in countering large pathogens in
vivo. Phagocytosis via dectin-1, acts as a sensor for microbial size preventing NETosis by
downregulating neutrophil elastase (NE) translocation to the nucleus. Dectin-1 deficiency leads to
aberrant NETosis and NET-mediated tissue damage during infection. Size-tailored neutrophil
responses clear large microbes and minimize pathology when microbes are small enough to be
phagocytosed.

INTRODUCTION

The immune system controls microbes of varying size ranging from small viruses and
bacteria, to dimorphic fungi and large multicellular parasites. Large microbes and parasites
evade phagocytosis and can prove difficult to clearl 2. It is unknown how the immune
system senses microbial size and clears large pathogens. There has been significant progress
in our understanding of how immune receptors distinguish between soluble and particle-
associated microbial ligands3. However, little is known about how immune cells distinguish
between microbial particles of varying size and whether they can differentially respond to
combat microbes of varying size.
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Fungi present a significant challenge to the immune system as they grow in a small yeast
form that can be countered by phagocytosis and a filamentous form that is too large to be
phagocytosed. Both small and large forms are thought to be critical for fungal virulence.
Due to its large size, the filamentous form is resilient to the immune system while the small
yeast or spores are required for dissemination®. Macrophages release higher concentrations
of the cytokine interleukin-1f in response to hyphae than in response to yeast®, but the
mechanism driving this differential response and most importantly, the significance of this
hypersensitivity for fungal clearance are unclear.

Neutrophils are critical in controlling fungal infections that cause potentially lethal
infections in neutropenic and immunosuppressed individuals® 7. While neutrophils kill yeast
by phagocytosis and release factors that indirectly starve the fungus of important metal
ions8, how neutrophils directly kill filamentous hyphae is poorly understood. Neutrophils
were long thought to undertake a single antimicrobial program involving phagocytosis and
degranulation® 10, The discovery of neutrophil extracellular traps (NETs)!! raised the
question as to whether neutrophils can deploy their antimicrobial strategies selectively, to
generate an efficient immune response that is tailored to pathogens with different attributes.

NETSs are large, extracellular, web-like structures composed of decondensed chromatin and
neutrophil antimicrobial factors. NETs trap and kill a variety of microbes!? but their
contribution to innate immune defense is unclear. NETSs are released primarily via a cell
death program that requires reactive oxygen species (ROS), and the granule proteins
myeloperoxidase (MPO) and neutrophil elastase (NE)!2: 13, Upon activation, NE is released
from azurophilic granules into the cytosol and translocates to the nucleus where it cleaves
histones to decondense chromatinl4. Myeloperoxidase consumes H,0, to generate HOCI
and other oxidants and is required for NE translocation to the nucleus during NETosis and
chromatin decondensation# 15. Fungi trigger NETosis and are killed by NETs!2.
Furthermore, NET-deficiency is associated with fungal susceptibility in chronic
granulomatous disease patients who do not generate ROS16 and in MPO-deficient
patientsl’ 18, A human case study hinted that NETs may play a critical antifungal role by
controlling the large filamentous form16, but due to the requirement of ROS and MPO in
phagocytic killing, the importance of NETSs in antifungal immunity has been difficult to
dissect.

The aberrant release and defective clearance of NETS has also been associated with various
human pathologies such as autoimmune systemic lupus erythematosus (SLE) and ANCA
vasculitis. Although, their interplay is poorly understood, fungal infection and aberrant
NETosis are implicated in inflammatory and autoimmune disease®: 20, Therefore, NETosis
must be tightly regulated but the mechanisms that control their deployment in different
scenarios remain unknown.

Here, we identify a cell-autonomous mechanism that allows immune cells such as
neutrophils to sense microbial size. We show that by regulating the size-dependent release
of NETS, this mechanism allows for the selective implementation of neutrophil
antimicrobial strategies to clear fungal infections while minimizing tissue damage.
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NETosis depends on microbial size

To address how neutrophils respond to microbes of varying size, we tested several microbes
for their capacity to induce NETosis in isolated human peripheral neutrophils. Fungal
pathogens are good inducers of NETosis. Interestingly, NETosis required plasma in
response to Candida albicans (Fig. 1a). Because plasma drives hyphal formation in C.
albicans (Fig. 1a, phase, right panels), we investigated whether fungal morphology plays a
role in NET formation. Strikingly, large preformed hyphae grown in RPMI medium induced
NETosis in the absence of plasma (Fig. 1b and Supplementary Fig. 1a). In contrast, a yeast-
locked hgc1A mutant of C. albicans?!, which cannot form hyphae, failed to induce NETosis
in the presence of plasma or RPMI (Fig. 1b and Supplementary Fig. 1b). Finally, hyphae,
but not yeast, triggered histone degradation in neutrophils (Fig. 1c), a key step in driving
chromatin decondensation during NETosis14. These data suggest that NET release is
selective and dependent on fungal morphology.

Aside from their difference in size, C. albicans yeast and hyphae also vary in metabolic
activity and surface molecule expression?2 23, Interestingly, selective NETosis was not
dependent on microbial enzymatic activity, since heat-inactivated hyphae induced NET
release as efficiently as live hyphae (Supplementary Fig. 1c, d). We tested whether selective
NETosis was driven by expression of different fungal surface molecules or solely by a
difference in microbial size, by presenting small yeast particles to neutrophils over a
modified transwell that allowed for direct contact with the microbes but prevented
phagocytosis. The transwell chamber rim was removed to enable the transwell to sink to the
bottom of the well and bring neutrophils in contact with the membrane. The membrane pore
size was small enough to prevent neutrophil transmigration and phagocytosis but large
enough to allow neutrophils to extend filopodia and contact the microbes on the other side.
To ensure that neutrophils were coming in contact with the microbes, we removed the
modified transwell chamber after 1 h of incubation, rinsed the bottom, and imaged the cells
with the membrane permeable DAPI DNA stain (Supplementary Fig. 1e). We found great
neutrophil attachment to the bottom of the modified transwell chambers. In the presence of
the transwell, small yeast particles triggered NETosis only when the transwell chamber was
in direct contact with neutrophils (Fig. 1d, e) but not when the chamber sat higher in the well
to prevent direct contact between neutrophils and microbes (Supplementary Fig. 1f). Hence,
neutrophils were in physical contact with yeast in the modified transwell otherwise
neutrophils in the suspended transwell would also yield NETs. Therefore, yeast only trigger
NETosis when they are presented as larger particles. In contrast, heat-inactivated hyphae
that were fragmented into particles small enough to be phagocytosed (Supplementary Fig. 2)
lost their ability to induce NETosis (Fig. 1f, g). Therefore, selective NETosis is independent
of fungal surface molecule expression or enzymatic activity and is regulated only by
differences in microbial size. Consistently, neutrophils released NETS in response to
Aspergillus fumigatus hyphae or large aggregated A. fumigatus conidia, but failed to form
NETSs in response to small single conidia (Supplementary Fig. 3).
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Although bacteria are reported to induce NET releasell: 13.24.25 our data suggests that
bacteria that are small enough to be phagocytosed would not induce NETosis. Consistently,
neutrophils did not release NETS in response to Escherichia coli and Klebsiella pneumoniae
(Fig. 2a, b), but induced NETosis, when presented through the transwell system (Fig. 2a, b).
Many pathogenic bacteria are known to circumvent phagocytosis through virulence
strategies that include the formation of large aggregates?6-28, Clumping of Mycobacterium
species is thought to prevent phagocytosis and contribute to pathogenesis2®. We incubated
neutrophils with a mix of single bacteria, small and large aggregates of M. bovis BCG-
dsRed (BCG-dsRed) and found that after 4 h, some neutrophils released NETSs (Fig. 2c, d,
group i) whereas others underwent necrosis with small nuclei that did not decondense (Fig.
2¢, d, group ii). In these endpoint experiments, NETs seemed to be released by neutrophils
that were associated with large bacterial aggregates. However, the accumulation of small
phagocytosed bacteria in neutrophils makes it difficult to determine the original size of the
bacterial particles that triggered these responses. Therefore, we observed neutrophils
infected with BCG-dsRed by time-lapse video microscopy (Fig. 2e). While single bacteria
where phagocytosed without triggering NETosis (Fig. 2e, asterisk), neutrophils failed to
phagocytose large BCG-dsRed aggregates and eventually released NETSs (Fig. 2e,
arrowhead). Therefore, the size-dependence of NET release applies to fungi, bacteria and
perhaps other large pathogens.

NETs control hyphae in vivo

Our findings suggested that perhaps NETs evolved as a specific mechanism to counter large
hyphae extracellularly, as they cannot be phagocytosed. To address this important point we
first examined whether NETS are released selectively in vivo. Interestingly, only WT C.
albicans that can form both yeast and hyphae induced NET release in the lungs of WT mice
(Fig. 3a). In contrast, the yeast-locked hgc1A mutant, failed to induce NETosis indicating
that neutrophils selectively release NETs in response to C. albicans size in vitro and in vivo.
To address whether selective NETosis is critical to control the hyphal form, we infected
MPO deficient mice that do not form NETs and WT controls, with a low dose of WT or
yeast-locked C. albicans. WT mice that are able to both phagocytose and form NETSs cleared
both WT and yeast-locked C. albicans strains and fully recovered from the infection (Fig.
3b). Interestingly, MPO deficient mice that can only kill via phagocytosis cleared the hgc1A
yeast-locked strain that does not form hyphae, indicating that NETs were not required for
clearance of yeast. In contrast, MPO deficient mice succumbed to infection with the WT
fungus that forms both yeast and hyphae (Fig. 3b) indicating that while MPO-deficient mice
could control yeast in the absence of NETS, they could not control hyphae. WT fungus
established an infection in the lung of MPO-deficient animals and disseminated to the spleen
(Fig. 3c). Therefore, NETs were required specifically to control the hyphal form. To exclude
that these differences were due to the hgc1A mutant being a non-pathogenic, attenuated
strain that is slow to replicate and establish an infection in vivo, we infected NADPH
oxidase-deficient mice where both phagocytic killing and NETosis are incapacitated. The
yeast-locked hgc1A mutant was comparably virulent with WT C. albicans in NADPH
oxidase-deficient mice, suggesting that the mutant strain could establish an infection when
neutrophil function was more severely abrogated (Supplementary Fig. 4). Together, our data
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indicate that NETs are a critical strategy to control filamentous fungi that are too large to be
cleared by phagocytosis.

Phagocytosis inhibits NETosis by sequestering NE

To investigate the mechanism that regulates size-dependent NETosis, we first examined the
activation of Syk and ERK, two kinases involved downstream of fungal recognition and
implicated in the NETosis pathway by triggering ROS production3%: 31, We found only
subtle differences in the dynamics of phosphorylation of Syk upon induction with yeast or
hyphae (Supplementary Fig. 5a). ERK appeared to be more strongly induced by hyphae. To
examine if these differences in kinase activation were triggering differential ROS activation,
we compared the neutrophil ROS burst in response to yeast and hyphae. We found two
major classes of neutrophils in the population of healthy human donors. In half our donors
(n=6) there was no major difference in ROS dynamics, while in the other half neutrophils
exhibited a delayed response to yeast, but yielded much stronger ROS concentrations
(Supplementary Fig 5b). Importantly, NETs were selectively released only in response to
hyphae irrespectively of these variations in ROS dynamics among different human donors,
indicating that that while signaling via these kinases that regulate the ROS burst may be
required for NETosis, it does not regulate the decision of whether to make NETS in response
to microbial size.

We reasoned that size-dependent decision-making may be regulated downstream of ROS.
Because phagocytosis proceeds faster than NETosis'3 32, we hypothesized that the uptake
of yeast could potentially sequester NE to the phagosome, preventing NE translocation to
the nucleus. Hence, we monitored the localization of NE after stimulation with yeast or
hyphae. We stained neutrophils for NE, MPO and DNA. NE and MPO colocalize in the
same azurophilic granules in resting neutrophils, but NE selectively translocates to the
nucleus during NET formation, leaving MPO behind4. We used the colocalization of NE
with MPO and DNA to monitor NE translocation. In neutrophils stimulated with hyphae,
NE translocated to the nucleus (Fig. 4a) with over 70% of the total NE in the nucleus 3 h
post stimulation (Fig. 4b). In contrast, in neutrophils stimulated with yeast, less than 20% of
the total NE was found in the nucleus (Fig. 4a, b) and was predominately co-localizing with
MPO away from the nucleus. To investigate the fate of NE in yeast-treated neutrophils we
stained for NE in combination with p40 and p47, two components of the NADPH oxidase
that assemble on the phagosome membrane32, the azurophilic granule membrane marker
CD63 and an antibody against the C. albicans cell wall. After stimulation with C. albicans
yeast, NE and CD63 strongly co-localized with p40 and p47 around phagocytosed yeast
(Fig. 4c-e), indicating that NE was being predominately recruited to the phagosome via
fusion of azurophilic granules with the phagosome membrane — a well-characterized
process32: 33,

These results suggest that the fusion of the phagosome with azurophilic granules containing
NE is the critical step in the regulation of selective NETosis. To test whether the
sequestration of NE to the phagosome suppresses NET release in response to yeast, we
blocked granule fusion with the phagosome by inhibiting acidification with bafilomycin Al
or microtubule polymerization with nocodazole. Both treatments increased NET formation

Nat Immunol. Author manuscript; available in PMC 2015 May 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Branzk et al.

Page 6

in response to C. albicans hgclA yeast (Fig. 5a) pointing to a simple competition
mechanism where phagocytosis inhibits NETosis. Since ROS are important upstream
effectors in NETosis we also examined whether these compounds elicited NETosis by
increasing ROS levels. In contrast, bafilomycin Al and nocadozole reduced ROS, as the
assembly of the NADPH oxidase involves microtubule-enhanced fusion of specific granules
with the phagosome membrane. Importantly, the remaining ROS concentrations were
sufficient to trigger NETosis in response to yeast (Fig. 5b). Furthermore, pre-incubation of
neutrophils with yeast to induce phagocytosis prior to induction of NETosis with hyphae,
decreased the efficiency of NET release after re-stimulation with hyphae in a dose-
dependent manner (Fig. 5¢) highlighting the significance of NE availability to drive NET
formation. NETosis was similarly inhibited by feeding neutrophils with opsonized
polystyrene beads of similar size to yeast showing that the phagosome formation is
sufficient to downregulate NETosis without a requirement for additional stimulation by
microbial factors in yeast (Fig. 5d). Therefore, phagocytosis negatively regulates NETosis
by depleting NE before it is able to translocate to the nucleus. This mechanism prevents
unnecessary NET release when the pathogen is small enough to be eliminated intracellularly
by phagocytosis and may help to fine-tune the immune response.

Dectin-1 negatively regulates NETosis

Next we tested whether the regulation of NETosis by phagocytosis is important in fine-
tuning the immune response to reduce immune pathology. We reasoned that a deficiency in
phagocytic receptor activity may disrupt the size-dependent selectivity of NET release due
to inefficient phagocytosis. Dectin-1 is one of the major anti-fungal phagocytic

receptors3# 35 and human primary neutrophils treated with a dectin-1 blocking antibody
exhibited significantly reduced phagocytosis compared to untreated control neutrophils (Fig.
6a). Blocking dectin-1 reduced the rate of phagocytosis and neutrophils took up less than
half the number of yeast. This residual phagocytosis is likely to be driven by other
phagocytic receptors that quickly become saturated in the absence of active dectin-1. The
reduction in phagocytosis correlated with a striking induction of NET release in response to
hgclA yeast-locked C. albicans (Fig. 6b). In line with previous reports3®, in the absence of
the blocking antibody, phagocytosing human neutrophils died after engulfing microbes to
their maximum capacity, but failed to decondense their nuclei (Fig. 6¢ and Supplementary
Movie 1) consistent with a lack of NE translocation to the nucleus (Fig 4a, b). In contrast,
when phagocytosis was reduced in the presence of the anti-dectin-1 antibody, neutrophils
readily decondensed their nuclei and made NETS in response to yeast (Fig. 6¢ and
Supplementary Movie 2). Immunofluorescence microscopy showed that the amount of NE
localized to the phagosome (Fig. 6d, arrows) in anti-dectin-1 treated neutrophils incubated
with yeast for 1 h, was comparable to untreated control neutrophils (Fig. 4c) and colocalized
with the azurophilic granule membrane protein CD63, indicative of delivery of NE via
fusion of azurophilic granules with the phagosome. In addition, in contrast to untreated
neutrophils, NE also translocated to the nucleus (Fig. 6d, asterisk) where it translocated
away from CD63, associated with NE translocation during NETosis that is independent of
membrane fusion events4 15, Therefore, the lower number of phagosomes formed per
neutrophil upon dectin-1 inhibition, results in reduced NE sequestration, leaving enough NE
to translocate to the nucleus and drive NETosis.
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Furthermore, we observed a dramatic increase in NET induction in the lungs of dectin-1-
deficient mice infected with the lung pathogen A. fumigatus (Fig. 6e) and WT C. albicans
(Supplementary Fig. 6a) as compared to WT control mice. Staining of these lung sections
with an antibody against the neutrophil specific marker MPO, suggested that the difference
in NET formation was not due to lower numbers of neutrophils being recruited to the lung of
WT mice (Fig. 6e). Our in vitro data suggested that aberrant NETosis in dectin-1-deficient
mice was the result of deregulated suppression of NETosis in response to yeast. Indeed,
hgclA yeast-locked C. albicans induced NET release in the lungs of dectin-1-deficient mice
but failed to induce NETosis in WT mice (Fig. 7a). Moreover, there was no significant
difference in the hgc1A yeast-locked C. albicans burden in the lungs of dectin-1-deficient
and WT mice, ruling out that differences in NETosis were due to higher fungal load
(Supplementary Fig. 6b). Therefore, genetic disruption of phagocytosis in dectin-1-deficient
animals leads to deregulation of NETosis and results in neutrophils releasing NETs in
response to both yeast and hyphae.

Dectin-1 deficiency promotes NET-mediated pathology

Finally, we sought to address whether this mechanism for suppression of NETosis in
response to small microbes like yeast is important in protecting against potential damage by
excessive NET release. Aberrant NETosis is implicated in a range of inflammatory and
autoimmune diseases®’: 38, NETSs are toxic to endothelial cells in culture3-41, but the
destructive role of NETS to tissues has not been addressed in vivo. We hypothesized that
disregulation of selective NETosis in dectin-1deficient mice may lead to pathology. We
infected WT and dectin-1-deficient mice with a high dose of hgclA yeast-locked C. albicans
and assessed survival. We also treated these mice with either a specific NE inhibitor (NEi)
that blocks NETosis4 or the tissue growth factor amphiregulin (AREG) that promotes tissue
repair. Previous studies show that dectin-1-deficient mice exhibit impaired cytokine
responses and are better protected against cytokine-induced shock#2 43, Dectin-1-mediated
activation drives the upregulation of pro-inflammatory cytokines such as interleukin-6
(IL-6), IL-12 and tumor necrosis factor a (TNF) that can promote mortality during infection.
Consistently, WT mice succumbed to infection with a high dose of hgc1A yeast-locked C.
albicans (Fig. 7b) and could not be rescued with NEi suggesting that NETs were not
implicated in the pathology of WT mice. In addition, AREG treatment did not increase
survival in WT mice (Fig. 7b), indicating that tissue damage was not influencing mortality.
Instead, the lungs of WT mice exhibited substantially higher TNF concentrations than
dectin-1-deficient lungs (Supplementary Fig. 6¢) suggesting that WT mice succumb due to
cytokine-induced shock.

Dectin-1-deficient mice also succumbed to the infection although their neutrophils are able
to phagocytose yeast, albeit with lower capacity and can respond with significantly
increased NETosis. Microbial load was comparable between the WT and dectin-1-deficient
mice indicating that mortality of the mutant mice was not due to higher microbial load
resulting from insufficient fungal clearance (Supplementary Fig. 6b). Instead, when NETosis
was blocked with NEi (Fig. 7a) or when tissue repair was promoted with AREG treatment,
infected dectin-1-deficient mice exhibited enhanced survival, suggesting that NETs were not
only irrelevant in protecting these mice against the yeast-locked C. albicans strain, but were
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detrimental to the host when present at high amounts (Fig. 7b). The yeast-locked hgclA
mutant elicited substantial neutrophil infiltration in the lungs of both WT and dectin-1-
deficient mice (Fig. 7a and Supplementary Fig. 6d), indicating that differences in survival
were not due to changes in neutrophil recruitment but in subsequent neutrophil responses.
The comparable fungal load in both groups of mice suggested that neutrophils were exposed
to similar amounts of microbial stimuli during infection.

The effectiveness of the NEi and AREG treatments to rescue dectin-1 deficient mice
suggested that their mortality was driven by aberrant NET release causing tissue damage.
Indeed, in comparison to WT mice, the lungs of dectin-1-deficient mice exhibited increased
tissue damage associated with fibrin deposition and substantial bleeding in response to
hgclA yeast-locked C. albicans (Fig. 7c and Supplementary Fig. 7a). These symptoms were
alleviated by treatment with NEi (Fig. 7c and Supplementary Fig. 7a), suggesting that NETs
were driving tissue damage in the lungs of dectin-1-deficient animals. NE can also cause
acute tissue damage directly#4-46. In our analysis, NEi-treated WT mice exhibited a slight
improvement in lung damage (Fig. 7c) and since NETs were absent in WT mice, some
damage could have arisen through NET-independent mechanisms. However, because NETs
form only in dectin-1-deficient, but not in WT mice, the inability of NEi to rescue WT mice
indicates that the beneficial effect of the NEi and AREG in dectin-1-deficient animals was
mediated through suppression of NET-driven damage and not NET-independent
mechanisms. Otherwise, lung damage would have been comparable in WT and dectin-1-
deficient mice. Therefore, while dectin-1 is important for potent cytokine induction, it is also
critical in the regulation of neutrophil antimicrobial strategies (Supplementary Fig. 7b). By
promoting phagocytosis of smaller microbes, this phagocytic receptor downregulates
NETosis in a microbial size-dependent manner to minimize tissue damage during infection
(Supplementary Fig. 7c).

DISCUSSION

Our findings identify a microbial size-sensing mechanism that allows neutrophils to
selectively tailor their antimicrobial responses to pathogens based on microbial size. The
decision that regulates NETosis relies on the competition of two cellular processes for NE.
Phagocytosis is a rapid process, and neutrophils engulf a maximum number of yeast
particles within 30-40 min. In contrast, NETosis is a slow process that takes approximately 4
h after encounter with hyphae. Phagocytosis drives the rapid fusion of azurophilic granules
with the phagosome and the delivery of NE to its microbial contents to sequester NE away
from the nucleus and prevent the proteolytic processing of histones that promotes chromatin
decondensation during NETosis. When neutrophils encounter a microbe that is too large to
be phagocytosed, the absence of phagosomes allows for NE to be slowly released into the
cytosol via an alternative pathway that does not involve membrane fusionl®. NE is then free
to translocate to the nucleus and drive chromatin decondensation. This simple but effective
mechanism allows phagocytes to distinguish between small and large pathogens. In contrast,
the selective phagocytosis triggered by particle-associated cell wall components, such as p-
glucan, over their soluble state is determined by the exclusion of suppressive phosphatase
activity that triggers the phagocytosis cascade3. This mechanism does not seem to play a
role in the discrepancy between smaller and larger particles, since, in contrast to soluble
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ligands Syk, ERK and presumably other downstream kinases are sufficiently activated by
both small yeast and large hyphae. Whether the mechanism we present here can serve as a
paradigm for differences in cytokine release in response to these fungal forms in
macrophages remains to be addressed.

Interestingly, neutrophils that have completed phagocytosis die with similar Kinetics as
neutrophils entering NETosis as indicated by the entry of the cell-impermeable Sytox dye.
This suggests that neutrophils responding to yeast and hyphae enter a necrotic program that
lyses the plasma membrane. However, chromatin remains condensed in response to yeast
but decondenses in response to hyphae. These observations provide additional evidence to
support a model where the two processes share the same upstream regulatory signaling
pathway and the formation of phagosomes acts downstream to dictate the divergence of the
NE signal towards phagocytosis or NETosis.

Moreover, during phagocytosis of smaller microbes and other particles, granules begin to
fuse with the plasma membrane before membrane closure32. This results in some
azurophilic granule contents leaking to the extracellular space during phagocytosis. Our
immunofluorescence studies show that despite an engagement of neutrophils with hyphae
that lasts for several hours before NET release, most of the NE remains inside the
neutrophils and is not secreted. This suggests that azurophilic granules do not fuse
significantly with the plasma membrane during this lengthy engagement.

Our findings define the criteria that determine whether a microbe will trigger NETosis.
Small microbes that are taken up in a mature phagolysosome are not good stimuli for
NETosis. This mechanism ensures that phagocytosis acts as a checkpoint that determines
whether a neutrophil will deploy NETs. Here we demonstrate that microbial size is a critical
factor that regulates NETosis in response to fungi and bacteria. Like large C. albicans
hyphae, M. bovis BCG aggregates also triggered NETosis, while other single bacteria failed
to induce the response. Our transwell experiments indicate that the upstream pathways that
initiate NETosis are likely to be similar for most microbes and phagocytosis is the critical
event that dictates the decision to form NETSs. Furthermore, NETosis may provide an
immune response to pathogenic bacteria that circumvent phagocytosis through virulence
strategies that include the formation of large aggregates2%-28 or the adoption of bacterial
filamentous forms that delay phagocytosis*’. But microbial size may not be the only
virulence mechanism that triggers NETosis. Some bacteria are phagocytosed but can prevent
fusion of late endocytic organelles with the phagosome?8: 49 or even rupture the
phagosome>C. We propose that these virulence mechanisms may play a critical role in the
induction of NETosis in response to bacterial stimuli. Notably, M. tuberculosis and M. bovis
BCG are known to inhibit phagosome maturation. Our analysis suggests that in the case of
M. bovis BCG, NETosis appeared to be dependent on microbial size, but one cannot exclude
that bacterial-dependent manipulation of phagosome maturation may enhance NET release
and further work is needed to address this. Macrophages also release extracellular traps
(METs) in response to M. tuberculosis®! in a process that also depends on macrophage
proteases, suggesting that neutrophil and macrophage extracellular traps may play important
roles during infection. Interestingly, viruses like HIV trigger NET release®2. Our model
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predicts that viruses may be good NET stimuli since they may be too small to form
substantially large endocytic organelles to significantly deplete NE3.

Importantly, the ability to release NETSs selectively is critical to minimize unnecessary
immune pathology associated aberrant NETosis® 20, Our data demonstrate that interference
with phagocytosis through defects in dectin-1 disrupts the ability of neutrophils to make this
important decision and release NETS indiscriminately, driving tissue damage and host
mortality that can be rescued by pharmacological inhibition of NET formation. Interestingly,
recent studies reported that low expression of dectin-1 and mutations in phagocytic receptors
are associated with autoimmune pathologies®3 54. Our findings suggest that these
deficiencies may disrupt the regulation of selective NET release, triggering or exacerbating
autoimmune disease symptoms.

Neutrophils have long been viewed as pathogenic effectors in a number of diseases. The
mere presence of neutrophils at the inflammatory site signified pathology. Our findings
contradict this simple model where neutrophils engage a variety of pathogens through a
single antimicrobial program. Instead, after recruitment to the site of inflammation,
neutrophils possess the capacity to make important decisions that define the antimicrobial
strategies they will undertake in order to efficiently clear pathogens and minimize host
damage.

ONLINE METHODS

Human peripheral neutrophils and NET release assay

Peripheral blood was collected from de-identified healthy adult volunteers according to the
approved protocol of the NIMR Ethics board. Neutrophils were freshly isolated over
Histopaque-/ Percoll- gradients as described elsewhere. 5x10% neutrophils per well were
plated on the bottom of a 24-well plate in HBSS + Ca/Mg + 3 % human plasma. If not stated
otherwise, neutrophils were stimulated with a MOI of 10 with C. albicans yeast or pre-
formed hyphae. 4 h later Sytox (Invitrogen, S7020) was added and cells were analyzed for
NET release. NET release was scored using ImageJ (NIH, Bethesda, MD, USA) as
previously described!# and the results were plotted as the area of each Sytox positive event
over total number of cells.

Fungal culture and hyphal preparation

WT (SC 5314) and yeast-locked (hgc1A) Candida albicans and WT Aspergillus fumigatus
were cultured overnight in YEPD medium at 37°C. For all experiments hgclA yeast-locked
C. albicans and A. fumigatus were subcultured in YEPD medium and WT C. albicans was
subcultured in RPMI medium to induce hyphal growth for 4 h. Heat-inactivation was
achieved by incubating C. albicans for 1 h at 90°C. Fragmentation of hyphae was carried out
using the EmulsiFlex-C5 high-pressure homogenizer (Avestin).

Bacterial culture

E. coli and K. pneumoniae were cultured overnight in LB medium at 37°C and subcultured
to an ODggg of 1.
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M. bovis BCG-dsRed preparation

BCG-dsRed®® was grown to an ODgpqg of 0.8 in Middlebrook 7H9 medium supplemented
with 10% Oleic acid, Albumin, Dextrose, Catalase (OADC), 0.05% Tween-80, 0.4%
glycerol and 50ug/ml Hygromycin at 37°C with shaking at 100 rpm. Bacterial cultures were
centrifuged and the supernatant was repeatedly passed through a syringe to remove large
aggregates. The obtained single cells and small aggregates were used for experiments.

Transwell assay

The rims of conventional 24-well transwell plates (0.4 um pore size, 10 um membrane
thickness) (Corning Incorporated) were cut off to enable the transwell strainer to sit directly
on the bottom of the culture dish, allowing for direct contact with the neutrophils plated in
the well. For stimulation, C. albicans yeast was seeded in the transwell strainer. 4h later
neutrophils were analyzed for NET release as described above.

Confocal microscopy of fixed cells and tissue

5x10% human peripheral neutrophils were plated on glass coverslips 1 h prior to stimulation.
After stimulation, cells were fixed with 2% paraformaldehyde for 20 min at 37°C.
Immunofluorescence staining was performed as described elsewhere. Anti-neutrophil
elastase (NE) (Abcam), 4/,6-Diamidino-2-phenylindole dihydrochloride (DAPI) (Life
technologies), anti-human/mouse myeloperoxidase (MPO) (R&D Systems), anti-C. albicans
(Acris), anti-p40 (Millipore, 1.22), anti-p47 (Santa Cruz), anti-CD63 (Millipore, RFACA4).
For lung histology dissected lungs of infected mice were fixed over night in 2%
paraformaldehyde and embedded in wax for sectioning. Sections were treated with a
standard antigen retrieval protocol and immunofluorescence staining as described elsewhere.
Cit-H3: anti-Histone H3 (citrulline R2 + R8 + R17) (Abcam, ab5103), MPO, DAPI. Stained
cells and tissues were mounted and examined with confocal microscopy. Image analysis was
performed using ImageJ.

Confocal microscopy of live cells and M. bovis

6x10° human peripheral neutrophils were plated with Sytox on glass bottom petri dishes
(MatTEK) and stimulated with a mixture of M. bovis single cells and aggregates. NET
release was examined over a period of 4h. Time-lapse images were analyzed for NET
release

Confocal microscopy of live cells and phagocytosis rate

3x10° human peripheral neutrophils were plated on glass bottom petri dishes (MatTEK) and
incubated for 1 h in the presence of anti-dectin-1 blocking antibody (AbD Serotec, BD6)
prior to stimulation. Sytox was added for detection of NET release. Neutrophils were
stimulated with C. albicans yeast or pre-formed hyphae and NET release was examined over
atime of 4 h. Time-lapse images were analyzed for number of phagocytosed particles by
recording the number of phagocytosed particles per cell for each frame.
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Immunoblotting

1x108 human peripheral neutrophils were plated in 12-well plates. Neutrophils were
stimulated with C. albicans yeast or pre-formed hyphae. Add indicated times cells were
lysed in SDS sample buffer and stored at —80°C. A standard immunoblotting protocol was
carried out as described elsewhere. H3: anti-histone H3 (pan) (Millipore), Syk: anti-Syk
(N-19) (Santa Cruz), pSyk: anti-phospho-Zap-70 (Tyr319)/Syk (Tyr352) (Cell Signaling),
ERK: p44/42 MAPK (Erk1/2) (Cell Signaling), pERK: ERK1/2 (pTpY185/187) (Life
Technologies).

Quantification of NE localization

Confocal z-series (every 0.8 um) covering the entire neutrophil were used to quantify total
NE and NE co-localizing with the nucleus using ImageJ. For nuclear localization the NE
signal was measured using a mask created with the corresponding DAPI (DNA) channel for
each section. NE signals in individual sections were added to yield the total NE for each
cell. 15-20 neutrophils per condition were processed.

Inhibition of vesicle fusion

5x10% neutrophils per well were plated on the bottom of a 24-well plate and pre-incubated
for 1 h at 37°C in the presence of 1 pM bafilomycin (Sigma) or 2.5 pM nocodazole (Sigma).
Subsequently neutrophils were stimulated with hgc1A yeast-locked C. albicans (MOI = 10).
NET release was assessed 4 h later as described above.

Phagocytosis of yeast or beads to inhibit NETosis

Small polystyrene beads (3 pm diameter, Krisker biotech) were opsonized for 30 min at
37°C with 100% plasma prior to stimulation. 5104 neutrophils per well were plated on the
bottom of a 24-well plate and pre-incubated for 30 min at 37°C with hgc1A yeast-locked C.
albicans or polystyrene beads to induce phagocytosis. Afterwards neutrophils were
stimulated with preformed C. albicans hyphae (MOI = 10). NET release was assessed 4 h
later as described above.

Mouse infection and enumerating fungal load

All mouse experiments conformed to the guidelines of the UK home office under an
approved project license. Mice were infected intratracheally with the indicated doses of
hgclA yeast-locked or WT (pre-formed hyphae only where indicated) C. albicans. Weight
and survival of mice were monitored daily. To assess fungal load, mouse organs (lungs and
spleens) were dissected, homogenized in sterile saline and serial dilutions of the
homogenates were spread onto sabourad dextrose agar plates. Colonies were counted after
plate incubation at 37°C. NEi (GW611313A) (Sigma) and AREG (R&D Systems, 989-AR)
were administered 4 h prior to infection and subsequently every 24 h.

Microbial strains

C. albicans WT clinical isolate SC 5314 and hgc1A yeast-locked mutant?!, Aspergillus
fumigatus isolate 13073 (ATCC, Manassas, VA), E. coli DH5a, K. pneumoniae KP52145°6,
M. bovis BCG-dsRed®.
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Figure 1. Hyphae selectively induce NETosis
(a) Human peripheral neutrophils stimulated with C. albicans with or without 3% plasma.

Extracellular DNA stained for NET release with Sytox 4 h post stimulation. (b)
Quantification of NET release by human peripheral neutrophils stimulated with a hgc1A
yeast-locked C. albicans mutant (yeast) or pre-formed WT C. albicans hyphae without
plasma. Percentage (%) Sytox positive events over total number of neutrophils. (c) Histone
H3 (17 kDa) degradation (arrow) of neutrophils stimulated with WT hyphae or hgc1A yeast
for the indicated times without plasma and assessed by immunoblotting. (d) NET release
after direct stimulation of human peripheral neutrophils with C. albicans hgclA yeast or
separated by a transwell that allows contact but prevents phagocytosis. (€) Quantification of
(d). Percentage (%) Sytox positive events over total number of neutrophils. (f) NET release
after stimulation of human peripheral neutrophils with intact or fragmented WT C. albicans
hyphae. (g) Quantification of (f). % Sytox positive events over total number of neutrophils.
(a-g) US, unstimulated. Multiplicity of infection (MOI) = 10. Scale bars = 50 pm. Statistics
by one-way ANOVA, followed by Tukey’s multiple comparison post test: * p<0.01, **
p<0.001, *** p<0.0001. Data are representative of at least three independent experiments.
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Figure 2. Single bacteria do not induce NET release
(a) NET release after direct stimulation of human peripheral neutrophils with E. coli DH5a

or K. pneumoniae KP52145 (MOI = 10) or separated by a transwell that allows contact but
prevents phagocytosis. Extracellular DNA stained for NET release with Sytox 4 h post
stimulation. US, unstimulated. Scale bars = 50 pm. (b) Quantification of (a). % NETs
released over total number of neutrophils. Statistics by one-way ANOVA, followed by
Sidak’s multiple comparison post test: NS p>0.5, * p<0.001, ** p<0.0001. Data are
representative of three independent experiments. (c) NET release (Sytox, green) 4 h after
stimulation of human peripheral neutrophils with BCG-dsRed. Scale bars: 50 pm. Necrotic
neutrophils responding to single BCG and small aggregates (i) and NETing neutrophils
responding to large BCG aggregates (ii). (d) Quantitation of NET release in (c) depicting the
two neutrophil distributions (i, ii). Percentage (%) Sytox positive events over total number
of neutrophils. Statistics by one-way ANOVA, followed by Tukey’s multiple comparison
post test: ** p<0.0001. Data are representative of two independent experiments. () Time-
lapse video microscopy stills of BCG-dsRed single bacteria (asterisks) and large aggregates
(arrows) (red) incubated with human neutrophils in the presence of Sytox (green,
extracellular DNA). Scale bar: 150 pm
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Figure 3. Selective NETosisis critical for clearance of hyphaein vivo
(a) NET release in the lungs of WT (C57BL/6) mice infected intratracheally with 1x10°

c.f.u. WT C. albicans or a hgc1A yeast-locked mutant and assessed 24 h post infection by
immunofluorescence microscopy for citrullinated histone H3 (Cit-H3, red), MPO (green)
and DNA (DAPI, blue). White arrows depict areas of NET release. Lower panel:
magnification detail in upper panel. Scale bars = 20 um. (b) Weight of WT (C57BL/6) (n=6)
and MPO deficient (n=5) mice infected with 1x10% c.f.u. WT C. albicans or a hgc1A yeast-
locked mutant. Weight normalized to staring weight at d0. Statistics by two-way ANOVA,
followed by Sidak’s multiple comparison post test: NS p>0.5, ** p<0.0001. (c) C. albicans
load in the lung and spleen 6 days post infection (n=3). Statistics by two-way ANOVA,
followed by Tukey’s multiple comparison post test: NS p>0.5, * p<0.01. Data are
representative of two independent experiments.
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Figure 4. Only hyphaetrigger NE translocation to the nucleus
(a) Human peripheral neutrophils stimulated with WT hyphae or hgc1A yeast-locked mutant

C. albicans. NE (red) and MPO (green) localization were assessed after 1 h by
immunofluorescence via confocal microscopy. An optical section spanning the center of the
cell is shown. Arrows indicate the nucleus. Asterisks indicate NE colocalisation with MPO.
Scale bars = 5 um. Data are representative of two independent experiments. (b)
Quantification of (a). Nuclear NE over total NE per cell from multiple confocal sections of
15-20 cells per condition. Statistics by two-way ANOVA, followed by Sidak’s multiple
comparison post test * p<0.0001. (c) Human peripheral neutrophils stimulated with hgclA
yeast-locked C. albicans. NE (yellow), CD63 (magenta), p40 (cyan) and DNA (DAPI, blue)
localization after 1 h. Scale bar =5 um. (d, €) Human peripheral neutrophils stimulated with
hgclA yeast-locked C. albicans (red). CD63 (green) (d) or p47 (green) (€) and DNA (DAPI,
blue) localization after 1 h. Scale bar = 5 um. Data are representative of three independent
experiments (b—e€).
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Figure 5. Phagocytosisinhibits NET osis by sequestration of NE
(a) NET release by human peripheral neutrophils untreated or treated with bafilomycin Al

(Baf, 1 uM) or nocodazole (Noc, 2.5 uM) and stimulated with hgc1A yeast-locked C.
albicans (MOI = 10). (b) Production of reactive oxygen species by human peripheral
neutrophils untreated or treated with bafilomycin Al (Baf) or nocodazole (Noc) and
stimulated with hgcl1A yeast-locked C. albicans (MOI = 10). (c) NET release by neutrophils
pre-incubated with hgc1A yeast-locked C. albicans at an MOI of 0, 20, 40 and 80 for 1 h and
stimulated with C. albicans hyphae at an MOI of 10. (d) NET release by neutrophils pre-
incubated with 0.1 pm polystyrene beads 1 h and stimulated with C. albicans hyphae at an
MOI of 10. (a, ¢, d) Statistics by two-way ANOVA, followed by Sidak’s multiple
comparison post test: * p<0.01, ** p<0.0001. Data are representative of at least three
independent experiments. UT, untreated; LU, luminescence units.
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Figure 6. The phagocytic receptor dectin-1 negatively regulates NET osis
(a) Phagocytosis of hgcl1A yeast-locked C. albicans (MOI 40) by untreated neutrophils (left

panel) or treated with anti-dectin-1 blocking antibody (right panel). The number of
phagocytosed yeast particles per cell was assessed over 2 h by live microscopy. A trend line
was fitted to the data from 10 individual neutrophils. (b) NET release by untreated
peripheral human neutrophils (left panel) or treated with anti-dectin-1 blocking antibody
(right panel) stimulated with hgc1A yeast-locked C. albicans or WT hyphae (MOI = 10).
Assessment of NET release 4 h post stimulation. % NETSs released over total number of
neutrophils. Statistics by one-way ANOVA, followed by Sidak’s multiple comparison post
test: * p<0.0001 (c) Time-lapse microscopy of live human peripheral neutrophils treated
with dectin-1 blocking antibody or left untreated and stimulated with heat-inactivated hgclA
yeast-locked C. albicans (MOI = 40). Arrowheads indicate incomplete decondensation.
Arrows indicate NET release. Confocal images were taken every 30 seconds. Panels
represent frames of the indicated times. Scale bars = 20 pm. (d) Human peripheral
neutrophils stimulated with hgc1A yeast-locked C. albicans. NE (red), CD63 (green) and
DNA (DAPI, blue) localization after 1 h. NE in the phagosome (arrows). NE in the nucleus
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(asterisks). Scale bar = 5 pm. (€) NET release in the lungs of dectin-1 KO mice and WT
(C57BL/6) controls infected intratracheally with 1x10° c.f.u. A. fumigatus assessed 48 h
post infection by immunofluorescence staining against citrullinated histone H3 (H3-cit),
MPO and DNA (DAPI). Scale bars = 20 um. Data are representative of two independent
experiments. UT, untreated. US, unstimulated.
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Figure 7. Deregulation of NET release leads to pathology
(a) Survival of WT (C57BL/6) and dectin-1 deficient mice, untreated or treated with NEi or

AREG, infected intratracheally with 1x107 c.f.u. hgc1A yeast-locked C. albicans (n=4).
Statistics by Log-rank (Mantel-Cox) test, NS p>0.5, * p<0.05, ** p<0.01. (b) NET release in
lungs of WT (C57BL/6) and dectin-1-deficient mice treated with NEi prior to infection or
left untreated, infected with 3x10° c.f.u. hgclA yeast-locked C. albicans. NET release 24 h
post infection. Lungs sections stained for DNA (DAPI, blue), citrullinated histone H3 (cit-
H3, red) and MPO (green) and analyzed by immunofluorescence confocal microscopy.
Scale bars = 50 um. (c) Quantification of fibrin deposition (i, ii) and bleeding (iii, iv) in
lungs of WT (C57BL/6) and dectin-1 deficient mice infected with of 3x106 c.f.u. hgclA
yeast-locked C. albicans, assessed 36 h post infection with scores from 0 to 3. Average
score for each mouse (i, iii) and percent of analyzed images from all mice that fall within
each score (i, iv). Fibrin score: 0 = none, 1 = >1, 2 = <50%, 3 = <50%. Bleeding score: 0 =
none, 1 = mild, 2 = moderate, 3 = severe. Statistics by two-way ANOVA, followed by
Tukey’s multiple comparison post test: ** p<0.01, *** p<0.001, **** p<0.0001. Data are
representative of two independent experiments.
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