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Abstract

Mycobacterium abscessus, a rapidly growing nontuberculous mycobacterium, are increas-
ingly present in soft tissue infections and chronic lung diseases, including cystic fibrosis,
and infections are characterized by growth in neutrophil-rich environments. M. abscessus is
observed as two distinct smooth and rough morphotypes. The environmental smooth mor-
photype initiates infection and has a relatively limited ability to activate neutrophils. The
rough morphotype has increased virulence and immunogenicity. However, the neutrophil
response to the rough morphotype has not been explored. Killing of the smooth and rough
strains, including cystic fibrosis clinical isolates, was equivalent. Neutrophil uptake of M.
abscessus was similar between morphotypes. Mechanistically, both rough and smooth mor-
photypes enhanced neutrophil reactive oxygen species generation but inhibition of NADPH
oxidase activity did not affect M. abscessus viability. However, inhibition of phagocytosis
and extracellular traps reduced killing of the smooth morphotype with lesser effects against
the rough morphotype. Neutrophils treated with M. abscessus released a heat-labile myco-
bactericidal activity against the rough morphotype, but the activity was heat-tolerant against
the smooth morphotype. Overall, M. abscessus stimulates ineffective neutrophil reactive
oxygen species generation, and key mechanisms differ in killing of the smooth (phagocyto-
sis-dependent, extracellular traps, and heat-tolerant secreted factor) and rough (extracellu-
lar traps and a heat-labile secreted factor) morphotypes. These studies represent an
essential advancement in understanding the host response to M. abscessus, and help
explain the recalcitrance of infection.
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Introduction

Mpycobacterium abscessus is a rapidly growing nontuberculous mycobacterium (NTM) whose
incidence of infection has increased over the past decades, especially in patients with chronic
lung disease [1-3]. This problem is of great concern due to the high intrinsic resistance of M.
abscessus to most available antibiotics and to sanitizing solutions [4-7]. M. abscessus infections
are characterized by growth in highly inflamed tissues [8], implicating the neutrophil as
important in the host response. Supporting this conclusion, patients with cystic fibrosis (CF), a
disease that is characterized by persistent neutrophil-mediated inflammation, are highly sus-
ceptible to M. abscessus [1-3,9].

NTM, including M. abscessus, can exist in two distinct morphotypes defined by their
colony morphology on agar. The smooth morphotype is believed to be the environmental
strain [10], but can convert to a rough morphotype as an adaptation to unknown growth
conditions or selective pressures. This morphological change is reflected by the reduction
or elimination of glycopeptidolipids (GPL) in the cell wall due to mutations or deletions
in the genes responsible for GPL production or transport [11,12]. The M. abscessus
smooth morphotype has greater biofilm forming potential, but is more susceptible to
immune control by macrophages [13-15]. The rough morphotype has greater immunoge-
nicity and virulence [13-17]. Macrophages infected with smooth M. abscessus produce lit-
tle pro-inflammatory cytokines and control infection; in contrast, macrophages infected
with rough M. abscessus produce copious pro-inflammatory cytokines and mycobacteria
survive and grow intracellularly [13-15,17-20]. Furthermore, in vivo infection models
confirm the virulence of rough, but not smooth M. abscessus [13,15,16,21,22] and persis-
tent infection was associated with conversion to the rough morphotype in animal models
[22-24] and in patients with lung infections [10,25-27]. We recently described increased
virulence and granuloma formation of the rough morphotype in a zebrafish model of
infection [21,28]. Despite the prevalence of neutrophils in M. abscessus infections, the
neutrophil response to M. abscessus is poorly studied, and the basis of the virulent pheno-
type of the rough morphotype is poorly understood; however, in a zebrafish model neu-
trophils are important components of mycobacterial clearance [28].

Neutrophils induce a variety of anti-microbial responses following exposure to pathogens
and pathogen-derived factors. Among these are generation of reactive oxygen species (ROS)
and formation of neutrophil extracellular traps (NETs), which are composed of chromatin and
the contents of neutrophil granule proteins [29], including enzymes responsible for infection
control, such as elastase and myeloperoxidase. Upon stimulation, NETs are released into the
extracellular space and are believed to immobilize pathogens for eventual immune cell clear-
ance. In addition, neutrophils release antimicrobial peptides and enzymes.

The current study addresses the neutrophil bactericidal responses to the smooth and
rough morphotypes of M. abscessus to help understand its virulence. Neutrophils killed the
smooth and rough morphotype equally well, in contrast to reported killing by macrophages,
in which only the smooth morphotype is killed [13-15]. Induction of ROS appears insuffi-
cient to kill either morphotype. However, NET formation is effective for the control of both
M. abscessus morphotypes, while inhibiting uptake led to reduced killing of smooth M.
abscessus. Furthermore, M. abscessus induced a neutrophil extracellular mycobactericidal
activity. These studies indicate distinct and common neutrophil killing mechanisms of M.
abscessus morphotypes, and suggest the potential for injurious release of neutrophil prod-
ucts during infection. Delineating the neutrophil responses to this emerging pathogen can
lead to a better understanding of host-pathogen interaction and aid in formulating thera-
peutic strategies for M. abscessus control.
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Experimental procedures
Bacterial strains, media and culture conditions

M. abscessus ssp. abscessus (ATCC strain 19977/ CIP104356T) was propagated from frozen ali-
quots in 7H9 broth supplemented with 0.5 g/l bovine albumin fraction V, 0.2 g/l dextrose, 0.3
mg/1 catalase (ADC; BD Biosciences), 2% glycerol and 0.05% Tween-80 at 33°C with shaking
at 300 rpm for 3-5 days. The rough morphotype was isolated from ATCC 19977. GPL produc-
tion profiles were confirmed for smooth and rough M. abscessus using thin-layer chromatogra-
phy [15,30]. M. abscessus mCherry was produced as described [21]. Cultures were adjusted to
ODgqo of 1.0 in PBS containing Ca®" and Mg*", corresponding to approximately 1 x10° cfu/
ml. Clinical isolates were obtained from the Colorado Cystic Fibrosis Research and Develop-
ment Program Culture, Biorepository, and Coordinating Core at National Jewish Health.
Large aggregates were allowed to settle and only washed cultures containing single cells or
small clumps were used; some assays were repeated using cultures sonicated using six one-sec-
ond bursts of a Fisher Sonic Dismembrator 100 at approximately 4 W output as an alternative
for obtaining single cells and smaller aggregates.

Neutrophil isolation

Neutrophils were isolated from healthy volunteers by the plasma Percoll method as previously
described [31], and were washed and resuspended in Krebs-Ringer phosphate-buffered saline
with dextrose (154 mM NaCl, 5.6 mM KCl, 1.1 mM MgSO,, 2.2 mM CaCl,, 0.85 mM
NaH,POy,, 2.15 mM Na,HPO, and 0.2% dextrose). Cells were confirmed to be >98% pure by
visual inspection of cytospins, and resulting gene arrays had negligible expression of genes spe-
cific to peripheral blood mononuclear cells. These studies were approved by the National Jew-
ish Health Institutional Review Board, and written informed consent approved by the
National Jewish Health Institutional Review Board was obtained from all neutrophil donors.
The study was conducted in accordance with the Declaration of Helsinki.

Killing assay

Neutrophils were suspended in RPMI supplemented with 10 mM HEPES, pH7.4, and 2%
pooled heat-inactivated platelet-poor plasma (complete RPMI). Sample tubes contained cells
(1x10°) suspended in complete RPMI and the respective bacteria at a multiplicity of infection
(MOI) of approximately 1:1 in a 0.1 ml volume. Inhibitors were preincubated with neutrophils
for 10 min prior to adding bacteria. Tubes were initially centrifuged at 4000 g for 1 min and
pelleted cells incubated at 37°C for 5 min to promote bacteria-neutrophil interaction, followed
by resuspension and incubation for up to 2 hr, as indicated. These experimental conditions
promote synchronous, close contact of mycobacteria and neutrophils. Triton X-100 (0.1%) in
0.9% saline was added to inactivate neutrophils and aid in mycobacterial dispersion. Following
vortex mixing and serial dilutions in saline, M. abscessus was plated on 7H10 agar supple-
mented with OADC and incubated at 37°C. Colonies were counted 3 to 5 days after plating,
and compared to colony counts at initiation of infection.

Cytokine and chemokine release

Secretion of cytokines and chemokines were determined from cell supernatants after 2h and
4h stimulation with M. abscessus at a MOI of 10:1. Products were quantified by ELISA for
TNFa, IL8, IL1B, and CCL4/MIP1f (ELISATech).
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Superoxide release and intracellular reactive oxygen species (ROS) assays

Extracellular superoxide anion was assayed by cytochrome c reduction, as previously
described [32,33]. Cells were stimulated with M. abscessus at a MOI of 10:1 for 15 and 60
min, or without M. abscessus. Intracellular ROS was measured using neutrophils loaded
with 10 upM CM-H2DCFDA for 20 min; labeled cells were washed and resuspended in com-
plete RPMI and 2 x 10° cells were allowed to settle for 20 min in wells of a black 96-well
plate at 37°C. Cells were incubated with DMSO, diphenylene iodonium (DPI; 10 uM), or
cytochalasin D (5 pg/ml). Bacteria were added at MOI 10:1, centrifuged at 110 x g for 1 min
and placed in a BioTek FL800 plate reader; reads were performed every 5 min for up to 2
hours at 37°C at excitation/emission of 485/528. Area-under-the-curve values were gener-
ated using GraphPad Prism 4.0.

Phagocytosis of M. abscessus

For analyzing bacterial localization by microscopy, neutrophils were incubated with
FITC-labeled M. abscessus (FITC-Mab) for 1 hour at an MOI of 5:1 [33]; cells were
adhered to microscope slides by cytocentrifugation, and air-dried. FITC-Mab was pre-
pared by incubating washed M. abscessus with 30 pg/ml FITC in 0.1 M sodium bicarbon-
ate buffer, pH 9.6 for 30 min at room temperature in the dark. FITC-Mab were sonicated,
as described above, washed two times, and resuspended in 0.6 ml saline or complete
RPMI/ 0.02% Triton X-100 before dilution to OD¢y = 1.6-1.7, and further diluted 1:1 in
complete RPMI. Final Triton X-100 concentration in the experiments never exceeded
0.001%, which had no effect on cell viability (not shown). Slides were processed for elas-
tase immunofluorescence, as described below. For flow cytometric analysis, neutrophils
(1x 10°) and FITC-Mab were mixed at an MOI of approximately 5:1. Samples were pro-
cessed as described above in the killing assay with a brief centrifugation and incubation
before resuspending the cells, and incubated over a period of 5 to 60 min. Reactions were
stopped with an equal volume of ice-cold complete RPMI. Neutrophils were stained with
eFluor 450-labeled anti-CD16 (CB16), and fixed in 1% formaldehyde/ 3% sucrose. To dis-
tinguish intracellular and extracellular staining, flow analysis was compared in duplicate
samples in both the absence (total staining) and presence (internal staining) of 0.4% try-
pan blue; the difference of these is external staining. Analysis was performed on an LSRII
flow cytometer (BD Biosciences) and FlowJo software (TreeStar). Neutrophils were gated
to exclude cellular debris and planktonic and aggregated bacteria.

LDH cytotoxicity assay

Neutrophil were pelleted at 20,000 x g at the indicated times and the supernatants retained for
use in the LDH Cytotoxicity Assay Kit (Pierce). Results are depicted as % total LDH with a
neutrophil detergent lysate used for the maximal LDH.

Neutrophil extracellular DNA assays

DNA release from live cells was detected from neutrophils prepared and stimulated as described
above, treated with DMSO, DPI (10 uM) or DNase (100 units/ml), and incubated with each
bacteria at an MOI of 5 at 37°C with rotation. After 2h 2 x 10° cells were removed to a glass-bot-
tomed slide (ibidi), and incubated for 30 min at 37°C in a humidified chamber; cells were incu-
bated with 0.2 uM Sytox Orange or Sytox Green cell-impairment DNA-binding dyes, and cells
were imaged at room temperature using a fluorescence microscope [34]. In some cases, FITC-
labeled M. abscessus was used. Slides were imaged and analyzed for number of positive cells and
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total area of fluorescence using Image]J. Extracellular DNA associated with neutrophil extracel-
lular trap (NET) formation was detected using a modification of the method of Fuchs et al. [35],
as previously described [33,34]. Briefly, purified human neutrophils (2.4 x 10°) in complete
RPMI were treated with DMSO, DPI (10 uM), DNase (100 units/ml), or cytochalasin D

(5 pg/ml) and incubated with each bacteria at an MOI of 5 at 37°C with rotation. At times from
1-4 hours limited nuclease digestion was performed with micrococcal nuclease (0.5 units/ml)
for 10 minutes at 37°C. Nuclease activity was then stopped with 5 mM EDTA, and cellular
debris was removed by centrifugation at 200xg for 10 min. Soluble DNA content was measured
with the Quant-iT™ Picogreen assay (Invitrogen) or with Sytox Green. To identify NET constit-
uents, cells were prepared and stimulated for 2 h as indicated above, and 2 x 10° neutrophils
were spotted on a glass microscope chamber slide (Ibidi) for 30 min at 37°C in a humidified
chamber, stained with 0.2 pM Sytox Orange the final 10 min, and fixed in 2% formaldehyde for
10 min at room temperature. Cells were permeabilized in 0.2% Triton X-100, stained overnight
with anti-elastase (abcam; ab-21595; 1:100), and visualized by confocal fluorescent microscopy
after binding of Alexafluor 488-conjugated goat anti-rabbit antibody.

Preparation of neutrophil conditioned media and the effect on M. abscessus
viability

Neutrophils (10 x 10°) were suspended in 1 ml complete RPMI and treated with M. abscessus
(1:1 MOI), peptidoglycan (10 pg/ml; Aldrich), or left untreated for 1.5 hours at 37°C. Cell sus-
pensions were centrifuged at 300 x g for 10 min, 4°C; the supernatants were centrifuged again
at 20,000 x g for 10 min, 4°C, passed through a 0.2 micron syringe filter, and stored at -20°C.
These experimental conditions minimalize the potential effect of NETs, and do not cause
excessive cell lysis, as determined by LDH release. The clarified supernatants were thawed at
room temperature, and 100 pl samples removed. One sample was left at room temperature
and another pairwise sample was incubated at 95°C for 10 min. M. abscessus (1 x 10° cfu) was
added to each room temperature conditioned medium sample, and incubated for 1 h at 37°C
with occasional mixing. The reaction was diluted with 0.1% Triton X-100, and serial dilutions
were plated. The cfus after exposure of M. abscessus to media from unstimulated and stimu-
lated neutrophils were used to determine the percent killing.

Statistical analysis

Data is presented as mean + SEM and analyzed by t-test, one-way ANOVA, or two-way
ANOVA with Bonferroni post-tests, as noted in the Figure legends. Significance was set at a
P-value of 0.05.

Results
Neutrophil killing of M. abscessus

Our previous work indicated that neutrophils poorly kill smooth M. abscessus compared to S.
aureus [33]. However, little is known of the ability of neutrophils to control the rough morpho-
type. Rough and smooth morphotypes of M. abscessus were killed by neutrophils to a similar
extent (Fig 1A). Both morphotypes were killed rapidly, with maximal killing by neutrophils
occurring within 30 min to 1 hour of contact (Fig 1B), after which a plateau of killing was
observed. We tested the possibility that susceptibility to neutrophil killing may also be depen-
dent on virulence characteristics of the pathogen. Smooth and rough isolates derived from CF
patients were similarly susceptible to neutrophil killing (Fig 1C). Killing represents the sum of
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Fig 1. Neutrophil killing of M. abscessus. (A) Neutrophils were incubated with smooth (closed circles) and rough
(open circles) M. abscessus for 1h, and surviving mycobacteria were compared to the inoculum. Connecting lines
represent results from the same donor neutrophils; n = 26. Mean values are depicted by the gray bars. (B) Time course
of killing of M. abscessus morphotypes by neutrophils; n = 6. (C) M. abscessus clinical isolates were assayed for killing
by neutrophils for 1 h; smooth morphotypes (closed bars); rough morphotypes (open bars); n = 4-10. None of the
differences were significantly different for the Fig 1 data by paired t-test.

https://doi.org/10.1371/journal.pone.0196120.g001

a variety of neutrophil antimicrobial mechanisms; to gain a better understanding of M. absces-
sus immunity, we compared neutrophil antimicrobial functions between morphotypes.

Phagocytosis of M. abscessus morphotypes

Fluorescence microscopy revealed phagocytosis of both smooth and rough M. abscessus by
neutrophils (Fig 2A-2C). Human neutrophil elastase stained in non-nuclear areas surround-
ing M. abscessus, suggestive of phagosome formation. In contrast, non-infected neutrophils
demonstrated more uniform elastase staining.

To quantify phagocytosis of M. abscessus, neutrophils were exposed to FITC-labeled M.
abscessus and neutrophil-associated bacteria were measured by flow cytometry. Neutrophils
were gated on CD16 and side scatter to exclude contaminating cells and free bacteria (Fig 2D).
Examples of detection of neutrophil-associated M. abscessus are demonstrated at 5 min and 60
min (Fig 2E). Neutrophils associated with both morphotypes with similar kinetics and extent
(Fig 2F). Trypan blue was used to distinguish between internal and external fluorescence. The
measureable uptake at 5 min and the low level of quenching by trypan blue suggests efficient
uptake of M. abscessus. Similar data was obtained using mCherry-labeled M. abscessus mor-
photypes that showed maximal uptake by 60 min (preliminary data). Furthermore, incubation
with cytochalasin D, an inhibitor of phagocytosis, reduced the association of M. abscessus with
neutrophils to less than 5% (unpublished data).
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Fig 2. Phagocytosis of M. abscessus by neutrophils. (A-C) FITC-M. abscessus (green) was incubated with neutrophils
for 1 h, and cells were cytocentrifuged on to glass slides, stained for elastase (red), and visualized by confocal
microcopy. (A) Non-stimulated neutrophils, or after incubation with (B) smooth, and (C) rough FITC-M. abscessus.
(D) Representative flow cytometry plots of isolated non-stimulated neutrophils showing forward scatter (FSC) and
side-scatter (SSC) of non-stimulated neutrophils, and AlexaFluor-450-conjugated CD16. (E) Flow cytometric analysis
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of FITC-Mab association with neutrophils at 5 and 60 min; trypan blue was included to quench extracellular
fluorescence. Examples of smooth (Sm-Mab; upper panels) and rough (R-Mab; lower panels) M. abscessus uptake are
shown. (F) Time-dependent uptake of FITC-Mab. Neutrophils were incubated for the indicated time with smooth
FITC-Mab (left) and rough FITC-Mab (right). Data represents the percentage of neutrophils positive for FITC for 3
independent experiments.

https://doi.org/10.1371/journal.pone.0196120.9002

Cell death occurs in response to rough M. abscessus

Bacterial infection may cause neutrophil cell death. Incubation of neutrophils with smooth M.
abscessus resulted in minimal necrotic cell death over 2 hours, while the rough morphotype
induced a time-dependent increase in LDH release (Fig 3). These data are consistent with low
cytotoxicity by smooth M. abscessus over 4 hours [33]. Therefore, late necrotic cell death is
activated selectively by the rough morphotype.

Cytokine response is similarly activated by both morphotypes

Other studies have observed a robust cytokine response of macrophages to the rough morpho-
type, while the smooth morphotype generated a weak response [18-20,36]. We compared the
release of inflammatory cytokines (IL-188 and TNFa) and chemokines (IL8 and CCL4/MIP18)
by the two morphotypes as a measure of neutrophil activation. Surprisingly, no differences in
neutrophil cytokine and chemokine release were observed (S1 Fig)[18-20,36]

M. abscessus induces neutrophil ROS

Neutrophil ROS generation is an important mechanism of pathogen killing. Because neutro-
phils were able to internalize M. abscessus, we measured intracellular ROS production. While
both morphotypes led to intracellular ROS, rough M. abscessus-induced ROS production was
more rapid and slightly more robust (Fig 4A). Taking the area-under-the-curve as an indica-
tion of the total response, rough M. abscessus produced significantly more intracellular ROS
(Fig 4B). Extracellular superoxide generation was also measured in the presence of smooth
and rough M. abscessus, and both M. abscessus morphotypes elicited similar superoxide release
as S. aureus and PMA at one hour post-stimulation (not shown).

In order to determine the role of phagocytosis on intracellular ROS generation, we used
cytochalasin D to block actin-dependent processes. Cytochalasin D reduced neutrophil intra-
cellular ROS production by M. abscessus morphotypes (Fig 4C), as did DPI, an inhibitor of
oxidant production (Fig 4D). Neither inhibitor affected naive neutrophils over the same time
course (not shown).
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Fig 3. Rough M. abscessus is cytotoxic. Neutrophils were incubated with M. abscessus morphotypes for the indicated
times (left panel). Samples were analyzed for LDH release, and compared to the total LDH from an equivalent amount
of neutrophils. PMN, unstimulated neutrophils; Sm-Mab (circles), smooth; and R-Mab (squares), rough M. abscessus;
**p<0.01 by two-way ANOVA and Bonferroni post-test comparing R-Mab to Sm-Mab and neutrophils alone at 120
min; n = 7. Right panel, AUCs were computed from data in the left panel; *p<0.05 by one-way ANOVA and
Bonferroni post-test comparing R-Mab to Sm-Mab; NS, non-stimulated neutrophils.

https://doi.org/10.1371/journal.pone.0196120.g003
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Fig 4. Reactive oxygen species (ROS) generated by neutrophils exposed to M. abscessus. (A) Intracellular ROS
production is enhanced in the presence of smooth (circles) and rough (squares) M. abscessus; small diamonds, non-
stimulated neutrophils; n = 8. (B) Areas-under-the-curve (AUC) were calculated for each condition in A; data
analyzed by t-test; *p<0.05. Areas-under-the-curve were calculated for intracellular ROS curves of M. abscessus-
infected neutrophils treated with C) cytochalasin D (hatched), and D) DPI (hatched); data analyzed by t-test; n = 3-9;
*p<0.05, Tp<<0.001.

https://doi.org/10.1371/journal.pone.0196120.g004

M. abscessus induces neutrophil extracellular trap formation

NETs are extracellular structures consisting of chromatin and neutrophil granule proteins,
including elastase, and are involved in control of infections [29]. As in initial measure of NET
formation, we observed DNA release from neutrophils in the presence of M. abscessus using a
cell-impermeable DNA stain. Both morphotypes caused release of DNA (Fig 5A), and a simi-
lar number of cells stained positively for extracellular DNA (Fig 5B). When the area of released
DNA was analyzed, the smooth morphotype stimulated significantly greater staining of extra-
cellular DNA compared to non-stimulated neutrophils (Fig 5C); the area of released DNA by
the rough morphotype was also consistently greater than control, but this trend was not signif-
icant (p = 0.054). The discrepancy between the area and number of cells with released DNA in
rough-exposed neutrophils may be related to enhanced necrosis (Fig 2). Released DNA co-
localized with M. abscessus (Fig 6, arrows), suggesting trapping of M. abscessus. Additionally,
intact neutrophils were observed to associate with M. abscessus in the absence of extracellular
DNA structures (Fig 6, arrowheads), which could represent phagocytosis or membrane associ-
ation, as seen in Fig 2.

DNase eliminated detection of NET's while inhibition of oxidant production with DPI only
partially reduced NET release from neutrophils (Fig 5A and 5C). DPI-resistant NET forma-
tion has been reported after early exposure to S. aureus [37]. To verify microscopic findings,
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Fig 5. Release of DNA from live neutrophils by M. abscessus. (A) Neutrophils were left non-stimulated (NS) or exposed to smooth
(Sm-Mab) and rough (R-Mab) M. abscessus for 2h in suspension, and plated on individual wells of a glass-bottom slide for 30 min.
Cells were treated with DNase and DPI throughout infection, as indicated. Cell-impermeable Sytox Orange was added to each well,
and fluorescence was monitored by microscopy. (B) The number of cells staining positive for Sytox Orange. (C) The area of positive
fluorescence per field with three fields analyzed per experiment. Data analyzed by two-way ANOVA and Tukey’s multiple comparison
test; n = 4; *p<0.05, **p<0.01.

https://doi.org/10.1371/journal.pone.0196120.9005

we measured the time-dependent release of DNA and no difference between morphotypes was
observed (Fig 7A-7C). DPI had no effect on early NET formation in response to either mor-
photype. However, DNA release at 4 hours was partially inhibited by DPI in neutrophils stim-
ulated only with smooth M. abscessus; DPI did not alter DNA release in response to the rough
morphotype at any time point. These data are consistent with data shown in Fig 5, which was
measured at 2.5 h. DNA release was eliminated in the presence of DNase and cytochalasin D at
all times measured, suggesting that internalization is involved in this process (Fig 7A-7C).
These extracellular DNA structures were confirmed as NETs using immunofluorescence
microscopy. Co-localization of elastase and DNA in extracellular structures is consistent with
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Fig 6. Localization of M. abscessus with neutrophils and extracellular DNA. (A) Untreated neutrophils; (B) smooth
M. abscessus-treated neutrophils; and (C) rough M. abscessus-treated neutrophils. Left panels, Fluorescence imaging of
neutrophils treated for 3 hours with FITC-labeled M. abscessus (green) and extracellular DNA stained with Sytox
Orange (red), as in Fig 5A. Right panels, Phase contrast pictographs of same field. Arrowheads, location of FITC-labeled
M. abscessus with apparent intracellular association; arrows, association of FITC-labeled M. abscessus with extracellular
DNA. Data is representative of four independent experiments.

https://doi.org/10.1371/journal.pone.0196120.9006

NETs (Fig 7D-7F). These data suggest that NET release requires phagocytosis and is indepen-
dent of ROS production at early time points.

M. abscessuskilling is blocked when disrupting NET's

To address the mechanism of killing of M. abscessus, inhibitors of NET formation, neutrophil
ROS production, and phagocytosis were used. DPI, an inhibitor of ROS production, had no
effect on the ability of neutrophils to kill M. abscessus (Fig 8A and 8B). DNase, which reduces
the presence of NETs, inhibited killing of both morphotype (Fig 8A and 8B). However, a
dichotomous effect was observed on morphotype killing in the presence of cytochalasin D, an
inhibitor of phagocytosis; a trend in reduced killing of rough M. abscessus was seen (P = 0.07),
while cytochalasin D partially and significantly inhibited killing of smooth M. abscessus (Fig
8C). These data suggest that smooth M. abscessus killing occurs via NETSs, and partially via
internalization, while rough M. abscessus is sensitive primarily to NETs.
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Fig 7. Extracellular DNA release induced by M. abscessus. Micrococcal nuclease-releasable extracellular DNA was
quantified in (A) non-stimulated neutrophils (NS) and in neutrophils stimulated with (B) smooth (Sm) and (C) rough
(R) M. abscessus for the indicted times. Neutrophils were pre-incubated with DPI (red), cytochalasin D (blue), and
DNase (green), as indicated. Data was analyzed by two-way ANOVA and Bonferroni post test versus the control
(untreated) condition; n = 5; *p<0.05, and ***p<0.001 for all time points; +p<0.001 at 4h only. (D-F) NET formation
by M. abscessus morphotypes. Neutrophils were left non-stimulated (D) or exposed to smooth (E) and rough (F) M.
abscessus in suspension for 1h followed by plating on glass slides for an additional 2h. Sytox Red was added for 10 min,
and cells were fixed and permeabilized. Slides were immunostained for elastase (green) and visualized under a 40X
objective. Colocalized staining of extracellular elastase and extracellular DNA is observed in yellow.

https://doi.org/10.1371/journal.pone.0196120.9g007
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Conditioned medium from M. abscessus has mycobactericidal activity

The incomplete killing of M. abscessus in cytochalasin D-treated neutrophil suggests that neu-
trophils exhibit intracellular and extracellular killing activities. NETs appear to account for
some of the extracellular bactericidal activity. To assess for additional extracellular bactericidal
factors we treated neutrophils with M. abscessus and tested this conditioned media for myco-
bactericidal activity. The conditioned media isolated from neutrophils treated with both M.
abscessus morphotypes killed target M. abscessus (Fig 8D-8F). The rough morphotype neutro-
phil medium showed a trend toward more effective killing of both individual morphotypes
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Fig 8. Intra- and extracellular neutrophil killing of M. abscessus. Neutrophils (n = 7) were pre-incubated with
DNase (100 units/ml) or DPI (10 uM), or left untreated (C). Neutrophils were exposed to (A) smooth (n = 6) or (B)
rough M. abscessus (n = 7) for 1h, and surviving mycobacteria were compared to the initial infection. (C) Neutrophils
(n =7) were treated with cytochalasin D (cytoD; 5 pg/ml) or left untreated (C) and killing of smooth (closed bars) and
rough (open bars) M. abscessus was assessed after 1h. Panels A-C were analyzed by t-test; *P<0.05. (D) Targeting of M.
abscessus, without regard for morphotype, by cell-free conditioned media (CM) from neutrophils treated with smooth
M. abscessus (Sm) or rough M. abscessus (R), and represents composite data from E and F. Data analysis by paired t-
test; n = 14. Morphotype-specific targeting of (E) smooth or (F) rough M. abscessus by conditioned media (CM) from
neutrophils treated with smooth M. abscessus (Sm), rough M. abscessus (R), or peptidoglycan (PGN); conditioned
media were incubated at 95°C, as indicated, before killing assays. Killing of each morphotype was normalized to that of
M. abscessus exposed to supernatants from untreated neutrophils. Data were analyzed by two-way ANOVA; n =7; an
interaction (P = 0.01) was found for heat-treatment of CM for targeting rough M. abscessus (F), but not smooth (E).

https://doi.org/10.1371/journal.pone.0196120.9g008

(Fig 8E and 8F). We then analyzed how conditioned media affected M. abscessus viability
without regard for morphotype, and the aggregate killing was significantly greater with the
rough M. abscessus-conditioned medium (Fig 8D). Media from neutrophils treated with pepti-
doglycan, a pathogen-associated molecule from Gram-positive S. aureus, also displayed bacte-
ricidal activity that was not different between morphotypes. To further characterize this
extracellular factor, we incubated conditioned media at 95°C before performing mycobacterial
killing assays. Heat-treatment of conditioned media from M. abscessus- or PGN-treated neu-
trophils did not affect its mycobactericidal activity against smooth M. abscessus (Fig 8E); how-
ever, heat-treatment of these conditioned media inhibited mycobactericidal activity against
rough M. abscessus (Fig 8F; two-way ANOV A interaction for heat-treatment of CM, P = 0.01),
particularly by neutrophil media conditioned by treatment with the smooth morphotype.
These data suggest that both morphotypes induce distinct neutrophil-derived bactericidal
activities that target either the smooth (heat-tolerant activity) or rough (heat-labile)
morphotypes.
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Discussion

M. abscessus infections are distinguished by neutrophil-rich environments found in soft tissue
abscesses and the CF lung. However, little is known about the neutrophil response to M.
abscessus. Our previous work suggests that neutrophils promote smooth M. abscessus infec-
tions by limited clearance and through neutrophil-enhanced biofilm formation [33]. Through
unknown mechanisms the smooth morphotype converts to a rough morphotype, and clinical
and experimental data support a role for the rough morphotype in virulence [10,13-17,25-27].
Current data suggest that rough morphotypes, which lack GPL, have unique cell wall proper-
ties that enhance immunogenicity and virulence. However, the true role of each morphotype
in immune response, disease progression, and antibiotic responses is poorly understood. Fur-
thermore, the role of neutrophils, a cell central to the host response to M. abscessus, in the con-
trol of M. abscessus infection is largely unknown.

We have addressed some of these concerns in the present study. We have found that both
intracellular and extracellular mechanisms contribute to neutrophil clearance of M. abscessus.
NET formation appears to be the major bactericidal activity against M. abscessus, as DNase
treatment during infection reduced bactericidal activity. Interestingly, NET formation pro-
ceeded when ROS was inhibited by DPI. Rapid ROS-independent NET release by M. abscessus
is reminiscent of S. aureus, another abscess-forming pathogen common in CF [37], and of
Candida albicans [38]. However, late NET formation was sensitive to DPI during smooth, but
not rough, M. abscessus infection, although enhanced cytotoxicity may complicate detection of
late extracellular DNA by rough M. abscessus. NET formation was also blocked by cytochalasin
D, suggesting that internalization of M. abscessus is required for this process, which was previ-
ously reported for NET formation in response to opsonized S. aureus [39]. Importantly, the
effects on killing by inhibitors of ROS, phagocytosis, and NET formation are mechanistically
consistent with the requirement for phagocytosis, but not ROS, in NET formation during M.
abscessus infection; inhibition of phagocytosis by cytochalasin D inhibits NETs and interferes
with killing, but DPI has no effect on killing or early NETs formation. The in vivo role of
NETs in the control of M. abscessus infection needs to be further evaluated. In this regard, the
zebrafish model of M. abscessus infection may be useful to directly observe the development of
NETs during infection and to address their contribution in the physiopathology of the infec-
tion [21]. Likewise, ineffective, but robust, ROS production may contribute to tissue injury
during M. abscessus infection.

Neutrophils are equally effective at killing the rough and smooth morphotypes. However,
mechanistic differences in neutrophil killing of the rough and smooth morphotypes were
observed. Specifically, inhibiting phagocytosis does not affect killing of the rough morphotype,
whereas killing of the smooth morphotype was at least partially blocked. These data indicate
that extracellular killing mechanisms targeting the rough morphotype are important. NET for-
mation appears important in killing of both morphotypes, but the detection of extracellular
mycobactericidal activities with different properties suggests that specific activities target each
morphotype. Jena et al. described the sensitivity of mycobacteria to lysozyme and elastase, but
with little added activity provided by B-defensins [40], and M. abscessus is resistant to the anti-
microbial peptide LL37 [30]. However, we were not able to detect substantial M. abscessus kill-
ing by purified lysozyme, elastase, or their combination (not shown). Therefore, the identity of
secreted mycobactericidal factors remains unknown. Our data does suggest that the presence
of GPL on the cell wall of smooth M. abscessus may be one mechanism of resistance to clear-
ance by this extracellular factor(s), as smooth M. abscessus is less sensitive to killing.

The ability of cytochalasin D to partially inhibit killing of smooth M. abscessus suggest that
intracellular processes are important. Transit to a degradative phagosome, or activation of
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autophagy are possible routes of intracellular elimination [41,42], without involvement of
intracellular ROS. Resistance to ROS may be mediated in part by expression of catalase and
superoxide dismutase enzymes whose genes have been identified in M. abscessus [43] (unpub-
lished observation). In macrophage cultures, an anti-oxidant was observed to reduce M.
abscessus growth, an effect attributed to enhanced phagosome-lysosome fusion [41]. In our
hands, the anti-oxidant DPI did not affect survival of M. abscessus; this difference could be
attributed to cell type-dependent processing, to the time-courses of infection, or different anti-
oxidant targets. Killing of M. tuberculosis was reported to be insensitive to neutrophil oxidants
[44]. Future experiments aim to determine the intracellular mechanism of killing of smooth
M. abscessus.

Notably, mycobacteria can avoid intracellular processing [45]. Although not directly
addressed in this study, subtle differences observed in ROS production, NET formation and
phagocytosis might also reflect different abilities of neutrophils to detect and/or process the
two morphotypes. While both morphotypes are similarly internalized, phagocytosis more pro-
foundly influences killing of the smooth morphotype. These data are reminiscent of that seen
in macrophages in which the smooth morphotype is eliminated while the rough morphotype
survives intracellularly [13-15]. The different time periods of killing assays for neutrophils
(hours) and macrophages (days) may be important, although extended incubation does not
result in progressive clearance by neutrophils. In the case of neutrophils, sensitivity of the
rough morphotype to extracellular killing mechanisms may overcome defects in intracellular
killing. However, a short neutrophil life span suggests that intra-neutrophil survival may not
constitute a major source of virulence in a neutrophil-rich environment. We have found that
the smooth morphotype does not increase necrosis and has no effect on neutrophil apoptosis
[33], suggesting that normal neutrophil clearance mechanisms may indirectly eliminate
phagocytosed M. abscessus. However, the rough morphotype promoted necrotic cell death,
suggesting a means for increased virulence during prolonged infection. Current studies are
exploring neutrophil recognition and processing of M. abscessus.

Several limitations exist in this study. Assessing cfu of M. abscessus can be inconsistent due
to unpredictable clumping of cultures and non-specific adherence to tubes. The culture condi-
tions used in this study resulted largely in single cells and microcolonies based on microscopy
(Figs 2 and 6), and initial dilutions were performed in detergent to minimize adherence. In
extended experiments, M. abscessus were sonicated, instead of settled, to further reduce larger
clumps. Interestingly, in settled cultures, phagocytosis played a bigger role in killing of rough
M. abscessus, which suggest that physical properties of particles are important for neutrophil
function [46,47]. Recent work indicates that in vivo the rough morphotype grows as cords and
smooth M. abscessus grows as clumps [21], and not as individual cells, and in CF lungs coloni-
zation was observed in biofilm-like structures [48]; therefore, data obtained using single M.
abscessus cell suspensions may poorly reflect natural infection conditions or the ability to pre-
dict host-response during disease. These differences emphasize the need for in vivo studies.
Finally, while phagocytosis-dependent NET formation is a major mechanism for smooth M.
abscessus clearance, we were unable to identify the exact mechanism of killing of rough M.
abscessus by neutrophils. However, as almost no information is available on the interaction of
M. abscessus and human neutrophils, and neutrophils are important for in vivo clearance in
zebrafish [28], this study represents an essential advancement in the field.

These studies help define the development of M. abscessus innate immune responses and dis-
ease progression. In healthy individuals initial environmental smooth morphotype infections
are detected and phagocytosed by resident macrophages, and subsequent neutrophil accumula-
tion allows clearance of remaining M. abscessus. The limited clearance by neutrophils seen in
our studies may be of little biological consequence if the inoculum is low and antimycobacterial
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activity is normal. However, bacterial may survive in immunocompromised individuals, or in
cases where immune control could be physically limited, as in the case of bacteria protected in
fomites or biofilms [4,33,48,49], a mode of growth that imparts immunoresistance and is con-
fined mostly to the smooth morphotype [15]. Unknown signals promote conversion to the
rough morphotype, which has virulent properties including immune activation, neutrophil
necrosis, cell invasion, and macrophage intracellular survival [13-15,17,33]. In this case, the
limited control of infection by neutrophils may lead to neutrophil death, extracellular bacterial
growth, and continuing inflammation accompanied by extensive ROS release and other factors
involved in tissue injury. Biofilms, aided by lysed neutrophils [33], and intracellular organisms
can also act as reservoirs for continuing infection and immune activation. Excessive inflamma-
tion and bacterial burden may also overwhelm macrophage defense mechanisms. A cycle of
mycobacterial growth and inflammation may therefore promote disease progression. The
importance of neutrophils is highlighted by their prevalence at sites of M. abscessus infection.
Studies of immune dysfunction on control of M. abscessus infection may provide insight into
some of these possible mechanisms.

In summary, smooth and rough morphotypes of M. abscessus activate common neutrophil
mechanisms of bacterial clearance, including ROS generation, NET formation, and phagocyto-
sis. The known biochemical difference between morphotypes is expression of GPL on the cell
wall. GPL-containing smooth M. abscessus is sensitive to intracellular and NET killing, while
for GPL-deplete rough M. abscessus intracellular killing mechanisms are not required but
NETs and an unidentified extracellular mycobactericidal factor(s) are important. Details of
intracellular and extracellular killing mechanisms are the topic of future studies, which may
help to define better strategies to clear M. abscessus infections.
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S1 Fig. Cytokine release from M. abscessus-stimulated neutrophils. Neutrophils were
exposed to smooth (Sm) and rough (R) M. abscessus, or left non-stimulated (NS) for the indi-
cated times. Supernatants were isolated and (A) TNF, (B) IL-18, (C) IL8, and (D) CCL4/MIP1{3
measured by ELISA. The mean + SEM is represented from 9 independent experiments.

(PDF)

Author Contributions

Conceptualization: Kenneth C. Malcolm, Jerry A. Nick.

Formal analysis: Kenneth C. Malcolm.

Investigation: Kenneth C. Malcolm, Silvia M. Caceres, Kerstin Pohl, Katie R. Poch.
Resources: Audrey Bernut, Laurent Kremer, Donna L. Bratton, Jean-Louis Herrmann.
Writing - original draft: Kenneth C. Malcolm.

Writing - review & editing: Silvia M. Caceres, Kerstin Pohl, Katie R. Poch, Audrey Bernut,
Laurent Kremer, Jean-Louis Herrmann, Jerry A. Nick.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196120  April 19,2018 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196120.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0196120.s002
https://doi.org/10.1371/journal.pone.0196120

@° PLOS | ONE

M. abscessus killing by human neutrophils

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Olivier KN, Weber DJ, Wallace RJ Jr., Faiz AR, Lee JH, Zhang Y, et al. (2003) Nontuberculous myco-
bacteria. I: multicenter prevalence study in cystic fibrosis. Am J Respir Crit Care Med 167: 828-834.
https://doi.org/10.1164/rccm.200207-6780C PMID: 12433668

Levy |, Grisaru-Soen G, Lerner-Geva L, Kerem E, Blau H, Bentur L, et al. (2008) Multicenter cross-sec-
tional study of nontuberculous mycobacterial infections among cystic fibrosis patients, Israel. Emerg
Infect Dis 14: 378-384. https://doi.org/10.3201/eid1403.061405 PMID: 18325250

Esther CR Jr., Esserman DA, Gilligan P, Kerr A, Noone PG (2010) Chronic Mycobacterium abscessus
infection and lung function decline in cystic fibrosis. J Cyst Fibros 9: 117—123. https://doi.org/10.1016/j.
jcf.2009.12.001 PMID: 20071249

Greendyke R, Byrd TF (2008) Differential antibiotic susceptibility of Mycobacterium abscessus variants
in biofilms and macrophages compared to that of planktonic bacteria. Antimicrob Agents Chemother
52: 2019-2026. https://doi.org/10.1128/AAC.00986-07 PMID: 18378709

Li G, Lian LL, Wan L, Zhang J, Zhao X, Jiang Y, et al. (2013) Antimicrobial susceptibility of standard
strains of nontuberculous mycobacteria by microplate Alamar Blue assay. PLoS One 8: €84065.
https://doi.org/10.1371/journal.pone.0084065 PMID: 24386332

Maurer FP, Bruderer VL, Ritter C, Castelberg C, Bloemberg GV, Bottger EC (2014) Lack of Antimicro-
bial Bactericidal Activity in Mycobacterium abscessus. Antimicrob Agents Chemother 58: 3828—-3836.
https://doi.org/10.1128/AAC.02448-14 PMID: 24752273

Fisher CW, Fiorello A, Shaffer D, Jackson M, McDonnell GE (2012) Aldehyde-resistant mycobacteria
bacteria associated with the use of endoscope reprocessing systems. Am J Infect Control 40: 880-
882. https://doi.org/10.1016/j.ajic.2011.11.004 PMID: 22325730

Moore M, Frerichs JB (1953) An unusual acid-fast infection of the knee with subcutaneous, abscess-
like lesions of the gluteal region; report of a case with a study of the organism, Mycobacterium absces-
sus, n. sp. J Invest Dermatol 20: 133-169. PMID: 13035193

Bar-On O, Mussaffi H, Mei-Zahav M, Prais D, Steuer G, Stafler P, et al. (2015) Increasing nontubercu-
lous mycobacteria infection in cystic fibrosis. J Cyst Fibros 14: 53—-62. https://doi.org/10.1016/j.jcf.
2014.05.008 PMID: 24917112

Jonsson BE, Gilliam M, Lindblad A, Ridell M, Wold AE, Welinder-Olsson C (2007) Molecular epidemiol-
ogy of Mycobacterium abscessus, with focus on cystic fibrosis. J Clin Microbiol 45: 1497—1504. https://
doi.org/10.1128/JCM.02592-06 PMID: 17376883

Pawlik A, Garnier G, Orgeur M, Tong P, Lohan A, Le Chevalier F, et al. (2013) Identification and charac-
terization of the genetic changes responsible for the characteristic smooth-to-rough morphotype alter-
ations of clinically persistent Mycobacterium abscessus. Mol Microbiol 90: 612—-629. https://doi.org/10.
1111/mmi.12387 PMID: 23998761

Bernut A, Viljoen A, Dupont C, Sapriel G, Blaise M, Bouchier C, et al. (2016) Insights into the smooth-to-
rough transitioning in Mycobacterium bolletii unravels a functional Tyr residue conserved in all myco-
bacterial MmpL family members. Mol Microbiol 99: 866—883. https://doi.org/10.1111/mmi.13283 PMID:
26585558

Byrd TF, Lyons CR (1999) Preliminary characterization of a Mycobacterium abscessus mutant in
human and murine models of infection. Infect Immun 67: 4700-4707. PMID: 10456919

Catherinot E, Clarissou J, Etienne G, Ripoll F, Emile JF, Daffe M, et al. (2007) Hypervirulence of a
rough variant of the Mycobacterium abscessus type strain. Infect Immun 75: 1055—1058. https://doi.
org/10.1128/IA1.00835-06 PMID: 17145951

Howard ST, Rhoades E, Recht J, Pang X, Alsup A, Kolter R, et al. (2006) Spontaneous reversion of
Mycobacterium abscessus from a smooth to a rough morphotype is associated with reduced expres-
sion of glycopeptidolipid and reacquisition of an invasive phenotype. Microbiology 152: 1581-1590.
https://doi.org/10.1099/mic.0.28625-0 PMID: 16735722

Ordway D, Henao-Tamayo M, Smith E, Shanley C, Harton M, Troudt J, et al. (2008) Animal model of
Mycobacterium abscessus lung infection. J Leukoc Biol 83: 1502—1511. https://doi.org/10.1189/jlb.
1007696 PMID: 18310351

Sohn H, Kim HJ, Kim JM, Jung Kwon O, Koh WJ, Shin SJ (2009) High virulent clinical isolates of Myco-
bacterium abscessus from patients with the upper lobe fibrocavitary form of pulmonary disease. Microb
Pathog 47: 321-328. https://doi.org/10.1016/j.micpath.2009.09.010 PMID: 19800962

Davidson LB, Nessar R, Kempaiah P, Perkins DJ, Byrd TF (2011) Mycobacterium abscessus glycopep-
tidolipid prevents respiratory epithelial TLR2 signaling as measured by HbetaD2 gene expression and
IL-8 release. PLoS One 6: €29148. https://doi.org/10.1371/journal.pone.0029148 PMID: 22216191

Rhoades ER, Archambault AS, Greendyke R, Hsu FF, Streeter C, Byrd TF (2009) Mycobacterium
abscessus Glycopeptidolipids mask underlying cell wall phosphatidyl-myo-inositol mannosides blocking

PLOS ONE | https://doi.org/10.1371/journal.pone.0196120  April 19,2018 17/19


https://doi.org/10.1164/rccm.200207-678OC
http://www.ncbi.nlm.nih.gov/pubmed/12433668
https://doi.org/10.3201/eid1403.061405
http://www.ncbi.nlm.nih.gov/pubmed/18325250
https://doi.org/10.1016/j.jcf.2009.12.001
https://doi.org/10.1016/j.jcf.2009.12.001
http://www.ncbi.nlm.nih.gov/pubmed/20071249
https://doi.org/10.1128/AAC.00986-07
http://www.ncbi.nlm.nih.gov/pubmed/18378709
https://doi.org/10.1371/journal.pone.0084065
http://www.ncbi.nlm.nih.gov/pubmed/24386332
https://doi.org/10.1128/AAC.02448-14
http://www.ncbi.nlm.nih.gov/pubmed/24752273
https://doi.org/10.1016/j.ajic.2011.11.004
http://www.ncbi.nlm.nih.gov/pubmed/22325730
http://www.ncbi.nlm.nih.gov/pubmed/13035193
https://doi.org/10.1016/j.jcf.2014.05.008
https://doi.org/10.1016/j.jcf.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/24917112
https://doi.org/10.1128/JCM.02592-06
https://doi.org/10.1128/JCM.02592-06
http://www.ncbi.nlm.nih.gov/pubmed/17376883
https://doi.org/10.1111/mmi.12387
https://doi.org/10.1111/mmi.12387
http://www.ncbi.nlm.nih.gov/pubmed/23998761
https://doi.org/10.1111/mmi.13283
http://www.ncbi.nlm.nih.gov/pubmed/26585558
http://www.ncbi.nlm.nih.gov/pubmed/10456919
https://doi.org/10.1128/IAI.00835-06
https://doi.org/10.1128/IAI.00835-06
http://www.ncbi.nlm.nih.gov/pubmed/17145951
https://doi.org/10.1099/mic.0.28625-0
http://www.ncbi.nlm.nih.gov/pubmed/16735722
https://doi.org/10.1189/jlb.1007696
https://doi.org/10.1189/jlb.1007696
http://www.ncbi.nlm.nih.gov/pubmed/18310351
https://doi.org/10.1016/j.micpath.2009.09.010
http://www.ncbi.nlm.nih.gov/pubmed/19800962
https://doi.org/10.1371/journal.pone.0029148
http://www.ncbi.nlm.nih.gov/pubmed/22216191
https://doi.org/10.1371/journal.pone.0196120

@° PLOS | ONE

M. abscessus killing by human neutrophils

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

induction of human macrophage TNF-alpha by preventing interaction with TLR2. J Immunol 183:
1997-2007. https://doi.org/10.4049/jimmunol.0802181 PMID: 19596998

Roux AL, Ray A, Pawlik A, Medjahed H, Etienne G, Rottman M, et al. (2011) Overexpression of proin-
flammatory TLR-2-signalling lipoproteins in hypervirulent mycobacterial variants. Cell Microbiol 13:
692-704. https://doi.org/10.1111/j.1462-5822.2010.01565.x PMID: 21143571

Bernut A, Herrmann JL, Kissa K, Dubremetz JF, Gaillard JL, Lutfalla G, et al. (2014) Mycobacterium
abscessus cording prevents phagocytosis and promotes abscess formation. Proc Natl Acad SciU S A
111: E943-952. https://doi.org/10.1073/pnas.1321390111 PMID: 24567393

Caverly LJ, Caceres SM, Fratelli C, Happoldt C, Kidwell KM, Malcolm KC, et al. (2015) Mycobacterium
abscessus Morphotype Comparison in a Murine Model. PLoS ONE 10: e0117657. https://doi.org/10.
1371/journal.pone.0117657 PMID: 25675351

Rottman M, Catherinot E, Hochedez P, Emile JF, Casanova JL, Gaillard JL, et al. (2007) Importance of
T cells, gamma interferon, and tumor necrosis factor in immune control of the rapid grower Mycobacte-
rium abscessus in C57BL/6 mice. Infect Immun 75: 5898-5907. https://doi.org/10.1128/IA1.00014-07
PMID: 17875636

Bernut A, Herrmann JL, Ordway D, Kremer L (2017) The Diverse Cellular and Animal Models to Deci-
pher the Physiopathological Traits of Mycobacterium abscessus Infection. Front Cell Infect Microbiol 7:
100. https://doi.org/10.3389/fcimb.2017.00100 PMID: 28421165

Catherinot E, Roux AL, Macheras E, Hubert D, Matmar M, Dannhoffer L, et al. (2009) Acute respiratory
failure involving an R variant of Mycobacterium abscessus. J Clin Microbiol 47: 271-274. https://doi.
org/10.1128/JCM.01478-08 PMID: 19020061

Kreutzfeldt KM, McAdam PR, Claxton P, Holmes A, Seagar AL, Laurenson IF, et al. (2013) Molecular
longitudinal tracking of Mycobacterium abscessus spp. during chronic infection of the human lung.
PLoS One 8: €63237. hitps://doi.org/10.1371/journal.pone.0063237 PMID: 23696800

Sanguinetti M, Ardito F, Fiscarelli E, La Sorda M, D’Argenio P, Ricciotti G, et al. (2001) Fatal pulmonary
infection due to multidrug-resistant Mycobacterium abscessus in a patient with cystic fibrosis. J Clin
Microbiol 39: 816-819. https://doi.org/10.1128/JCM.39.2.816-819.2001 PMID: 11158161

Bernut A, Nguyen-Chi M, Halloum |, Herrmann JL, Lutfalla G, Kremer L (2016) Mycobacterium absces-
sus-Induced Granuloma Formation Is Strictly Dependent on TNF Signaling and Neutrophil Trafficking.
PLoS Pathog 12: e1005986. https://doi.org/10.1371/journal.ppat.1005986 PMID: 27806130

Brinkmann V, Reichard U, Goosmann C, Fauler B, Uhlemann Y, Weiss DS, et al. (2004) Neutrophil
extracellular traps kill bacteria. Science 303: 1532—-1535. https://doi.org/10.1126/science. 1092385
PMID: 15001782

Honda JR, Hess T, Malcolm KC, Ovrutsky AR, Bai X, Irani VR, et al. (2015) Pathogenic nontuberculous
mycobacteria resist and inactivate cathelicidin: implication of a novel role for polar mycobacterial lipids.
PLoS One 10: e0126994. https://doi.org/10.1371/journal.pone.0126994 PMID: 25993058

Haslett C, Guthrie LA, Kopaniak MM, Johnston RB Jr., Henson PM (1985) Modulation of multiple neu-
trophil functions by preparative methods or trace concentrations of bacterial lipopolysaccharide. Am J
Pathol 119: 101-110. PMID: 2984939

Guthrie LA, McPhail LC, Henson PM, Johnston RB Jr (1984) Priming of neutrophils for enhanced
release of oxygen metabolites by bacterial lipopolysaccharide. Evidence for increased activity of the
superoxide-producing enzyme. J Exp Med 160: 1656—1671. PMID: 6096475

Malcolm KC, Nichols EM, Caceres SM, Kret JE, Martiniano SL, Sagel SD, et al. (2013) Mycobacterium
abscessus Induces a Limited Pattern of Neutrophil Activation That Promotes Pathogen Survival. PLoS
One 8: e57402. https://doi.org/10.1371/journal.pone.0057402 PMID: 23451220

Young RL, Malcolm KC, Kret JE, Caceres SM, Poch KR, Nichols DP, et al. (2011) Neutrophil extracellu-
lar trap (NET)-mediated killing of Pseudomonas aeruginosa: evidence of acquired resistance within the
CF airway, independent of CFTR. PLoS One 6: €23637. https://doi.org/10.1371/journal.pone.0023637
PMID: 21909403

Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze |, Wahn V, et al. (2007) Novel cell death program
leads to neutrophil extracellular traps. J Cell Biol 176: 231-241. https://doi.org/10.1083/jcb.200606027
PMID: 17210947

Sampaio EP, Elloumi HZ, Zelazny A, Ding L, Paulson ML, Sher A, et al. (2008) Mycobacterium absces-
sus and M. avium trigger Toll-like receptor 2 and distinct cytokine response in human cells. Am J Respir
Cell Mol Biol 39: 431—439. https://doi.org/10.1165/rcmb.2007-04130C PMID: 18441280

Pilsczek FH, Salina D, Poon KK, Fahey C, Yipp BG, Sibley CD, et al. (2010) A novel mechanism of
rapid nuclear neutrophil extracellular trap formation in response to Staphylococcus aureus. J Immunol
185: 7413-7425. https://doi.org/10.4049/jimmunol.1000675 PMID: 21098229

PLOS ONE | https://doi.org/10.1371/journal.pone.0196120  April 19,2018 18/19


https://doi.org/10.4049/jimmunol.0802181
http://www.ncbi.nlm.nih.gov/pubmed/19596998
https://doi.org/10.1111/j.1462-5822.2010.01565.x
http://www.ncbi.nlm.nih.gov/pubmed/21143571
https://doi.org/10.1073/pnas.1321390111
http://www.ncbi.nlm.nih.gov/pubmed/24567393
https://doi.org/10.1371/journal.pone.0117657
https://doi.org/10.1371/journal.pone.0117657
http://www.ncbi.nlm.nih.gov/pubmed/25675351
https://doi.org/10.1128/IAI.00014-07
http://www.ncbi.nlm.nih.gov/pubmed/17875636
https://doi.org/10.3389/fcimb.2017.00100
http://www.ncbi.nlm.nih.gov/pubmed/28421165
https://doi.org/10.1128/JCM.01478-08
https://doi.org/10.1128/JCM.01478-08
http://www.ncbi.nlm.nih.gov/pubmed/19020061
https://doi.org/10.1371/journal.pone.0063237
http://www.ncbi.nlm.nih.gov/pubmed/23696800
https://doi.org/10.1128/JCM.39.2.816-819.2001
http://www.ncbi.nlm.nih.gov/pubmed/11158161
https://doi.org/10.1371/journal.ppat.1005986
http://www.ncbi.nlm.nih.gov/pubmed/27806130
https://doi.org/10.1126/science.1092385
http://www.ncbi.nlm.nih.gov/pubmed/15001782
https://doi.org/10.1371/journal.pone.0126994
http://www.ncbi.nlm.nih.gov/pubmed/25993058
http://www.ncbi.nlm.nih.gov/pubmed/2984939
http://www.ncbi.nlm.nih.gov/pubmed/6096475
https://doi.org/10.1371/journal.pone.0057402
http://www.ncbi.nlm.nih.gov/pubmed/23451220
https://doi.org/10.1371/journal.pone.0023637
http://www.ncbi.nlm.nih.gov/pubmed/21909403
https://doi.org/10.1083/jcb.200606027
http://www.ncbi.nlm.nih.gov/pubmed/17210947
https://doi.org/10.1165/rcmb.2007-0413OC
http://www.ncbi.nlm.nih.gov/pubmed/18441280
https://doi.org/10.4049/jimmunol.1000675
http://www.ncbi.nlm.nih.gov/pubmed/21098229
https://doi.org/10.1371/journal.pone.0196120

@° PLOS | ONE

M. abscessus killing by human neutrophils

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Byrd AS, O’'Brien XM, Johnson CM, Lavigne LM, Reichner JS (2013) An extracellular matrix-based
mechanism of rapid neutrophil extracellular trap formation in response to Candida albicans. J Immunol
190: 4136—4148. https://doi.org/10.4049/jimmunol.1202671 PMID: 23509360

Palmer LJ, Cooper PR, Ling MR, Wright HJ, Huissoon A, Chapple IL (2012) Hypochlorous acid regu-
lates neutrophil extracellular trap release in humans. Clin Exp Immunol 167: 261-268. https://doi.org/
10.1111/j.1365-2249.2011.04518.x PMID: 22236002

Jena P, Mohanty S, Mohanty T, Kallert S, Morgelin M, Lindstrom T, et al. (2012) Azurophil granule pro-
teins constitute the major mycobactericidal proteins in human neutrophils and enhance the killing of
mycobacteria in macrophages. PLoS One 7: €50345. https://doi.org/10.1371/journal.pone.0050345
PMID: 23251364

Oberley-Deegan RE, Rebits BW, Weaver MR, Tollefson AK, Bai X, McGibney M, et al. (2010) An oxida-
tive environment promotes growth of Mycobacterium abscessus. Free Radic Biol Med 49: 1666—-1673.
https://doi.org/10.1016/j.freeradbiomed.2010.08.026 PMID: 20807564

Renna M, Schaffner C, Brown K, Shang S, Tamayo MH, Hegyi K, et al. (2011) Azithromycin blocks
autophagy and may predispose cystic fibrosis patients to mycobacterial infection. J Clin Invest 121:
3554-3563. https://doi.org/10.1172/JC146095 PMID: 21804191

Heydari H, Wee WY, Lokanathan N, Hari R, Mohamed Yusoff A, Beh CY, et al. (2013) MabsBase: a
Mycobacterium abscessus genome and annotation database. PLoS One 8: €62443. https://doi.org/10.
1371/journal.pone.0062443 PMID: 23658631

Jones GS, Amirault HJ, Andersen BR (1990) Killing of Mycobacterium tuberculosis by neutrophils: a
nonoxidative process. J Infect Dis 162: 700-704. PMID: 2167338

Deretic V (2008) Autophagy, an immunologic magic bullet: Mycobacterium tuberculosis phagosome
maturation block and how to bypass it. Future Microbiol 3: 517-524. https://doi.org/10.2217/17460913.
3.5.517 PMID: 18811236

Champion JA, Mitragotri S (2006) Role of target geometry in phagocytosis. Proc Natl Acad SciU S A
103: 4930—-4934. https://doi.org/10.1073/pnas.0600997103 PMID: 16549762

Branzk N, Lubojemska A, Hardison SE, Wang Q, Gutierrez MG, Brown GD, et al. (2014) Neutrophils

sense microbe size and selectively release neutrophil extracellular traps in response to large patho-
gens. Nat Immunol 15: 1017—-1025. https://doi.org/10.1038/ni.2987 PMID: 25217981

Fennelly KP, Ojano-Dirain C, Yang Q, Liu L, Lu L, Progulske-Fox A, et al. (2016) Biofilm Formation by
Mycobacterium abscessus in a Lung Cavity. Am J Respir Crit Care Med 193: 692—693. https://doi.org/
10.1164/rccm.201508-15861M PMID: 26731090

Malcolm KC, Caceres SM, Honda JR, Davidson RM, Epperson LE, Strong M, et al. (2017) Mycobacte-
rium abscessus Displays Fitness for Fomite Transmission. Appl Environ Microbiol 83: e00562—00517.
https://doi.org/10.1128/AEM.00562-17 PMID: 28754702

PLOS ONE | https://doi.org/10.1371/journal.pone.0196120  April 19,2018 19/19


https://doi.org/10.4049/jimmunol.1202671
http://www.ncbi.nlm.nih.gov/pubmed/23509360
https://doi.org/10.1111/j.1365-2249.2011.04518.x
https://doi.org/10.1111/j.1365-2249.2011.04518.x
http://www.ncbi.nlm.nih.gov/pubmed/22236002
https://doi.org/10.1371/journal.pone.0050345
http://www.ncbi.nlm.nih.gov/pubmed/23251364
https://doi.org/10.1016/j.freeradbiomed.2010.08.026
http://www.ncbi.nlm.nih.gov/pubmed/20807564
https://doi.org/10.1172/JCI46095
http://www.ncbi.nlm.nih.gov/pubmed/21804191
https://doi.org/10.1371/journal.pone.0062443
https://doi.org/10.1371/journal.pone.0062443
http://www.ncbi.nlm.nih.gov/pubmed/23658631
http://www.ncbi.nlm.nih.gov/pubmed/2167338
https://doi.org/10.2217/17460913.3.5.517
https://doi.org/10.2217/17460913.3.5.517
http://www.ncbi.nlm.nih.gov/pubmed/18811236
https://doi.org/10.1073/pnas.0600997103
http://www.ncbi.nlm.nih.gov/pubmed/16549762
https://doi.org/10.1038/ni.2987
http://www.ncbi.nlm.nih.gov/pubmed/25217981
https://doi.org/10.1164/rccm.201508-1586IM
https://doi.org/10.1164/rccm.201508-1586IM
http://www.ncbi.nlm.nih.gov/pubmed/26731090
https://doi.org/10.1128/AEM.00562-17
http://www.ncbi.nlm.nih.gov/pubmed/28754702
https://doi.org/10.1371/journal.pone.0196120

