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Abstract: Mycobacterium smegmatis rarely causes disease in the immunocompetent, but reported cases
of soft tissue infection describe abscess formation requiring surgical debridement for resolution.
Neutrophils are the first innate immune cells to accumulate at sites of bacterial infection, where
reactive oxygen species and proteolytic enzymes are used to kill microbial invaders. As these
phagocytic cells play central roles in protection from most bacteria, we assessed human neutrophil
phagocytosis and granule exocytosis in response to serum opsonized or non-opsonized M. smegmatis
mc2. Although phagocytosis was enhanced by serum opsonization, M. smegmatis did not induce
exocytosis of secretory vesicles or azurophilic granules at any time point tested, with or without serum
opsonization. At early time points, opsonized M. smegmatis induced significant gelatinase granule
exocytosis compared to non-opsonized bacteria. Differences in granule release between opsonized and
non-opsonized M. smegmatis decreased in magnitude over the time course examined, with bacteria
also evoking specific granule exocytosis by six hours after addition to cultured primary single-donor
human neutrophils. Supernatants from neutrophils challenged with opsonized M. smegmatis were
able to digest gelatin, suggesting that complement and gelatinase granule exocytosis can contribute
to neutrophil-mediated tissue damage seen in these rare soft tissue infections.
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1. Introduction

Mycobacterium smegmatis is a rod-shaped, Gram-positive, environmental mycobacterium
that typically inhabits soils and natural and municipal waters, leading to frequent human
exposure [1]. While fewer than 100 cases of infection have been reported, M. smegmatis can cause
post-traumatic or post-operative soft tissue infections that remain localized unless the patient is
immunocompromised [2–14]. Diagnosis, treatment, and management of these and other similarly
rare environmental mycobacterial infections poses a challenge to medical providers. M. smegmatis
typically causes a recurrent infection where antibiotic courses are ineffective. This results in a general
histopathology of chronic skin ulceration with violaceous edges, rolled margins, and significant
subcutaneous necrosis that requires aggressive debridement of all infected tissues and skin [12].
M. smegmatis and other saprophytic mycobacteria share a unique, lipid-rich, hydrophobic cell wall
architecture that confers a high tolerance to physical and chemical damage and contributes to protection
against host oxidative and other defense mechanisms [15–17]. Components from the mycobacterial
cell wall also have immunomodulatory capabilities that contribute to their virulence. For example,
M. smegmatis expresses a cell surface phosphoinositol-capped lipoarabinomannan (PILAM) that has

Pathogens 2020, 9, 123; doi:10.3390/pathogens9020123 www.mdpi.com/journal/pathogens

http://www.mdpi.com/journal/pathogens
http://www.mdpi.com
https://orcid.org/0000-0002-1072-4876
https://orcid.org/0000-0002-6171-0271
http://www.mdpi.com/2076-0817/9/2/123?type=check_update&version=1
http://dx.doi.org/10.3390/pathogens9020123
http://www.mdpi.com/journal/pathogens


Pathogens 2020, 9, 123 2 of 17

previously been shown to contribute to neutrophil granule mobilization, and is capable of priming the
release of extracellular gelatinase [18].

Individuals with low peripheral neutrophil counts dramatically demonstrate the central role
of neutrophils in human host immunity to bacterial infection. These patients are susceptible to
a wide range of bacterial infections with increased frequency, severity, and overall mortality [19].
Both oxidation-dependent and independent neutrophil killing mechanisms contribute to protection
against microbial invaders [20,21]. Oxygen-independent killing involves vesicular trafficking of
gelatinase, specific and azurophilic granules. These are targeted internally towards a bacteria-containing
phagosome, or to the plasma membrane, targeting extracellular bacteria. The four granule subtypes
differ from each other in terms of their protein content, density, and a hierarchy in terms of toxicity
and stimulus intensity required for their mobilization [22,23]. As granule content becomes more
potentially destructive, degranulation becomes more tightly regulated, requiring stronger stimuli to
evoke exocytosis [22,23]. Despite their beneficial microbicidal roles, the uncontrolled or prolonged
release of these granules results in damage and pathologic changes to host tissues.

Recognition of both slow-growing and environmental mycobacteria by phagocytic cells has been
shown to involve human mannose-binding lectin, which allows activation of the complement lectin
pathway and increase phagocytosis [24]. A prior study of the specific interactions between human
neutrophils and M. smegmatis (using strain ATCC 607) showed that both live and antibody opsonized
dead bacteria were both able to inhibit azurophilic granule–phagosome fusion, and exocytosis of these
vesicles [25]. Live bacteria were previously shown by the same researchers to evoke the extracellular
release of both specific granules, and reactive oxygen species [26]. Both of those studies were performed
using a high multiplicity of infection (50 bacteria per phagocyte), where other studies of mycobacteria
have indicated that both bacterial clumping and levels can evoke different immune cell responses.
A limited number of additional studies that have examined M. smegmatis interactions with human
neutrophil [27–31] have focused on the intracellular killing of the bacterium, but not on neutrophil
granule release. Therefore, we sought to characterize the granule release pattern of human neutrophils
evoked by M. smegmatis in vitro and determine whether serum opsonization has any influence on this
interaction. We found that opsonization facilitated phagocytosis of M. smegmatis, but regardless of
opsonization, neither secretory vesicles, nor azurophilic granules were released in our assays. At early
time points, only opsonized M. smegmatis triggered the release of gelatinase granules capable of
degrading extracellular matrix proteins. At later time points, both non-opsonized and serum opsonized
M. smegmatis induced significant gelatinase granule and specific granule exocytosis. Our results
suggest that neutrophils and complement have a direct contribution to the tissue destruction observed
in the cases of M. smegmatis infection.

2. Results

2.1. Opsonization Increases Neutrophil-M. smegmatis Interactions

The role of opsonization in neutrophil uptake of green fluorescent protein (GFP)-expressing M.
smegmatis was initially assessed using confocal microscopy. Following co-culture, neutrophil cell
membranes were fluorescently labeled to visualize internalized and attached M. smegmatis (Figure 1A).
Neutrophils were counted and classified based on whether they had any bacteria associated; those
with M. smegmatis associated were further classified based on the location of their associated bacterial
location (Table 1). As expected, the phagocytic efficiency of neutrophils increased when bacteria
were opsonized. The percentage of neutrophils with no associated bacteria decreased from 69% in
the non-opsonized condition to 19% when co-cultured with opsonized M. smegmatis. Furthermore,
opsonization increased the number of neutrophils with attached and internalized bacteria or had both
internalized and attached bacteria. Serum opsonization did increase the number of cells that only had
bacteria attached. Neutrophils challenged with either non-opsonized or opsonized M. smegmatis were
classified based on the number of internalized bacteria (Figure 1B). More neutrophils phagocytized
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a higher number of opsonized bacteria, whereas very few neutrophils internalized non-opsonized
M. smegmatis. Together, our data show that a larger population of neutrophils are internalizing greater
numbers of M. smegmatis when it is serum opsonized.
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Figure 1. The effect of opsonization on phagocytosis of M. smegmatis by neutrophils was observed via 
confocal microscopy (A). Neutrophil cell membranes were stained with Wheat Germ Agglutinin (WGA, 
red) and GFP-expressing M. smegmatis was utilized. Yellow arrowheads show neutrophils that phagocytized 
M. smegmatis and white arrows point to uninfected neutrophils. The number of bacteria was counted in 100 
neutrophils after 60 min of co-culture with either opsonized or non-opsonized M. smegmatis (B). Data are 
expressed as the number of neutrophils per number of internalized bacteria from three experiments. 
Internalization was also measured by Imagestream analysis where 2000 neutrophil events were collected 
and quantified based on GFP expression after either 15, 30, and 60 min of challenge with M. smegmatis at a 
multiplicity of infection (MOI) of 6 (C) or after 60 min at a MOI of 6, 50 or 100 (E). Representative images 
from the time course experiment are shown (D). Data for both Imagestream experiments are expressed as 
the mean ± SEM of the average %GFP neutrophils from three experiments. Two-way ANOVAs followed by 
Bonferroni post-hoc tests were used to determine significance. 

Figure 1. The effect of opsonization on phagocytosis of M. smegmatis by neutrophils was observed
via confocal microscopy (A). Neutrophil cell membranes were stained with Wheat Germ Agglutinin
(WGA, red) and GFP-expressing M. smegmatis was utilized. Yellow arrowheads show neutrophils that
phagocytized M. smegmatis and white arrows point to uninfected neutrophils. The number of bacteria
was counted in 100 neutrophils after 60 min of co-culture with either opsonized or non-opsonized M.
smegmatis (B). Data are expressed as the number of neutrophils per number of internalized bacteria
from three experiments. Internalization was also measured by Imagestream analysis where 2000
neutrophil events were collected and quantified based on GFP expression after either 15, 30, and 60
min of challenge with M. smegmatis at a multiplicity of infection (MOI) of 6 (C) or after 60 min at a MOI
of 6, 50 or 100 (E). Representative images from the time course experiment are shown (D). Data for
both Imagestream experiments are expressed as the mean ± SEM of the average %GFP neutrophils
from three experiments. Two-way ANOVAs followed by Bonferroni post-hoc tests were used to
determine significance.
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Table 1. Internalization of Mycobacterium smegmatis by human neutrophils.

None
Associated Internalized Attached Internalized

and Attached
Total Neutrophil

Counts

Non-opsonized 220 (69%) 46 (14%) 29 (9%) 26 (8%) 321
Opsonized 58 (19%) 121 (40%) 11 (4%) 115 (38%) 305

Note. Neutrophils were counted from two experiments and classified by the location of their associated bacteria.

The internalization kinetics of M. smegmatis by human neutrophils were then studied during a
time course of 15, 30, or 60 min of co-culture in suspension (Figure 1C). At each time point tested, the
population of neutrophils that internalized opsonized M. smegmatis was significantly larger than the
non-opsonized condition. Notably, similar percentages of GFP positive neutrophils remained from 15
to 60 min of co-culture, which suggests that phagocytosis of M. smegmatis largely takes place in the first
minutes of interaction regardless of bacterial treatment. Visualization of GFP+ cells by Imagestream
confirmed that the number of bacteria internalized increased considerably in the opsonized conditions
in a time-dependent manner (Figure 1D).

Next, the phagocytic capacity of neutrophils was tested in a dose response experiment where
they were exposed to GFP-expressing M. smegmatis at increasing multiplicities of infection (MOIs).
At all MOIs tested, the population of GFP+ cells was significantly larger when neutrophils were
co-cultured with opsonized M. smegmatis compared to non-opsonized bacteria (Figure 1E). Co-culture
of neutrophils with opsonized, GFP-expressing M. smegmatis at a MOI of 50 and 100 resulted in
nearly 100% of neutrophils becoming GFP positive, indicating a high incidence of M. smegmatis
phagocytosis. Contrastingly, even at a MOI of 100 with non-opsonized M. smegmatis, less than 40% of
neutrophils became GFP+, which suggests that M. smegmatis is capable of resisting phagocytosis until
it becomes opsonized.

2.2. Opsonized M. smegmatis Induces the Release of Gelatinase Granules

Neutrophil granules are central contributors in the protection against bacteria, but if their release
is not carefully controlled, degranulation can also lead to host tissue damage. Therefore, to evaluate
the potential contribution of each granule to M. smegmatis pathology, the amount of content released
from each granule subtype was tested in the supernatants of neutrophils challenged with M. smegmatis.
Presence of albumin was quantified as a measure of secretory vesicle exocytosis (Figure 2A). Despite
being the most easily mobilized neutrophilic granules, no secretory vesicle exocytosis was observed for
either opsonized or non-opsonized M. smegmatis at any time point compared to basal levels. Similarly,
exocytosis of specific granules, as measured by the release of lactoferrin (Figure 2B), and azurophilic
granule exocytosis, as measured by myeloperoxidase release (Figure 2C), were also not significantly
induced by either bacterial interaction at any time point. However, exposure of neutrophils to serum
opsonized M. smegmatis elicited a time-dependent increase in MMP-9 release (Figure 2D). After 60 min
of challenge with opsonized M. smegmatis, the concentration of extracellular MMP9 was significantly
higher than basal conditions and reached similar levels of gelatinase release to the cells treated with
fMLF, a known inducer of gelatinase degranulation.
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Figure 2. The effect of M. smegmatis challenge on granule exocytosis was tested by quantifying the
content release of secretory vesicles (A), specific granules (B), azurophilic granules (C), and gelatinase
granules (D) by ELISA. Quantities of granule content were measured in the supernatants from
M. smegmatis-challenged neutrophils from four (A, B, C) and eleven (D) independent donors. Data are
graphed as the mean ± SEM of release from 4 × 106 human neutrophils.

2.3. M. smegmatis Does Not Cause or Inhibit the Release of Secretory Vesicles, Specific, or Azurophilic Granules
at Early Time Points

Exocytosis of secretory vesicles, specific and azurophilic granules was also confirmed using flow
cytometry to measure the increase in membrane expression of specific markers for each granule type.
Regardless of opsonization, co-culture of neutrophils with M. smegmatis did not increase the membrane
expression of CD35, which is indicative of secretory vesicle exocytosis (Figure 3A), nor CD66b, which
is exclusive to specific granules (Figure 3B).

To test whether M. smegmatis was inhibiting the release of these granules, neutrophils were
pre-treated with M. smegmatis for 15, 30, or 60 min, followed by stimulation with fMLF, a stimulus
known to cause granule mobilization. Despite pre-treatment with M. smegmatis, CD35 and CD66b
expression reached comparable levels of expression during fMLF stimulation alone, suggesting that
the bacteria are not blocking the release of these granules. The time-dependent, decreasing trend in
CD35 membrane expression in both bacterial treatment conditions is likely due to phagocytic events
that remove available receptors for fluorescent antibody binding.

Changes in expression of CD63 were also measured as indicators of azurophilic granule exocytosis
(Figure 3C). Non-opsonized M. smegmatis did not elicit an increase in expression independently, nor
did it impair stimulation by fMLF. However, opsonized M. smegmatis increased expression of CD63
after 60 min, and enhanced expression even more when M. smegmatis co-culture was followed by fMLF
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stimulation. Regardless of the increase in membrane expression of this marker, azurophilic granule
content was not found in the supernatants by ELISA (Figure 2C).
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Figure 3. Neutrophils were unstimulated, stimulated with the bacterial peptide, N-Formylmethionine-
leucyl-phenylalanine (fMLF), primed with TNFα followed by fMLF, or challenged with M. smegmatis at
different time points (15, 30 or 60 min), or pre-treated with opsonized or non-opsonized M. smegmatis,
for the indicated time points, followed by fMLF stimulation. Exocytosis of secretory vesicles (A),
specific granules (B), and azurophilic granules (C) was measured via changes in surface membrane
expression of CD35, CD66b, and CD63 markers, respectively, using flow cytometry. Data are expressed
as the mean ± SEM of the mean channel fluorescence (mcf) for seven independent experiments for
non-opsonized condition (A and B); for two independent experiments for opsonized condition (A and
B); and for six independent experiments for C.

2.4. Supernatants from M. smegmatis-Treated Neutrophils Degrade Extracellular Matrix Proteins

Opsonized M. smegmatis caused significant release of MMP-9 compared to control conditions
(Figure 2D). A two-way ANOVA was conducted on this data to examine the effect of time and
opsonization on MMP-9 release (Figure 4A). Though there was no interaction effect between
opsonization and time (p = 0.0873), simple main effect analysis showed that time (p < 0.0001)
and opsonization (p < 0.0001) trends were both significant independently. Furthermore, Bonferroni
post-hoc analysis further showed that opsonization caused significantly more release of MMP-9
compared to non-opsonized M. smegmatis at 30 and 60 min (Figure 4A).

Next, to determine whether the higher induction of gelatinase granule exocytosis by opsonization
of M. smegmatis resulted in the release of active MMP-9, the enzymatic activity of the supernatants
collected for analysis by ELISA was assessed using gel zymography. The size of the band clearing



Pathogens 2020, 9, 123 7 of 17

corresponds to the degradative capacity of the supernatants from non-opsonized and opsonized-treated
neutrophils (Figure 4B). Parallel to the ELISA data, exposure of neutrophils with opsonized M. smegmatis
for 60 min resulted in the largest, most intense bands compared to lower time points with the opsonized
bacteria and supernatants from neutrophils treated with non-opsonized M. smegmatis. The intensity
of the bands was quantified by imaging software and analyzed by a two-way ANOVA to examine
the effect of time and opsonization on band intensity as a measure of enzymatic activity (Figure 4C).
There was no interaction effect (p = 0.6167), but the time (p = 0.0282) and opsonization (p = 0.0222)
main effects were both significant. These data confirm the ELISA data observations and indicate that
both opsonization and time affect gelatinase release, but that opsonization does not have the same
effect at all values of time.

Additionally, we confirmed that complement deposition, as opposed to other types of opsonization,
was responsible for the effect on neutrophils. Gel zymography was performed with the supernatants
from neutrophils exposed to either non-opsonized M. smegmatis or M. smegmatis opsonized with
either complete human serum or heat-inactivated human serum (data not shown). Heat inactivation
of the opsonizing serum resulted in similar levels of gel degradation as non-opsonized bacteria
conditions, suggesting that complement deposition is the main reason for the change in neutrophil
functional activity.
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Figure 4. The effects of time and opsonization on Matrix Metalloproteinase 9 (MMP-9) release (data
from Figure 2D) were re-analyzed by a two-way ANOVA with Bonferroni post-hoc analysis (A).
Gelatin zymography of supernatants from neutrophils challenged with non-opsonized or opsonized
M. smegmatis was performed on a 9% SDS-PAGE gel and stained with Coommassie Blue (B). The different
isoforms of MMP-9 are indicated. Enzymatic activity was measured by quantifying the intensity of the
clear bands where digestion took place (C). Data are graphed as the mean ± SEM of band intensity
from four independent experiments. A two-way ANOVA of time and opsonization on MMP-9 release
with Bonferroni post-hoc testing was conducted on this data.
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2.5. M. smegmatis Pre-Treatment Enhances Gelatinase Granule Exocytosis by Secondary Stimuli

Formylated peptides, like fMLF, are derived from bacterial protein degradation and can act as
potent neutrophil chemoattractants and activators. Furthermore, the intensity of neutrophil responses
to fMLF stimulation can be modulated by exposure to other activating stimuli. To assess if M. smegmatis
exposure can affect the release of gelatinase by a secondary stimulating agent, neutrophils were
pre-treated for a time course with opsonized and non-opsonized M. smegmatis followed by challenge
with fMLF (Figure 5A). M. smegmatis treatment does not cause complete release of gelatinase content
independently, but regardless of bacterial opsonization, exposure to the bacteria enhances the release
of MMP-9 to secondary fMLF stimulation. Notably, despite a smaller population of neutrophils
interacting with non-opsonized M. smegmatis, upon fMLF stimulation, the gelatinase release was
comparable to neutrophils that were pre-treated by opsonized bacteria.
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Figure 5. Gelatinase granule exocytosis was measured by content release of MMP-9 via ELISA after
neutrophils were unstimulated (Basal); stimulated with fMLF, opsonized or non-opsonized M. smegmatis;
or stimulated with fMLF in the presence or absence of opsonized or non-opsonized M. smegmatis at a
MOI of 6:1 (A). MMP-9 release was also measured in the supernatants from neutrophils exposed to
PILAM for 30 min, or fMLF after PILAM pre-treatment (B). Data are expressed as the mean ± SEM of
ng/mL of gelatinase release; * denotes p < 0.05 as compared to fMLF stimulation alone.

2.6. M. smegmatis Cell Wall Glycolipid Stimulation Causes Gelatinase Granule Release

Mycobacteria are known to shed their cell wall glycolipids and modulate immune system functions.
Therefore, to define M. smegmatis factors that contribute to observed neutrophil functional responses,
we tested the exocytosis of each granule after neutrophil exposure to a M. smegmatis surface glycolipid,
phosphoinositol lipoarabinomannan (PILAM). Like the whole bacteria, treatment of neutrophils
to PILAM did not cause the exocytosis of secretory vesicles nor specific and azurophilic granules
(data not shown). However, addition of 20 ug/mL of PILAM caused the selective degranulation of
only gelatinase granules, which reached the level of the positive control, fMLF (Figure 5B). Also,
the mycobacterial glycoplipid’s immunomodulatory properties on gelatinase granule exocytosis
were tested by pre-treating neutrophils with PILAM for 30 min, followed by stimulation with fMLF
(Figure 5B). fMLF-mediated release of MMP-9 was enhanced by pre-treatment with PILAM, but this
could represent an additive effect by both stimuli. Other cell wall components and complement
recognition are likely contributing to the neutrophil responses observed; but recognition of PILAM
plays a direct role in the release of gelatinase granules on exposure to M. smegmatis in vitro.

2.7. M. smegmatis Induces Gelatinase and Specific Granule Exocytosis after Extended Timepoints

To determine whether the pattern of neutrophil degranulation by M. smegmatis differed at longer
timepoints, granule exocytosis was measured by flow cytometry and ELISA in neutrophils cultured
with non-opsonized or opsonized M. smegmatis for 1, 2, and 6 h. As a positive control, neutrophils
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were cultured with Peptoanaerobacter stomatis, a putative oral pathogen that has been shown to induce
robust exocytosis of all four neutrophil granules [32]. In the case of secretory vesicles, there was
a time-dependent decrease in the expression of the secretory vesicle marker on the membrane of
neutrophils in all conditions tested (Figure 6A). This decrease in CD35 membrane expression could be
due to shedding of the receptor as the cell ages, or phagocytic events that remove available receptors
for fluorescent antibody binding. Neutrophils challenged with M. smegmatis did not induce significant
release of secretory granules at any point in the time course tested.
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Figure 6. Neutrophils were unstimulated (basal), stimulated with Peptoanaerobacter stomatis (MOI 10), or
different treatments of M. smegmatis (MOI 6) for 1, 2, or 6 h. Exocytosis of secretory vesicles was measured
by flow cytometry as the surface membrane expression of CD35 (A). Gelatinase granule exocytosis was
measured as the presence of MMP-9 in the supernatants of neutrophils by ELISA (B). Specific granule
exocytosis was measured by flow cytometry as the surface membrane expression of CD66b (C) and the
presence of Lactoferrin in the neutrophil supernatants by ELISA (D). Azurophilic granule release was
measured as the presence of Myeloperoxidase (E) and Elastase (F) in the supernatants of neutrophils.
The histograms in A and C show the flow cytometry data as the average mean channel fluorescence (mcf)
± SEM of three independent experiments. B, D, E, and F show the average release of each granule marker
± SEM from five independent experiments. * = p value < 0.05, ** = p value < 0.01, *** = p value < 0.001.
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As a measure of gelatinase granule exocytosis, we measured the levels of MMP9 in supernatants of
neutrophils cultured with media, P. stomatis, or M. smegmatis by ELISA (Figure 6B). P. stomatis induced
a robust release of MMP9 from neutrophils. At one hour, opsonized M. smegmatis caused a larger
release of MMP9 than non-opsonized bacteria. This difference between non-opsonized and opsonized
M. smegmatis decreased in magnitude as the time course progressed, leading to significant gelatinase
granule exocytosis by six hours. While P. stomatis challenge resulted in specific granule exocytosis at 1,
2, and 6 h, neutrophils challenged with M. smegmatis did now show exocytosis until 6 h as tested by
flow cytometry (Figure 6C) and ELISA (Figure 6D). Azurophilic granule exocytosis was measured by
ELISA as myeloperoxidase (Figure 6E) and elastase (Figure 6F) activity in the supernatants. Challenge
with P. stomatis induced the release of both myeloperoxidase and elastase activity, but M. smegmatis did
not evoke these granules at any timepoint tested.

3. Discussion

M. smegmatis only rarely causes severe infections; however, these infections are difficult to treat
due to misdiagnosis and intrinsic mycobacterial cell wall-mediated resistance to antibiotic regiments.
In reported cases of M. smegmatis infection, histopathological analysis shows skin ulceration and
subcutaneous necrosis, with treatment involving aggressive surgical debridement of the infected
tissue [12]. Neutrophils are recognized as initial effectors of acute inflammation during mycobacterial
infections [33–37]. For example, neutrophils were recruited as early as 15 min after M. smegmatis
subcutaneous inoculation in a BALB/c mouse model [38]. In vitro, neutrophils exposed to M. smegmatis
ATCC 19420 released pro-inflammatory cytokines including TNF-α, IL-6, and IL-8 [28] that act as
chemotactic signals to recruit other neutrophils. Thus, as with other bacteria, neutrophils likely
play a central role in the host defense against M. smegmatis. We therefore began by characterizing
neutrophil granule release evoked by M. smegmatis. We found that opsonized bacteria caused the
extracellular mobilization of gelatinase containing granules at early time points, while specific granules
were mobilized at later time points. These activities potentially contribute to the characteristic tissue
pathology in these rare infections.

After their rapid accumulation at sites of bacterial infection, neutrophils bind and ingest microbes.
Our results indicate that serum opsonization is important, and that human neutrophils do not efficiently
phagocytize non-opsonized M. smegmatis in vitro. This could reflect a survival mechanism used in
soil and water environments where these bacteria normally reside. In water, free-living amoeba
feed on bacteria by phagocytosis, but many environmental mycobacteria resist this predation by
blocking uptake by protists [39,40]. Opsonization with human serum prior to neutrophils interaction
appears to circumvent these strategies. Our results are consistent with a previous report of M.
smegmatis ATCC 607-neutrophil interactions that showed that after 30 min of co-culture, at a multiplicity
of infection of 50 bacteria per neutrophil, only 25% of neutrophils phagocytized non-opsonized
M. smegmatis. With opsonization, 60% of phagocytes showed intracellular bacteria [26]. Here we expand
these observations and confirm that serum opsonization is necessary for efficient phagocytosis by
human neutrophils.

Previous publications have focused on the microbicidal capacity of the granule matrix content
and characterized granule trafficking to the M. smegmatis-containing phagosome [25,26]. However,
M. smegmatis-triggered granule exocytosis had not previously been directly assessed. Measurements
of the granule content in the supernatant of M. smegmatis-stimulated human neutrophils and changes
in granule-specific plasma membrane markers indicated that only interactions with opsonized
M. smegmatis produced significant exocytosis of gelatinase granules at early timepoints, a response
previously demonstrated with purified mycobacterial PILAM. The exocytosis of gelatinase granules
is critical to neutrophil extravasation from blood vessels into tissue partly due to the release of
collagenase and matrix metalloproteases that allow phagocytes to penetrate the basement membrane
of the endothelium [23]. Previous reports show that during neutrophil co-culture with M. smegmatis,
60%–80% of bacteria are eliminated within an hour, which is comparable to neutrophil killing of
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other Mycobacteria and Staphylococcus aureus [29,41–43]. Coupled with our results from this study,
this suggests that even though neutrophils can efficiently kill internalized opsonized M. smegmatis,
there is also significant release of active matrix metalloproteinases. Nonetheless, further studies are
needed to determine whether this contributes to the tissue degradation and abscess formation seen in
M. smegmatis infections. Tissue damage by uncontrolled or prolonged gelatinase granule exocytosis has
already been implicated with the progression of pathology in asthma, rosacea, rheumatoid arthritis, and
periodontal diseases [23,44,45]. When the exocytosis of neutrophil granules was followed over a longer
time course, MMP9 from gelatinase granules was detected in the supernatants at all timepoints. In
contrast neutrophils specific granule content was not detected until 2 to 6 h after M. smegmatis exposure.
The azurophilic granule membrane marker CD63 was detected by flow cytometry at 1 h after opsonized
M. smegmatis challenge, but no significant release of the two granule matrix proteins MPO and elastase
was detected at 1–2 or 6 h post-bacterial challenge. We conclude that M. smegmatis, independent of
opsonization or time, does not induce azurophilic granule exocytosis in human neutrophils.

Neutrophil granule exocytosis is tightly controlled, where the release of the different granule
subtypes is based on stimulus intensity. Secretory vesicles are the easiest to evoke and show the
most complete exocytosis, while azurophilic granules are the most tightly regulated with limited
exocytosis because they contain the most toxic components [46]. Therefore, it was surprising that
neither PILAM nor M. smegmatis induced the release of secretory vesicles. The exocytosis of secretory
vesicles enriches the neutrophil plasma membrane with different types of immune receptors that
are needed to help the cell to extravasate from blood vessels into surrounding tissues and enhance
the sensitivity of neutrophils to different stimuli [47]. Immune cells recognize mycobacteria like
Mycobacterium tuberculosis in part through Toll-like receptors (TLR), Nod-like receptors (NLR), and
C-type lectin receptors, while Fc receptors and complement receptors recognize opsonized tubercle
bacilli [48], and many of these receptors are present in secretory vesicles [47]. Nonetheless, it is possible
that the number of receptors present at basal levels is sufficient to recognize M. smegmatis or PILAM
and induce other neutrophil functional responses.

To the best of our knowledge, the immediate pattern of exocytosis of human neutrophil granules
is unique to M. smegmatis. While other bacteria have been shown to block or induce degranulation
of some or all neutrophil granule subtypes [32,49–59], release of only gelatinase granules at early
time points has not been seen with bacteria other than M. smegmatis. An important distinction is that
M. smegmatis is not preventing granule release to other stimuli, since granule mobilization was not
affected upon fMLF stimulation by human neutrophils cultured with M. smegmatis. Thus, it will be
important to determine which signaling pathways are activated by M. smegmatis challenge, and how
they can specifically induce gelatinase granule exocytosis at early time points. Increases in intracellular
calcium and actin reorganization, for example, are required for the release of all granule subtypes. The
dependence of exocytosis on granule-specific signaling mechanisms is currently an area that is not yet
well understood [60,61].

Previous studies on the interactions between M. smegmatis and human neutrophils have focused
on the intracellular killing of phagocytized bacteria. Our study is unique in that it examines the
neutrophil granule exocytosis response that potentially also damages host tissues. Our results provide
evidence that live M. smegmatis produces an unprecedented pattern of human neutrophil degranulation
by exclusively inducing gelatinase granule release during an initial interaction. Interestingly, further
interaction between neutrophils and M. smegmatis induced specific granule exocytosis. As such, we
speculate that the neutrophil exocytosis of matrix metalloproteinases including gelatinase contributes
to the pathology of human soft tissues infections. If so, efforts to target this activity may be valuable in
improving outcomes in these rare infections.

4. Materials and Methods

Human neutrophil isolation: Human neutrophils were isolated from healthy donors using
Plasma-Percoll gradients as previously described [62], and used within 3 h. Trypan blue exclusion
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indicated >97% viability for isolated cell populations, which contained >95% neutrophils as judged by
microscopic examination. Human donor recruitment, blood draws and the use of the material were
performed according to guidelines reviewed and approved by the Institutional Review Board of the
University of Louisville.

Mycobacterial culture: M. smegmatis strain mc2 (gift from Bill Jacobs) was grown to mid-logarithmic
phase in 5 mL of Middlebrook 7H9 ADC medium with 0.05% Tween-80 (ADC is 50 g/mL bovine serum
albumin fraction V (BSA), 75 g/mL D-glucose, and 8 g/mL NaCl) at 37 ◦C in 16 mL glass tube on a tube
roller with a loose cap for 24 h. The roller tube with the M. smegmatis culture was allowed to sit on the
benchtop for 20 min, and only the top 3 mL of the culture were extracted to be used for the neutrophil
inoculum. This 3 mL was further treated by passing the culture through a 21 gauge syringe a couple
times to remove most bacterial aggregates prior to dilution, as verified by confocal microscopy.

Bacterial concentrations were estimated by measuring optical density (OD at A600) using a
previously established formula of bacteria/mL/OD. M. smegmatis was added to suspended neutrophil
cultures at a multiplicity of infection (MOI) of 6:1. To visualize bacteria by confocal microscopy,
multi-copy plasmid pMN437 expressing gfp2+ [63] from the Psmyc promoter was electroporated into
M. smegmatis mc2. A transformant was isolated and grown in the presence of 50 µg/mL hygromycin
and characterized for stable fluorescence.

Opsonization of M. smegmatis inoculum: Bacteria were again centrifuged at 6000 g for 5 min at room
temperature, and pellets resuspended in a 1:1 mix of pooled human serum (Complement Technology
NHS, Tyler, TX, USA) and sterile PBS. Bacteria were incubated without agitation for 20 min at room
temperature with the serum mixture, and then washed twice with PBS.

Phagocytosis of mycobacteria: Neutrophils (cells/mL) were challenged with non-opsonized or
opsonized GFP-expressing M. smegmatis (MOI 6) in Krebs+ buffer (120 mM NaCl, 4.8 mM KCl, 5.5 mM
dextrose, 3.12 mM monobasic NaPO4, 12.48 mM dibasic NaP4, 0.54 mM CaCl2 and 1.2 mM MgS4

dissolved in deionized water at pH 7.4 and kept at 4 ◦C in depyrogenated bottles) for 60 min in a shaking
water bath at 37 ◦C. After the incubation, each sample was transferred on top of a heat-inactivated,
human serum-coated coverslip inside the well of a 24-well plate. To attach the cells to the coverslip,
the plate was centrifuged for 4 min at 600 g with maximum breaking in a refrigerated tissue culture
centrifuge cooled to 14 ◦C. The remaining liquid was aspirated, and the coverslips were incubated with
5 µg/mL of Alexa Flour 647-conjugated Wheat Germ Agglutinin (WGA, Molecular probes W32466) for
10 min in the dark. Excess WGA was removed by washing the coverslips twice with PBS. The attached
cells were fixed using 10% formalin for 10 min followed by one wash with PBS. Coverslips were
attached to slides using an anti-fade adhesive and imaged using confocal microscopy where Z plane
stacking was used to confirm the intracellular location of bacteria. Specifically, cells were counted from
different fields and classified by whether they had internalized, attached, or no associated bacteria.
The number of internalized and attached bacteria was also counted.

For phagocytosis efficiency analysis on the ImagestreamX (Amnis, Seattle, WA), neutrophils were
challenged with GFP-expressing M. smegmatis (MOI of 6) like above for 15, 30 or 60 min, or with
different MOI (6, 50, 100) for 60 min. After co-culture, cells were then washed with FTA buffer (BD
211248, Franklin Lakes, NJ, USA) with 0.05% sodium azide followed by fixation with 1% formalin.
On the imagestreamX, GFP fluorescence was excited at 488 nm and recorded on the 480–560 nm
channel (CH2) as previously described [64]. A total of 2000 events were collected from a gate for the
neutrophil population based on size. Further analysis was done using the IDEAS software (Amnis) to
only measure GFP signal intensity coincident with the inside of the neutrophil cell membrane as a
measure of internalized bacteria using the internalization wizard.

Neutrophil granule exocytosis: The supernatants of unstimulated, fMLF-stimulated (300 nM,
5 min), Peptoanaerobacter stomatis-stimulated (MOI 10) or M. smegmatis-stimulated (MOI 6) neutrophils
(4 × 106 cells/mL) were collected, mixed with 1% phosphatase and 1% protease inhibitors, and stored
in sterile microcentrifuge tubes at −80 ◦C. Treatment with the formylated bacterial peptide, fMLF,
or the oral bacteria P. stomatis was used as a positive control. These supernatants were tested for
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degranulation by using commercially available enzyme-linked immunosorbent assays (ELISAs) to
measure the amount of albumin (secretory vesicles, Abcam 108788), MMP-9 (gelatinase granules,
Boster EK0465), lactoferrin (specific granules, Abcam 108882), myeloperoxidase (azurophilic granules,
Abcam 119605), and elastase (Azurophilic granules, Abcam 119553).

The exocytosis of azurophil granules, specific granules, and secretory vesicles was also determined
by measuring the increase in the presence of fluorescently tagged granule markers (CD63, CD66b, and
CD35 respectively) on the cell plasma membrane with a FACSCalibur flow cytometer as previously
described [65,66]. Treatment with fMLF or TNF-α + fMLF were used as positive controls. Neutrophils’
(4 × 106 cells/mL), unstimulated, stimulated with fMLF (300 nM, 5 min, Sigma, St. Louis, MO, USA)
or P. stomatis (MOI 10), challenged with M. smegmatis for 15, 30, 60 min, 2 h or 6 h or pretreated with
M. smegmatis for 15, 30, or 60 min followed by stimulation with fMLF. After stimulation, cells were
incubated on ice in the dark for 45 min with fluorochrome-conjugated antibodies specific to each granule
marker. These were fluoresecein isothiocyanate (FITC)-conjugated anti-CD63 (azurophil granule,
Ancell 215-040, Stillwater, MN, USA), FITC-conjugated anti-CD66b (specific granule, Biolegend 305104,
San Diego, CA, USA), and phycoerythrin (PE)-conjugated anti-CD35 (secretory vesicle, Biolegend
333406, San Diego, CA, USA). Following antibody incubation, cells were washed with 0.5% sodium
azide (S2002, Sigma, St. Louis, MO, USA) in FTA buffer (211248 BD, Franklin Lakes, NJ, USA) and
fixed with 1% paraformaldehyde (PX0055-3, EMD, Darmstadt, Germany).

Phosphoinositol lipoarabinomannan (PILAM): PILAM was purchased from Invivogen (#tlrl-lams,
San Diego, CA, USA) in powder form. The PILAM powder was dissolved in sterile endotoxin-free
deionized water to a concentration of 1 mg/mL and stored at −20 ◦C. For all experiments involving
PILAM, neutrophils were exposed to 20 µg/mL for 30 min.

Gel zymography: The enzymatic activity of the supernatants of non-opsonized or opsonized M.
smegmatis-stimulated (MOI 6) neutrophils (4 × 106 cells/mL) was tested by gel zymography using a 9%
SDS-PAGE gel saturated with 1 mg/mL gelatin (Sigma, G9391) as previously described [67]. Equal
volumes from each condition were loaded onto the gel and electrophoresed on ice for 30 min in 1X
SDS-PAGE gel running buffer at a constant 50 V followed by 2.5 h at 100 volts. The gel was incubated
in 2.5% Triton X-100 in dH2O for an hour at room temperature followed by an overnight incubation at
37◦C in substrate buffer (50 mM Tris pH8.8, 10 mM CaCl2). The gel was stained in 0.5% Coomassie Blue
R-250 in water/methanol/acetic acid (45:45:10) for 30 min and destained with 50% methanol in dH2O.
The gel was rehydrated with dH2O and imaged on a ChemiDoc XRS+ (Bio-Rad Hercules, CA, USA).
The captured image was converted to black and white for best visibility of the bands. Densitometry
measurements were performed using the Image Lab software from the ChemiDoc.

Statistical analysis: Statistical differences among experimental conditions and time points were
analyzed by a one-way ANOVA and the post-hoc Tukey multiple-comparison unless otherwise noted.
In those cases, a two-way ANOVA and Bonferroni post-hoc testing was applied using GraphPad Prism
Software (Graphpad San Diego, CA, USA). Differences were considered significant at the level p < 0.05.

Author Contributions: I.M. performed all the experiments, was responsible for M. smegmatis culture as well
as writing an original draft preparation of this paper; C.K.K. performed the gelatinase, myeloperoxidase and
neutrophil elastase ELISA; J.E.G. and S.M.U. supervised and designed the experiments and were involved in
writing—reviewing and editing the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: The authors want to thank Terri Manning for neutrophil isolation.

Conflicts of Interest: The authors declare no conflict of interest.



Pathogens 2020, 9, 123 14 of 17

References

1. Shimizu, F.; Hatano, Y.; Okamoto, O.; Katagiri, K.; Fujiwara, S.; Sato, S.; Kato, A.; Uezato, H.; Asato, Y.;
Takahashi, K. Mycobacterium smegmatis soft tissue infection. Int. J. Derm. 2012, 51, 1518–1520. [CrossRef]
[PubMed]

2. Kumar, K.J.; Chandra, J.; Mandal, R.N.; Dutta, R.; Jain, N.K. Fatal pulmonary infection caused by
Mycobacterium smegmetis in an infant. Indian J. Pediatrics 1995, 62, 619–621. [CrossRef] [PubMed]

3. Jiang, S.H.; Senanayake, S.; Talaulikar, G.S. Peritoneal dialysis-related peritonitis due to Mycobacterium
smegmatis. Perit. Dial. Int. 2011, 31, 215–216. [CrossRef] [PubMed]

4. Sevrin, A.; Reboli, A.C. Disseminated Mycobacterium smegmatis Infection Associated With an Implantable
Cardioverter Defibrillator. Infect. Dis. Clin. Pr. 2009, 17, 349–351. [CrossRef]

5. Skiest, D.J.; Levi, M.E. Catheter-related bacteremia due to Mycobacterium smegmatis. South Med. J. 1998, 91,
36–37. [CrossRef]

6. Saffo, Z.; Ognjan, A. Mycobacterium smegmatis infection of a prosthetic total knee arthroplasty. IDCases
2016, 5, 80–82. [CrossRef]

7. Xu, Z.; Lu, D.; Zhang, X.; Li, H.; Meng, S.; Pan, Y.S.; Boyd, A.S.; Ma, L.; Tang, Y.W. Mycobacterium smegmatis
in skin biopsy specimens from patients with suppurative granulomatous inflammation. J. Clin. Microbiol.
2013, 51, 1028–1030. [CrossRef]

8. Schreiber, J.; Burkhardt, U.; Rusch-Gerdes, S.; Amthor, M.; Richter, E.; Zugehor, M.; Rosahl, W.; Ernst, M.
Non-tubercular mycobacterial infection of the lungs due to Mycobacterium smegmatis. Pneumologie 2001, 55,
238–243. [CrossRef]

9. Pierre-Audigier, C.; Jouanguy, E.; Lamhamedi, S.; Altare, F.; Rauzier, J.; Vincent, V.; Canioni, D.; Emile, J.F.;
Fischer, A.; Blanche, S.; et al. Fatal disseminated Mycobacterium smegmatis infection in a child with inherited
interferon gamma receptor deficiency. Clin. Infect. Dis. 1997, 24, 982–984. [CrossRef]

10. Pennekamp, A.; Pfyffer, G.E.; Wuest, J.; George, C.A.; Ruef, C. Mycobacterium smegmatis infection in a
healthy woman following a facelift: case report and review of the literature. Ann. Plast. Surg. 1997, 39, 80–83.
[CrossRef]

11. Newton, J.A., Jr.; Weiss, P.J.; Bowler, W.A.; Oldfield, E.C., 3rd. Soft-tissue infection due to Mycobacterium
smegmatis: report of two cases. Clin. Infect. Dis. 1993, 16, 531–533. [CrossRef] [PubMed]

12. Plaus, W.J.; Hermann, G. The surgical management of superficial infections caused by atypical mycobacteria.
Surgery 1991, 110, 99–103. [PubMed]

13. Vonmoos, S.; Leuenberger, P.; Beer, V.; de Haller, R. [Pleuropulmonary infection caused by Mycobacterium
smegmatis. Case description and literature review]. Schweiz Med. Wochenschr 1986, 116, 1852–1856. [PubMed]

14. Alqurashi, M.M.; Alsaileek, A.; Aljizeeri, A.; Bamefleh, H.S.; Alenazi, T.H. Mycobacterium smegmatis causing
a granulomatous cardiomediastinal mass. IDCases 2019, 18, e00608. [CrossRef]

15. Yuan, Y.; Lee, R.E.; Besra, G.S.; Belisle, J.T.; Barry, C.E., 3rd. Identification of a gene involved in the biosynthesis
of cyclopropanated mycolic acids in Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. USA 1995, 92,
6630–6634. [CrossRef]

16. Voskuil, M.I.; Bartek, I.L.; Visconti, K.; Schoolnik, G.K. The response of mycobacterium tuberculosis to
reactive oxygen and nitrogen species. Front. Microbiol. 2011, 2, 105. [CrossRef]

17. Primm, T.P.; Lucero, C.A.; Falkinham, J.O., 3rd. Health impacts of environmental mycobacteria. Clin. Microbiol. Rev.
2004, 17, 98–106. [CrossRef]

18. Faldt, J.; Dahlgren, C.; Ridell, M.; Karlsson, A. Priming of human neutrophils by mycobacterial
lipoarabinomannans: role of granule mobilisation. Microbes Infect 2001, 3, 1101–1109. [CrossRef]

19. Nauseef, W.M. How human neutrophils kill and degrade microbes: an integrated view. Immunol. Rev. 2007,
219, 88–102. [CrossRef]

20. Mantovani, A.; Cassatella, M.A.; Costantini, C.; Jaillon, S. Neutrophils in the activation and regulation of
innate and adaptive immunity. Nat. Rev. Immunol. 2011, 11, 519–531. [CrossRef]

21. Borregaard, N. Neutrophils, from marrow to microbes. Immunity 2010, 33, 657–670. [CrossRef] [PubMed]
22. Borregaard, N.; Cowland, J.B. Granules of the human neutrophilic polymorphonuclear leukocyte. Blood

1997, 89, 3503–3521. [CrossRef] [PubMed]
23. Borregaard, N.; Sørensen, O.E.; Theilgaard-Mönch, K. Neutrophil granules: a library of innate immunity

proteins. Trends Immunol. 2007, 28, 340–345. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1365-4632.2010.04835.x
http://www.ncbi.nlm.nih.gov/pubmed/23171023
http://dx.doi.org/10.1007/BF02761893
http://www.ncbi.nlm.nih.gov/pubmed/10829933
http://dx.doi.org/10.3747/pdi.2010.00074
http://www.ncbi.nlm.nih.gov/pubmed/21427257
http://dx.doi.org/10.1097/IPC.0b013e31819b8a9b
http://dx.doi.org/10.1097/00007611-199801000-00007
http://dx.doi.org/10.1016/j.idcr.2016.07.007
http://dx.doi.org/10.1128/JCM.03421-12
http://dx.doi.org/10.1055/s-2001-13948
http://dx.doi.org/10.1093/clinids/24.5.982
http://dx.doi.org/10.1097/00000637-199707000-00014
http://dx.doi.org/10.1093/clind/16.4.531
http://www.ncbi.nlm.nih.gov/pubmed/8513061
http://www.ncbi.nlm.nih.gov/pubmed/1866699
http://www.ncbi.nlm.nih.gov/pubmed/3823819
http://dx.doi.org/10.1016/j.idcr.2019.e00608
http://dx.doi.org/10.1073/pnas.92.14.6630
http://dx.doi.org/10.3389/fmicb.2011.00105
http://dx.doi.org/10.1128/CMR.17.1.98-106.2004
http://dx.doi.org/10.1016/S1286-4579(01)01470-8
http://dx.doi.org/10.1111/j.1600-065X.2007.00550.x
http://dx.doi.org/10.1038/nri3024
http://dx.doi.org/10.1016/j.immuni.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21094463
http://dx.doi.org/10.1182/blood.V89.10.3503
http://www.ncbi.nlm.nih.gov/pubmed/9160655
http://dx.doi.org/10.1016/j.it.2007.06.002
http://www.ncbi.nlm.nih.gov/pubmed/17627888


Pathogens 2020, 9, 123 15 of 17

24. Bartlomiejczyk, M.A.; Swierzko, A.S.; Brzostek, A.; Dziadek, J.; Cedzynski, M. Interaction of lectin pathway
of complement-activating pattern recognition molecules with mycobacteria. Clin. Exp. Immunol. 2014, 178,
310–319. [CrossRef]

25. Cougoule, C.; Constant, P.; Etienne, G.; Daffe, M.; Maridonneau-Parini, I. Lack of fusion of azurophil granules
with phagosomes during phagocytosis of Mycobacterium smegmatis by human neutrophils is not actively
controlled by the bacterium. Infect. Immun. 2002, 70, 1591–1598. [CrossRef]

26. N’Diaye, E.N.; Darzacq, X.; Astarie-Dequeker, C.; Daffe, M.; Calafat, J.; Maridonneau-Parini, I. Fusion of
azurophil granules with phagosomes and activation of the tyrosine kinase Hck are specifically inhibited
during phagocytosis of mycobacteria by human neutrophils. J. Immunol. 1998, 161, 4983–4991.

27. Gebhard, S.; Humpel, A.; McLellan, A.D.; Cook, G.M. The alternative sigma factor SigF of Mycobacterium
smegmatis is required for survival of heat shock, acidic pH and oxidative stress. Microbiology 2008, 154,
2786–2795. [CrossRef]

28. Faldt, J.; Dahlgren, C.; Ridell, M. Difference in neutrophil cytokine production induced by pathogenic and
non-pathogenic mycobacteria. APMIS 2002, 110, 593–600. [CrossRef]

29. Jena, P.; Mohanty, S.; Mohanty, T.; Kallert, S.; Morgelin, M.; Lindstrom, T.; Borregaard, N.; Stenger, S.;
Sonawane, A.; Sorensen, O.E. Azurophil granule proteins constitute the major mycobactericidal proteins in
human neutrophils and enhance the killing of mycobacteria in macrophages. PLoS ONE 2012, 7, e50345.
[CrossRef]

30. Peyron, P.; Maridonneau-Parini, I.; Stegmann, T. Fusion of human neutrophil phagosomes with lysosomes
in vitro: involvement of tyrosine kinases of the Src family and inhibition by mycobacteria. J. Biol. Chem.
2001, 276, 35512–35517. [CrossRef]

31. Astarie-Dequeker, C.; Nigou, J.; Puzo, G.; Maridonneau-Parini, I. Lipoarabinomannans activate the protein
tyrosine kinase Hck in human neutrophils. Infect. Immun. 2000, 68, 4827–4830. [CrossRef] [PubMed]

32. Jimenez Flores, E.; Tian, S.; Sizova, M.; Epstein, S.S.; Lamont, R.J.; Uriarte, S.M. Peptoanaerobacter stomatis
Primes Human Neutrophils and Induces Granule Exocytosis. Infect. Immun. 2017, 85. [CrossRef] [PubMed]

33. Lowe, D.M.; Redford, P.S.; Wilkinson, R.J.; O’Garra, A.; Martineau, A.R. Neutrophils in tuberculosis: friend
or foe? Trends Immunol. 2012, 33, 14–25. [CrossRef] [PubMed]

34. Fietta, A.; Francioli, C.; Gialdroni Grassi, G. Mycobacterial lipoarabinomannan affects human
polymorphonuclear and mononuclear phagocyte functions differently. Haematologica 2000, 85, 11–18.
[PubMed]

35. Bernut, A.; Nguyen-Chi, M.; Halloum, I.; Herrmann, J.L.; Lutfalla, G.; Kremer, L. Mycobacterium
abscessus-Induced Granuloma Formation Is Strictly Dependent on TNF Signaling and Neutrophil Trafficking.
Plos Pathog 2016, 12, e1005986. [CrossRef] [PubMed]

36. Kroon, E.E.; Coussens, A.K.; Kinnear, C.; Orlova, M.; Moller, M.; Seeger, A.; Wilkinson, R.J.; Hoal, E.G.;
Schurr, E. Neutrophils: Innate Effectors of TB Resistance? Front. Immunol. 2018, 9, 2637. [CrossRef]

37. Malcolm, K.C.; Caceres, S.M.; Pohl, K.; Poch, K.R.; Bernut, A.; Kremer, L.; Bratton, D.L.; Herrmann, J.L.;
Nick, J.A. Neutrophil killing of Mycobacterium abscessus by intra- and extracellular mechanisms. PLoS ONE
2018, 13, e0196120. [CrossRef]

38. Castro, A.G.; Esaguy, N.; Macedo, P.M.; Aguas, A.P.; Silva, M.T. Live but not heat-killed mycobacteria cause
rapid chemotaxis of large numbers of eosinophils in vivo and are ingested by the attracted granulocytes.
Infect. Immun. 1991, 59, 3009–3014. [CrossRef]

39. Delafont, V.; Samba-Louaka, A.; Cambau, E.; Bouchon, D.; Moulin, L.; Hechard, Y. Mycobacterium llatzerense,
a waterborne Mycobacterium, that resists phagocytosis by Acanthamoeba castellanii. Sci. Rep. 2017, 7, 46270.
[CrossRef]

40. Dubois, V.; Laencina, L.; Bories, A.; Le Moigne, V.; Pawlik, A.; Herrmann, J.L.; Girard-Misguich, F.
Identification of Virulence Markers of Mycobacterium abscessus for Intracellular Replication in Phagocytes.
J. Vis. Exp. 2018. [CrossRef]

41. Corleis, B.; Korbel, D.; Wilson, R.; Bylund, J.; Chee, R.; Schaible, U.E. Escape of Mycobacterium tuberculosis
from oxidative killing by neutrophils. Cell. Microbiol. 2012, 14, 1109–1121. [CrossRef] [PubMed]

42. Coffey, M.J.; Phare, S.M.; Peters-Golden, M. Role of leukotrienes in killing of Mycobacterium bovis by
neutrophils. Prostaglandins Leukot. Essent. Fat. Acids 2004, 71, 185–190. [CrossRef]

http://dx.doi.org/10.1111/cei.12416
http://dx.doi.org/10.1128/IAI.70.3.1591-1598.2002
http://dx.doi.org/10.1099/mic.0.2008/018044-0
http://dx.doi.org/10.1034/j.1600-0463.2002.1100901.x
http://dx.doi.org/10.1371/journal.pone.0050345
http://dx.doi.org/10.1074/jbc.M104399200
http://dx.doi.org/10.1128/IAI.68.8.4827-4830.2000
http://www.ncbi.nlm.nih.gov/pubmed/10899899
http://dx.doi.org/10.1128/IAI.01043-16
http://www.ncbi.nlm.nih.gov/pubmed/28438978
http://dx.doi.org/10.1016/j.it.2011.10.003
http://www.ncbi.nlm.nih.gov/pubmed/22094048
http://www.ncbi.nlm.nih.gov/pubmed/10629585
http://dx.doi.org/10.1371/journal.ppat.1005986
http://www.ncbi.nlm.nih.gov/pubmed/27806130
http://dx.doi.org/10.3389/fimmu.2018.02637
http://dx.doi.org/10.1371/journal.pone.0196120
http://dx.doi.org/10.1128/IAI.59.9.3009-3014.1991
http://dx.doi.org/10.1038/srep46270
http://dx.doi.org/10.3791/57766
http://dx.doi.org/10.1111/j.1462-5822.2012.01783.x
http://www.ncbi.nlm.nih.gov/pubmed/22405091
http://dx.doi.org/10.1016/j.plefa.2004.03.012


Pathogens 2020, 9, 123 16 of 17

43. Hartmann, P.; Becker, R.; Franzen, C.; Schell-Frederick, E.; Romer, J.; Jacobs, M.; Fatkenheuer, G.; Plum, G.
Phagocytosis and killing of Mycobacterium avium complex by human neutrophils. J. Leukoc Biol. 2001, 69,
397–404. [PubMed]

44. Blatchford, G.J.; Perry, R.E.; Thorson, A.G.; Christensen, M.A. Rectal prolapse: rational therapy without
foreign material. Neth. J. Surg. 1989, 41, 126–128. [PubMed]

45. Cundall, M.; Sun, Y.; Miranda, C.; Trudeau, J.B.; Barnes, S.; Wenzel, S.E. Neutrophil-derived matrix
metalloproteinase-9 is increased in severe asthma and poorly inhibited by glucocorticoids. J. Allergy
Clin. Immunol. 2003, 112, 1064–1071. [CrossRef]

46. Sengelov, H.; Kjeldsen, L.; Borregaard, N. Control of exocytosis in early neutrophil activation. J. Immunol.
1993, 150, 1535–1543.

47. Uriarte, S.M.; Powell, D.W.; Luerman, G.C.; Merchant, M.L.; Cummins, T.D.; Jog, N.R.; Ward, R.A.;
McLeish, K.R. Comparison of proteins expressed on secretory vesicle membranes and plasma membranes of
human neutrophils. J. Immunol. (Baltimore, Md. 1950) 2008, 180, 5575–5581. [CrossRef]

48. Liu, C.H.; Liu, H.; Ge, B. Innate immunity in tuberculosis: host defense vs pathogen evasion. Cell. Mol. Immunol.
2017, 14, 963–975. [CrossRef]

49. Augustyniak, D.; Roszkowiak, J.; Wisniewska, I.; Skala, J.; Gorczyca, D.; Drulis-Kawa, Z. Neuropeptides SP
and CGRP Diminish the Moraxella catarrhalis Outer Membrane Vesicle- (OMV-) Triggered Inflammatory
Response of Human A549 Epithelial Cells and Neutrophils. Mediat. Inflamm. 2018, 2018, 4847205. [CrossRef]

50. Handing, J.W.; Ragland, S.A.; Bharathan, U.V.; Criss, A.K. The MtrCDE Efflux Pump Contributes to Survival
of Neisseria gonorrhoeae From Human Neutrophils and Their Antimicrobial Components. Front. Microbiol.
2018, 9, 2688. [CrossRef]

51. Armstrong, C.L.; Miralda, I.; Neff, A.C.; Tian, S.; Vashishta, A.; Perez, L.; Le, J.; Lamont, R.J.; Uriarte, S.M.
Filifactor alocis Promotes Neutrophil Degranulation and Chemotactic Activity. Infect. Immun. 2016, 84,
3423–3433. [CrossRef] [PubMed]

52. Edmisson, J.S.; Tian, S.; Armstrong, C.L.; Vashishta, A.; Klaes, C.K.; Miralda, I.; Jimenez-Flores, E.; Le, J.;
Wang, Q.; Lamont, R.J.; et al. Filifactor alocis modulates human neutrophil antimicrobial functional responses.
Cell. Microbiol. 2018, 20, e12829. [CrossRef] [PubMed]

53. Taheri, N.; Fahlgren, A.; Fallman, M. Yersinia pseudotuberculosis Blocks Neutrophil Degranulation.
Infect. Immun. 2016, 84, 3369–3378. [CrossRef] [PubMed]

54. Snall, J.; Linner, A.; Uhlmann, J.; Siemens, N.; Ibold, H.; Janos, M.; Linder, A.; Kreikemeyer, B.; Herwald, H.;
Johansson, L.; et al. Differential neutrophil responses to bacterial stimuli: Streptococcal strains are potent
inducers of heparin-binding protein and resistin-release. Sci. Rep. 2016, 6, 21288. [CrossRef]

55. Soehnlein, O.; Oehmcke, S.; Ma, X.; Rothfuchs, A.G.; Frithiof, R.; van Rooijen, N.; Morgelin, M.; Herwald, H.;
Lindbom, L. Neutrophil degranulation mediates severe lung damage triggered by streptococcal M1 protein.
Eur. Respir. J. 2008, 32, 405–412. [CrossRef]

56. Arnett, E.; Vadia, S.; Nackerman, C.C.; Oghumu, S.; Satoskar, A.R.; McLeish, K.R.; Uriarte, S.M.; Seveau, S.
The pore-forming toxin listeriolysin O is degraded by neutrophil metalloproteinase-8 and fails to mediate
Listeria monocytogenes intracellular survival in neutrophils. J. Immunol. 2014, 192, 234–244. [CrossRef]

57. SenGupta, S.; Hittle, L.E.; Ernst, R.K.; Uriarte, S.M.; Mitchell, T.C. A Pseudomonas aeruginosa hepta-acylated
lipid A variant associated with cystic fibrosis selectively activates human neutrophils. J. Leukoc. Biol. 2016,
100, 1047–1059. [CrossRef]

58. Johansson, A.; Claesson, R.; Hanstrom, L.; Sandstrom, G.; Kalfas, S. Polymorphonuclear leukocyte
degranulation induced by leukotoxin from Actinobacillus actinomycetemcomitans. J. Periodontal. Res.
2000, 35, 85–92. [CrossRef]

59. Claesson, R.; Johansson, A.; Belibasakis, G.; Hanstrom, L.; Kalfas, S. Release and activation of
matrix metalloproteinase 8 from human neutrophils triggered by the leukotoxin of Actinobacillus
actinomycetemcomitans. J. Periodontal. Res. 2002, 37, 353–359. [CrossRef]

60. Lacy, P. Mechanisms of degranulation in neutrophils. Allergy Asthma Clin. Immunol. 2006, 2, 98–108.
[CrossRef]

61. Yin, C.; Heit, B. Armed for destruction: formation, function and trafficking of neutrophil granules.
Cell Tissue Res. 2018, 371, 455–471. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/11261786
http://www.ncbi.nlm.nih.gov/pubmed/2694018
http://dx.doi.org/10.1016/j.jaci.2003.08.013
http://dx.doi.org/10.4049/jimmunol.180.8.5575
http://dx.doi.org/10.1038/cmi.2017.88
http://dx.doi.org/10.1155/2018/4847205
http://dx.doi.org/10.3389/fmicb.2018.02688
http://dx.doi.org/10.1128/IAI.00496-16
http://www.ncbi.nlm.nih.gov/pubmed/27647870
http://dx.doi.org/10.1111/cmi.12829
http://www.ncbi.nlm.nih.gov/pubmed/29377528
http://dx.doi.org/10.1128/IAI.00760-16
http://www.ncbi.nlm.nih.gov/pubmed/27620724
http://dx.doi.org/10.1038/srep21288
http://dx.doi.org/10.1183/09031936.00173207
http://dx.doi.org/10.4049/jimmunol.1301302
http://dx.doi.org/10.1189/jlb.4VMA0316-101R
http://dx.doi.org/10.1034/j.1600-0765.2000.035002085.x
http://dx.doi.org/10.1034/j.1600-0765.2002.00365.x
http://dx.doi.org/10.1186/1710-1492-2-3-98
http://dx.doi.org/10.1007/s00441-017-2731-8
http://www.ncbi.nlm.nih.gov/pubmed/29185068


Pathogens 2020, 9, 123 17 of 17

62. Uriarte, S.M.; Rane, M.J.; Luerman, G.C.; Barati, M.T.; Ward, R.A.; Nauseef, W.M.; McLeish, K.R. Granule
exocytosis contributes to priming and activation of the human neutrophil respiratory burst. J. Immunol. 2011,
187, 391–400. [CrossRef] [PubMed]

63. Steinhauer, K.; Eschenbacher, I.; Radischat, N.; Detsch, C.; Niederweis, M.; Goroncy-Bermes, P. Rapid
evaluation of the mycobactericidal efficacy of disinfectants in the quantitative carrier test EN 14563 by using
fluorescent Mycobacterium terrae. Appl. Environ. Microbiol. 2010, 76, 546–554. [CrossRef] [PubMed]

64. Smirnov, A.; Solga, M.D.; Lannigan, J.; Criss, A.K. An improved method for differentiating cell-bound from
internalized particles by imaging flow cytometry. J. Immunol. Methods 2015. [CrossRef]

65. Jog, N.R.; Rane, M.J.; Lominadze, G.; Luerman, G.C.; Ward, R.A.; McLeish, K.R. The actin cytoskeleton
regulates exocytosis of all neutrophil granule subsets. Am. J. Physiol. Cell Physiol. 2007, 292, C1690–C1700.
[CrossRef]

66. McLeish, K.R.; Uriarte, S.M.; Tandon, S.; Creed, T.M.; Le, J.; Ward, R.A. Exocytosis of neutrophil granule
subsets and activation of prolyl isomerase 1 are required for respiratory burst priming. J. Innate Immun. 2013,
5, 277–289. [CrossRef]

67. Unemori, E.N.; Pickford, L.B.; Salles, A.L.; Piercy, C.E.; Grove, B.H.; Erikson, M.E.; Amento, E.P. Relaxin
induces an extracellular matrix-degrading phenotype in human lung fibroblasts in vitro and inhibits lung
fibrosis in a murine model in vivo. J. Clin. Investig. 1996, 98, 2739–2745. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4049/jimmunol.1003112
http://www.ncbi.nlm.nih.gov/pubmed/21642540
http://dx.doi.org/10.1128/AEM.01660-09
http://www.ncbi.nlm.nih.gov/pubmed/19948860
http://dx.doi.org/10.1016/j.jim.2015.04.028
http://dx.doi.org/10.1152/ajpcell.00384.2006
http://dx.doi.org/10.1159/000345992
http://dx.doi.org/10.1172/JCI119099
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Opsonization Increases Neutrophil-M. smegmatis Interactions 
	Opsonized M. smegmatis Induces the Release of Gelatinase Granules 
	M. smegmatis Does Not Cause or Inhibit the Release of Secretory Vesicles, Specific, or Azurophilic Granules at Early Time Points 
	Supernatants from M. smegmatis-Treated Neutrophils Degrade Extracellular Matrix Proteins 
	M. smegmatis Pre-Treatment Enhances Gelatinase Granule Exocytosis by Secondary Stimuli 
	M. smegmatis Cell Wall Glycolipid Stimulation Causes Gelatinase Granule Release 
	M. smegmatis Induces Gelatinase and Specific Granule Exocytosis after Extended Timepoints 

	Discussion 
	Materials and Methods 
	References

