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Abstract

AIM: To study the bacteriocidal or bacteriostatic role of
mast cells during infection with Mycobacterium.

METHODS: Mycobacterium marinum (M. marinum)
(BAA-535/M strain) was investigated for its ability to
grow at a temperature relevant to the mammalian
host. Primary mast cells were differentiated from bone
marrows of mice, a human mast cell line (HMC-1)
and a human monocytic cell line (MonoMac6) were
maintained in culture. Mice were stimulated by intra-
peritoneal injection of heat-killed M. marinum to study
cytochemically the degranulation of peritoneal mast
cells. HMC-1 cells were stimulated with M. marinum to
analyse mRNA expression for inflammatory reactant
genes, while HMC-1 and primary mouse mast cells
were infected with M. marinum to establish in parallel
cell viability (lactate dehydrogenase release and
cell counts) and viable mycobacterial counts. Flow
cytometry was used to assess intracellular presence of
fluorescein isothiocyanate labelled M. marinum after
trypan blue quenching and to measure the extent of
infection-induced apoptosis or necrosis in HMC-1. A GFP
expressing recombinant M. marinum strain was used to
assess intracellular location by fluorescence microscopy.
Light microscopy of osmium tetroxide and Gram Twort
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stained sections of 0.5 um and transmission electron
microscopy were undertaken as sensitive methods.

RESULTS: Since its isolation, M. marinum has
adapted to grow at 37 ‘C. This study found that M.
marinum infects HMC-1 cells and primary murine mast
cells, where they survive, replicate, and cause dose
dependent cell damage over the analysis period of up
to 120 h. Amikacin was an effective aminoglycoside
antibiotic to eliminate extracellular or membrane
attached M. marinum in order to adequately quantify
the intracellular bacterial loads. /n vivo, intraperitoneal
injection of heat-killed M. marinum led to the release of
mast cell granules in mice. HMC-1 cells stimulated with
M. marinum showed a biphasic pattern of increased
mMRNA expression for LL-37 and COX-2/TNF-a during 24
h of stimulation. In HMC-1, M. marinum localised to the
cytoplasm whereas in primary mast cells, M. marinum
were found in vacuoles.

CONCLUSION: The effector role of mast cells in
infection with M. marinum can be studied /n vitro and in
vivo.

Key words: Mast cells; Mycobacterium marinum;
Microscopy; Infection; Degranulation

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Mycobacterium marinum (M. marinum) is easily
culturable and shows promise as a model to understand
in mammalian cells the pathogenicity of M. tuberculosis.
We used M. marinum to study uptake and elimination
of M. marinum by mast cells, being abundant immune
effector cells. A range of imaging techniques was used
to unequivocally show the intracellular presence of M.
marinum. Mast cells did not control the replication of
M. marinum but reacted in a pro-inflammatory way.
This is consistent with mast cells being orchestrators
of inflammation. In summary, we clearly show that M.
marinum can infect mast cells, survive and replicate
within.

Siad S, Byrne S, Mukamolova G, Stover C. Intracellular
localisation of Mycobacterium marinum in mast cells. World J
Immunol 2016; 6(1): 83-95 Available from: URL: http://www.
wjgnet.com/2219-2824/full/v6/i1/83.htm DOI: http://dx.doi.
org/10.5411/wji.v6.11.83

INTRODUCTION

Mycobacterium marinum (M. marinum) is the causative
agent of mycobacterial disease in poikilotherms and of
the so-called “swimming pool” granuloma contracted
by the human host™. Because it is a relatively fast-
growing (generation time approximately 4 h) and a
containment level 2 pathogen, M. marinum is used
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as a model organism to understand pathogenicity
and host response to M. tuberculosis, which is slower
growing (generation time approximately 20 h), and
requires higher levels of containment®®’. The natural
host, zebrafish, is used as a model organism to deve-
lop understanding of mycobacterial pathogenesis in
general®, but M. marinum has also been studied in
mouse models of topical or systemic infections*.

The primary host cell for M. tuberculosis infection is
the macrophage where pathogenic mycobacteria initially
infect and spread into resting macrophages. These
in turn serve as a habitat for survival and replication
of the bacteria'®. Dissemination of mycobacteria by
macrophages has been observed in real-time using
M. marinum infected zebrafish embryos, showing the
transfer of mycobacteria from one macrophage to
another via membrane tethers'”’. Normally, activated
macrophages possess potent microbicidal activity or at
least control the growth of pathogenic mycobacteria™®.
However, the mycobacteria cell envelope confers to
the bacilli the ability to survive and replicate within
phagosomes of macrophages where they arrest
phagosome maturation'®’. Macrophages respond to M.
tuberculosis infection with apoptosis and secretion of
inflammatory cytokines and are tightly involved in the
formation of granulomas.

Mast cells have been found associated with tuber-
culous granuloma™®. Abundant in mucosal tissues,
intratracheal injection of guinea pigs with M. tuberculosis
led to degranulation of mast cells"). Pre-treating
mice with C48/80, a potent mast cell activator, by
repeated intranasal administrations before intratracheal
infection with M. tuberculosis impeded neutrophil and
mononuclear cell recruitment in the bronchoalveolar
space and clearance of bacteria™”. This experiment
illustrated the orchestrating role mast cells have in
mounting a pro-inflammatory response. Reconstitution
of mice with interleukin-3 (IL-3) differentiated bone
marrow derived mast cells (BMDMC) from TLR2"* or
TLR2”" mice showed that TLR2 expression of mast cells
was important for the normal inflammatory response
to M. tuberculosis (myeloid cell recruitment, pro-
inflammatory cytokine production, granuloma formation
and bacterial clearance)!.

Infection of the rat basophilic cell line RBL-2H3 (used
as a model of mast cells) and peritoneal mast cells
with M. tuberculosis triggered the release of pre-stored
reactants such as histamine and p-hexosaminidase, and
the de novo synthesis of pro-inflammatory cytokines
TNF-a. and IL-6 at 30 min and 6 h™**!, Mast cells may
form cholesterol dependent pseudopod like structures
(lipid rafts) to take up M. tuberculosis, which may then
replicate within the mast cells™,

However, it is unclear whether mycobacteria are
susceptible to the inhibitory and/or killing actions posed
by mast cells directly, whether and to what extent mast
cells internalise mycobacteria. It is also not known to
what extent mycobacteria survive inside the activated
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Figure 1 Growth of Mycobacterium marinum at 32 C and 37 ‘C. Optical density (A) and colony-forming units count (B) of Mycobacterium marinum in growth
medium cultured at 32 °C and 37 “C. There is no difference between bacterial growths and viabilities at the two growth temperatures tested. The values are mean +
SEM of five independent experiments (A); two independent experiments (B), each in triplicate.

mast cell.

MATERIALS AND METHODS

Bacterial strains

M. marinum BAA-535/M strain (isolated from human
lesions) was originally obtained from the clinical
laboratories of Moffitt Hospital at the University of
California, United States, and provided by Dr. Hagedom
M (University of Geneva). M. marinum strain expressing
GFP was generated by introduction of pMind plasmid™®’
expressing GFP from a Tet-promoter and was maintained
in 50 pg/mL kanamycin. The bacilli were grown to mid
log phase in Middlebrook 7H9 broth (Difco, Detroit,
MI) supplemented with 0.5% (v/v) glycerol, 0.05%
(v/v) Tween 80 and 10% (v/v) Albumin/Dextrose
complex (ADC) at 32 ‘C without shaking. The strain was
identified as M. marinum prior to experiments by acid
fast staining, photochromogenic test, and sequencing
of 16SrDNA. Single cell suspensions were obtained by
passing through a 25G gauge needle to disperse cell
clumps prior to infection. Whilst being a fish pathogen,
the clinical isolate of M. marinum that was used in this
work was able to grow at 37 ‘C (Figure 1).

Cell cultures

Primary murine mast cells were differentiated from
bone marrows of mice (BMDMC) with 100 ng/uL of
recombinant mouse IL-3 (Peprotech) over 5 wk”\, Cells
were characterised as mast cells by flow cytometry
for the expression of high affinity mast cell receptor
FceRI (BioLegend) (Figure 2). A human mast cell line
(HMC-1) was cultured in Iscove’s Modified Dulbe-
cco’s Medium (IMDM) supplemented with 10% (v/v)
heat-inactivated iron supplemented foetal calf serum
(Fisher, Loughborough, United Kingdom), 1.2 mmol/L
1-thioglycerol (Sigma-Aldrich) and 100 U/mL penicillin,
100 pg/mL streptomycin. The cells were split 1:3 every
3-4 d and re-suspended in fresh medium. The human
monocyte cell line MonoMac6!® was maintained in
RPMI1640 medium supplemented with 2 mmol/L
L-glutamine, 1% (v/v) non-essential amino acids, 1
mmol/L pyruvate, 10% (v/v) heat-inactivated FCS and
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100 U/mL penicillin, 100 pg/mL streptomycin.

In vivo stimulation

C57BI/6] mice were used at 4 mo. A volume of 100 puL
of heat-killed M. marinum (ODeoonm 0.7), at a dose
comparable to that of Complete Freund’s Adjuvant, was
injected intraperitoneally in two mice, while two control
mice received 100 uL PBS. All appropriate measures
were taken to minimise pain or discomfort. The mice
were monitored and culled at 4 h by cervical dislocation
in the absence of any clinical signs of iliness in any of
the mice. Peritoneal lavage was performed with cold
phosphate-buffered saline (PBS) with 4% (v/v) foetal
calf serum (FCS) to collect peritoneal cells. Cytological
staining of the peritoneal mast cells was then performed
using Toluidine blue, Wright's stain, Bismarck Brown and
Kinyoun stain. Slides were air dried and mounted with
cover slips using Xylene and DPX mounting medium.

In vitro infection

Mast cells (2 x 10° cells/mL) were infected with M.
marinum at a multiplicity of infection (MOI) of 0.5:1
(bacteria per cell) in 24 well-plates and incubated for 4
h (37 °C, 5% CO: humidified atmosphere). Cells were
washed three times with PBS and treated with 200
ug/mL amikacin for 2 h (optimised). Thereafter, the
cells were washed and re-suspended with complete
IMDM without antibiotics and incubated further for up to
120 h. At each time point, viability count (using trypan
blue dye-exclusion method) and colony-forming units
(CFU) count [after lysis of the infected cells with 0.1%
(v/v) Triton X-100 for 5-10 min] were carried out. Ten
microliters drops containing serially diluted bacteria
were spotted on ADC supplemented 7H10 agar plates.
The plates were stored in a plastic sleeve to maintain
humidity and incubated at 32 C for 7-14 d to obtain
M. marinum colonies. For some experiments, cells (2
x 10° cells/mL) were infected with M. marinum at MOI
0.5, 10, 25, 50. At each time point cells were washed
once with PBS to remove the extracellular bacteria and
were processed for flow cytometry or stored at -80 'C
for total RNA extraction. The supernatants were kept at
-80 °C for further investigation.
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Lactate dehydrogenase assay

The release of lactate dehydrogenase (LDH) from
the cytoplasm in the supernatants was measured for
BMDMCs infected with M. marinum at MOI 0.5, 10
and 25 for 8 h in comparison with uninfected control
cells. The assay was performed according to the
manufacturer’s instructions (CytoTox 96® Non-Radioa-
ctive Cytotoxicity Assay, Promega United Kingdom Ltd,
Southampton, United Kingdom).

Flow cytometric analysis

To assess purity of BMDMCs after differentiation with
IL-3, the cell population was harvested (300 x g, 5 min);
next, 1 x 10° cells were re-suspended with 100 pL Fc
Block [CD16/32, clone 2.4G2, diluted 1:200 in FACS
buffer, 2% (w/v) BSA in sterile PBS]. The samples were
then incubated for 15 min on ice, centrifuged at 500
x g for 5 min at 4 C and stained with 100 uL FACS
buffer containing PE conjugated anti-mouse FceRI alpha
(clone MAR-1, BioLegend, 1:200) or its isotype control
(Armenian Hamster IgG). The samples were incubated
on ice for 15-30 min in the dark. After two-three
washes in FACS buffer, the samples were re-suspended
with 500 pL FACS buffer. The data were acquired using
a FACSCalibur instrument (Becton Dickinson) and were
analysed using the CellQuest Pro Software (Becton
Dickinson) and Flow-Jo Software.

Quantification of mycobacterial uptake by mast cells
was determined using an established fluorescence-
quenching technique. A single cell suspension of M.
marinum (1 x 10° CFU/mL) was labelled by incubation
with 0.5 mg/mL of fluorescein isothiocyanate (FITC;
Sigma) in 0.1 mol/L carbonate buffer (pH 9.0) at 37 C
for 2 h. FITC labelled M. marinum were washed twice
with PBS to remove unbound FITC and re-suspended
with fresh IMDM (complete without antibiotics).
Thereafter, 1 x 10° cells/mL mast cells were infected
at MOI 10:1 (bacteria per cell) for 24 h (37 C in
humidified 5% CO: incubator). After each time point,
the infected cells were washed three times with washing
buffer [2% (w/v) BSA-PBS] to remove the extracellular
bacteria and incubated with sodium acetate buffer (0.05
mol/L; pH 4.5) containing 0.06% trypan blue for 5 min
at 4 C. Cells were harvested (300 x g, 5 min) and re-
suspended with 500 uL of fixation buffer [2% (w/V)
paraformaldehyde in PBS] to carry out the acquisition
step of the flow cytometer.

Discrimination of apoptotic and necrotic cellular
subpopulations was achieved by simultaneously staining
infected and uninfected HMC-1 cells, with Annexin V
(FITC) and propidium iodide (PI) in the presence of 2.5
mmol/L of CaCl.. Samples were incubated on ice in the
dark for 30 min and analysed by flow cytometry.

Microscopic analyses

To visualise intracellular mycobacteria using GFP
expressing M. marinum (pMIND), epifluorescence
microscopy and confocal laser scanning microscope
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(Olympus FV1000) were applied. The cells were fixed
with 4% (w/v) paraformaldehyde for 10 min at room
temperature, followed by 30 min to dry in the dark.
Thereafter, two drops of 3 uL mounting media [75%
(v/v) glycerol] were added onto the cover slip and
then pressed onto a microscope slide and allowed to
adhere overnight at room temperature in the dark.
For epifluorescence microscopy, the preparations were
observed using a Nikon Diaphot 300 inverted microscope
with a 100 W mercury light source. Images were
recorded using a 12/10 bit, high speed peltier-cooled
CCD camera (FDI, Photonic Science) using Image-Pro
Plus (Media Cybernetics) software. Preparations for
confocal laser scanning microscopy were observed using
Olympus FV1000 inverted IX81 motorised confocal laser
scanning microscope.

Zero point five micron-cross-sections of Mono Mac
6 and HMC-1 cells (infected with M. marinum at MOI
10 for 24 h) were produced using an ultramicrotome
(Reichert, glass knife). After fixing the cells with 4% (v/v)
glutaraldehyde in 0.1 mol/L phosphate buffer (pH 7.4),
cells were post fixed with 1% (w/v) osmium tetroxide
(Os04) and dehydrated in an ethanol series. Cells were
then exposed to the intermediate solvent epoxypropane
(propylene oxide) before embedding in Agar Low
Viscosity Resin (epoxy resin) and baking at 60 C for 16
h. Sections were baked onto glass slides, then stained
using Gram-Twort’s. All the steps were carried out on a
80 'C hotplate. The images were then viewed by light
microscopy (Olympus CH2) using x 100 oil immersion
and images were captured using iPhone 4S.

For transmission electron microscopy (TEM)
analysis, cells (1 x 10° cells/mL) were infected with M.
marinum at MOI 10 for 24, 72 and 120 h. After each
timespan of infection, the cells were harvested (300 x g,
5 min) and washed once with PBS. The pellets were re-
suspended with 1 mL 1% (v/v) glutaraldehyde in 0.1
mol/L sodium cacodylate buffer (pH 7.4) at RT for 30
min. After three washes of 0.1 mol/L sodium cacodylate
at 250 x g for 20 min, the cells were fixed with 1% (w/v)
osmium tetroxide in 0.1 mol/L sodium cacodylate for
90 min at 4 C, and thoroughly washed with distilled de-
ionised water three times for 20 min each wash™.. The
samples were embedded in 3% (w/v) agar and were
dehydrated through an ethanol series. 100% analytical
grade ethanol was used to wash the samples twice for
15 min, followed by two changes of propylene oxide
(PO) for 15 min and then transferred through changes
of PO: Agar low viscosity resin mix 1:1 ratio for 60 min
in two changes and lastly 3:1 ratio for 60 min. The
samples were transferred into 100% low viscosity agar
overnight and then loaded into capsules with fresh agar
low viscosity resin for 3 h, followed by polymerisation
at 60 C for 16 h to produce a solid block for ultrathin
sectioning (80-100 nm, diamond knife).

Quantitative RT-PCR

Total RNA was prepared using TRIzol Reagent
(Invitrogen, Paisley, United Kingdom) according
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Figure 2 Characterisation of primary mast cells. Bone marrow derived mast cells (BMDMCs) were isolated from C57BI/6J mice and were differentiated with 100
ng/ul interleukin-3 over 5 wk. A: Isotype PE [Hamster immunoglobulin G (IgG] with isotype fluorescein isothiocyanate (FITC) (Rat IgG2b, ) stained BMDMCs; B:
Isotype FITC (Rat IgG2b, k) with FceRI (PE) antibody stained BMDMCs. Ninety-five percent of cells stained positively with FceRI (PE) antibody.

to the manufacturer’s instructions. After DNAsel
digest and extraction, first strand cDNA synthesis
was carried out according to the manufacturer’
s instructions (Thermo Scientific United Kingdom).
Primer sequences for subsequent PCR were
for TNF-oo 5'-CCCGACTATCTCGACTTTGC-3’
and 5'-GTTGGATGTTCGTCCTCCTC-3’, for
NOD2 5'-GGCAGCCTCTTCAAAATGAG-3’
and 5'-GGGAAGAAGTCAATGGCAAA-3’, for
COX2 5'-CGCCCTCATAATCATTTTCC-3’ and
5'-GAGGGCGATGAGGACTAGG-3’, for LL-37
5'-GAAGACCCAAAGGAATGGCC-3" and 5'-CAGA-
GCCCAGAAGCCTGAGC-3/, for B2microglobulin 5'-GGCTAT-
CCAGCGTACTCCAAAG-3’ and 5-CAACTTCAATGTCGG-
ATGGATG-3". The Livak or 2*" method was used to
calculate the normalised expression ratio of the target
gene with reference to f2M gene™”.

Ethical consideration

Animal care and use statement: The animal protocol
was designed to minimise pain or discomfort to the
animals by using heat-killed M.marinum to cause
immune stimulation, not disease. Mice were taken from
a breeding colony within the unit, were acclimatised
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to 21 °C, 50% humidity, with 12/12 h light/dark cycle,
and had ad libitum access to food (EURodent Diet 14%,
LabDiet, International Product Supplies, London, United
Kingdom) and water. Controls and experimental animals
were each jointly housed. Intraperitoneal injection
and cervical dislocation at the end of the experiment
were performed by trained staff competent in these
techniques in accordance with Home Office regulations.

Statistical analysis

Data are presented as means + standard deviations.
Both Microsoft Excel and GraphPad Prism (v.4.02
for Windows; GraphPad Software, San Diego, CA)
were used to analysis data in this study, and where
appropriate statistical analyses was done using One-
way and Two-way ANOVA (Analysis of Variance) with
Bonferroni post-test using GraphPad Prism program,
unless stated otherwise. A P value of < 0.05 was
considered statistically significant.

RESULTS

Mast cells are stimulated by M. marinum
To demonstrate mast cell involvement in an in vivo
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Figure 3 Peritoneal mast cells stimulated with Mycobacterium marinum degranulate. Heat-killed (A) and untreated (B) Mycobacterium marinum (M. marinum)
positive for Kinyoun’s acid fast stain, while peritoneal mast cells from mice injected with heat-killed M. marinum were negative (C). Metachromatic granules of
peritoneal mast cells are stained with toluidine blue from unstimulated mice (D, E) and mice injected with heat-killed M. marinum (F, G). An exemplary image of each
experimental mouse is shown (Olympus CH2, x 100 oil immersion, captured using iPhone 4S).

model, C57/BI6] mice were stimulated intraperitoneally were performed. Cytologically, there was no evidence
with heat-killed M. marinum and peritoneal lavages of bacteria associated to or visibly internalised by mast
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Figure 4 quantitative reverse transcriptase- polymerase chain reaction analysis of inflammatory genes from human mast cell line incubated with
Mycobacterium marinum (MOI 10). The target inflammatory genes were normalised to individual housekeeping gene (52M), thereafter the target genes were calculated
against control human mast cell line cells and expressed as fold change. The error bars show standard deviation of two-four independent experiments, each in either
duplicate or triplicate. NOD2: Nucleotide-binding oligomerization domain-containing protein 2; COX2: Cyclooxygenase 2; TNF-a.: Tumour necrosis factor-a.

Table 1 Lactate dehydrogenase release was measured

photometrically

Mast cells infected with M. marinum
at different MOls for 8 h

0.5:1 (bacteria:cell)
10:1 (bacteria:cell)
25:1 (bacteria:cell)

LDH release, % increase over
uninfected control

4.20%

31.10%
43.70%

Mean of triplicate determinations was related to the control and expressed
as % increase. M. marinum: Mycobacterium marinum; LDH: Lactate
dehydrogenase; MOI: Multiplicity of infection.

cells but significant degranulation (Figure 3). To assess
the inflammatory response in a greater number of mast
cells (replacement of animal models), a cell line was
used. After incubation of HMC-1 with M. marinum for 4,
6, 12, 24 h, gRT-PCR analysis showed early expression
of LL-37 mRNA, significant expression of COX-2 and
TNF-a. mRNA at 12 h and delayed expression of NOD2
mRNA at 24 h (Figure 4).

M. marinum infects mast cells, where it replicates
Assessment of LDH release, a measure of cytoplasmic
leakage, from HMC-1 incubated with M. marinum
revealed significant damage incrementally at MOI 10
and 25 compared to the uninfected control (Table 1).
Flow cytometric analysis using Annexin V and PI showed
that early apoptosis was detected in about 1/3 of the
infected cell population. It is possible that internalised
bacteria account for some PI staining in late apoptotic
and necrotic cells (Table 2).

Next, HMC-1 and primary murine mast cells were
infected with M. marinum (MOI 0.5) for up to 120 h.
Among the aminoglycoside antibiotics tested, only
amikacin proved efficacious against M. marinum, whilst
leaving the viability of mast cells unimpaired (data
not shown). It was used at 0.2 mg/mL for 2 h to Kill
all extracellular bacteria after infection of mast cells -
this was verified by the lack of CFU grown from the
supernatants - so that subsequently, the intracellular
viable bacterial load could be determined. At 4 h after

Baishidenge  WJI | www.wjgnet.com

89

Table 2 A representative flow cytometric analysis of
apoptotic (Annexin V*/PI, early; Annexin V*/PI*; late) and

necrotic (Annexin V/P1*) human mast cell line cells after 8 h
infection with Mycobacterium marinum

Uninfected/infected Annexin Annexin Annexin Annexin

HMC-1 V/PI V*/PI  V*/PI* V/PI*
Uninfected (control) 99.80% 0.20% 0% 0%
Infected with M. marinum 58.52% 31.76% 2.98% 6.70%
at MOI 10
Infected with M. marinum 58.24% 29.37% 4.25% 8.14%
at MOI 25

Percentage gated population. HMC-1: Human mast cell line; MOI:
Multiplicity of infection; M. marinum: Mycobacterium marinum.

infection, there was significant presence of viable M.
marinum in the experimentally lysed eukaryotic cells,
especially in HMC-1. Cultures of HMC-1 and primary
murine mast cells infected in parallel and analysed
over longer times maintain a considerable intracellular
bacterial load of M. marinum. Though intracellular
growth of M. marinum appeared to be somewhat
controlled in BMDMC at 24 h, both types of mast cells
harboured significantly elevated CFU at 120 h with
concomitant increase in cell damage (12%-14%), as
assessed by the trypan blue exclusion method (Figure
5).

Intracellular presence of M. marinum in mast cells

Flow cytometric analysis was performed using fluore-
scently labelled mycobacteria and quenching any
extracellular signal with trypan blue. With this method,
the intracellular content of the labelled material can
be reliably measured. Because our GFP-expressing M.
marinum strain showed growth restriction at 37 C, it
could not be used for this purpose. Alternatively, M.
marinum were instead labelled with FITC and used to
infect HMC1 and primary murine mast cells at MOI 10
for 24 h. After washing, trypan blue was added and cells
were analysed by flow cytometry. Intracellular presence
detected in this manner varied from 5%-8% of gated
intact cells for BMDMC and HMC-1 cells, respectively
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Figure 5 Mast cells infected in vitro with Mycobacterium marinum: Viable counts and cell viability. Bone marrow derived mast cells (A, B) and human mast cell
line (C, D) were infected with Mycobacterium marinum at MOI 0.5 for up to 120 h. After 4 h of infection, cells were rinsed and treated with 200 pg/mL amikacin for 2 h.
At each time point intracellular bacteria were determined by enumerating colony forming units (CFU) (A, C). The values are mean + SD of three to four independent
experiments, each in triplicate. A: P < 0.0008. Viability was assessed for mast cells at these timepoints (B, D). After 4 h of infection, the cells were washed and treated
with 200 pg/mL amikacin for 2 h. The values are mean + SD of three independent experiments, each in triplicate. MOI: Multiplicity of infection.

(Figure 6).

Various techniques were employed to visualise the
intracellular presence of M. marinum in mast cells.
Whilst fluorescence microscopy did not convincingly
differentiate between adsorption and intracellular
presence of M. marinum (Figure 7), clear evidence was
for the first time obtained from the analysis of 0.5 um
cross-sections prepared of HMC-1 cells, in comparison
with infected MonoMac6 cells (Figure 8). Though the
monocytic cell line seems more avid in the bacterial
uptake, a comparable picture is obtained when producing
and analysing thin sections from mast cells. Lastly, to
confirm this observation beyond doubt, TEM was used
for both, HMC-1 cells and BMDMCs, which were infected
with M. marinum at MOI 10 for 24 h (Figure 9). M.
marinum sub-localised to the cytoplasm of HMC-1 cells
whereas the bacilli sub-localised in vacuoles of BMDMCs.

DISCUSSION

This study shows that the involvement of mast cells
in infection with M. marinum was manifold; mast cells
degranulated, expressed mRNA of pro-inflammatory
genes, lost cytoplasmic integrity, underwent apoptosis
and to a lesser extent necrosis, and also internalised the
bacilli. At the MOI chosen, the study could not evaluate
a bactericidal or bacteriostatic effect of mast cell activity
against mycobacteria, although the bacteria did not
grow in culture medium alone.

We employed a human mast cell line (HMC-1 cells)
which was established from a leukaemia patient by
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Butterfield et a/*!. As this cell line has a phenotype
typical of immature mast cells, we isolated primary
mast cells from the bone marrows of C57/BI6] mice.
The cells were differentiated with IL-3, and were 95%
pure according to their surface staining for FceRI.
Other sources to study mast cell interaction with M.
tuberculosis include a rat basophilic leukaemia cell line
(RBL-2H3)™* although there is contention about the
relationship of these cells to mast cells®®?.

Firstly, we established that M. marinum does lend
itself to studies of eukaryotic infection because its
growth at 37 ‘C compared well to that at the more
typical temperature for this bacterium of 32 ‘C. This
observation had precedence in the description by others
of growth at 37 °C for the M. marinum strain®?!. In
accordance with other studies, we found that GFP or ds-
Red expressing M. marinum strains could not grow at
37 CP,

Next, we showed that M. marinum can infect, survive
and replicate inside mast cells (HMC-1 and BMDMCs),
where the bacilli sub-localise in the cytoplasm of
HMC-1 cells, yet show a vacuolar presence in the more
mature BMDMCs. In HMC-1 cells, no bacteria were seen
surrounded by a vacuolar membrane at 24, 72 and
120 h (data not shown). Given that the overall uptake
was low, it seems unlikely that M. marinum would have
escaped from a vacuole in the interval of sampling time
points. By contrast, M. marinum were regularly found
in phagocytic vacuoles in the mature BMDMCs, with
occasionally larger numbers of M. marinum occupying
a single vacuole. These subcellular locations may reflect
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Figure 6 Flow cytometric detection of intracellular fluorescein isothiocyanate labelled Mycobacterium marinum (trypan blue quenching method). A:
bone marrow derived mast cells; B: Human mast cell line. Density plot and histogram to measure R1 gate of uninfected control cells (a, b) and of cells infected with
Mycobacterium marinum at MOI 10 for 24 h (c, d); e: Overlay of b and d; f: Portion of fluorescent signal of R1 gate (fluorescein isothiocyanate labelled bacteria),
expressed in percentage. This data is a collection of three independent experiments, each performed in duplicate; error bars represent standard deviations. MOI:
Multiplicity of infection.

Figure 7 Representative image of human mast cell line cell infected with green fluorescent protein expressing Mycobacterium marinum. A: Green
fluorescent protein expressing Mycobacterium marinum; B: Human mast cell line in phase contrast; C: Overlay image of Aand B.

uptake mechanisms which differ between immature During the analyses of the cytoplasmic presence of
and mature, non-professional phagocytic cells. M. marinum in TEM images, the presence of damaged
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Figure 8 Light microscopic evidence of the intracellular presence of Mycobacterium marinum in human mast cell line. Gram-Twort stained, 0.5 um thin cross
sections of Mono Mac 6 cells [A: uninfected; C: infected with Mycobacterium marinum (M. marinum) at MOI 10 for 24 h] and human mast cell line (HMC-1) cells (B:
Uninfected; D: Infected HMC-1 cells with M. marinum at MOI 10 for 24 h). The red arrows in insets C and D indicate internalised M. marinum (Olympus CH2, x 100 oil

immersion, captured using iPhone 4).

cells was noted. Viability of mast cells after low dose
infection (MOI 0.5) for 120 h had shown only mild
impairment. Measurement of cytoplasmic LDH release
due to infection-induced injury revealed significant
damage at MOI 10 and 25 compared to the uninfected
control, contrary to low MQI (0.5). Up to this time point,
it was known that M. marinum caused the release of
LDH from infected macrophages™”. In flow cytometric
analysis using Annexin V and PI, we demonstrated that
this damage was likely caused by an increase in necrotic
cells.

Cruse et al”®® (2010) showed that mast cells
(including HMC-1 cells) were able to kill Streptococcus
pneumoniae and in response to pneumolysin, they
rapidly released the antimicrobial peptide cathelicidin
LL-37 (which is capable of inducing pneumococcal cell
death), and the pro-inflammatory mediator LTCs. In
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relation to the pneumococcus, Cruse et al*® (2010)
also showed that although cell contact may increase
the cytotoxicity of mast cells to pneumococci, HMC-1
cells can elicit antimicrobial activity to pneumococci in
the absence of cell contact. In contrast, von Kdckritz-
Blickwede et a*! (2008) demonstrated that HMC-1 cells
can kill directly S. pyogenes without phagocytosis but
cellular contact was required. They showed that LL-37 is
caught in extracellular traps and Hz20:2 was required for
extracellular trap formation (a process which is required
for antimicrobial activity of HMC-1 against S. pyogenes).
This process is at the cost of HMC-1 cell viability as the
cells seemed to have undergone nuclear degradation
to form these traps. The investigators referred to this
so-called cell death, which is between apoptosis and
necrosis, as “NETosis”. Whilst Arock et a/*” (1998)
showed that mast cells phagocytose Staphylococcus
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Figure 9 Transmission electron microscopy images of intracellular localisation of mycobacteria in human mast cell line (A) and bone marrow derived mast
cells (B). Cells infected with Mycobacterium marinum at MOI 10 for 24 h. A, red arrow: Cytoplasmic localisation; B, blue arrow: Vacuolar localisation; green arrow:

Empty vacuole comparable to those described for degranulating mast cells'"

aureus, Cruse et al*® (2010) and von Kdckritz-
Blickwede et a/*”' (2008) reported that mast cells do
not phagocytose S. pneumoniae or S. pyogenes, we
showed for the first time that mast cells can internalise
M. marinum where the bacilli survive and replicate.

In spite of the fact that the viability of infected mast
cells at MOI 0.5 decreases with prolonged infection
(up to 120 h), a large proportion of the infected cells
(HMC-1 and BMDMCs) were trypan blue negative and
therewith deemed viable (88%-86%). Based on our
analysis of intracellular viable count, it is these viable
cells which harbour a significant number of viable M.
marinum. These in turn are likely to have adapted
to this intracellular environment and to the action of
synthesised inflammatory products. mRNA for the
antimicrobial peptide LL-37 was an early indicator
of the antimycobacterial response. COX2 TNF-o and
NOD2 mRNA were increased later. The release of TNF-a.
from the supernatants of infected HMC-1 cells at MOI
0.5, 1 and 10 for 24, 72 and 120 h, using TNF-a bio-
assay (L929 cells) was undetectable (data not shown).
This is consistent with previous observations that the
TNF-o. produced by HMC-1 is not bioactive™". Further
studies are needed to evaluate the transcriptomic
changes undergone by M. marinum in response to its
intracellular localisation.
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. MOI: Multiplicity of infection.

Brunel).

COMMENTS

Background

Host pathogen interactions in Mycobacterium tuberculosis (M. tuberculosis)
infection have been extensively studied for macrophages, dendritic cells, and
have recently been described for epithelial cells and mast cells. The study of M.
tuberculosis, however, requires sophisticated containment facilities. Isolation of
M. marinum from zebrafish, its characterisation in granulomatous waterborne
disease in man and comparative analysis of its genome against other
mycobacterial species eventually led to its wider introduction in experimental
work. Mast cells are important immune effector cells, which tailor the release
of their granular content to different modes of activation (crosslinking of FceR
bound antibodies, activation of complement, recognition of pathogen associated
molecular patterns, integrin signalling). Whilst tissue resident macrophages
originate from the yolk sac, mast cells differentiate from myeloid bone marrow
precursors, are much longer lived than macrophages and proliferate. Mast cells
reside close to mucosa, nerves, lymphatics and vessels.

Research frontiers

M. smegmatis does not replicate intracellularly and incompletely models
characteristics of M. tuberculosis. Use of M. marinum to study mammalian
immune responses was hampered by its being primarily a pathogen of
poikilotherms and causative of skin disease in humans (“fish tank granuloma”).
However, its adaptation to 37 “C, its sensitivity to amikacin, and its ability to
replicate intracellularly render M. marinum to be of interest to those studying
host-pathogen interactions of M. tuberculosis.

Innovations and breakthrough

This is the first study to use 0.5 um thin cell sections to demonstrate the
intracellular location of M. marinum after infection. This technique, for this
question, rivals the use of transmission electron microscopy.

Applications

Because the natural host of M. marinum is different (zebra fish), the study
does not address mycobacterial pathogenesis in the natural host. However, M.
marinum does infect humans and causes fish tank granuloma which sometimes
can resolve without treatment and implies an efficient, still not fully characterised
role of the immune system. The authors do not know in which other ways
the strain that has adapted to 37 °C differs from the isolate with an optimal
temperature of 32 ‘C. The major focus of most recently published studies is
on zebra fish, even so, fish tank granuloma is often misdiagnosed (probably,
because of the authors’ lack of knowledge). Non-M. tuberculosis mycobacterial
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infections are an emerging clinical problem and they often require special drug
regimes (different from M. tuberculosis). For these reasons, there is a need for
an easy-to-handle, relevant, in vitro infection system. In addition, further studies
could now evaluate the ability of M. marinum to adapt their metabolism and
expression of lipid rich bodies in order to persist in cells, and thereby give an
indication whether this is indeed a feature in those infected with M. marinum.

Terminology
Primary mast cells describe those cells differentiated from mouse bone marrow
precursors using II-3 expressing FceR.

Peer-review

The role of mast cells in infection secondary to M. marinum is explored in this
study. The results demonstrate that a human mast cell line stimulated with
M. marinum showed increased mRNA expression of pro-inflammatory genes
including LL-37 and COX2/TNF-«, internalized the bacilli and underwent
apoptosis. Furthermore the M. marinum can infect, survive and replicate inside
mast cells.
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