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Efferocytosis and extrusion of leukocytes determine the
progression of early mycobacterial pathogenesis
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ABSTRACT

Macrophages and neutrophils are the first responders to invading
pathogens and contribute strongly to the host defense against
intracellular pathogens. The collective interplay and dynamic
interactions between these leukocytes are to a large extent not
understood. In the present study, we have investigated their role using
a combination of confocal laser-scanning and electron microscopy in
a zebrafish model for tuberculosis, a local Mycobacterium marinum
infection in the tissue of the larval tail fin. Our results show that
neutrophils are efficient in phagocytosis of mycobacteria and that
they contribute largely to their dissemination. Macrophages appear to
play a major role in efferocytosis, phagocytosis of dead cells that
contain bacterial content. Phagocytic cells with large bacterial
aggregates are formed that can be extruded out of the tissue after
cell death. Alternatively, these excessively infected cells can undergo
necrosis leading to immediate recruitment of surrounding leukocytes
and subsequent phagocytosis of released bacteria. Our data show
that these necrotic burst events result in progression of the infection,
whereas extrusion abates the infection.

KEY WORDS: Zebrafish, Tail fin, Infection, Mycobacterium,
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INTRODUCTION

In humans, pulmonary tuberculosis (TB) is a bacterial infection
caused by Mycobacterium tuberculosis (Mtb). Upon infection often
no symptoms are observed, and this condition is known as latent
tuberculosis. It is estimated that one third of the world population
has a latent TB infection, that progresses to active TB in 5-10% of
cases. TB has been responsible for a high mortality in human
populations and is still a major health issue. Worldwide, new cases
of TB are diagnosed every second and one TB patient does not
survive the infection every 20 s (WHO, 2015: http:/www.who.int/
tb/publications/en/).

To study the disease and host—pathogen interactions during
mycobacterial infection, the zebrafish model for TB has been an
effective approach (Davis et al., 2002; Tobin et al., 2010; Cambier
etal., 2014; van der Vaart et al., 2014). The zebrafish, and other fish
and frog species, are naturally susceptible to a mycobacterial
disease, caused by Mycobacterium marinum (Mm), which is
genetically related to Mrth. The disease shows a similar
pathogenesis to its human equivalent, including the formation of
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granulomatous lesions (Davis et al., 2002; Swaim et al., 2006). The
high level of similarity between the zebrafish and human immune
system, which consist of comparable cell types, makes the zebrafish
a suitable animal model to study host—pathogen interactions
(Renshaw and Trede, 2012). The presence of macrophages and
neutrophils during the larval stage has been demonstrated, and these
cells have been shown to be the first responders to invading
pathogens. During the early stages of TB infection they are the main
cell types to be infected (Silva et al., 1989; Eum et al., 2010), and
macrophages have been demonstrated to be sufficient for the
formation of early granuloma structures during Mm infection (Davis
etal., 2002). In contrast, cells of the adaptive immune system do not
mature during the first 2 weeks of development.

Mycobacteria ingested by macrophages are encapsulated in
phagosomes and, upon ingestion, these cells activate an array of
intracellular effector mechanisms. These mechanisms are aimed at
the elimination of bacteria inside the phagosomes or the fusion of
the phagosomes with lysosomes, and include acidification of
compartments, and production of oxidants, nitrosylating agents,
antimicrobials and proteases (MacMicking, 2012; Torraca et al.,
2014). Recent studies have demonstrated additional mechanisms
restricting mycobacterial proliferation including efferocytosis,
which is the phagocytosis of dead cells containing pathogens
(Weiss and Schaible, 2015). In response to the capability of host
cells to eliminate them, pathogenic mycobacteria have evolved
mechanisms for the manipulation of the host immune response by
secretion of virulence factors through specialized secretion systems
(Baxt et al., 2013; Houben et al., 2013). The bacteria are able to
prevent lysosomal fusion and acidification of phagosomal
compartments (Armstrong and Hart, 1971; Tan and Russell,
2015). Although a fraction of Mrb within a host cell is kept inside
phagosomes, another fraction is able to escape from the
phagosomes into the cytoplasm (van der Wel et al., 2007,
Simeone et al., 2015).

Although macrophages are the main cell type commonly
associated with mycobacterial infection, a growing body of
evidence is showing that other phagocytic cells also play a major
role during mycobacterial infection (Berry et al., 2010; Lowe et al.,
2012; Nouailles et al., 2014; Srivastava et al., 2014). In the lungs of
animals infected with Mib, several cell types are found to be
recruited and to contain bacteria. Besides alveolar macrophages,
neutrophils, monocytes, interstitial macrophages and dendritic cells
are found to be recruited to the infected lungs in response to
inflammatory signals (Srivastava et al., 2014). Neutrophils in
particular, appear to play a crucial role during a mycobacterial
infection and are often the first responders in the host defense
towards invading pathogens, (Silva et al., 1989; Lowe et al., 2012).
Neutrophils are less studied than other cell types involved in the host
response towards mycobacterial infections. In the zebrafish model,
neutrophils are observed to have a direct interaction with

3385

()
Y
C
el
()
w
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


http://www.who.int/tb/publications/en/
http://www.who.int/tb/publications/en/
http://www.who.int/tb/publications/en/
mailto:m.j.m.schaaf@biology.leidenuniv.nl
http://orcid.org/0000-0003-4128-9501
http://orcid.org/0000-0002-5859-8936

RESEARCH ARTICLE

Journal of Cell Science (2016) 129, 3385-3395 doi:10.1242/jcs. 135194

mycobacteria (Meijer et al., 2007), and inhibition of neutrophil
recruitment to the infection site results in an enhanced
mycobacterial burden (Yang et al., 2012). Neutrophils have been
shown to become infected upon recruitment to established
granulomas and are able to actively eliminate the mycobacteria by
means of oxidative mechanisms (Yang et al., 2012). Enhanced
production of reactive nitrogen species (RNS) by neutrophils
through the transcription factor hypoxia-inducible factor 1-o. (Hif-
la) plays an important role in mycobacterial elimination (Elks et al.,
2013). These results show that innate immune cell types other than
macrophages also contribute to host defense against mycobacterial
infections.

The balanced interplay between macrophages and neutrophils
and their specific dynamic interactions during the host response
against intracellular pathogens are still unclear. The present study
focuses on the quantification and high-resolution imaging of
macrophage and neutrophil function and dynamics during
mycobacterial infection. This is required to obtain a better
understanding of the specific role that infected macrophages and
neutrophils play during infection and their collective contribution to
the host defense and bacterial dissemination. We have investigated
the complex dynamic response of macrophages and neutrophils
towards mycobacterial infection using Mm. We have utilized the
previously described zebrafish tail fin infection model (Hosseini
et al., 2014), which enables us to visualize the entire infection
process using time-lapse confocal laser scanning microscopy
(CLSM) in combination with advanced 3D block-face scanning
electron microscopy (SBFSEM). Our results show that neutrophils
are able to phagocytose mycobacteria and contribute to their
dissemination. Macrophages play a major role in efferocytosis of
dead infected leukocytes resulting in large bacterial aggregates
inside these cells. Subsequently, these highly infected macrophages
can undergo necrosis with a burst-like response, spreading the
mycobacteria to freshly attracted macrophages and neutrophils.
Finally, extrusion of dead cells containing bacteria out of the host
tissue appears to effectively decrease the bacterial burden.

RESULTS

Zebrafish larvae were infected with ~50 colony-forming units (cfu)
Mm in the tail fin at 3 days post fertilization (dpf). We used larvae
from a transgenic line, Tg(mpegl:eGFP) X Tg(lyz:DsRed?2), which
displays green and red fluorescent macrophages and neutrophils,
respectively (Ellett et al., 2011; Hall et al., 2007). Injection of Mm in
the tail fin induces a localized infection, which attracts macrophages
and neutrophils to the site of infection, and develops into a
granuloma-like structure within 5 days post infection (dpi) (Fig. 1A;
Hosseini et al., 2014). At this early stage of development, the
zebrafish tail fin consists of two epithelial cell layers on both sides,
with mesenchyme cells in between, and no leukocytes are normally
found there (Kimmel et al., 1995). In order to provide a detailed
description of the infection process and the host response, time-
lapse imaging using confocal laser scanning microscopy (CLSM)
was performed.

The bacterial burden and the number of macrophages and
neutrophils recruited to the site of infection was quantified at 1, 6
and 12 h post infection (hpi) and at 1, 2, 3,4 and 5 dpi (Fig. 1B-D).
Representative images for these time points are shown in
Fig. 1B. The bacterial burden did not change between 1 hpi and
1 dpi, but increased significantly between 1 and 3 dpi after which it
remained unchanged until 5 dpi (Fig. 1C). Upon infection, the
number of recruited macrophages remains constant (at
approximately 3) until 1 dpi, whereas the number of neutrophils
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decreased significantly from 4.2 (£0.3) at 1 hpi to 1.1 (£0.3) at
12 hpi (mean#s.e.m.; Fig. 1C). At this time point, the macrophages
were the main type of leukocyte present at the site of infection and
the majority of these macrophages (~72%) were infected with Mm.
After this time point, both the number of macrophages and
neutrophils increased dramatically and they remained constant
after 4 dpi (Fig. 1C). Based on the bacterial burden at the site of
infection, three different phases of the mycobacterial infection can
be distinguished, the lag, exponential and stationary phase (Fig. 1E).

To investigate the lag phase of infection, image sequences
acquired using time-lapse microscopy were analyzed in detail
focusing on leukocyte dynamics and cell death (Fig. 2; Movie 1).
Fig. 2A shows representative images taken at different time points
during the lag phase of infection. These images show that during
this lag phase the bacterial burden remained constant and the
number of macrophages also remained constant. However, the
number of neutrophils decreased steadily, due to the reverse
migration and the short lifespan of infected neutrophils.

Reverse migration of infected neutrophils during the lag
phase

Using these image sequences, the trajectories of the macrophages
and neutrophils were analyzed (until the moment they had moved
out of the field of view or had undergone cell death). Infected
macrophages and neutrophils showed short trajectories and the vast
majority of these cells (~84%) stayed within the tail fin (Fig. 2B,C).
A fraction of infected macrophages (9+5%, mean+s.e.m.) and
neutrophils (28+8%) was observed to migrate away from the
infection site (Fig. 2B; infected N2). Generally, these leukocytes
migrated along the caudal vein (marked in Fig. 2B as infected N2)
and were not observed to intravasate the caudal vein. Uninfected
macrophages showed short trajectories towards and away from the
infection site, whereas uninfected neutrophils showed longer
trajectories covering a large area of the tail fin (Fig. 2D). It has
previously been shown that the macrophage versus neutrophil fate
can be manipulated in zebrafish embryos by irf8 knockdown, which
increases neutrophil numbers at the expense of macrophages (Li
et al,, 2011). Upon depletion of macrophages using an irf8
morpholino the number of bacterial clusters was counted outside
the region of interest, as indicated in Fig. 2A (Fig. S1). The irf8
morphants showed a higher number of bacterial clusters outside the
ROI compared to control larvae, on average 2.3+0.4 and 1.0+0.4,
respectively. These data confirm our time-lapse imaging, and
indicate that neutrophils have a large contribution to the dissemination
of the bacteria.

The lifespan of infected leukocytes is dependent on the
bacterial burden

The acquired image sequences were additionally used to determine
the lifespan of neutrophils and macrophages after infection. The
lifespan for each cell was based on the time from the initial
phagocytosis of bacteria until the moment of cell death. Infected
macrophages have an average lifespan of 4.8 h (£0.5) compared to
3.1 h (0.6, mean#s.e.m.) for neutrophils. The bacterial content of
these cells correlated with their lifespan (Spearman correlation
coefficient —0.52, P<0.0001); the higher the bacterial content, the
shorter their lifespan (Fig. 2E,F). For the population of
macrophages, the distribution of individual lifespans showed a
continuum (Fig. 2E), whereas for neutrophils we found a bimodal
distribution. The majority of infected neutrophils had a very short
lifespan (<1 h), and showed a bacterial content larger than ~50 um?
(in a 2D image). Neutrophils with a smaller bacterial content had a
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Fig. 1. Mm infection in the zebrafish tail fin. (A) Schematic image showing the location in the tail fin where Mm was injected into zebrafish larvae at 3 dpf.
(B) Representative CLSM images of the infection site in the tail fin at different time points. (C) Quantification of the bacterial burden at different time points after Mm
infection. (D) Numbers of macrophages (green) and neutrophils (blue) recruited to the site of infection and their infected fractions (red) per larva. (E) Normalized

bacterial burden and numbers of recruited leukocytes (relative to 1 hpi). The an

alysis shows that based on the bacterial burden, the course of infection can

be divided into three different phases: the lag, exponential and stationary phase. Error bars indicate s.e.m. (n~20 larvae per time point); means with the same

letter do not differ significantly (Dunnett’s post-test, P<0.05). Scale bar: 50 ym.

longer lifespan, 0—-15h compared to 0-3 h for larger bacterial
content (Fig. 2F).

Different morphologies of cell death

We found that infected leukocytes underwent cell death, which is
defined here as a disappearance of the fluorescent signal. We could
distinguish three specific, not mutually exclusive, patterns for
leukocytes undergoing cell death. The quantification of these
different patterns was based on the morphological features of 45
infected macrophages and 41 infected neutrophils that were
fluorescently labeled. They were followed for up to 18 h using
CLSM (Fig. 2G). Representative examples of macrophages and
neutrophils showing these morphological features are presented in
Fig. S2. The majority of leukocytes undergoing cell death
displayed a fragmentation of the cell into several compartments,
of which at least one contained bacteria. The fluorescent signal of
these compartments disappeared after different time intervals,
ranging from a few minutes to several hours (see also Movies 2 and
3). Approximately 33% of macrophages and 24% of neutrophils
displayed this form of cell death. The second cell-death-associated
pattern that we observed was a round morphology before the
disappearance of the signal (in 13% macrophages and 30%

neutrophils). The time between rounding up of the cell and
disappearance of the signal varied from a few minutes to several
hours (see also Movies 2 and 4). The third pattern of cell death was
characterized by a rapid signal disappearance. In these leukocytes,
the fluorescent signal disappeared within a few minutes after
phagocytosis of bacteria (Fig. S2C,D). Additional examples of
macrophage and neutrophil showing rapid signal disappearance are
presented in Movies 1 and 5. Approximately 30% of macrophages
and 16% of neutrophils displayed this pattern of cell death. The
cells showing multiple patterns were assigned to the multiple

group.

Efferocytosis of dead cells by macrophages

Regardless of the pattern of cell death of infected leukocytes,
secondary uptake of the bacterial content by macrophages was
observed in most cases (Fig. 2H). This secondary uptake most likely
includes phagocytosis of the dying or dead cells, which is called
efferocytosis (Martin et al., 2013). The secondary uptake of
bacterial content that had initially been sequestered by
macrophages or neutrophils was performed by macrophages in
~85% of the cases (Fig. 2H). In the remaining ~15% of the cases,
this efferocytosis was carried out by neutrophils. In Fig. 2I
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Fig. 2. Accumulation of Mm in macrophages occurs through cell death and secondary uptake by macrophages at the site of infection. (A) Intensity
profiles for macrophages (green), neutrophils (blue) and Mm (red) at the site of infection in a representative larva, showing dynamic recruitment and resolution
of leukocytes. Corresponding images are shown for the time points indicated by the arrowheads, in which the numbers of leukocytes present within the
region of interest (red outline) are indicated. (B) Representative trajectories of infected leukocytes. Macrophage 1 (M1) and neutrophil 1 (N1) show short local
trajectories in the tail fin. Macrophage 2 (M2) was recruited to the site of infection and remains at the same position after phagocytosis of Mm. Neutrophil 2 (N2)
shows reverse migration along the caudal vein. (C) Percentages of leukocytes per larva showing reverse migration. MP, macrophages; NP, neutrophils.

(D) Representative trajectories of uninfected macrophages (green) and neutrophils (blue). The macrophages show short trajectories into and out of the tail fin,
whereas the neutrophils show longer trajectories in the tail fin before going out. (E,F) Lifespan of infected leukocytes as a function of the infection size at the lag
phase of infection. (G) Percentages of infected leukocytes undergoing cell death showing different morphologies. (H) Phagocytosis by macrophages and
neutrophils of the bacterial content of leukocytes that have undergone cell death. (I) Representative frames from time-lapse imaging showing phagocytosis by a
macrophage of bacterial content, which was initially sequestered inside a neutrophil (arrowhead). In B and D, the orange arrowhead represents the start and the
red bar represents the end of the trajectory. Error bars indicate s.e.m. (n~20 larvae per time point). *P<0.05 (Mann-Whitney test). Scale bars: 50 ym.

(Movie 1) an example is shown of efferocytosis by a macrophage At the beginning of the exponential phase (12 hpi), the bacterial
taking up an infected neutrophil that has undergone cell death as  infection was mainly present in macrophages due to the continuous
shown by the rapid disappearance of the fluorescent signal. neutrophilic cell death and efferocytosis during the lag phase. In
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order to study the progression of the infection from 12 hpi to 2 dpi,
we analyzed time-lapse recordings of this period. Two events are
characteristic for this phase of the infection process: macrophage
burst and extrusion of bacteria (Fig. 3).

Macrophage burst events

In our study, macrophage burst events were defined as highly
infected macrophages undergoing necrotic cell death, probably due
to cell-death-induced rupture of the membranes surrounding these
cells, and spreading of the bacteria to freshly recruited leukocytes
(Repasy et al., 2013). Subsequently, the spread bacteria were taken

up by neutrophils and macrophages. An example of such a burst
event imaged using time-lapse CLSM is shown in Fig. 3A and
Movie 6. The number of burst events increased dramatically
between 1 and 3 dpi, from 0.1 (£0.08) to 2.4 (£1.1, mean+ts.e.m.)
burst events per larva. This is probably due to the increased bacterial
burden per cell.

Extrusion of Mm aggregates

Interestingly, large aggregates of bacteria were also observed to be
extruded out of the tail fin. The frequency of these extrusion events
significantly increased between 1 and 3 dpi, from 0.8 (+0.1) to 6.9

Fig. 3. Macrophages containing
aggregates of Mm undergo burst or
extrusion. (A) Representative images
from live-cell imaging of a large
aggregate of Mm (arrowhead) inside a
macrophage undergoing cell death at
t=3 h. Spreading of Mm was observed at
t=5 h. The aggregate was compacted
again by newly recruited leukocytes at
t=8 h (see Movie 6). (B) Number of burst
events observed at different time points
after Mm infection in the tail fin.

(C) Number of extrusion events observed
at different time points after Mm infection

4 104 in the tail fin. (D) Representative images
B a &b C R S from live-cell imaging showing an
© 84 extrusion event for accumulated Mmin a
z 3 g I macrophage (arrowheads). First, the
% 5 o B- macrophage undergoes cell death and
] 3 2 g 'g;_ subsequently after 3 h the bacterial
aa £a, content is extruded. (E) TEM image of an
. wg 1 extruding epithelial cell from the tail fin
o 1 > surrounding a dead cell containing a
2 large aggregate of Mm. The two epithelial
I_-_:I layers and actinotrichia are indicated.
0- 5 = Y (e — (F) Higher magnification of the region
Time (z}/pi) ° _I'_\ (d‘?) L indicated in E, showing compact
ime (dpi

, Outside

aggregates of Mm (asterisks) in the dead
cell with a condensed nucleus
(arrowhead). Error bars indicate s.e.m.
(n~20 larvae per time point), means with
the same letter do not differ significantly
(Dunnett’s post-test, P<0.05). Scale
bars: 10 ym (A,D,E); 2 um (F).

3389

()
Y
C
el
()
w
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


http://jcs.biologists.org/lookup/doi/10.1242/jcs.135194.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/jcs.135194.supplemental

RESEARCH ARTICLE

Journal of Cell Science (2016) 129, 3385-3395 doi:10.1242/jcs. 135194

(x1.1) extrusion events per larva (meants.e.m., Fig. 3C). An
example of an extrusion event imaged using time-lapse CLSM is
shown in Fig. 3D and Movie 7. As in most cases, in this example the
bacterial content was initially present in a macrophage, and was
extruded 2 to 3 h after disappearance of the fluorescent signal of the
macrophage. These extrusion events were not exclusively observed
upon cell death of macrophages, but also occurred occasionally after
neutrophil cell death. The extruded bacterial aggregate could be first
visualized as a protuberance on the outer epithelial layer of the tail
fin, which could be observed using brightfield (differential
interference contrast) microscopy (Fig. 3D). The ultrastructure of
such a protuberance in another larvae was imaged using
transmission electron microscopy (TEM). These images show a
bacterial aggregate shortly before an extrusion event (Fig. 3E). A
cell of the outer epithelial layer containing a dead cell with a large
bacterial aggregate (Fig. 3F), is in the process of being extruded
from the epithelial layer. The light microscopy data show that
bacterial aggregates are extruded from the tissue. However, the
electron microscopy images of this process demonstrate that the
aggregate is located within a dead leukocyte, which has been
phagocytized by the epithelial cell.

The stationary phase of infection is characterized by granuloma-
like structures containing a large number of macrophages and
neutrophils at the site of infection. In this phase, we observed
secondary granuloma-like structures (Fig. S3), which are most often
observed near the caudal vein. Additionally, at this phase, extrusion
occurred at a large scale and the bacterial contents of several cells
were observed to be simultaneously extruded.

Ultrastructure of infected macrophages and neutrophils

In order to get a deeper understanding of cellular processes ongoing
in the infected leukocytes, infected larvae were analyzed using
electron microscopy. We used 3D serial block-face SEM (SBFSEM)
to obtain a 3D electron microscopy image of the region of the
infected tail fin at 3 dpi (Movie 8). In this technique, electron
microscopy images are acquired from the surface of the tissue
sample. Subsequently, a 100 nm layer is removed and a new image
of the surface is acquired (Denk and Horstmann, 2004; Peddie and
Collinson, 2014). To correlate these 3D SEM images with images
obtained by CLSM, the bacteria observed in the SBFSEM images
were aligned with the fluorescent signal of Mm acquired by CLSM
(Fig. S4). By aligning the images acquired by the two techniques, the
fluorescently labeled macrophages and neutrophils were identified
in the SBFSEM images (Fig. 4A,B). Using this approach the
SBFSEM images of the infected macrophages and neutrophils could
not only be correlated with the CLSM images, but could also be
linked to the dynamic behavior of these cells, as observed by CLSM
in the previous hours (Movie 9).

The images of two infected macrophages and two infected
neutrophils were correlated (indicated in Fig. 4A,B). The electron
microscopy image of the first macrophage (M1) showed clear
chromatin condensation in the nucleus, which was not observed in
other macrophages within same sample (Fig. 4C). The CLSM
images showed that this cell had phagocytized a large aggregate of
bacteria ~30 min earlier (Fig. 4D). The second imaged macrophage
(M2) showed a single compartment containing a bacterial aggregate
and remains of dead cells in the electron microscopy images
(Fig. 4C). The CLSM images show that this macrophage had
phagocytized the aggregate ~1.5 h earlier (Fig. 4D) and no sign of
cell death was apparent in the electron microscopy image (Fig. 4C).

The first imaged neutrophil (N1) displays a necrotic morphology
in the electron microscopy images, characterized by a round nucleus
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and an irregularly shaped plasma membrane and no apoptotic
features (Fink and Cookson, 2005). In the CLSM images, this
neutrophil shows a compacted bacterial content at the start of the
time lapse and a disappearance of the fluorescent signal (within
1 min) at ~30 min before the end of the time lapse (the time point of
fixation) (Fig. 4C). Based on our correlated light and electron
microscopy images, we suggest that the type of cell death
characterized by a rapid disappearance of the fluorescent signal
(<1 min) is a form of necrotic cell death. The second imaged
neutrophil (NP2) had not entirely engulfed the bacterial aggregate it
is associated with, and this neutrophil seemed to be undergoing a
process called netosis (Cabrini et al., 2010; Francis et al., 2014).
This cell showed a nuclear membrane that was not intact, and had
granules at the plasma membrane releasing their content into the
extracellular space in which a large aggregate of bacteria was located
(Fig. 4D; Movie 10). In CLSM images, this cell was observed to be
interacting with a large aggregate of Mm in the preceding 30 min,
which had previously been contained by another neutrophil
(Fig. 4C).

In the SBFSEM images we also observed Mm-infected epithelial
cells in the process of undergoing extrusion (Fig. S4G). These cells
did not show a fluorescent signal associated with macrophages or
neutrophils in the CLSM images. Using 3D information provided
by SBFSEM, we could observe that the bacterial aggregate was
entirely contained within an epithelial cell. This presence of a
bacterial aggregate inside an epithelial cell most likely results from
bacterial uptake at the basal side of the cell (probably by
efferocytosis), which subsequently underwent extrusion at the
apical side of the epithelium.

DISCUSSION

In the present study, we show the specific key functions of
macrophages and neutrophils during the dynamic early expansion
process of a tissue-localized Mm infection in zebrafish larvae. In
Fig. 5, a schematic overview of the cellular processes that were
observed in this study during the different phases of early
granuloma development is shown. The early granuloma
development was observed to consist of three phases, the lag,
exponential and stationary phase, which are characterized by
distinct cellular processes.

The localized infection model used in this study enabled us to
visualize the infection process in great detail, from the first infection
of macrophages and neutrophils to the granuloma stage. Using this
model we performed time-lapse CLSM, which was additionally
combined with ultrastructure analysis using TEM or SBFSEM.
Using other routes of infecting zebrafish embryos or larvae the
function of macrophages in the stationary phase has been studied
extensively (Lesley and Ramakrishnan, 2008; Davis and
Ramakrishnan, 2009), but our model has additionally provided
novel insights into specific key functions of macrophages and
neutrophils during the lag and exponential phase of Mm infection in
zebrafish larvae. The tail fin infection model complements other
models, using different routes of infection in zebrafish larvae, by
enabling the study of the initial processes in the infection process
and could be considered as a model for Mtb infection. This model
can be used to investigate the primary events of an infection caused
by bacteria that have crossed the epithelial barrier, which is a well-
known route for Mtb in the human lung.

The macrophages appear to play a specific role in the
efferocytosis of both dead macrophages and neutrophils that were
infected with Mm. Efferocytosis is a process to clear out apoptotic
bodies and necrotic material (Erwig and Henson, 2008). During
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Fig. 4. Ultrastructure of correlated
macrophages and neutrophils in 3D serial
block-face SEM images. (A) High-resolution
CLSM image of an infected tail fin after live-
cellimaging and fixation. (B) SBFSEM image
of the same region as in A showing correlated
macrophages (arrowheads) and neutrophils
(arrows). (C) Higher magnification SBFSEM
images of the two macrophages and two
neutrophils indicated in A and B. (D) Frames
from time-lapse imaging showing the
macrophages and neutrophils in C at
previous time points. The macrophage (M1)
with a fragmented nucleus contains a high
Mm content, indicated by the asterisk in

C. This macrophage phagocytized the
bacterial content ~30 min before fixation.
Macrophage M2 contains a large aggregate
of Mm which was phagocytized Mm ~1.5 h
before fixation. Neutrophil N1 shows a rapid
signal disappearance ~45 min before the
fixation (D). Neutrophil N2 was recruited to
the bacterial aggregate ~30 min before
fixation (D). Scale bars: 10 um (A-C);

2 ym (D).
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Cell death

A=7 .’

Reverse migration

Lag phase

Secondary uptake

Initiation secondary
infection site

—

. Bacterial extrusion
. Burst of macrophages

Exponential phase

Exponential growth

—

Stationary phase

Primary Granuloma formation
and secondary infection site

' Macrophage . Dead macrophage . Neutrophil ’, Dead neutrophil === M. marinum

Fig. 5. Overview of Mm infection in the tail fin of zebrafish larvae. This schematic overview summarizes all processes taking place during the course of
infection. At the lag phase, continuous cell death and efferocytosis by the macrophages leads to accumulation of Mm in a few macrophages at 12 hpi. Reverse
migration was more frequently observed for infected neutrophils than for macrophages. The exponential phase is characterized by macrophage burst and
bacterial extrusion. At the stationary phase, the granulomas increase in size and secondary granulomas are observed.

wound healing and inflammatory responses, efferocytosis by
macrophages and neutrophils is essential to remove dead cells
from the tissue (Rydell-Térmédnen et al., 2006). By following
trajectories of numerous individual macrophages and neutrophils, as
well as their bacterial load and lifespan, for up to 18 h, we were able
to clearly confirm earlier observations on the role of macrophages in
efferocytosis (Davis and Ramakrishnan, 2009). Additionally, our
results demonstrate that neutrophils also carry out efferocytosis in
~15% of cases. Continuous efferocytosis by macrophages resulted
in a high bacterial contents in these cells, leading to the burst
of macrophages when they were unable to retain this large number
of pathogens. Burst of macrophages containing high numbers of
intracellular Mth has been demonstrated to induce cell death and
promote extracellular spread of infection (Lee et al., 2006).
Neutrophils were shown in our study to be efficient in
phagocytosis of tissue-localized Mm and contribute largely to the
dissemination of the bacteria. The role of macrophages in the

3392

dissemination of mycobacterial infections has been studied
extensively, but the role of neutrophils is less clear (Davis and
Ramakrishnan, 2009). A study in a murine infection model using an
attenuated M. bovis strain (BCG) suggested that infected neutrophils
migrate through afferent lymphatics to lymphoid tissue and can
spread the bacterial infection (Abadie et al., 2005). Although
neutrophils were not observed to phagocytose Mm following
injection of bacteria into the bloodstream or the hindbrain of
zebrafish embryos, subcutaneous infection studies in zebrafish
larvae have demonstrated phagocytosis of bacteria (including E. coli
and Mm) by neutrophils, indicating a tissue-dependency for this
process (Yang et al., 2012; Davis et al., 2002; Colucci-Guyon et al.,
2011; Belon et al., 2014). Here, we show that neutrophils can
efficiently phagocytose mycobacteria at the initial infection site,
and undergo reverse migration more frequently than macrophages.
Owing to their high mobility, neutrophils might contribute more to
the dissemination of bacteria than macrophages.
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Epithelium-mediated extrusion of the bacterial content after
efferocytosis of infected leukocytes was observed by CLSM, TEM
and SBFSEM, and was shown to contribute to bacterial clearance.
Extrusion of dead or infected epithelial cells is important for the
preservation of the epithelial barrier, and it is therefore suggested
not to be limited to (myco)bacterial clearance (Gu and Rosenblatt,
2012; Eisenhoffer et al., 2012). Apical extrusion of Salmonella-
infected epithelial cells into the lumen has been observed in the gall
bladder of infected mice (Knodler et al., 2010). To our knowledge
this process has not been shown yet for mycobacterium infection,
and the role of extrusion by the lung epithelium is still unclear. In the
case of Mtb infection, which primarily affects the lungs in humans,
extrusion might represent an important mechanism in the clearance
of Mtb. Alternatively, mycobacteria might exploit extrusion as a
strategy for avoiding the pro-inflammatory response and the process
might therefore facilitate dissemination from human to human.

By following the dynamics of the leukocytes during the course of
infection, we show that many macrophages and neutrophils
underwent cell death during the process of Mm infection. Although
mycobacteria are notorious for their ability to block apoptosis (Lee
et al., 2006; Repasy et al., 2013), our correlative light and electron
microscopy images show that macrophages with a large bacterial
content, most likely acquired by efferocytosis, have a fragmented
nucleus. In addition, by using CLSM, clear fragmentation of infected
macrophages, another characteristic of apoptotic cell death, was
observed (Fig. 2G; Fig. S2A). Based on light microscopy
observations, the rapid signal disappearance of uninfected
neutrophils was previously suggested to be apoptosis (Renshaw
et al., 20006). Our correlative imaging shows, however, that these cells
are most likely in a process of undergoing necrosis. Necrotic cells
might lose their fluorescence due to a rapid denaturation of the
fluorescent proteins, as a result of the release of lysosomal content and
abundant peroxides into the cytoplasm (Artal-Sanz et al., 2006). We
also demonstrate that neutrophils are able to undergo netosis, which is
often associated with necrosis (Cabrini et al., 2010; Francis et al.,
2014). In cell culture studies, it has been shown that neutrophils are
able to sense microbe size and selectively release extracellular traps in
response to large pathogens such as Candida albicans hyphae and
extracellular aggregates of Mycobacterium bovis (Branzk et al., 2014).

In summary, our data show that neutrophils have different roles in
the early progression of a tissue-localized mycobacterial infection.
Our results show that neutrophils are able to phagocytose
mycobacteria and contribute to their dissemination. Macrophages
play a major role in efferocytosis, resulting in large bacterial
aggregates that can cause burst of macrophages or extrusion out of
the tissue. The data show a major role for macrophage burst that
results in increased spreading of the pathogen. By contrast, the main
host—pathogen interaction resulting in a decreased bacterial burden
was observed to be bacterial extrusion.

MATERIALS AND METHODS

Zebrafish strains and maintenance

Zebrafish were handled in compliance with the local animal welfare
regulations and maintained according to standard protocols (www.zfin.org).
The ABTL wild-type zebrafish strain and the transgenic lines, Tg(mpegl:
eGFP)gl22, and Tg(lyz:DsRed2)nz50 strains were used for this study. All
fish were raised and grown at 28.5°C on a 14-h-light-10-h-dark cycle.
Embryos were obtained from natural spawning at the beginning of the light
period and kept in egg water (60 pg/ml Instant Ocean sea salts).

Injection condition
The M. marinum M strain fluorescently labeled with E2-crimson was used
and prepared at ~500 cfu per 1 nl as previously described (Benard et al.,

2012). Borosilicate glass micro capillaries (Harvard Apparatus) were used
with a micropipette puller device (Sutter Instruments Inc.) for preparing
microinjection needles. Zebrafish larvae were injected in the tail fin at 3 dpf
using the Femtojet microinjection system (Eppendorf) with a fine (~5 to
10 um) needle tip broken off with tweezers and mounted at a 30° angle.
Larvae were anesthetized in egg water with 200 pg/ml 3-aminobenzoic acid
(tricaine; Sigma-Aldrich) and injected between the two epidermal layers at
the ventral part of the tail fin (Fig. 1). Morpholino against interferon
regulatory factor-8 (irf8) (Li et al., 2011) was injected into yolk at the
one-cell stage. A standard control morpholino (Genetools) was used as a
negative control.

Confocal laser scanning microscopy

Larvae were anesthetized with 200 pg/ml tricaine and mounted in 0.7% low-
melting-point agarose (Sigma-Aldrich) and imaged with the Nikon Al
confocal laser scanning microscope using the 488-, 561- and 641-nm laser
lines with a 20x objective (NA 0.75) in resonance mode. Images were
analyzed using NIS-Elements analysis software (Nikon). The bacterial
burden was analyzed on the max-projection images (12 bit). Binary areas
were created based on the M. marinum fluorescent signal using a threshold
above 900 for the larvae at 0 dpi to 2 dpi, and a threshold above 1700 for
larvae from 3 dpi to 5 dpi. The number of macrophages and neutrophils and
all mentioned events were counted manually. Tracks were generated using
Nis elements and mismatched tracks were manually corrected. The
macrophage and neutrophil interactions during infection of 225 individual
larvae were imaged at ~60 s per frame for 18 h at 28.5°C. For the lag phase,
33 larvae were analyzed (n=70 macrophages and 57 neutrophils) between 6
and 18 h. Larvae that moved out of view in less than 6 h were removed from
the analysis. For the exponential phase and stationary phase, 60 larvae and
40 larvae were analyzed, respectively. The clearly observable macrophage
burst events were counted manually and the bacterial extrusion events were
scored manually to a maximum of 10 events per larva based on bacterial
content released from the tissue.

Transmission electron microscopy

Before being used for electron microscopy the zebrafish larvae were
anesthetized with 200 pg/ml tricaine and fixated in 2% glutaraldehyde and
2% paraformaldehyde in sodium cacodylate buffer (pH 7.2) for 3 h at room
temperature followed by fixation for 16 h at 4°C. Post-fixation was
performed in 1% osmium tetroxide in sodium cacodylate buffer for 1 h at
room temperature. After dehydration through a graded series of ethanol, all
specimens were kept in epoxy resin (Agar Scientific) for 16 h before
embedding. Ultrathin sections were collected on Formvar-coated one-hole
copper grids (Agar Scientific) stained with 2% uranyl acetate in 50% ethanol
and lead citrate for 10 min each. Electron microscopy images were obtained
with a JEOL JEM-1010 transmission electron microscope (Tokyo, Japan)
equipped with an Olympus Megaview camera (Tokyo, Japan).

Block-face scanning electron microscopy

The larvae were prepared using a protocol modified from Deerinck et al.
(http://gatan.actonservice.com/acton/attachment/11413/£-017¢/1/-/-/-/-/sbfsem
%20sample%20prep%20protocol.pdf). Before being used for SBFSEM,
the zebrafish larvae were anesthetized with 200 pug/ml tricaine, imaged alive
by CLSM and afterwards immediately fixed in 0.5% glutaraldehyde and 2%
paraformaldehyde in PHEM buffer (pH 6.9) for 2 h at room temperature
followed by fixation in 2% glutaraldehyde and 2% paraformaldehyde in
sodium cacodylate buffer (pH 7.2) for 16 h at 4°C. Postfixation was
performed in a solution of 4% osmium tertroxide and 3% potassium
ferrocyanide (1:1 ratio) in 0.3 M soidum cacodylate buffer (pH 7.2), 20 min
in 1% ThioCarboHydrazide (TCH), followed by incubation for 30 min in
2% osmium tertroxide, 1 h in 1% uranyl acetate and 30 min in Waltons lead
aspartate at 60°C. After dehydration through a graded series of ethanol, all
specimens were kept in epoxy resin (Agar Scientific) for 16 h before
embedding. Blocks were trimmed and glued on a cryopin and examined in a
Quanta FEG 250 with a Gatan 3View Ultramicrotome module using the
BSE mode to perform 3D block-face imaging by cutting 150-nm sections.
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The data was segmented and aligned with CLSM images using Amira 3.5
(FEI) software.

Statistical analysis

All data were analyzed (Prism version 5.0, GraphPad Software) using
Kruskal-Wallis one-way analysis of variance (ANOVA) with Dunnett’s
post-test for multiple groups and Mann—Whitney test for comparing two
groups. Error bars represent meants.e.m. Statistical significance was
assumed at P<0.05 and groups labeled with the same letter do not differ
significantly.
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