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Abstract
Utilization of compounds that enhance the innate immune response against M. tuberculosis is
an attractive strategy for combating tuberculosis in the post-antibiotic era. Thus, it is crucial to
develop methods that can be used to screen for such compounds and to investigate their
mechanisms of action. Here, we used imaging flow cytometry (ImageStreamX Mk II), which
enables rapid quantification of microscopic images in flow, to study the interaction between
phagocytes and M. tuberculosis. Macrophage-differentiated THP-1 cells were infected with
GFP-expressing M. tuberculosis H37Ra, and methods for rapidly assessing phagocytosis,
phagosome maturation, and bacterial replication inside the cells were developed and
evaluated. These aspects of innate immunity are essential in determining the outcome of
mycobacterial infection of phagocytes. The technique was found effective for monitoring
phagocytosis of mycobacteria, phagosomal acidification and phagolysosomal fusion, as well
as for measuring mycobacterial replication inside the cells. Several of these aspects could be
analyzed simultaneously in the same sample, providing a great deal of information about the
phagocyte-mycobacterial interaction at once. Thus, this method has great potential to be
useful both for basic research questions and for evaluating compounds that enhance the innate
immune response against M. tuberculosis.
Key words: ImageStreamX, mycobacteria, phagolysosomal fusion, LysoTracker, CD63,
macrophage
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1.

Introduction

Mycobacterium tuberculosis causes tuberculosis (TB), an infectious disease that kills nearly
two million people each year worldwide. The bacterium is transmitted by contaminated
aerosols released through coughing, and exposure can lead to a spectrum of outcomes; from
clearance by the innate or adaptive immune system, to latent infection or active disease (Barry
et al., 2009). The importance of innate immunity in protection against TB is illustrated by the
fact that up to 50 % of exposed individuals clear the infection without the onset of adaptive
immunity (Morrison et al., 2008; Verrall et al., 2014). New treatment strategies against TB are
sorely needed to combat emerging antibiotic resistance, and an attractive approach is to boost
the innate immune response in order to enhance bacterial clearance (Verrall et al., 2014).
Following inhalation, M. tuberculosis is phagocytosed by alveolar macrophages in which the
bacteria inhibit phagosome maturation to grant intracellular survival and replication. Regular
phagosome maturation entails the fusion between the phagosome in which the bacterium
resides and lysosomes, as well as the acquisition of vacuolar H+-ATPases leading to a drop in
pH and activation of bactericidal proteases originating from the lysosomes (Sturgill-Koszycki
et al., 1994; Vergne et al., 2004; Welin and Lerm, 2012). Lysosomal markers such as CD63
(also known as lysosome-associated membrane glycoprotein 3, LAMP-3), LAMP-1, or
functional dyes staining acidic compartments can be used to investigate whether phagosome
maturation has occurred (Welin et al., 2008; Welin et al., 2011b). The partial arrest of
phagosome maturation by M. tuberculosis is an active process dependent on the
mycobacterial cell wall component lipoarabinomannan (LAM) (Welin et al., 2008; Welin and
Lerm, 2012). The LAM causes inhibition of calcium signalling and of a type III PI 3-kinase
necessary for the fusion and fission events involved in phagosome maturation (Vergne et al.,
2004). It is known that the degree of antibacterial pressure exerted on M. tuberculosis inside
the phagosome influences the outcome of macrophage infection (Dhiman et al., 2009; Welin
et al., 2011b), and mycobacterial mutants defective in the inhibition of phagosome maturation
display reduced survival inside murine macrophages (Pethe et al., 2004). Thus, phagosome
maturation is a potential target for new drugs that enhance the innate immune response
against M. tuberculosis.
In order to find compounds that target the innate immune system, boosting bacterial killing
inside the macrophage without causing immunopathology, new methods are needed. Current
approaches for quantifying phagosome maturation involve laborious microscopy protocols
and manual subjective scoring of phagosomes (Welin et al., 2008; O'Leary et al., 2011; Welin
et al., 2011a), or advanced functional assays that probe the phagosomal environment (Rohde
et al., 2007). Although both have been very valuable in characterizing the mycobacterial
compartment, neither is easily adapted to the screening context even on a small scale.
Furthermore, rapid and very useful methods for evaluating bacterial growth or killing inside
host cells are available (Eklund et al., 2010; Andreu et al., 2012; Kicka et al., 2014), but not in
combination with analysis of phagosome maturation or other intracellular phenomena. Here,
we developed a new tool for simultaneous quantification of phagocytosis, phagosome
maturation, and bacterial replication inside macrophages interacting with M. tuberculosis,
based on imaging flow cytometry. Imaging flow cytometry combines fluorescence
microscopy and flow cytometry, enabling rapid flow-based quantification of fluorescence
microscopic image information, and provides many advantages that can be employed in the
search for new treatment strategies against TB as well as for basic research.
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2.

Materials and Methods

2.1

Culture of M. tuberculosis

The avirulent M. tuberculosis strain H37Ra (ATCC #25177, Biosafety Level 2) was used for
all experiments. Early passages were prepared and stored at −70°C. The bacteria were
cultured in Middlebrook 7H9 broth with 0.05 % Tween-80, 0.5 % glycerol and albumin
dextrose catalase (ADC) enrichment (BD) at 37°C for 2–4 weeks, and then passaged and
incubated for 1 week before use in experiments. For constitutive expression of green
fluorescent protein (GFP), H37Ra bacteria were transformed with the pFPV2 plasmid
carrying the gene for GFP, and plasmid-carrying mycobacteria were selected using 20 µg/ml
kanamycin (Welin et al., 2011a). Heat-killed fluorescein isothiocyanate (FITC)-labeled M.
tuberculosis H37Ra was prepared by incubation of H37Ra (without the pFPV2 plasmid) in a
water bath at 80oC for 1 h, multiple passages through a syringe equipped with a 27-gauge
needle, followed by labeling with 2 µg/ml FITC (Sigma) and several washes, and stored at 20oC until use.
2.2

Cell culture

The monocytic cell line THP-1 (ATCC #TIB-202) was cultured by standard procedures in
RPMI 1640 supplemented with 10 % fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin
and 100 µg/ml streptomycin (Fisher Scientific). The cells were maintained at 37°C in a
humidified atmosphere with 5 % CO2 and passaged every 3-4 days. For differentiation to
macrophage-like cells and use in experiments, THP-1 cells were seeded (1x106/well) in 6-well
plates in fresh medium supplemented with 100 nM phorbol 12-myristate 13-acetate (PMA,
Sigma), and incubated for 18 h (Theus et al., 2004). Efficient differentiation was defined as
adherence to the plastic. The cells were then allowed to rest in RPMI without PMA for at least
2 h.
2.3

Preparation of phagocytic prey

The H37Ra suspension was washed in phosphate-buffered saline (PBS) supplemented with
0.05 % Tween-80. Single bacilli were obtained by passing the suspension 10 times through a
syringe equipped with a 27-gauge needle, a further wash, resuspension in plain RPMI (i.e.
without additives), and finally another 10 passages through the needle (Welin et al., 2011a).
In some experiments, FITC-labeled zymosan particles (Life Technologies) were used as
phagocytic prey. The concentration of bacteria and zymosan was determined using an Accuri
C6 flow cytometer (BD). Opsonization of bacteria was carried out in Protein LoBind tubes
(Eppendorf). For serum opsonization, the phagocytic prey was incubated with normal human
serum (Sahlgrenska University Hospital Blood Bank, 25 % or 50 % as stated), at 37oC for 30
min. For IgG opsonization of mycobacteria, the bacilli were incubated with 20 µg/ml
polyclonal rabbit anti-M. tuberculosis antibody (Abcam ab905), after removal of sodium
azide from the buffer using protein G-coated Dynabeads® (Life Technologies), under the
same conditions. The prey was not washed after opsonization.
2.4

Infection of cells

Adherent THP-1 cells were washed in plain RPMI to remove serum and antibiotics, and the
phagocytic prey was added at the indicated ratio (prey:cells), diluted in plain RPMI.
Synchronization of phagocytosis was achieved by centrifugation of the plate (3000 ×g, 5
4

min), after which the plate was incubated at 37oC for 2 h or the indicated time. For long-term
incubations over several days, the medium was exchanged after 2 h for RPMI supplemented
with 10 % fetal calf serum and 2 mM L-glutamine, with or without the addition of
antimycobacterial antibiotics (100 µg/ml streptomycin) as stated.
2.5

LysoTracker and CD63 staining

For staining of acidified compartments in THP-1 cells, LysoTracker® Deep Red (Life
Technologies) at 75 nM was added to the medium during the final 20 min of infection (Welin
et al., 2011a). LysoTracker stains compartments with a pH of about 6 and below (von Bargen
et al., 2009), and the M. tuberculosis-containing phagosome has an average pH of about 6.4,
as opposed to a mature phagosome with a pH of less than 5 (Rohde et al., 2007), making
LysoTracker an appropriate probe. The cells were removed from the surface using a cell
scraper following incubation with lidocaine hydrochloride monohydrate (Sigma, 4 mg/ml) at
37oC for 15 min, and washed with PBS by centrifugation (500 ×g, 5 min). LysoTrackerstained cells were then resuspended in 25 µl PBS and placed on ice for immediate imaging
flow cytometry analysis. CD63 was used as a late endosomal/lysosomal marker (Welin et al.,
2011a). Indirect intracellular immunofluorescence staining of detached, fixed, and
permeabilized cells was performed as previously described (Welin et al., 2013), using a
monoclonal mouse-anti human CD63 antibody (Sanquin, 4 µg/ml) followed by an Alexa
Fluor 647-conjugated goat anti-mouse (F(ab’)2 fragment) secondary antibody (Life
Technologies, 2.5 µg/ml). Cells were washed and resuspended in 25 µl PBS before analysis
by imaging flow cytometry.
2.6

Imaging flow cytometry

All samples were analyzed using an ImageStreamX Mk II imaging flow cytometer (Amnis),
followed by IDEAS analysis software (v. 6.1, Amnis) as described in section 3 below. The
ImageStreamX simultaneously collects six multi-mode images of each event in flow,
including brightfield, darkfield (corresponding to side scatter) and up to four fluorescence
colors. Images are then analyzed using IDEAS software, enabling quantification of different
aspects of the obtained image data. A “mask” defines the region of interest in the cell, and
quantification of different parameters inside the mask is then performed using a “feature”,
which can be custom-made. Here, the 488 nm laser was used for excitation of GFP or FITC
and the 642 nm laser for excitation of Alexa Fluor 647 or LysoTracker Deep Red. The 60X
magnification objective was used, providing a pixel size of 0.33 µm2 and a depth of field of
2.5 µm. 20 000 events were collected per sample (at a speed of about 50-150 cells per
second), ensuring a sufficient number of events remaining for statistically robust analysis after
all the gating steps (generally above 500 cells). Single stain samples were routinely collected
using the same settings and used as compensation controls to generate compensation matrices
in IDEAS. The extended depth of field (EDF) option on the ImageStreamX can be used to
project structures in a wide focal range into one focused image. This option improves accurate
enumeration of intracellular spots (Ortyn et al., 2007), such as bacteria, and was used for the
bacterial enumeration assay. For the phagosome maturation assay, on the other hand, the EDF
option was not used as it could result in false-positive colocalization of prey and lysosomal
marker in cells with lysosomes in the same XY location but different focal planes. Maximum
data output can be obtained on the ImageStreamX from a limited number of samples if the
same samples are run twice, both with and without the EDF option.
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2.7

Statistical analysis

Statistical analysis was performed using Graph Pad Prism v. 6.01 (GraphPad Software), as
stated in the figure legends. Statistically significant differences are indicated in the figures by
a single asterisk (*; P = ≤0.05), double asterisks (**; P = ≤0.01), or triple asterisks (***; P =
≤0.001). The numbers of independent experiments (performed on different days) are stated in
the figure legends.
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3.

Results and Discussion

3.1

Analysis of phagocytosis

Firstly, a method for investigating the efficiency of macrophage phagocytosis was developed,
as phagocytosis is a key component of innate immunity in TB (Verrall et al., 2014). The assay
was based on a setup where macrophage-differentiated THP-1 cells were allowed to
phagocytose zymosan particles or M. tuberculosis, followed by staining of a lysosomal
marker and imaging flow cytometry analysis.
3.1.1

IDEAS analysis

In order to quantify what proportion of the cells had phagocytosed M. tuberculosis, a fourstep gating strategy was developed (Fig. 1). This method was very similar to the built-in
internalization wizard in IDEAS, and was performed essentially as described by others
(Phanse et al., 2012). First, the gradient RMS (root mean square for image sharpness) feature
in the brightfield channel (Ch04) was used to gate in-focus cells, followed by identification of
single cells using the area and aspect ratio features in the brightfield image. Then, events that
were positive for at least one phagocytic prey were gated based on the intensity and max pixel
feature values in the GFP/FITC channel (Ch02). The background lysosomal (LysoTracker or
CD63, Ch05) staining (the default M05 mask eroded by 4 pixels) defined the boundaries of
the cell cytoplasm, and the internalization feature (the log-transformed ratio of the
background-subtracted GFP/FITC intensity inside the cell boundaries to the total backgroundsubtracted GFP/FITC intensity) was used to determine whether the phagocytic prey was
internalized or merely bound to the cell surface. Cells with values above zero were considered
as having internalized prey, and this was confirmed by visual inspection of numerous images
from several experiments. The cells were thus categorized into having no prey association,
prey bound to the cell surface, or internalized prey. It is noteworthy that a cell containing both
surface-bound and internalized prey, or prey located on the mask border, will result in
intermediate internalization scores, which can lead to misclassification of a small number of
events.
3.1.2

Phagocytosis measurements

The phagocytosis assay was evaluated in several different experimental setups. It is well
known that opsonization of phagocytic prey with serum leads to enhanced uptake, through
complement components C3b and iC3b interacting with phagocyte complement receptors, and
that opsonization with prey-specific IgG leads to enhanced uptake through Fcγ receptors
(Aderem and Underhill, 1999). Thus, opsonization was used to confirm that differences in
phagocytic uptake could be detected by our method. First, the cells were allowed to
phagocytose unopsonized or serum-opsonized FITC-labeled zymosan particles at a ratio of
1:1 for 2 h. Opsonization resulted in a significantly increased degree of zymosan
internalization (Fig. 2A). We assumed that this was mainly due to increased engagement of
complement receptors, but as the BCG statuses of the serum donors were not known there
might also have been an element of antibody opsonization. Next, the cells were allowed to
interact with serum-opsonized zymosan at a ratio of 1:1 for different periods of time.
Successively increased phagocytic uptake could be observed over time (Fig. 2B), although
there was little increase beyond 1 h of incubation. Finally, M. tuberculosis H37Ra (expressing
GFP) was used as phagocytic prey at a ratio of 2:1. Opsonization with either serum or anti-M.
tuberculosis IgG significantly enhanced phagocytic uptake after 2 h (Fig. 2C). Further,
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increasing the prey:cells ratio to 2:1 or 6:1 resulted in successively more phagocytic uptake as
compared to ratio 1:1 (data not shown). All the statistically significant differences were found
in internalization of prey, while no differences were found in the levels of surface-bound prey.
3.1.3

Discussion

The described method was shown to be effective in assessing the degree of uptake of different
phagocytic prey, including M. tuberculosis, and had the advantage of being flow-based and
thus rapid as well as quantitative. Another advantage is that the method does not require any
special stains or treatments to determine whether prey is internalized or surface-bound, since
this property is built into the IDEAS analysis. The only requirement is that the cell contains a
stain that can be used to define its boundaries. Although the lysosomal markers used here are
not conventionally used to define cell boundaries, the fact that they both produced a slight
background staining of the entire cell area, likely due to unspecific binding, meant that they
could be utilized for this purpose. Other ways of determining binding versus internalization of
phagocytic prey is through chemical extinction of fluorescence arising from extracellular
bacteria (Giaimis et al., 1994), antibody staining of extracellular bacteria on nonpermeabilized cells (Johnson and Criss, 2013), or incubation with pharmacological agents that
inhibit the polymerization of actin and thus internalization of phagocytic prey (Keller and
Niggli, 1995), all of which are more laborious. Using the extended depth of field (EDF)
option could enhance the accuracy of the phagocytosis analysis, as this would include bacteria
in all focal planes of the images, but this strategy has the disadvantage of not being able to
distinguish between surface-bound and internalized prey, and would furthermore not be
compatible with simultaneous analysis of phagosome maturation (described under 3.2 below)
in the same data file.
3.2

Analysis of phagosome maturation

Secondly, a method for analysis of phagosome maturation in M. tuberculosis-infected
macrophages was developed, as phagosome maturation may be a potential target for new
immune-boosting treatment strategies against TB. It is well-known that live M. tuberculosis
actively inhibits phagosomal acidification and fusion with lysosomes (Armstrong and Hart,
1971; Clemens and Horwitz, 1995; Via et al., 1997; Lee et al., 2008a; Welin et al., 2011a),
and that this immune evasion mechanism is essential for intracellular survival and replication
of the bacteria (Pethe et al., 2004; Dhiman et al., 2009; Welin et al., 2011b). On the other
hand, both virulent strains such as H37Rv and avirulent strains such as H37Ra are capable of
inhibiting phagosome maturation (Lee et al., 2008b; Eklund et al., 2010; Welin et al., 2011a),
demonstrating that this trait is not the sole determinant of the ability to replicate inside
macrophages. Adaptation to the intraphagosomal environment (Russell, 2011) as well as
escape from the phagosome into the cytosol (van der Wel et al., 2007; Houben et al., 2012)
are also needed, and the inhibition of phagosome maturation thus represents only part of the
arsenal of immune evasion strategies employed by M. tuberculosis. In order to enable smallscale screening for compounds that enhance phagosome maturation in M. tuberculosisinfected macrophages, we developed two different analysis strategies for rapidly quantifying
phagosome maturation by imaging flow cytometry, described below. Both were based on
experiments where macrophage-differentiated THP-1 cells were allowed to phagocytose M.
tuberculosis H37Ra, followed by staining of a lysosomal marker and imaging flow cytometry
analysis. We primarily used LysoTracker as a lysosomal marker for these assays.
LysoTracker is an excellent tool for tracking acidic compartments, but it is not compatible
with fixation and permeabilization of the cells, which may be desirable. In particular, if the
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assays are to be carried out using virulent strains of M. tuberculosis, which are Biosafety
Level 3, it is necessary to either fix the samples or house the imaging flow cytometer inside a
Biosafety Level 3 facility. Thus, we also evaluated phagosome maturation using the
lysosomal membrane marker CD63 which is compatible with fixation.
3.2.1

IDEAS analysis

3.2.1.1 Phagosome maturation score
As mentioned, two different analysis strategies were employed to investigate phagosome
maturation, each with different advantages making them suitable for different applications.
The first strategy was a custom-made IDEAS analysis that could classify a cell as containing a
mature or an immature phagosome. The analysis essentially quantifies the extent to which the
lysosomal marker is enriched in the phagosome as compared to the rest of the cell. We termed
the feature used for this analysis “phagosome maturation score.”
Upon analysis of phagocytosis as described in section 3.1.1 above, further gating was
performed on the cells with internalized phagocytic prey to identify those that could be
analyzed for phagosome maturation using the phagosome maturation score (Fig. 3A). First,
the gradient RMS feature in the GFP/FITC channel (Ch02) was used to gate cells where the
prey was in focus. This was required as the ImageStreamX (without the EDF option) provides
a limited depth of field (2.5 µm at 60X), meaning that some phagosomes will be out of focus.
Then, it was necessary to identify the cells that contained only one phagosome. This is
because flow-based techniques such as this one provide quantification on an event level (i.e.
for the entire cell), rather than for each individual phagosome. Thus, it is not possible to score
a cell containing multiple phagosomes as positive or negative for phagosome maturation. The
infection protocol (using a low prey:cell ratio of 1-2:1) was optimized to provide a sufficient
number of events with only one phagosome in this final gating step. To identify cells
containing a single phagosome, the shape ratio feature (the minimum thickness divided by the
length) of the Ch02 object mask was used, where a low value signifies an elongated and
uneven mask while a high value indicates a mask with rounder shape, i.e. a single phagosome.
Cells with multiple phagosomes were thus excluded in this step. The gate was set so that cells
where the single phagosome was either rod-shaped or round were included. This was because
M. tuberculosis is a rod-shaped bacillus, meaning that the mask will be rod-shaped if a
phagosome containing one bacillus is imaged from the side. However, the mask can also be
round if a phagosome containing one bacillus is imaged in cross-section, or if there are more
than one bacillus in the same phagosome. Thus, only single phagosomes were included, but
these were allowed to contain one or more bacilli.
A custom-made masking and feature strategy was subsequently employed to identify the cells
in which the LysoTracker or CD63 staining (Ch05) was elevated in the phagosome as
compared to the rest of the cell, indicating phagosome maturation (Fig. 3B). First, a mask
defining the phagosome was created, covering the Ch02 object mask dilated by two pixels.
The dilation of the mask was performed to also enable analysis of phagosomes containing
prey that is larger than the depth of field of the ImageStreamX, such as zymosan, where
phagosome maturation results in a ring of lysosomal marker around the prey rather than in
colocalization. The remainder of the cell was defined as the Ch05 object mask minus (“and
not” in the equation below) this phagosome mask. Then, the mean pixel value of LysoTracker
or CD63 in the phagosome mask was divided by the mean pixel value of LysoTracker or
CD63 in the remaining cell mask. This yielded a phagosome maturation score for each cell,
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where values above 1 indicate enrichment of LysoTracker staining (Fig. 3C) or CD63 (Fig.
3D) in the phagosome as compared to the rest of the cell. The definition of the feature was
thus as follows:
Phagosome maturation score = Mean Pixel_Dilate(Object(M02, Ch02, Tight), 2)_Ch05 / Mean
Pixel_Object(M05, Ch05, Tight) And Not Dilate(Object(M02, Ch02, Tight), 2)_Ch05

After visual inspection of numerous images from several experiments, the limit for positive
phagosome maturation was set to 1.5. Since this analysis strategy is based on the mean rather
than the total intensity of the lysosomal marker in the masks, it is indifferent to the size of the
phagosome and cell, and the use of a ratio makes it indifferent to the total intensity of
lysosomal marker in the cell. However, it is inevitable that some cells with an intermediately
mature phagosome in a real sample will be difficult to classify, and that some cells with a
non-phagosomal bright patch of LysoTracker in addition to an acidified phagosome will result
in false negatives. In order to validate our method, it was compared to the well-established
method of quantifying phagosome maturation in microscopy images (Welin et al., 2008;
O'Leary et al., 2011; Welin et al., 2011a), using the images obtained using ImageStreamX.
The proportion of cells with a mature phagosome as determined by the phagosome maturation
score was compared to that obtained by manual scoring of the first 100 cells containing a
single phagosome in 3 independent experiments where THP-1 cells had been infected with
live unopsonized H37Ra-GFP and stained with LysoTracker. The two methods of
quantification yielded almost identical results (Fig. 3E), demonstrating that the phagosome
maturation score could effectively discriminate between cells with and without enrichment of
lysosomal markers in the phagosome.
3.2.1.2 Colocalization
The second strategy for analyzing phagosome maturation was based on the built-in IDEAS
wizard analysis for colocalization, which has been used by others to study the colocalization
of different phagosome markers (Ploppa et al., 2011; Smirnov et al., 2015). This wizard
measures the degree to which two probes with punctate staining spatially colocalize in the
images, and uses the bright detail similarity R3 feature (the log transformed Pearson’s
correlation coefficient of the localized bright spots with a radius of 3 pixels or less in two
images). This analysis was performed after gating as described for the phagosome maturation
score in section 3.2.1.1, apart from the last step identifying cells with a single phagosome.
This step was left out as the colocalization analysis does not require a mask defining the
phagosome, but rather considers bright spots in the entire image, and can thus handle cells
containing multiple phagosomes with different degrees of maturation (yielding an
intermediate bright detail similarity score). Typical results and example images are shown in
Fig. 4. As the strategy based on colocalization includes cells with multiple phagosomes, it was
not possible to classify each cell into “mature” or “not mature,” but rather the median bright
detail similarity scores were compared between different samples. For this reason, a
validation as shown for the phagosome maturation score in Fig. 3E was not possible here.
Further, the fact that not all the lysosomes in a cell translocate to the phagosomes during
phagosome maturation means that complete colocalization between phagocytic prey and
lysosomal marker will not be achieved, but rather varying degrees of colocalization.
3.2.2

Phagosome maturation measurements

In order to evaluate these imaging flow cytometry-based phagosome maturation assays, they
were employed to analyze the degree of phagosome maturation using different prey and
10

opsonization conditions. We started by evaluating phagosome maturation using LysoTracker.
Macrophage-differentiated THP-1 cells were infected with live GFP-expressing H37Ra or
heat-killed and FITC-labeled H37Ra at a ratio of 2:1 for 2 h, and stained with LysoTracker.
First, the phagosome maturation score was used for analysis. It was clear that the method was
capable of detecting differences between the live and dead bacilli in the ability to inhibit
phagosomal acidification (Fig. 5A, left panel), and the results were in line with previous
results obtained using conventional confocal microscopy methods (Welin et al., 2011a).
Furthermore, very similar results were obtained when the colocalization analysis was applied
instead (Fig. 5A, right panel), demonstrating that this strategy was also useful in detecting
differences in phagosome maturation in this context.
Conflicting data exist concerning whether the receptors engaged during phagocytosis of M.
tuberculosis can influence the degree of phagosome maturation and the outcome of infection.
There are examples of studies showing that uptake through complement receptor 3 can be
advantageous for the bacillus (Caron and Hall, 1998; Ernst, 1998), and others showing that
uptake through this receptor makes no difference to phagosome maturation or bacterial
replication (Zimmerli et al., 1996; Hu et al., 2000). It has been shown that uptake of
mycobacteria through Fcγ receptors can lead to enhanced phagosome maturation and a more
pro-inflammatory macrophage response (Armstrong and Hart, 1975; Caron and Hall, 1998; de
Valliere et al., 2005). However, our imaging flow cytometry-based analysis of phagosome
maturation, using LysoTracker staining and the phagosome maturation score, showed no
enhancement of LysoTracker enrichment and thus acidification and phagosome maturation
when mainly Fcγ or mainly complement receptors were engaged for H37Ra uptake (Fig. 5B,
left panel). Again, a similar trend was obtained when the same data were analyzed using the
colocalization approach (Fig. 5B, right panel).
Next, in order to evaluate phagosome maturation using the lysosomal membrane marker
CD63, the use of which permits fixation of samples, we allowed THP-1 cells to ingest FITClabeled zymosan particles for different periods of time and stained the cells for CD63 after
fixation and permeabilization. As shown in Fig. 5C, this protocol resulted in a successive
increase in translocation of CD63 to the zymosan-containing phagosome, as analyzed using
the phagosome maturation score. When FITC-labeled zymosan was compared to GFPexpressing H37Ra as phagocytic prey, and infection at a ratio of 1:1 was allowed to proceed
for 2 h, a difference in phagosome maturation between cells infected with the two types of
prey could also be detected (Fig. 5D), as expected. Thus, the presented assay could efficiently
detect differences in phagosome maturation using two different markers.
3.2.3

Discussion

The two described approaches to analyzing phagosome maturation have different advantages
and disadvantages, each explained in more technical detail in section 3.2.1 above. The
approach based on phagosome maturation score (i.e. analyzing the extent to which the
lysosomal marker is enriched in the phagosome) can only handle cells containing a single
phagosome, which can be problematic if the investigated compound acts as an opsonin that
influences the number of phagosomes per cell, in which case the analysis will be skewed. On
the other hand, it has the advantage of providing a percentage of cells with mature
phagosomes rather than an arbitrary score, and is capable of analyzing cells containing large
prey where phagosome maturation results in a ring of lysosomal marker around the prey
rather than in colocalization. The approach based on colocalization (i.e. analyzing the degree
to which the fluorescence signal from the prey and the lysosomal marker spatially colocalize),
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on the other hand, can handle cells containing multiple phagosomes, but provides only an
arbitrary score and is not capable of analyzing larger phagosomes containing e.g. zymosan.
Thus, depending on the experiment, it may be appropriate to choose one approach over the
other.
A previous study showed that LysoTracker staining of the phagosome better correlates with
the ability of macrophages to inhibit intracellular replication of M. tuberculosis than does the
translocation of CD63, as acidification reflects the functional state of the phagosome better
than membrane markers do (Welin et al., 2011a). Further, replication of virulent M.
tuberculosis inside CD63-positive phagosomes has been shown (van der Wel et al., 2007;
Welin et al., 2011a), and the ability of M. tuberculosis to inhibit acidification correlates better
with metabolic activity of the bacteria than does the ability to inhibit recruitment of CD63 to
the phagosome (Lee et al., 2008a). Others have also questioned the use of CD63 as a marker
of truly mature phagosomes due to its presence on intermediate/late endosomes in addition to
lysosomes (Sturgill-Koszycki et al., 1994; Rohde et al., 2007), and it has been suggested that
phagolysosomal fusion and the recruitment of vacuolar H+-ATPases occur through different
mechanisms (Fratti et al., 2003; Vergne et al., 2004; Kinchen and Ravichandran, 2008; SunWada et al., 2009; Welin et al., 2011a). Thus, the LysoTracker approach may be more
suitable, although the CD63 approach allows fixation of samples, which is desirable if
working with virulent mycobacteria. The presented assay could potentially be modified for
other endosomal and functional markers in order to study intracellular trafficking in different
respects. LysoTracker Deep Red could also be replaced by a dye that stains acidic
compartments and is compatible with fixation. Further, it can be adapted for markers of
autophagy, a process shown to be important for enhancing phagosome maturation in M.
tuberculosis-infected macrophages (Gutierrez et al., 2004; Purdy, 2011) and which has
previously been quantified by imaging flow cytometry (Demishtein et al., 2015).
3.3

Analysis of bacterial numbers

Finally, we developed an imaging flow cytometry-based method for analyzing intracellular
replication of M. tuberculosis inside macrophages. Measuring intracellular replication rates is
an essential component of evaluating the effect of different compounds on the outcome of
mycobacterial infection. It is important that new anti-mycobacterial compounds act inside
macrophages as this is the main site of infection, and a useful screening method should thus
include the host cell. The assay employed macrophage-differentiated THP-1 cells infected
with H37Ra-GFP for different periods of time in the presence or absence of antibiotics.
3.3.1

IDEAS analysis

In order to accurately enumerate intracellular bacteria, samples were collected using the EDF
option, yielding images where bacteria from all focal planes in the cell are projected (Ortyn et
al., 2007). A masking strategy to identify individual bacteria in the images was then
developed (Fig. 6A) with the aid of the built-in spot counting wizard in IDEAS, and by visual
inspection of numerous images in each step to confirm validity of the masks. First, all bright
regions of the Ch02 prey image were masked using the spot mask, setting the spot to cell
background ratio to 2 and the radius to 3. Then, to distinguish bacteria that were very close to
each other, a peak mask (identifying local intensity maxima) was applied, setting the spot to
background ratio to 1. Finally, an intensity mask was applied to remove very dim spots that
were the result of cellular autofluorescence (based on inspection of uninfected cells),
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restricting the intensity to 80-4095 counts. The spot count feature was then applied in this
mask, making the definition of the bacterial count feature as follows:
Bacterial count = Spot Count_Intensity (Peak(Spot(M02, Ch02, Bright, 2, 3), Ch02, Bright, 1), Ch02, 80-4095)

Fig. 6B shows an example of this analysis applied to cells that were determined by the
analysis of phagocytosis (described in section 3.1.1 and shown in Fig. 1 steps 1-3) to be
positive for phagocytic prey. Cells that were determined by the bacterial count feature to
contain 0, 1, 2, or 3 bacteria are depicted. This bacterial enumeration analysis can be applied
to all single cells in order to analyze the average number of bacteria per cell, which would be
desirable in an intracellular killing or replication assay. Alternatively, the analysis can be
applied only to the cells that are positive for phagocytic prey, e.g. to accurately determine the
efficiency of phagocytic uptake.
The method was validated by comparing it to manual counting of the number of bacteria per
cell in the ImageStreamX images. The number of bacteria was counted in the first 300 cells
that were positive for prey in an experiment where THP-1 cells had been infected with live
unopsonized H37Ra-GFP for 2 h. Manual counting (Fig. 6C) yielded a similar frequency
distribution to that obtained using the bacterial count feature (compare to Fig. 6B). Notably, it
was very difficult to accurately distinguish single bacteria by eye in cells infected with
multiple bacteria or bacterial aggregates, possibly leading to an underestimation of the
number of bacteria by this method. This was reflected by the slightly lower mean number of
bacteria per cell as determined by manual counting (3.1 bacteria per cell) than that achieved
using the bacterial count feature (3.5 bacteria per cell) in this sample. The validation showed
that the presented method was accurate in determining the number of mycobacteria per cell.
3.3.2

Intracellular bacterial replication measurements

In order to evaluate the bacterial enumeration method, we infected macrophage-differentiated
THP-1 cells with GFP-expressing H37Ra for different periods of time, with and without the
addition of streptomycin. Streptomycin is an aminoglycoside antibiotic with well-documented
antimycobacterial effects inside macrophages that leads to the inhibition of intracellular
bacterial replication (Eklund et al., 2010). Cells were fixed and stained for CD63, and
analyzed by imaging flow cytometry using the EDF option to obtain images where all the
bacteria in each cell were projected into one image. The reason for using CD63 was to enable
storage of fixed samples and acquisition of several data points at once, but CD63 and
LysoTracker could be used interchangeably for this assay. H37Ra replicated slightly inside
the cells, increasing from a mean of 1.4 bacteria per cell to 4.5 bacteria per cell over 4 days
(Fig. 7). This intracellular replication rate of H37Ra is similar to previously published data
using either manual counting (Welin et al., 2011a) or luciferase-based measurements (Eklund
et al., 2010) of H37Ra inside human monocyte-derived macrophages, and represents a much
lower intracellular replication ability than that of the virulent strain H37Rv (Eklund et al.,
2010; Welin et al., 2011a). The replication rate presented here is slightly higher than that
reported previously, probably representing a lower ability of differentiated THP-1 cells to
control mycobacterial replication as compared to monocyte-derived macrophages. The
presence of streptomycin resulted in a significantly reduced number of bacteria per cell, only
doubling over 4 days (Fig. 7). This demonstrates that the method was useful for determining
differences in intracellular bacterial replication.
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3.3.3

Discussion

The presented approach proved effective in measuring intracellular growth of M. tuberculosis,
and could potentially be adapted for many applications, including small-scale screening of
compounds that are suspected to inhibit mycobacterial growth inside host cells by either
activating the cells or by killing the bacteria directly. If required, phagosome maturation could
be analyzed in the same samples that are analyzed for bacterial numbers, if additional images
are acquired without the EDF option. This is because analysis of phagosome maturation using
the EDF option can result in false positives, as discussed in section 2.6 above. Acquiring the
same samples twice, both with and without the EDF option, maximizes the amount of
information that can be extracted from one sample. Further, it would be possible to combine
the described bacterial enumeration method with a stain that determines whether the host cell
is viable, which may be desirable as virulent M. tuberculosis is known to induce necrosis in
the host macrophage (Eklund et al., 2010; Welin et al., 2011a). The stability of GFP means
that it may be difficult to detect actual killing of the bacteria, as the signal may remain for
long periods of time even if the bacteria have been killed. However, the assay was
demonstrated to be very useful for detecting differences in bacterial numbers and thus
replication rates inside the host cell, which in the screening context could be the result of
either inhibited replication or bacterial killing.

14

4.

Conclusions

We conclude that the presented imaging flow cytometry-based methods are effective for
measuring phagocytosis, phagosome maturation, and intracellular growth of M. tuberculosis
in macrophage-differentiated THP-1 cells. The assays could potentially be adapted for other
host cell types and bacterial species, as well as for mixed cell populations distinguished by
different surface markers. The presented methods have several advantages in that they are
quantitative, avoiding the potential bias associated with manual analysis of microscopic
images, and rapid, as analysis is carried out in flow. Furthermore, the experimental procedures
are routine and analysis is simple once the parameters in IDEAS have been set up once.
Above all, however, the methods allow vast amounts of information to be extracted from only
a limited number of samples, especially if the samples are run both with and without the EDF
option on the ImageStreamX. Fig. 8 summarizes the workflow and the range of analyses that
can be performed, demonstrating this fact. Since a great deal of information about the effect
of a compound on M. tuberculosis infection of macrophages can be extracted from an
experiment at once, this novel method is attractive for many basic science applications as well
as for small-scale screening of limited numbers of compounds, or for investigating the
mechanisms of action of compounds found by other methods to be of interest. The discovery
of compounds that enhance the antimycobacterial macrophage response may prove very
valuable in combating TB, by complementing existing antibiotics.
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Figure legends
Figure 1. IDEAS analysis of phagocytosis. THP-1 cells were infected with H37Ra-GFP at a
ratio of 2:1 for 2 h, stained with LysoTracker, and analyzed by imaging flow cytometry. A
four-step gating strategy was employed to identify and quantify the proportion of cells that
had bound and/or internalized phagocytic prey. Sequential IDEAS plots (numbered) and gates
are shown, as well as examples of cells that were included and excluded by the gates in each
step (arrows). The title of each plot indicates which population is being displayed, carrying
over from the gated population in the previous plot. Brightfield images are shown in
greyscale, GFP is shown in green, and LysoTracker in red.
Figure 2. Phagocytosis measurements. A) THP-1 cells were allowed to phagocytose
unopsonized or serum-opsonized (50 % serum) zymosan-FITC at a ratio of 1:1 for 2 h,
stained for CD63, and analyzed for phagocytosis. B) THP-1 cells were allowed to
phagocytose serum-opsonized (50 % serum) zymosan-FITC at a ratio of 1:1 for the indicated
times, stained for CD63, and analyzed for phagocytosis. C) THP-1 cells were infected with
unopsonized, serum (25 % serum)- or IgG-opsonized H37Ra-GFP at a ratio of 2:1 for 2 h,
stained with LysoTracker, and analyzed for phagocytosis. The proportions of cells with prey
bound to the cell surface (grey) and internalized (white) are shown in the bar graphs. The
means ± SD of 4 (A and C) or 3 (B) independent experiments are shown. Differences in
phagocytosis were analyzed using two-way repeated measures ANOVA followed by HolmSidak’s multiple comparison test (A and C). Asterisks indicate significant differences in
internalization.
Figure 3. IDEAS analysis of phagosome maturation: Phagosome maturation score. THP1 cells were allowed to phagocytose H37Ra-GFP (M.tb) at a ratio of 2:1 (A-C, E) or
zymosan-FITC at a ratio of 1:1 (D) for 2 h, stained with LysoTracker (A-C, E) or for CD63
(D), and analyzed by imaging flow cytometry. A) A two-step gating strategy subsequent to
that shown in Fig. 1 was employed to identify the cells that could be analyzed for phagosome
maturation. Sequential IDEAS plots (numbered) and gates are shown, as well as examples of
cells that were included and excluded by the gates in each step (arrows). The title of each plot
indicates which population is being displayed. Brightfield images are shown in greyscale and
GFP in green. B) The masking strategy with LysoTracker (red) and GFP (green) images, and
the masks for the phagosome and remainder of the cell (overlain in cyan and highlighted with
dotted lines), is shown. C) A histogram of the phagosome maturation scores with examples of
cells that were included or excluded by the gate for mature phagosomes are shown (arrows),
with GFP in green and LysoTracker in red. D) A histogram of the phagosome maturation
scores with examples of cells that were included or excluded by the gate for mature
phagosomes are shown (arrows), with FITC in green and CD63 in red. E) Phagosome
maturation in H37Ra-GFP-infected and LysoTracker (LT)-stained cells was analyzed through
manual scoring of the first 100 images containing a cell with a single phagosome, or by using
the phagosome maturation score. The bar graph shows the mean proportion of mature
phagosomes ± SD from the same 3 independent experiments using the two methods of
quantification.
Figure 4. IDEAS analysis of phagosome maturation: Colocalization. THP-1 cells were
infected with H37Ra-GFP at a ratio of 2:1 for 2 h, stained with LysoTracker (LT), and
analyzed by imaging flow cytometry. The histogram shows bright detail similarity scores
from a representative sample, and example images (arrows) depict cells with high and low
scores, respectively. Overlain images of LysoTracker (red) and GFP (green) are shown.
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Figure 5. Phagosome maturation measurements. A) THP-1 cells were infected with heatkilled FITC-labeled H37Ra or live H37Ra-GFP at a ratio of 2:1 for 2 h, stained with
LysoTracker (LT), and analyzed for phagosome maturation by imaging flow cytometry. The
proportion of cells that contained a mature phagosome based on the phagosome maturation
score is shown in the left bar graph, while the right bar graph depicts the median bright detail
similarity scores in the same samples. B) THP-1 cells were infected with unopsonized heatkilled FITC-labeled H37Ra, unopsonized live H37Ra-GFP, or serum (25 % serum)- or IgGopsonized live H37Ra-GFP at a ratio of 2:1 for 2 h, stained with LysoTracker (LT), and
analyzed for phagosome maturation by imaging flow cytometry. The proportion of cells that
contained a mature phagosome based on the phagosome maturation score is shown in the left
bar graph, while the right bar graph depicts the median bright detail similarity scores in the
same samples. C) THP-1 cells were infected with FITC-labeled zymosan particles at a ratio of
1:1 for different periods of time, stained for CD63, and analyzed for phagosome maturation
by imaging flow cytometry (phagosome maturation score). D) THP-1 cells were infected with
FITC-labeled zymosan particles or live H37Ra-GFP at a ratio of 1:1 for 2 h, stained for
CD63, and analyzed for phagosome maturation by imaging flow cytometry (phagosome
maturation score). In C-D, the bar graphs show the proportion of cells that contained a mature
phagosome. The means ± SD of 5 (A and D), 3 (C), or 4 (B) independent experiments are
shown. Differences in phagosome maturation were analyzed using paired Student’s t-test (A
and D) or ordinary one-way ANOVA followed by Holm-Sidak’s multiple comparison test
(B).
Figure 6. IDEAS analysis of bacterial numbers. THP-1 cells were infected with H37Ra-GFP
(M.tb) at a ratio of 2:1 for 2 h, stained for CD63, and analyzed by imaging flow cytometry
using the EDF option. A) The masking strategy with CD63 (red) and GFP (green) images, and
the mask for the prey (white), is shown. B) A histogram of the bacterial count feature in the
prey-containing population and examples of cells that were determined by the analysis to
contain 0, 1, 2, or 3 cells are shown. The images show overlays of GFP (green) and CD63
(red). C) A histogram of the number of bacteria per cell as determined by manual inspection
of the first 300 images, in the prey-containing population, from the same sample as depicted
in (B) is shown.
Figure 7. Intracellular bacterial replication measurements. THP-1 cells were infected
with H37Ra-GFP at a ratio of 2:1 for the indicated times, in the presence (squares) or absence
(circles) of 100 µg/ml streptomycin. The cells were then stained for CD63 and the mean
number of bacteria per cell (in the single cell-population) was analyzed by imaging flow
cytometry with the EDF option. Means ± SEM from 3 independent experiments are shown.
Differences in bacterial numbers after 96 h were analyzed using paired Student’s t-test.
Figure 8. Workflow and possible analyses. The numbered list (left panel) and flow chart
(right) show the steps involved in the presented imaging flow cytometry-based analyses of
phagocytosis, phagosome maturation, and bacterial replication, as well as which analyses are
possible in the same sample depending on the instrument settings. EDF refers to the extended
depth of field option on the ImageStreamX, and as depicted in the right panel the same sample
can be run both with (1) and without (2) this option.
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