UNIVERSITY OF GOTHENBURG

This is an author produced version of a paper phbt inJournal of immunological
methods.

This paper has been peer-reviewed but does natdedhe final publisher proof-
corrections or journal pagination.

Citation for the published paper:
Jessika Johansson; Anna Karlsson; Johan Bylundnden®elin.
Phagocyte inter actions with Mycobacterium tuberculosis - Simultaneous analysis
of phagocytosis, phagosome maturation and intracellular replication by imaging

flow cytometry.

Journal of immunological methods 427 (2015), s.843—

https://doi.org/10.1016/.jim.2015.10.003

Access to the published version may require subisen.

Published with permission frorklsevier

GUP

Gothenburg University Publications
http://gup.ub.gu.se/gup/




Phagocyte interactions withMycobacterium tuberculosis — simultaneous analysis of
phagocytosis, phagosome maturation and intracellutareplication by imaging flow
cytometry

Jessika Johanssh\nna Karlssoh Johan Bylunl and Amanda Welr

'Department of Rheumatology and Inflammation Resednstitute of Medicine,
Sahlgrenska Academy at University of Gothenburgedam.

“Department of Oral Microbiology and Immunology, tihge of Odontology, Sahlgrenska
Academy at University of Gothenburg, Sweden.

*Corresponding author:

Amanda Welin, PhD

Address: Department of Rheumatology and Inflamnmai®esearch, University of
Gothenburg, Guldhedsgatan 10A, SE-41346 GothenBuvgden

Telephone: +46313424671

E-mail: amanda.welin@qu.se

Running title: Imaging flow cytometry of mycobaatdmphagosomes

Abbreviations: Albumin dextrose catalase (ADC), el (Ch), extended depth of field
(EDF), fluorescein isothiocyanate (FITC), greerofescent protein (GFP),
lipoarabinomannan (LAM), lysosome-associated men#gdycoprotein (LAMP), phorbol
12-myristate 13-acetate (PMA), phosphate-buffeedities (PBS), root mean square (RMS),
tuberculosis (TB).



Abstract

Utilization of compounds that enhance the innateume response againdt tuberculosisis

an attractive strategy for combating tuberculasighe post-antibiotic era. Thus, it is crucial to
develop methods that can be used to screen forcgunpounds and to investigate their
mechanisms of action. Here, we used imaging floterogtry (ImageStreamX MK 11), which
enables rapid quantification of microscopic imaigeffow, to study the interaction between
phagocytes antil. tuberculosis. Macrophage-differentiated THP-1 cells were ingelotvith
GFP-expressinlyl. tuberculosis H37Ra, and methods for rapidly assessing phagsisyto
phagosome maturation, and bacterial replicatiométhe cells were developed and
evaluated. These aspects of innate immunity aenéakin determining the outcome of
mycobacterial infection of phagocytes. The techaigias found effective for monitoring
phagocytosis of mycobacteria, phagosomal acidiboeind phagolysosomal fusion, as well
as for measuring mycobacterial replication instiedells. Several of these aspects could be
analyzed simultaneously in the same sample, pnoyidigreat deal of information about the
phagocyte-mycobacterial interaction at once. Tthis,method has great potential to be
useful both for basic research questions and falueting compounds that enhance the innate
immune response againdt tuberculosis.

Key words: ImageStreamX, mycobacteria, phagolys@sdasion, LysoTracker, CD63,
macrophage



1. Introduction

Mycobacterium tuberculosis causes tuberculosis (TB), an infectious diseasiekilis nearly

two million people each year worldwide. The bacteriis transmitted by contaminated
aerosols released through coughing, and exposuariead to a spectrum of outcomes; from
clearance by the innate or adaptive immune sydiefatent infection or active disease (Barry
et al., 2009). The importance of innate immunitprotection against TB is illustrated by the
fact that up to 50 % of exposed individuals cléar infection without the onset of adaptive
immunity (Morrison et al., 2008; Verrall et al.,20). New treatment strategies against TB are
sorely needed to combat emerging antibiotic restetaand an attractive approach is to boost
the innate immune response in order to enhancetatlearance (Verrall et al., 2014).

Following inhalationM. tuberculosis is phagocytosed by alveolar macrophages in wineh t
bacteria inhibit phagosome maturation to granaicgtular survival and replication. Regular
phagosome maturation entails the fusion betweephhgosome in which the bacterium
resides and lysosomes, as well as the acquisifisacuolar H-ATPases leading to a drop in
pH and activation of bactericidal proteases origngafrom the lysosomes (Sturgill-Koszycki
et al., 1994; Vergne et al., 2004; Welin and Le201.2). Lysosomal markers such as CD63
(also known as lysosome-associated membrane glypr3, LAMP-3), LAMP-1, or
functional dyes staining acidic compartments candsal to investigate whether phagosome
maturation has occurred (Welin et al., 2008; Wetial., 2011b). The partial arrest of
phagosome maturation . tuberculosis is an active process dependent on the
mycobacterial cell wall component lipoarabinoman(ialM) (Welin et al., 2008; Welin and
Lerm, 2012). The LAM causes inhibition of calciurgrsalling and of a type Il Pl 3-kinase
necessary for the fusion and fission events inwingohagosome maturation (Vergne et al.,
2004). It is known that the degree of antibactegrraksure exerted d. tuberculosis inside

the phagosome influences the outcome of macrophégetion (Dhiman et al., 2009; Welin
et al., 2011b), and mycobacterial mutants defectitbe inhibition of phagosome maturation
display reduced survival inside murine macrophggeshe et al., 2004). Thus, phagosome
maturation is a potential target for new drugs #rdtance the innate immune response
againstM. tuberculosis.

In order to find compounds that target the innatmune system, boosting bacterial killing
inside the macrophage without causing immunopatyloew methods are needed. Current
approaches for quantifying phagosome maturatioalugvlaborious microscopy protocols
and manual subjective scoring of phagosomes (Vétlah., 2008; O'Leary et al., 2011; Welin
et al., 2011a), or advanced functional assayspitudite the phagosomal environment (Rohde
et al., 2007). Although both have been very valeabicharacterizing the mycobacterial
compartment, neither is easily adapted to the sargecontext even on a small scale.
Furthermore, rapid and very useful methods forwatatg bacterial growth or killing inside
host cells are available (Eklund et al., 2010; Axdet al., 2012; Kicka et al., 2014), but not in
combination with analysis of phagosome maturatiootber intracellular phenomena. Here,
we developed a new tool for simultaneous quantiboaof phagocytosis, phagosome
maturation, and bacterial replication inside mabeges interacting withl. tuberculosis,

based on imaging flow cytometry. Imaging flow cy&tmy combines fluorescence
microscopy and flow cytometry, enabling rapid flsased quantification of fluorescence
microscopic image information, and provides manyaatages that can be employed in the
search for new treatment strategies against TBe#lsaw for basic research.



2. Materials and Methods
21 Culture of M. tuberculosis

The avirulentM. tuberculosis strain H37Ra (ATCC #25177, Biosafety Level 2) waed for
all experiments. Early passages were preparedtaretsat —70°C. The bacteria were
cultured in Middlebrook 7H9 broth with 0.05 % Tweg@, 0.5 % glycerol and albumin
dextrose catalase (ADC) enrichment (BD) at 37°Cfet weeks, and then passaged and
incubated for 1 week before use in experiments.cbostitutive expression of green
fluorescent protein (GFP), H37Ra bacteria weresfaamed with the pFPV2 plasmid
carrying the gene for GFP, and plasmid-carrying ebwcteria were selected usinggfiml
kanamycin (Welin et al., 2011a). Heat-killed fluscein isothiocyanate (FITC)-labeldtl
tuberculosis H37Ra was prepared by incubation of H37Ra (witllbetpFPV2 plasmid) in a
water bath at 8T for 1 h, multiple passages through a syringepgmrd with a 27-gauge
needle, followed by labeling with 2 pg/ml FITC (8ig) and several washes, and stored at -
20°C until use.

2.2 Cdl culture

The monocytic cell line THP-1 (ATCC #TIB-202) wadglttred by standard procedures in
RPMI 1640 supplemented with 10 % fetal calf serBmM L-glutamine, 100 U/ml penicillin
and 100 pug/ml streptomycin (Fisher Scientific). Te#ls were maintained at 37°C in a
humidified atmosphere with 5 % G@nd passaged every 3-4 days. For differentiaton t
macrophage-like cells and use in experiments, THEHE were seeded (L3 @ell) in 6-well
plates in fresh medium supplemented with 100 nMripbicl2-myristate 13-acetate (PMA,
Sigma), and incubated for 18 h (Theus et al., 20B#icient differentiation was defined as
adherence to the plastic. The cells were then allbtw rest in RPMI without PMA for at least
2h.

2.3  Preparation of phagocytic prey

The H37Ra suspension was washed in phosphate-bdiffatine (PBS) supplemented with
0.05 % Tween-80. Single bacilli were obtained bygurag the suspension 10 times through a
syringe equipped with a 27-gauge needle, a fusilaesh, resuspension in plain RPMg(
without additives), and finally another 10 passatesugh the needle (Welin et al., 2011a).
In some experiments, FITC-labeled zymosan partitlés Technologies) were used as
phagocytic prey. The concentration of bacteriaamosan was determined using an Accuri
C6 flow cytometer (BD). Opsonization of bacteriasvearried out in Protein LoBind tubes
(Eppendorf). For serum opsonization, the phagog@rey was incubated with normal human
serum (Sahlgrenska University Hospital Blood Batk% or 50 % as stated), at®@7for 30
min. For IgG opsonization of mycobacteria, the bhagere incubated with 20 pg/ml
polyclonal rabbit antM. tuberculosis antibody (Abcam ab905), after removal of sodium
azide from the buffer using protein G-coated Dyrals® (Life Technologies), under the
same conditions. The prey was not washed aftemagesion.

24  Infection of cells
Adherent THP-1 cells were washed in plain RPMldmove serum and antibiotics, and the

phagocytic prey was added at the indicated ratey{pells), diluted in plain RPMI.
Synchronization of phagocytosis was achieved byrifegation of the plate (3000 xg, 5
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min), after which the plate was incubated &3for 2 h or the indicated time. For long-term
incubations over several days, the medium was exygthafter 2 h for RPMI supplemented
with 10 % fetal calf serum and 2 mM L-glutaminettwor without the addition of
antimycobacterial antibiotics (100 pg/ml streptomyas stated.

25  LysoTracker and CD63 staining

For staining of acidified compartments in THP-1sdlysoTracke? Deep Red (Life
Technologies) at 75 nM was added to the mediummduhe final 20 min of infection (Welin
et al., 2011a). LysoTracker stains compartments avippH of about 6 and below (von Bargen
et al., 2009), and the. tuberculosis-containing phagosome has an average pH of abéut 6.
as opposed to a mature phagosome with a pH ofHasss (Rohde et al., 2007), making
LysoTracker an appropriate probe. The cells wemexeed from the surface using a cell
scraper following incubation with lidocaine hydrémfide monohydrate (Sigma, 4 mg/ml) at
37°C for 15 min, and washed with PBS by centrifuga(®0 xg, 5 min). LysoTracker-
stained cells were then resuspended in 25 pl PE®laced on ice for immediate imaging
flow cytometry analysis. CD63 was used as a latlosomal/lysosomal marker (Welin et al.,
2011a). Indirect intracellular immunofluorescentarsng of detached, fixed, and
permeabilized cells was performed as previouslgmiesd (Welin et al., 2013), using a
monoclonal mouse-anti human CD63 antibody (Sanduiug/ml) followed by an Alexa

Fluor 647-conjugated goat anti-mouse (F(@bagment) secondary antibody (Life
Technologies, 2.xhg/ml). Cells were washed and resuspended in 2Bl before analysis
by imaging flow cytometry.

2.6  Imaging flow cytometry

All samples were analyzed using an ImageStreamXIMRiaging flow cytometer (Amnis),
followed by IDEAS analysis software (v. 6.1, Amnas) described in section 3 below. The
ImageStreamX simultaneously collects six multi-modages of each event in flow,

including brightfield, darkfield (correspondingsale scatter) and up to four fluorescence
colors. Images are then analyzed using IDEAS sofinenabling quantification of different
aspects of the obtained image data. A “mask” dsfthe region of interest in the cell, and
guantification of different parameters inside thaskis then performed using a “feature”,
which can be custom-made. Here, the 488 nm laseused for excitation of GFP or FITC
and the 642 nm laser for excitation of Alexa FIGd7 or LysoTracker Deep Red. The 60X
maghnification objective was used, providing a pisiek of 0.33im” and a depth of field of

2.5 um. 20 000 events were collected per sampke gpeed of about 50-150 cells per
second), ensuring a sufficient number of eventsareimg for statistically robust analysis after
all the gating steps (generally above 500 cells)gl8 stain samples were routinely collected
using the same settings and used as compensatitolsdo generate compensation matrices
in IDEAS. The extended depth of field (EDF) optmmthe ImageStreamX can be used to
project structures in a wide focal range into amsuged image. This option improves accurate
enumeration of intracellular spots (Ortyn et al0Q?2), such as bacteria, and was used for the
bacterial enumeration assay. For the phagosomeatiatuassay, on the other hand, the EDF
option was not used as it could result in falsetp@scolocalization of prey and lysosomal
marker in cells with lysosomes in the same XY lmrabut different focal planes. Maximum
data output can be obtained on the ImageStreamX &tmited number of samples if the
same samples are run twice, both with and withoei&DF option.



2.7  Satistical analysis

Statistical analysis was performed using GraphM&in v. 6.01 (GraphPad Software), as
stated in the figure legends. Statistically sigmifit 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 experimentsqimeed on different days) are stated in
the figure legends.



3. Results and Discussion
3.1  Analysisof phagocytosis

Firstly, a method for investigating the efficienafymacrophage phagocytosis was developed,
as phagocytosis is a key component of innate imtyumiTB (Verrall et al., 2014). The assay
was based on a setup where macrophage-differehfi&t®-1 cells were allowed to
phagocytose zymosan particledvbrtuberculosis, followed by staining of a lysosomal

marker and imaging flow cytometry analysis.

3.1.1 IDEASanalyss

In order to quantify what proportion of the cellsohphagocytosehl. tuberculosis, a four-

step gating strategy was developed (Fig. 1). Trathod was very similar to the built-in
internalization wizard in IDEAS, and was perfornessentially as described by others
(Phanse et al., 2012). First, the gradient RMSt (no@an square for image sharpness) feature
in the brightfield channel (Ch04) was used to gat®cus cells, followed by identification of
single cells using the area and aspect ratio featurthe brightfield image. Then, events that
were positive for at least one phagocytic prey wated based on the intensity and max pixel
feature values in the GFP/FITC channel (Ch02). Bdekground lysosomal (LysoTracker or
CD63, Ch05) staining (the default MO5 mask erodgd pixels) defined the boundaries of
the cell cytoplasm, and the internalization feaftine log-transformed ratio of the
background-subtracted GFP/FITC intensity insidecglEboundaries to the total background-
subtracted GFP/FITC intensity) was used to detezminether the phagocytic prey was
internalized or merely bound to the cell surfacellwith values above zero were considered
as having internalized prey, and this was confirimgdisual inspection of numerous images
from several experiments. The cells were thus caitegd into having no prey association,
prey bound to the cell surface, or internalized/pheis noteworthy that a cell containing both
surface-bound and internalized prey, or prey latatethe mask border, will result in
intermediate internalization scores, which can l@achisclassification of a small number of
events.

3.1.2 Phagocytosis measurements

The phagocytosis assay was evaluated in sevefatatit experimental setups. It is well
known that opsonization of phagocytic prey withuseldeads to enhanced uptake, through
complement components C3b and iC3b interacting plhidgocyte complement receptors, and
that opsonization with prey-specific IgG leads m@ced uptake throughyFeceptors
(Aderem and Underhill, 1999). Thus, opsonizatiors wsed to confirm that differences in
phagocytic uptake could be detected by our methst, the cells were allowed to
phagocytose unopsonized or serum-opsonized FIT€ddlzymosan particles at a ratio of
1:1 for 2 h. Opsonization resulted in a signifidamcreased degree of zymosan
internalization (Fig. 2A). We assumed that this wasnly due to increased engagement of
complement receptors, but as the BCG statuseeafdtum donors were not known there
might also have been an element of antibody opatiniz. Next, the cells were allowed to
interact with serum-opsonized zymosan at a ratib: bffor different periods of time.
Successively increased phagocytic uptake couldberged over time (Fig. 2B), although
there was little increase beyond 1 h of incubati@nally, M. tuberculosis H37Ra (expressing
GFP) was used as phagocytic prey at a ratio of@psonization with either serum or aMi-
tuberculosis IgG significantly enhanced phagocytic uptake a?tér(Fig. 2C). Further,
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increasing the prey:cells ratio to 2:1 or 6:1 re=ilin successively more phagocytic uptake as
compared to ratio 1:1 (data not shown). All theistigally significant differences were found
in internalization of prey, while no differencesr&dound in the levels of surface-bound prey.

3.1.3 Discussion

The described method was shown to be effectivesessing the degree of uptake of different
phagocytic prey, includiniyl. tuberculosis, and had the advantage of being flow-based and
thus rapid as well as quantitative. Another advgaia that the method does not require any
special stains or treatments to determine whetresrig internalized or surface-bound, since
this property is built into the IDEAS analysis. Tovaly requirement is that the cell contains a
stain that can be used to define its boundarigbofh the lysosomal markers used here are
not conventionally used to define cell boundariks,fact that they both produced a slight
background staining of the entire cell area, likéye to unspecific binding, meant that they
could be utilized for this purpose. Other ways etiedimining binding versus internalization of
phagocytic prey is through chemical extinctionlabfescence arising from extracellular
bacteria (Giaimis et al., 1994), antibody staindigxtracellular bacteria on non-
permeabilized cells (Johnson and Criss, 2013yarbation with pharmacological agents that
inhibit the polymerization of actin and thus intalination of phagocytic prey (Keller and
Niggli, 1995), all of which are more laborious. bigithe extended depth of field (EDF)

option could enhance the accuracy of the phagosytmalysis, as this would include bacteria
in all focal planes of the images, but this stratiegs the disadvantage of not being able to
distinguish between surface-bound and internalpredg, and would furthermore not be
compatible with simultaneous analysis of phagosoraturation (described under 3.2 below)
in the same data file.

3.2  Analysisof phagosome maturation

Secondly, a method for analysis of phagosome mataran M. tuber cul osis-infected
macrophages was developed, as phagosome maturaiphe a potential target for new
immune-boosting treatment strategies against Ti8.iell-known that liveM. tuberculosis
actively inhibits phagosomal acidification and fusiwith lysosomes (Armstrong and Hart,
1971; Clemens and Horwitz, 1995; Via et al., 19%¢ et al., 2008a; Welin et al., 2011a),
and that this immune evasion mechanism is essdotiaitracellular survival and replication
of the bacteria (Pethe et al., 2004; Dhiman e2809; Welin et al., 2011b). On the other
hand, both virulent strains such as H37Rv and Bentistrains such as H37Ra are capable of
inhibiting phagosome maturation (Lee et al., 20@84dund et al., 2010; Welin et al., 2011a),
demonstrating that this trait is not the sole deteant of the ability to replicate inside
macrophages. Adaptation to the intraphagosomal@mwient (Russell, 2011) as well as
escape from the phagosome into the cytosol (vaieret al., 2007; Houben et al., 2012)
are also needed, and the inhibition of phagosontarateon thus represents only part of the
arsenal of immune evasion strategies employeld Ityberculosis. In order to enable small-
scale screening for compounds that enhance phagos@turation irM. tuberculosis-
infected macrophages, we developed two differealyars strategies for rapidly quantifying
phagosome maturation by imaging flow cytometry cdégd below. Both were based on
experiments where macrophage-differentiated THEH$ were allowed to phagocytoske
tuberculosis H37Ra, followed by staining of a lysosomal marked anaging flow cytometry
analysis. We primarily used LysoTracker as a lystaanarker for these assays.
LysoTracker is an excellent tool for tracking acidompartments, but it is not compatible
with fixation and permeabilization of the cells, ialinmay be desirable. In particular, if the
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assays are to be carried out using virulent str@fihé. tuberculosis, which are Biosafety

Level 3, it is necessary to either fix the samjplekouse the imaging flow cytometer inside a
Biosafety Level 3 facility. Thus, we also evaluathgosome maturation using the
lysosomal membrane marker CD63 which is compatilitle fixation.

3.2.1 IDEASanalysis
3.2.1.1 Phagosome maturation score

As mentioned, two different analysis strategiesenamployed to investigate phagosome
maturation, each with different advantages maklegr suitable for different applications.
The first strategy was a custom-made IDEAS anatysiscould classify a cell as containing a
mature or an immature phagosome. The analysistesequantifies the extent to which the
lysosomal marker is enriched in the phagosome apaced to the rest of the cell. We termed
the feature used for this analysis “phagosome ratitur score.”

Upon analysis of phagocytosis as described in@e&il.1 above, further gating was
performed on the cells with internalized phagocptiey to identify those that could be
analyzed for phagosome maturation using the phagesoaturation score (Fig. 3A). First,
the gradient RMS feature in the GFP/FITC channbD@) was used to gate cells where the
prey was in focus. This was required as the Imaga8tX (without the EDF option) provides
a limited depth of field (2.5 um at 60X), meanihgttsome phagosomes will be out of focus.
Then, it was necessary to identify the cells tlnaatained only one phagosome. This is
because flow-based techniques such as this one@lprquantification on an event level(

for the entire cell), rather than for each indinatiphagosome. Thus, it is not possible to score
a cell containing multiple phagosomes as positivieegjative for phagosome maturation. The
infection protocol (using a low prey:cell ratio b2:1) was optimized to provide a sufficient
number of events with only one phagosome in tinial fgating step. To identify cells
containing a single phagosome, the shape ratiareéthe minimum thickness divided by the
length) of the Ch02 object mask was used, wheosvarblue signifies an elongated and
uneven mask while a high value indicates a mask meinder shape.e. a single phagosome.
Cells with multiple phagosomes were thus excludetthis step. The gate was set so that cells
where the single phagosome was either rod-shapexind were included. This was because
M. tuberculosisis a rod-shaped bacillus, meaning that the maBlbwirod-shaped if a
phagosome containing one bacillus is imaged fraarsttle. However, the mask can also be
round if a phagosome containing one bacillus iggeaain cross-section, or if there are more
than one bacillus in the same phagosome. Thus,simije phagosomes were included, but
these were allowed to contain one or more bacilli.

A custom-made masking and feature strategy wasegulestly employed to identify the cells
in which the LysoTracker or CD63 staining (ChO5kvedevated in the phagosome as
compared to the rest of the cell, indicating phagus maturation (Fig. 3B). First, a mask
defining the phagosome was created, covering tf2 ©hject mask dilated by two pixels.
The dilation of the mask was performed to also Enabalysis of phagosomes containing
prey that is larger than the depth of field of lmageStreamX, such as zymosan, where
phagosome maturation results in a ring of lysosamaker around the prey rather than in
colocalization. The remainder of the cell was dedims the Ch05 object mask minus (“and
not” in the equation below) this phagosome maslenTtthe mean pixel value of LysoTracker
or CD63 in the phagosome mask was divided by thenrmpexel value of LysoTracker or
CD63 in the remaining cell mask. This yielded agdsme maturation score for each cell,

9



where values above 1 indicate enrichment of Lysckaastaining (Fig. 3C) or CD63 (Fig.
3D) in the phagosome as compared to the rest afdathelhe definition of the feature was
thus as follows:

Phagosome maturation score = Mean Pixel_Dilate(@y®2, Ch02, Tight), 2) Ch05 / Mean
Pixel_Object(M05, Ch05, Tight) And Not Dilate(Obféd02, Ch02, Tight), 2) _Ch05

After visual inspection of numerous images fromesalexperiments, the limit for positive
phagosome maturation was set to 1.5. Since thigsasatrategy is based on the mean rather
than the total intensity of the lysosomal markethie@a masks, it is indifferent to the size of the
phagosome and cell, and the use of a ratio makedifterent to the total intensity of
lysosomal marker in the cell. However, it is inabie that some cells with an intermediately
mature phagosome in a real sample will be diffibaitlassify, and that some cells with a
non-phagosomal bright patch of LysoTracker in addito an acidified phagosome will result
in false negatives. In order to validate our methibdas compared to the well-established
method of quantifying phagosome maturation in ngcopy images (Welin et al., 2008;
O'Leary et al., 2011; Welin et al., 2011a), usimg images obtained using ImageStreamX.
The proportion of cells with a mature phagosomedeasrmined by the phagosome maturation
score was compared to that obtained by manualrggofithe first 100 cells containing a
single phagosome in 3 independent experiments wiitdRe 1 cells had been infected with
live unopsonized H37Ra-GFP and stained with Lyscdera The two methods of
guantification yielded almost identical resultsgiFR8E), demonstrating that the phagosome
maturation score could effectively discriminateviisn cells with and without enrichment of
lysosomal markers in the phagosome.

3.2.1.2 Colocalization

The second strategy for analyzing phagosome maioraias based on the built-in IDEAS
wizard analysis for colocalization, which has basad by others to study the colocalization
of different phagosome markers (Ploppa et al., 28hdirnov et al., 2015). This wizard
measures the degree to which two probes with ptestaining spatially colocalize in the
images, and uses the bright detail similarity R8dee (the log transformed Pearson’s
correlation coefficient of the localized bright $pavith a radius of 3 pixels or less in two
images). This analysis was performed after gatthdescribed for the phagosome maturation
score in section 3.2.1.1, apart from the last &teptifying cells with a single phagosome.
This step was left out as the colocalization analgiees not require a mask defining the
phagosome, but rather considers bright spots ieittiee image, and can thus handle cells
containing multiple phagosomes with different degref maturation (yielding an
intermediate bright detail similarity score). Tymlicesults and example images are shown in
Fig. 4. As the strategy based on colocalizatiotushes cells with multiple phagosomes, it was
not possible to classify each cell into “mature™woot mature,” but rather the median bright
detail similarity scores were compared betweeredsfiit samples. For this reason, a
validation as shown for the phagosome maturationesin Fig. 3E was not possible here.
Further, the fact that not all the lysosomes ilatcanslocate to the phagosomes during
phagosome maturation means that complete colotalizbetween phagocytic prey and
lysosomal marker will not be achieved, but rathemying degrees of colocalization.

3.2.2 Phagosome maturation measurements

In order to evaluate these imaging flow cytometagdx phagosome maturation assays, they
were employed to analyze the degree of phagosormeatian using different prey and
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opsonization conditions. We started by evaluatinggnsome maturation using LysoTracker.
Macrophage-differentiated THP-1 cells were infectétth live GFP-expressing H37Ra or
heat-killed and FITC-labeled H37Ra at a ratio df f&r 2 h, and stained with LysoTracker.
First, the phagosome maturation score was usezhfysis. It was clear that the method was
capable of detecting differences between the Incedead bacilli in the ability to inhibit
phagosomal acidification (Fig. 5A, left panel), &hd results were in line with previous
results obtained using conventional confocal miwopy methods (Welin et al., 2011a).
Furthermore, very similar results were obtained miine colocalization analysis was applied
instead (Fig. 5A, right panel), demonstrating thé# strategy was also useful in detecting
differences in phagosome maturation in this context

Conflicting data exist concerning whether the régepengaged during phagocytosidvof
tuberculosis can influence the degree of phagosome maturatidriree outcome of infection.
There are examples of studies showing that uptaikeigh complement receptor 3 can be
advantageous for the bacillus (Caron and Hall, 1898st, 1998), and others showing that
uptake through this receptor makes no differengehtlgosome maturation or bacterial
replication (Zimmerli et al., 1996; Hu et al., 200@ has been shown that uptake of
mycobacteria through FFeeceptors can lead to enhanced phagosome matugaitiba more
pro-inflammatory macrophage response (ArmstrongHand, 1975; Caron and Hall, 1998; de
Valliere et al., 2005). However, our imaging flow@metry-based analysis of phagosome
maturation, using LysoTracker staining and the pBaghe maturation score, showed no
enhancement of LysoTracker enrichment and thusfiaeiion and phagosome maturation
when mainly Fg or mainly complement receptors were engaged faiR4Buptake (Fig. 5B,
left panel). Again, a similar trend was obtainedewlthe same data were analyzed using the
colocalization approach (Fig. 5B, right panel).

Next, in order to evaluate phagosome maturatiomguisie lysosomal membrane marker
CD63, the use of which permits fixation of samples,allowed THP-1 cells to ingest FITC-
labeled zymosan particles for different periodsimke and stained the cells for CD63 after
fixation and permeabilization. As shown in Fig. 3kls protocol resulted in a successive
increase in translocation of CD63 to the zymosantaining phagosome, as analyzed using
the phagosome maturation score. When FITC-labglswzan was compared to GFP-
expressing H37Ra as phagocytic prey, and infeatianratio of 1:1 was allowed to proceed
for 2 h, a difference in phagosome maturation betweells infected with the two types of
prey could also be detected (Fig. 5D), as expedteds, the presented assay could efficiently
detect differences in phagosome maturation usimgdifferent markers.

3.2.3 Discussion

The two described approaches to analyzing phagosuah@ration have different advantages
and disadvantages, each explained in more techdwtail in section 3.2.1 above. The
approach based on phagosome maturation scerarfalyzing the extent to which the
lysosomal marker is enriched in the phagosomepofnhandle cells containing a single
phagosome, which can be problematic if the invastid compound acts as an opsonin that
influences the number of phagosomes per cell, iclhwtase the analysis will be skewed. On
the other hand, it has the advantage of providipgraentage of cells with mature
phagosomes rather than an arbitrary score, arapete of analyzing cells containing large
prey where phagosome maturation results in a riigsosomal marker around the prey
rather than in colocalization. The approach basedotocalizationi(e. analyzing the degree
to which the fluorescence signal from the prey @nedysosomal marker spatially colocalize),
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on the other hand, can handle cells containingiptelphagosomes, but provides only an
arbitrary score and is not capable of analyzingdaphagosomes containiag. zymosan.
Thus, depending on the experiment, it may be ap@tepto choose one approach over the
other.

A previous study showed that LysoTracker stainihthe phagosome better correlates with
the ability of macrophages to inhibit intracellufaplication ofM. tuberculosis than does the
translocation of CD63, as acidification reflects thinctional state of the phagosome better
than membrane markers do (Welin et al., 2011aYhEurreplication of viruleni.

tuberculosis inside CD63-positive phagosomes has been showndgaWel et al., 2007,
Welin et al., 2011a), and the ability M tuberculosis to inhibit acidification correlates better
with metabolic activity of the bacteria than does &bility to inhibit recruitment of CD63 to
the phagosome (Lee et al., 2008a). Others havegaksstioned the use of CD63 as a marker
of truly mature phagosomes due to its presencatemnediate/late endosomes in addition to
lysosomes (Sturgill-Koszycki et al., 1994; Rohdalet2007), and it has been suggested that
phagolysosomal fusion and the recruitment of vaaruldh-ATPases occur through different
mechanisms (Fratti et al., 2003; Vergne et al. 42680nchen and Ravichandran, 2008; Sun-
Wada et al., 2009; Welin et al., 2011a). Thus iy Tracker approach may be more
suitable, although the CD63 approach allows fixabbsamples, which is desirable if
working with virulent mycobacteria. The presenteday could potentially be modified for
other endosomal and functional markers in ordetudy intracellular trafficking in different
respects. LysoTracker Deep Red could also be reghllag a dye that stains acidic
compartments and is compatible with fixation. Fartht can be adapted for markers of
autophagy, a process shown to be important forremnhg phagosome maturationih
tuberculosis-infected macrophages (Gutierrez et al., 2004; y@dl11) and which has
previously been quantified by imaging flow cytonyetiDemishtein et al., 2015).

3.3  Analysis of bacterial numbers

Finally, we developed an imaging flow cytometry-dsnethod for analyzing intracellular
replication ofM. tuberculosis inside macrophages. Measuring intracellular repboarates is
an essential component of evaluating the effediféérent compounds on the outcome of
mycobacterial infection. It is important that nemtianycobacterial compounds act inside
macrophages as this is the main site of infecaon, a useful screening method should thus
include the host cell. The assay employed macrapl#terentiated THP-1 cells infected
with H37Ra-GFP for different periods of time in ghiesence or absence of antibiotics.

3.3.1 IDEASanalysis

In order to accurately enumerate intracellular &aat samples were collected using the EDF
option, yielding images where bacteria from alldfioglanes in the cell are projected (Ortyn et
al., 2007). A masking strategy to identify indivaliacteria in the images was then
developed (Fig. 6A) with the aid of the built-incgwounting wizard in IDEAS, and by visual
inspection of numerous images in each step to mwonfalidity of the masks. First, all bright
regions of the Ch02 prey image were masked usmgpbt mask, setting the spot to cell
background ratio to 2 and the radius to 3. Thenjgtnguish bacteria that were very close to
each other, a peak mask (identifying local intgnsiaxima) was applied, setting the spot to
background ratio to 1. Finally, an intensity masksvapplied to remove very dim spots that
were the result of cellular autofluorescence (baseshspection of uninfected cells),
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restricting the intensity to 80-4095 counts. Thetsunt feature was then applied in this
mask, making the definition of the bacterial coigature as follows:

Bacterial count = Spot Count_Intensity (Peak(Sp&2MCh02, Bright, 2, 3), Ch02, Bright, 1), Ch02;48ID5)

Fig. 6B shows an example of this analysis apploecklls that were determined by the
analysis of phagocytosis (described in sectiorildahd shown in Fig. 1 steps 1-3) to be
positive for phagocytic prey. Cells that were deti@ed by the bacterial count feature to
contain 0, 1, 2, or 3 bacteria are depicted. Thiddrial enumeration analysis can be applied
to all single cells in order to analyze the avenagmber of bacteria per cell, which would be
desirable in an intracellular killing or replicati@assay. Alternatively, the analysis can be
applied only to the cells that are positive for gbeytic preye.g. to accurately determine the
efficiency of phagocytic uptake.

The method was validated by comparing it to macoahting of the number of bacteria per
cell in the ImageStreamX images. The number ofdvactvas counted in the first 300 cells
that were positive for prey in an experiment wherdP-1 cells had been infected with live
unopsonized H37Ra-GFP for 2 h. Manual counting.(64@) yielded a similar frequency
distribution to that obtained using the bacter@lmt feature (compare to Fig. 6B). Notably, it
was very difficult to accurately distinguish sindjacteria by eye in cells infected with
multiple bacteria or bacterial aggregates, posdéaying to an underestimation of the
number of bacteria by this method. This was rediedty the slightly lower mean number of
bacteria per cell as determined by manual courf8rigbacteria per cell) than that achieved
using the bacterial count feature (3.5 bacteriacp#y in this sample. The validation showed
that the presented method was accurate in detergiine number of mycobacteria per cell.

3.3.2 Intracellular bacterial replication measurements

In order to evaluate the bacterial enumeration otkttve infected macrophage-differentiated
THP-1 cells with GFP-expressing H37Ra for differpatiods of time, with and without the
addition of streptomycin. Streptomycin is an amigogside antibiotic with well-documented
antimycobacterial effects inside macrophages #add to the inhibition of intracellular
bacterial replication (Eklund et al., 2010). Celisre fixed and stained for CD63, and
analyzed by imaging flow cytometry using the EDR@pto obtain images where all the
bacteria in each cell were projected into one image reason for using CD63 was to enable
storage of fixed samples and acquisition of sewdaitd points at once, but CD63 and
LysoTracker could be used interchangeably forassay. H37Ra replicated slightly inside
the cells, increasing from a mean of 1.4 bactegiacpll to 4.5 bacteria per cell over 4 days
(Fig. 7). This intracellular replication rate of H3a is similar to previously published data
using either manual counting (Welin et al., 201daciferase-based measurements (Eklund
et al., 2010) of H37Ra inside human monocyte-ddrimacrophages, and represents a much
lower intracellular replication ability than thatthe virulent strain H37Rv (Eklund et al.,
2010; Welin et al., 2011a). The replication ratesanted here is slightly higher than that
reported previously, probably representing a loalwlity of differentiated THP-1 cells to
control mycobacterial replication as compared tmooyte-derived macrophages. The
presence of streptomycin resulted in a signifigargtiuced number of bacteria per cell, only
doubling over 4 days (Fig. 7). This demonstrates tihe method was useful for determining
differences in intracellular bacterial replication.
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3.3.3 Discussion

The presented approach proved effective in meagurtracellular growth oM. tuberculosis,
and could potentially be adapted for many applicej including small-scale screening of
compounds that are suspected to inhibit mycobattgrowth inside host cells by either
activating the cells or by killing the bacteriaatitly. If required, phagosome maturation could
be analyzed in the same samples that are analgeéadterial numbers, if additional images
are acquired without the EDF option. This is beeaarsalysis of phagosome maturation using
the EDF option can result in false positives, asussed in section 2.6 above. Acquiring the
same samples twice, both with and without the Eptoa, maximizes the amount of
information that can be extracted from one sanfplether, it would be possible to combine
the described bacterial enumeration method witiaia shat determines whether the host cell
is viable, which may be desirable as virulshttuberculosis is known to induce necrosis in
the host macrophage (Eklund et al., 2010; Welml.e2011a). The stability of GFP means
that it may be difficult to detect actual killing the bacteria, as the signal may remain for
long periods of time even if the bacteria have daked. However, the assay was
demonstrated to be very useful for detecting deffiees in bacterial numbers and thus
replication rates inside the host cell, which ia fitreening context could be the result of
either inhibited replication or bacterial killing.
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4. Conclusions

We conclude that the presented imaging flow cytoyalehsed methods are effective for
measuring phagocytosis, phagosome maturation,raradellular growth oM. tuberculosis

in macrophage-differentiated THP-1 cells. The assayld potentially be adapted for other
host cell types and bacterial species, as welbamixed cell populations distinguished by
different surface markers. The presented methods $everal advantages in that they are
guantitative, avoiding the potential bias assodiatéh manual analysis of microscopic
images, and rapid, as analysis is carried oubin.fFurthermore, the experimental procedures
are routine and analysis is simple once the paemet IDEAS have been set up once.
Above all, however, the methods allow vast amoohtaformation to be extracted from only
a limited number of samples, especially if the si@spre run both with and without the EDF
option on the ImageStreamX. Fig. 8 summarizes thikflow and the range of analyses that
can be performed, demonstrating this fact. Singeeat deal of information about the effect
of a compound oM. tuberculosis infection of macrophages can be extracted from an
experiment at once, this novel method is attradtivenany basic science applications as well
as for small-scale screening of limited numbersavhpounds, or for investigating the
mechanisms of action of compounds found by othé¢haus to be of interest. The discovery
of compounds that enhance the antimycobacteriataphage response may prove very
valuable in combating TB, by complementing existmgibiotics.
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Figure legends

Figure 1. IDEAS analysis of phagocytosisTHP-1 cells were infected with H37Ra-GFP at a
ratio of 2:1 for 2 h, stained with LysoTracker, amhlyzed by imaging flow cytometry. A
four-step gating strategy was employed to idergiig quantify the proportion of cells that
had bound and/or internalized phagocytic prey. 8etjal IDEAS plots (numbered) and gates
are shown, as well as examples of cells that werleded and excluded by the gates in each
step (arrows). The title of each plot indicateschihpopulation is being displayed, carrying
over from the gated population in the previous.@uightfield images are shown in
greyscale, GFP is shown in green, and LysoTrackezd.

Figure 2. Phagocytosis measurementd) THP-1 cells were allowed to phagocytose
unopsonized or serum-opsonized (50 % serum) zyrABBAD at a ratio of 1:1 for 2 h,
stained for CD63, and analyzed for phagocytd®jsSTHP-1 cells were allowed to
phagocytose serum-opsonized (50 % serum) zymosSED-&tl a ratio of 1:1 for the indicated
times, stained for CD63, and analyzed for phag®iyi@) THP-1 cells were infected with
unopsonized, serum (25 % serum)- or IgG-opsoniZ&tR4-GFP at a ratio of 2:1 for 2 h,
stained with LysoTracker, and analyzed for phagusigt The proportions of cells with prey
bound to the cell surface (grey) and internalizghite) are shown in the bar graphs. The
means + SD of 4 (A and C) or 3 (B) independent erpents are shown. Differences in
phagocytosis were analyzed using two-way repeatsabsores ANOVA followed by Holm-
Sidak’s multiple comparison test (A and C). Astiesishdicate significant differences in
internalization.

Figure 3. IDEAS analysis of phagosome maturation: Fagosome maturation scoreTHP-

1 cells were allowed to phagocytose H37Ra-GFP (Mtla ratio of 2:1 (A-C, E) or
zymosan-FITC at a ratio of 1:1 (D) for 2 h, stainath LysoTracker (A-C, E) or for CD63
(D), and analyzed by imaging flow cytometA). A two-step gating strategy subsequent to
that shown in Fig. 1 was employed to identify tieiscthat could be analyzed for phagosome
maturation. Sequential IDEAS plots (numbered) asggare shown, as well as examples of
cells that were included and excluded by the gatesch step (arrows). The title of each plot
indicates which population is being displayed. Btigld images are shown in greyscale and
GFP in greenB) The masking strategy with LysoTracker (red) andPGgreen) images, and
the masks for the phagosome and remainder of th@uerlain in cyan and highlighted with
dotted lines), is showi€C) A histogram of the phagosome maturation scores examples of
cells that were included or excluded by the gaterfature phagosomes are shown (arrows),
with GFP in green and LysoTracker in r&).A histogram of the phagosome maturation
scores with examples of cells that were includeexatuded by the gate for mature
phagosomes are shown (arrows), with FITC in greeh@D63 in redE) Phagosome
maturation in H37Ra-GFP-infected and LysoTrackdr){ttained cells was analyzed through
manual scoring of the first 100 images containirglawith a single phagosome, or by using
the phagosome maturation score. The bar graph sth@waean proportion of mature
phagosomes = SD from the same 3 independent exgeismsing the two methods of
guantification.

Figure 4. IDEAS analysis of phagosome maturation: @ocalization. THP-1 cells were
infected with H37Ra-GFP at a ratio of 2:1 for Ztained with LysoTracker (LT), and
analyzed by imaging flow cytometry. The histogramws bright detail similarity scores
from a representative sample, and example imagesy®) depict cells with high and low
scores, respectively. Overlain images of LysoTradlexl) and GFP (green) are shown.
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Figure 5. Phagosome maturation measurements) THP-1 cells were infected with heat-
killed FITC-labeled H37Ra or live H37Ra-GFP at saoraf 2:1 for 2 h, stained with
LysoTracker (LT), and analyzed for phagosome mé#tandy imaging flow cytometry. The
proportion of cells that contained a mature phagwsbased on the phagosome maturation
score is shown in the left bar graph, while thétrigar graph depicts the median bright detail
similarity scores in the same sampB¥sTHP-1 cells were infected with unopsonized heat-
killed FITC-labeled H37Ra, unopsonized live H37R&FGor serum (25 % serum)- or 1gG-
opsonized live H37Ra-GFP at a ratio of 2:1 for 8thjned with LysoTracker (LT), and
analyzed for phagosome maturation by imaging flgtemmetry. The proportion of cells that
contained a mature phagosome based on the phagosaimeation score is shown in the left
bar graph, while the right bar graph depicts théiarebright detail similarity scores in the
same sample€) THP-1 cells were infected with FITC-labeled zymosgarticles at a ratio of
1:1 for different periods of time, stained for CD@&Bd analyzed for phagosome maturation
by imaging flow cytometry (phagosome maturationreat®) THP-1 cells were infected with
FITC-labeled zymosan particles or live H37Ra-GFR adtio of 1:1 for 2 h, stained for
CD63, and analyzed for phagosome maturation byimgaitpw cytometry (phagosome
maturation score). In C-D, the bar graphs showptbeortion of cells that contained a mature
phagosome. The means = SD of 5 (A and D), 3 (&3, (@) independent experiments are
shown. Differences in phagosome maturation weré/aed using paired Student’s t-test (A
and D) or ordinary one-way ANOVA followed by Holmdak’s multiple comparison test

(B).

Figure 6.IDEAS analysis ofbacterial numbers. THP-1 cells were infected with H37Ra-GFP
(M.tb) at a ratio of 2:1 for 2 h, stained for CD&®8\d analyzed by imaging flow cytometry
using the EDF optiom) The masking strategy with CD63 (red) and GFP (greeages, and
the mask for the prey (white), is shov8). A histogram of the bacterial count feature in the
prey-containing population and examples of celét there determined by the analysis to
contain 0, 1, 2, or 3 cells are shown. The imagesvoverlays of GFP (green) and CD63
(red).C) A histogram of the number of bacteria per celleermined by manual inspection
of the first 300 images, in the prey-containing plagon, from the same sample as depicted
in (B) is shown.

Figure 7. Intracellular bacterial replication measuements. THP-1 cells were infected

with H37Ra-GFP at a ratio of 2:1 for the indicatiedes, in the presence (squares) or absence
(circles) of 100 pg/ml streptomycin. The cells wtren stained for CD63 and the mean
number of bacteria per cell (in the single cell{plagion) was analyzed by imaging flow
cytometry with the EDF option. Means + SEM frorm8eépendent experiments are shown.
Differences in bacterial numbers after 96 h werayaed using paired Student’s t-test.

Figure 8. Workflow and possible analysesThe numbered list (left panel) and flow chart
(right) show the steps involved in the presenteagimg flow cytometry-based analyses of
phagocytosis, phagosome maturation, and bactepétation, as well as which analyses are
possible in the same sample depending on the mstrusettings. EDF refers to the extended
depth of field option on the ImageStreamX, andeg@ated in the right panel the same sample
can be run both with (1) and without (2) this optio
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 6

EDF images Mask
CD63 Prey Prey
(M.tb)

B |
- Bacterial
4. Positive for prey count: 0
30
g Bacterial
2 count: 1
© 20
w
o
I
©
E 10+ Bacterial
< count: 2
0-— !l|“l“ T —
0 5 10 15 20 25
Bacterial count Bacterial 4
count: 3
C o
4. Positive for prey: 300 cells
120
100+

[oo]
o
L

Frequency
[e2]
o
1

40+
20- ‘I
oLl .

0 5 10 15 20 25

Bacterial count



Mean number of bacteria per cell

—e— Control
- Streptomycin

Time of infection (h)



Fig. 8
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