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Francisella is a gram-negative bacterial pathogen, which causes tularemia in humans

and animals. A crucial step of Francisella infection is its invasion of macrophage cells.

Biogenesis of the Francisella-containing phagosome (FCP) is arrested for ∼15min at

the endosomal stage, followed by gradual bacterial escape into the cytosol, where the

microbe proliferates. The crucial step in pathogenesis of tularemia is short and transient

presence of the bacterium within phagosome. Isolation of FCPs for further studies

has been challenging due to the short period of time of bacterial residence in it and

the characteristics of the FCP. Here, we will for the first time present the method for

isolation of the FCPs from infected human monocytes-derived macrophages (hMDMs).

For elimination of lysosomal compartment these organelles were pre-loaded with dextran

coated colloidal iron particles prior infection and eliminated by magnetic separation of the

post-nuclear supernatant (PNS). We encountered the challenge that mitochondria has

similar density to the FCP. To separate the FCP in the PNS from mitochondria, we utilized

iodophenylnitrophenyltetrazolium, which is converted by the mitochondrial succinate

dehydrogenase into formazan, leading to increased density of the mitochondria and

allowing separation by the discontinuous sucrose density gradient ultracentrifugation.

The purity of the FCP preparation and its acquisition of early endosomal markers

was confirmed by Western blots, confocal and transmission electron microscopy. Our

strategy to isolate highly pure FCPs from macrophages should facilitate studies on the

FCP and its biogenesis.

Keywords: phagocytosis, organelle purification, pathogen-containing phagosomes, Francisella, human

macrophages

INTRODUCTION

Intracellular bacteria invade eukaryotic cells, followed by subversion of endocytic pathway, which
results in formation of membrane-bound phagosomes. They are cable to modulate the membrane
protein and lipid composition of phagosomes. This modulation is crucial for bacterial survival
within the host cell because it either promotes the establishment of an intact replicative niche
or allow the pathogen to escape to replication-permissive cytosol. Many intracellular bacterial
pathogens have unique life cycles. Cytosolic bacteria, like Shigella (Ray et al., 2010) and Listeria
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FIGURE 5 | The distribution of dextran-tetramethylrhodamine iron particles within the endocytic pathway in F. novicida infection (A). Representative confocal laser

scanning microscopy images of colocalization of dextran-tetramethylrhodamine iron particles with Lamp-1, Cathepsin-D, and EEA1 in F. novicida infected hMDMs. The

images are representatives of 100 infected cells examined from three different cover slips. (B) Quantification of colocalization of the colloidal iron particles with EEA1,

Lamp-1, and Cathepsin D. The results shown are representative of three independed experiments, and error bars represent standard deviation of triplicate samples.

FIGURE 6 | TEM analyses of hMDMs infected with F. novicida at MOI 10 at 15 min after infection (A) and isolated FCP (B,C). Samples were washed and fixed with

glutaraldehyde and post-fixed using osmium tetroxide. Ultra-thin sections were cut and observed using TEM. The white arrows show vacuolar membrane and black

arrows indicate bacteria. One representative micrographs out of three independent preparations.

pulled together the blood from different donors to obtain the
necessary number of human macrophages. To ensure that we do
not co-isolate the extracellular bacteria, intensive washing steps
were included. In contrast to previously published protocols,
the dextran coated iron particle were used for elimination
of lysosomal and endosomal compartments prior infection
(Shevchuk et al., 2009; Shevchuk and Steinert, 2013). With
the use of confocal microscopy, we followed the trafficking of
dextran-tetramethylrhodamine iron particles within hMDMs.
The markers for early and late endosomes as well as lysosomes
were used to document which endosomal compartments are
labeled by colloidal iron. This is due to the specificity and rapidity
of infection in comparison to other intracellular pathogens
(Chong and Celli, 2010; Santic et al., 2010). Some of the most

interesting aspects of phagosome maturation depend on the
ability of intracellular pathogens to bypass the normalmaturation
process. Attempts to purify these compartments represents a
challenge when classical organelle enrichment techniques are
used. To resolve this problem a combination of classical and
improvedmethods for enrichment and pre-fractionationmust be
used. In previous published methods for isolation of Legionella-
containing vacuole the 5–30% OptiPrep gradient was used
(Shevchuk et al., 2009; Shevchuk and Steinert, 2013). During
the establishment of phagosome isolation from Dictyostelium
discoideum cells infected with F. novicida, different concentration
of OptiPrep were tested (5–30, 5–35, 10–40, and 10–45%, data
not shown). Optimization of OptiPrep gradient for successful
isolation of FCP showed that the best separation of FCPwas when
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FIGURE 7 | The analysis of FCP membrane integrity. Quantification of integrity

of phagosomal membrane in the fraction with the highest number of bacteria.

The percent of bacteria after staining with PI and analyses by fluorescence

microscopy. Three coverslips were analyzed per fraction and STDEV were

calculated. Student’s t-test was used to determine statistical significance with

*P < 0.001.

OptiPrep gradient 10–45% was used. In addition, the efficient
removal of contaminants in the method of vacuole isolation is
very important to achieve. Therefore, in order to separate two
organelles with close density, mitochondria and FCP, we utilized
an enzyme of the citrate cycle, the succinate dehydrogenase,
located in the inner mitochondrial membrane. The INT added
to the PNS is converted to formazan and increased the density
of those organelles (Munujos et al., 1993). This phenomenon was
used for separation of mitochondria from FCPs by discontinues
ultracentrifugation method. In addition, Rab5 and EEA1, as
markers for early endosomal compartment, were used to indicate
the presence of FCP in OptiPrep fractions that was void of
mitochondrial marker, AIF.

Isolation of bacteria-containing vacuoles (BCV) is of key
importance for the understanding of these compartments,
but technically is very challenging. During recent years,
different groups have developed different protocols for isolation
of BCV (reviewed in Herweg et al., 2015). The bacteria
subvert endomembrane trafficking around the BCV and the
communication around BCV and other host cell organelles has
been described (Gagnon et al., 2002; Touret et al., 2005; Santos
et al., 2015; Santos and Enninga, 2016).

Protocols for isolation of pathogen-containing vacuoles
are based on subcellular/organelle fractionation based on
physicochemical properties (Howe and Heinzen, 2008; He
et al., 2012; Cheng et al., 2014). These protocols combine
confocal fluorescence microscopy, Western blot and electron
microscopy techniques providing the characterization of host
cell compartments after infection with different intracellular
pathogens. In addition, isolation of BCV can be based on
immuno-affinity purification (Urwyler et al., 2010; Hoffmann
et al., 2013; Vorwerk et al., 2015) or on FACS single cell
enrichment by sorting bacteria and lysed host cells organelles
(Becker et al., 2006; Pfortner et al., 2013; Surmann et al., 2014).
Separation principles have been applied for isolation of latex

bead-phagosomes from macrophages (Desjardins et al., 1994)
and Dictyostelium (Gotthardt et al., 2002). In the protocol
for purification of Legionella-containing vacuole (LCV) from
infected D. discoideum (Shevchuk et al., 2009; Urwyler et al.,
2010; Finsel et al., 2013; Shevchuk and Steinert, 2013), or
murine macrophage-like RAW 264.7 (Hoffmann et al., 2014)
the immuno-magnetic separation using an anti-SidC antibody
was performed, followed by 10–35% Histodenz density gradient
centrifugation. Others established protocol for LCV isolation
from U937 macrophages using 55–65% gradient (Bruckert and
Abu Kwaik, 2015). Others and our studies show that the integrity
of phagosome membrane is often compromised during the early
time point of infection with Francisella (Santic et al., 2008;
Chong et al., 2012; Ozanic et al., 2015; Rowe and Huntley,
2015). Besides the electron microscopy methods, fluorescence
microscopy could be valuablemethod to check the integrity of the
phagosomal membrane after its isolation (Lonnbro et al., 2008;
Hoffmann et al., 2013, 2014; Bruckert and Abu Kwaik, 2015).
Results from this study show that the phagosomal membrane
is highly conserved 15 min after infection of hMDMs and
only 30% of the analyzed fraction show some damage of
the FCP. The FCP is presumably intact within 30 min after
infection.

Many intracellular bacteria reside and replicate inside
phagosomal compartmentmaking protocol for vacuolar isolation
easy to apply. In contrast, some intracellular pathogens show
ability to escape from phagosome to directly use the cytoplasm
as their replicative habitat (Ray et al., 2009). Francisella
resides in phagosomes ∼5–30 min after infection, making
it more challenging for isolation of the phagosome from
infected macrophages. After cytoplasmic replication, Francisella
re-enters the endocytic pathways by autophagy (Checroun
et al., 2006; Jones et al., 2012), and bacteria are found in
autophagosomes by 24 h after infection. Our established method
for isolation of FCP could be applied for the isolation of
autophagosomes as well. The protocol presented here will enable
future proteomic analyses analysis of those delicate intracellular
compartments.
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