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Quantitative Imaging Flow Cytometry of Legionella-Infected
Dictyostelium Amoebae Reveals the Impact of Retrograde
Trafficking on Pathogen Vacuole Composition
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ABSTRACT The ubiquitous environmental bacterium Legionella pneumophila sur-
vives and replicates within amoebae and human macrophages by forming a
Legionella-containing vacuole (LCV). In an intricate process governed by the bacterial
Icm/Dot type IV secretion system and a plethora of effector proteins, the nascent
LCV interferes with a number of intracellular trafficking pathways, including retro-
grade transport from endosomes to the Golgi apparatus. Conserved retrograde traf-
ficking components, such as the retromer coat complex or the phosphoinositide (Pl)
5-phosphatase D. discoideum 5-phosphatase 4 (Dd5P4)/oculocerebrorenal syndrome
of Lowe (OCRL), restrict intracellular replication of L. pneumophila by an unknown
mechanism. Here, we established an imaging flow cytometry (IFC) approach to as-
sess in a rapid, unbiased, and large-scale quantitative manner the role of retrograde-
linked PI metabolism and actin dynamics in the LCV composition. Exploiting Dictyo-
stelium discoideum genetics, we found that Dd5P4 modulates the acquisition of
fluorescently labeled LCV markers, such as calnexin, the small GTPase Rab1 (but not
Rab7 and Rab8), and retrograde trafficking components (Vps5, Vps26, Vps35). The
actin-nucleating protein and retromer interactor WASH (Wiskott-Aldrich syndrome
protein [WASP] and suppressor of cAMP receptor [SCAR] homologue) promotes the
accumulation of Rab1 and Rab8 on LCVs. Collectively, our findings validate IFC for
the quantitative and unbiased analysis of the pathogen vacuole composition and re-
veal the impact of retrograde-linked Pl metabolism and actin dynamics on the LCV
composition. The IFC approach employed here can be adapted for a molecular anal-
ysis of the pathogen vacuole composition of other amoeba-resistant pathogens.

IMPORTANCE Legionella pneumophila is an amoeba-resistant environmental bacte-
rium which can cause a life-threatening pneumonia termed Legionnaires’ disease. In
order to replicate intracellularly, the opportunistic pathogen forms a protective com-
partment, the Legionella-containing vacuole (LCV). An in-depth analysis of the LCV
composition and the complex process of pathogen vacuole formation is crucial for
understanding the virulence of L. pneumophila. Here, we established an imaging
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proach can be used to analyze the molecular composition of any cellular compart-
ment harboring bacterial pathogens.
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egionella pneumophila causes Legionnaires’ disease, a severe pneumonia occurring

in periodic outbreaks stemming from contaminated water sources (1, 2). The
ubiquitous Gram-negative environmental bacterium resists and parasitizes free-living
protozoa, with natural hosts including Acanthamoeba, Tetrahymena, and Vermamoeba
species (3). Moreover, the bacterium thrives within Dictyostelium discoideum, a fre-
quently employed protozoan experimental host (4). The bacterium avoids killing by
protozoan phagocytes and human alveolar macrophages using an evolutionarily con-
served mechanism. To this end, the bacteria establish a distinct replication-permissive
intracellular compartment termed the Legionella-containing vacuole (LCV).

LCV formation is a complex process strictly dependent on the bacterial intracellular
multiplication/defective organelle trafficking (Icm/Dot) type IV secretion system (T4SS)
(5, 6). The LCV hijacks the secretory pathway, interacting intimately with the endoplas-
mic reticulum (ER) while concomitantly avoiding killing by the endocytic pathway. The
hallmark of this compartment is its intimate interaction with the ER, resulting from the
Rab1-dependent interception of secretory vesicles egressing from the ER (7-9). Thus,
the LCV stains positively for several markers of the secretory pathway, including Rab1
and other Rab GTPases (10-12), and markers of the ER, including the ER-resident
protein calnexin (13). Phosphatidylinositol 4-phosphate [PtdIns(4)P] is a major regulator
of secretory vesicle trafficking through the Golgi apparatus (14, 15) and is also present
on the LCV immediately upon infection (in a transient lcm/Dot-independent manner),
and it later accumulates in an Icm/Dot-dependent manner (16).

The compartments of the endocytic and secretory pathways in eukaryotic cells
communicate through vesicle trafficking. Mono- or polyphosphorylated phosphoino-
sitide (PI) lipids and small GTPases of the Rab family define different intracellular
membranes and govern the timely recruitment of vesicle trafficking transport machin-
eries (17, 18). In addition to anterograde trafficking, functioning to transport newly
synthesized proteins from the ER through the Golgi apparatus to their destination
organelles and membranes, retrograde trafficking from endosomes back to the ER is
also continually ongoing in the cell. Retrograde trafficking functions to maintain
organelle integrity, prevents lysosomal degradation, and recycles cargo receptors of
the secretory transport machinery (19, 20). Cargo of the retrograde pathway
includes membrane proteins, such as cation-dependent or cation-independent
mannose 6-phosphate receptor (CD- or CI-MPR) and sortilin/Vps10, as well as
soluble proteins and lipids (21).

The budding of a retrograde trafficking vesicle from a donor membrane takes place
in several steps, which have been elucidated only in part. First, the cargo receptors to
be transported accumulate in clathrin-coated pits, and the Vps26-Vps29-Vps35 coat
protein heterotrimer (termed retromer) is recruited by active, GTP-bound Rab7 (22, 23).
Subsequently, sorting nexin (SNX) proteins in different combinations are recruited
to the retromer complex by binding to resident phosphatidylinositol 3-phosphate
[PtdIns(3)P], inducing membrane curvature and remodeling (24-26). The actin nucle-
ation complex WASH (Wiskott-Aldrich syndrome protein [WASP] and suppressor of
cAMP receptor [SCAR] homologue) binds the retromer (27) and triggers actin polym-
erization to push the emerging tubule (28). Simultaneously, the microtubule motor
complex protein p150©'ved/dynein bound to SNXs pulls the tubule (29). Then, scission
factors, including EHD1 and dynamin, cut the elongating tubule and seclude the now
cargo-loaded vesicle from the endosome (30). Finally, after uncoating, the vesicle is
delivered to the target membrane (23).

D. discoideum 5-phosphatase 4 (Dd5P4) and its mammalian homologue, oculocer-
ebrorenal syndrome of Lowe (OCRL), are Pl 5-phosphatases that hydrolyze phosphati-
dylinositol 4,5-diphosphate [PtdIns(4,5)P,] and phosphatidylinositol 3,4,5-triphosphate
[PtdIns(3,4,5)P] to yield PtdIns(4)P and PtdIns(3,4)P,, respectively (31, 32). Dd5P4/OCRL
is crucially involved in retrograde trafficking from early endosomes to the trans-Golgi
network as well as in receptor recycling between endosomes and the plasma mem-
brane (33-36). The enzyme acts in the retrograde pathway by binding to clathrin (37,
38) and to several different Rab GTPases (39-41). Studies using D. discoideum as host
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cells revealed that upon infection with L. pneumophila, Dd5P4/OCRL is present and
catalytically active on the LCV (42). Further, the intracellular growth of L. pneumophila
is enhanced in the absence of Dd5P4/0CRL, as evidenced by deletion of the gene in D.
discoideum (42) as well as depletion by small interfering RNA in human A549 lung
epithelial cells (43), meaning that the phosphatase restricts intracellular replication of
the pathogen. The mechanism by which this restriction is mediated is not known.

The L. pneumophila Icm/Dot effector RidL binds the retromer subunit Vps29, inhibits
retrograde trafficking, and promotes intracellular bacterial replication, as demonstrated
in D. discoideum and mouse macrophage experimental systems (43). By binding to
Vps29, a hydrophobic B-hairpin in an N-terminal domain of RidL displaces the Rab7
GTPase-activating protein (GAP) and negative regulator of retrograde trafficking
TBC1D5, possibly contributing to the effector function (44-46). In fact, RidL might block
incoming retrograde traffic on the LCV, serving as an acceptor compartment of
retrograde transport (47). While it is clear that retrograde trafficking is detrimental for
and actively avoided by L. pneumophila (48), it is not known at which step in the
retrograde pathway Dd5P4/OCRL has an effect or how exactly the bacterium interferes
with the pathway.

In order to study the LCV composition and the hierarchical relationship of compo-
nents of cellular trafficking pathways, objective and quantitative methods are pivotal.
Flow cytometry has been established as an unbiased high-throughput method to
investigate some Legionella-host cell interactions (49). Imaging flow cytometry (IFC)
combines the advantages of flow cytometry with structural information from fluores-
cence microscopy and is a quantitative technique for rapidly analyzing the image
content of cells in flow. In contrast to traditional microscopic imaging and manual
scoring of pathogen vacuoles for the presence or absence of different markers, IFC
provides a means for unbiased and rapid quantification (50). Here, we employed IFC to
quantify different host factors on LCVs dependent on the D. discoideum genotype.
Specifically, we assessed the impact of the Pl 5-phosphatase Dd5P4 or the actin
nucleator WASH on the acquisition of components implicated in the retrograde route
or other trafficking pathways.

RESULTS AND DISCUSSION

Quantification of calnexin, Ptdins(4)P, and Rab1 on LCVs by IFC. Upon infection,
L. pneumophila creates a niche that favors its own survival and replication inside the
cell, the LCV. In order to study the composition of the LCV, we developed two IFC-based
methods, using either intact amoebae (Fig. 1) or LCVs from homogenized host cells (Fig.
2). We validated the IFC-based method for quantification of cellular components on the
LCV in intact amoebae using well-studied markers, such as calnexin (13), the PtdIns(4)P
probe P4Cg,yc (16), or the small GTPase Rab1 (10, 11). D. discoideum amoebae produc-
ing green fluorescent protein (GFP) fusions of one of the three proteins were infected
with L. pneumophila producing mPlum and fixed, and 10,000 cells were acquired by IFC.
The images were analyzed for colocalization between mPlum and GFP (Fig. 3), upon
gating of cells containing only a single bacterium, as described in the legend to Fig. 1.
As the infection progressed, the accumulation of calnexin, PtdIns(4)P, and Rab1 was
evident for wild-type L. pneumophila, while a mutant lacking a functional lcm/Dot
secretion system failed to recruit any of the markers to the vacuole (Fig. 3A to C). The
data are presented as IFC scores, which is an efficient way of comparing different strains
and allows for robust statistical analysis of the >1,000 cells per sample, but constitute
arbitrary units with a certain degree of background signal. Alternatively, by placing a
gate in the last step of the IFC analysis including only cells with a high degree of
mPlum/GFP colocalization (Fig. 1), a percentage value for cells positive for the marker
of interest is obtained (Fig. 3A to C). This representation corresponds more closely to
how analogous microscopy data are usually presented (42, 43, 51, 52).

The data obtained closely match previously published values for LCV accumulation
of calnexin (16, 53), PtdIns(4)P (16), and Rab1 (10, 54) during the first 2 h of infection.
We have previously found that the majority of the trafficking events leading to the
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FIG 1 Imaging flow cytometry-based quantification of calnexin-GFP on LCVs in intact amoebae. D. discoideum Ax3 producing calnexin-GFP (pAW16) was
infected (MO, 5) for up to 2 h with mPlum-producing virulent L. pneumophila JR32 or AicmT(pAW14). After fixation, 10,000 cells were acquired with an
imaging flow cytometer. The analysis was performed in 7 steps, where the cells gated in one step were carried on to the subsequent step. Examples of
included and excluded cells are shown for each step (arrows). (i) Cells in focus were gated using the feature Gradient RMS_MO01_BF. (ii) Single cells were gated
using Area_MO01 versus Aspect Ratio_MOT1. (iii) Cells producing calnexin-GFP (Cnx) were gated using the feature Intensity_MC_Cnx. (iv) Cells positive for L.
pneumophila (Lpn) were gated using Intensity_MC_Lpn versus Max Pixel_MC_Lpn. (v) Cells having internalized L. pneumophila rather than L. pneumophila
merely attached to the surface were gated using Internalization_C_E4_Lpn. (vi) Cells containing exactly one bacterium were selected using Spot
Count_Spot(MO05, Lpn, Bright, 8.5, 1, 0). (vii) The included cells were finally analyzed for colocalization between an L. pneumophila bacterium and calnexin-GFP
using the feature Bright Detail Similarity R3_MC_Cnx_Lpn, and the result was termed the IFC colocalization score. A gate was set at 0.75 to include only cells
containing a calnexin-positive LCV. The histogram shows an overlay of JR32-infected (green) and AicmT mutant-infected (red) cells at 2 h postinfection.
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FIG 2 Imaging flow cytometry-based quantification of calnexin-GFP on LCVs in homogenized amoebae. D. discoideum Ax3 dually producing
AmtA-mCherry and calnexin-GFP (pAW16) were infected (MOI, 50) for up to 2 h with mPlum-producing virulent L. pneumophila JR32 or
AicmT(pAW14). After homogenization and fixation, 20,000 events were acquired with an imaging flow cytometer. The analysis was performed
in 6 steps, where the cells gated in one step were carried on to the subsequent step. Examples of included and excluded cells are shown for
each step (arrows). (i) Events in focus were gated using the feature Gradient RMS_MO5_Lpn. (ii) Intact cells and large membrane aggregates
were excluded using the feature Area_MC. (iii) Events displaying a sufficiently high mPlum signal were gated using Max Pixel_MC_Lpn. (iv) LCVs
containing one bacterium only were selected using the features Spot Count_Spot(M05, Lpn, Bright, 8.5, 1, 0) versus Area_Object(MO05, Lpn,
Tight). (v) AmtA-mCherry-positive events with the AmtA signal colocalizing with the mPlum signal were gated using the features Max
Pixel_MC_AmtA versus Bright Detail Similarity R3_MC_Lpn_AmtA. (vi) Finally, in the gated AmtA-positive LCVs, the intensity of calnexin-GFP was
quantified using Intensity_MC_Cnx. (Left) The histogram shows an overlay of JR32-containing (green) and AicmT mutant-containing (red) LCVs at 2
h postinfection. (Right) Alternatively, the gated AmtA-positive LCVs were analyzed using Intensity_MC_Cnx versus Bright Detail Similarity
R3_MC_Lpn_Cn, yielding a percentage of LCVs positive for calnexin-GFP and with the GFP colocalizing with the bacterium. The dot plot shows an
overlay of JR32-containing (green) and AicmT mutant-containing (red) LCVs at 2 h postinfection.
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FIG 3 Quantification of calnexin, PtdIns(4)P, and Rab1 on LCVs by IFC. D. discoideum Ax3 producing calnexin-GFP (pAW16) (A),
the PtdIns(4)P probe P4Cg, ~GFP (pWS34) (B), or GFP-Rab1 (pAW7?) (C) were infected (MOI, 5) for 2 h with mPlum-producing
virulent L. pneumophila JR32 or AicmT(pAW14). (Left) Representative IFC images; (middle) quantifications of IFC colocalization
scores between GFP and mPlum for >500 cells per sample at the time points postinfection indicated (means and 95%
confidence intervals from one representative experiment out of three independent experiments are shown); (right) quantifi-
cations of the percentage of cells containing a GFP-positive LCV, based on the IFC colocalization scores (means and SEMs from
three independent experiments are shown) (***, P < 0.001 at 2 h). AU, arbitrary units.

formation of a mature LCV, including Pl conversion and calnexin accumulation, are
completed within the first 2 h of infection (16, 42, 53). Furthermore, the IFC scores for
wild-type L. pneumophila are clearly different from those for bacteria lacking a func-
tional lcm/Dot T4SS, demonstrating that IFC is a reliable, robust, and high-throughput-
compatible method to quantify cellular markers on the LCV inside amoebae. Taken
together, we provide a comprehensive biological validation of the use of IFC for
assessing the LCV composition.

The endosomal transporter AmtA is an LCV component. The amount of an LCV
marker present on the pathogen vacuole relative to that present on the remainder of
the cell varies greatly depending on the protein. Small amounts of LCV marker proteins
necessitate the homogenization of the infected cell before analysis, in order to increase
the signal-to-noise ratio and to allow detection by confocal microscopy (42-44).

To analyze LCVs from homogenized host cells by IFC, a pathogen vacuole marker
that is insensitive to the infection time course and the presence of the lcm/Dot T4SS is
required. The ammonium transporter AmtA is present in all membranes of the endo-
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cytic pathway in D. discoideum (55) and has previously been used as a marker of the
phagosomal membrane in amoebae infected with Mycobacterium marinum (56). Thus,
we investigated whether AmtA localized to the LCV by using D. discoideum strains that
produced both calnexin-GFP and AmtA-mCherry in parallel and were infected with
mPlum-producing L. pneumophila wild-type or AicmT strains (Fig. 4A). We observed a
typical gradual acquisition of calnexin-GFP on the LCV over time, while AmtA-
mCherry was present at all time points tested (up to 2 h) and independently of the
Icm/Dot secretion system (Fig. 4B). Thus, AmtA is a component of the LCV and is
suitable for IFC analysis of vacuoles containing L. pneumophila wild-type or lcm/Dot-
deficient strains.

Next, we adapted the mechanical host cell homogenization technique (57, 58) for
IFC, using D. discoideum producing AmtA-mCherry and calnexin-GFP in parallel. After
homogenization of amoebae infected with mPlum-producing L. pneumophila, fixation,
and acquisition of 20,000 mPlum- and mCherry-positive events by IFC, the LCVs were
analyzed as described in the legend to Fig. 2. The resulting images (Fig. 4C) and
quantification of GFP fluorescence on the AmtA-positive LCVs containing a single
bacterium show an Icm/Dot-dependent accumulation of calnexin on the LCV during
the course of infection (Fig. 4D), as expected (16, 53). By setting a gate including only
LCVs with a high GFP fluorescence intensity and comprising colocalizing signals of
GFP and mPlum (Fig. 2), the percentage of LCVs that were positive for calnexin was
obtained (Fig. 4E). This representation not only provides a more easily interpretable
percentage value instead of an arbitrary fluorescence value but also ensures that
only LCVs where the GFP signal localized exactly to the LCV and not to an adjacent
structure in the same image were counted as positive. However, we opted to use
arbitrary fluorescence values in the remainder of the study, since they were very
similar to the percentage values and allowed robust statistical analysis.

Of note, calnexin and AmtA do not colocalize on LCVs in intact D. discoideum (Fig.
4A) and form concentric rings on isolated pathogen vacuoles (Fig. 4C). This observation
is in agreement with the finding that during LCV maturation calnexin is recruited to but
does not fuse with the PtdIns(4)P-positive pathogen vacuole (16). Since AmtA is present
on vacuoles harboring L. pneumophila JR32 or AicmT mutant bacteria, the lcm/Dot-
dependent acquisition of PtdIns(4)P is clearly independent of AmtA. Collectively, our
data show that AmtA is a suitable marker to quantify by IFC different GFP fusion
proteins on LCVs obtained from homogenized amoebae, regardless of the infection
time and bacterial strain used.

The Pl 5-phosphatase Dd5P4 affects LCV acquisition of early secretory pathway
components. The endosomal Pl 5-phosphatase Dd5P4 binds clathrin and several small
GTPases, is crucially involved in retrograde trafficking, and restricts the intracellular
replication of L. pneumophila (35, 36, 42). In order to study how Dd5P4 regulates
intracellular trafficking to the LCV, we employed our newly developed IFC-based method
and focused on the recruitment of four proteins known to accumulate on LCVs (10-12).
These included the ER-resident protein calnexin and the small GTPases Rab1 (a regulator of
the secretory pathway between the ER and Golgi apparatus), Rab7 (a late endosomal
marker regulating phagolysosomal fusion and the initiation of retrograde trafficking), and
Rab8 (a regulator in the secretory pathway beyond the Golgi apparatus) (59).

We infected the D. discoideum parental strain Ax3 or the isogenic ADd5P4 mutant
producing mCherry or GFP fusions of calnexin, Rab1, Rab7, or Rab8 with the virulent L.
pneumophila strain JR32 and quantified the colocalization of mCherry or GFP with the
bacterium in intact amoebae (Fig. 5). In the absence of Dd5P4, the recruitment of
calnexin and Rab1 was slightly but significantly enhanced (Fig. 5A and B). However,
Dd5P4 did not affect the accumulation of Rab7 or Rab8 on LCVs (Fig. 5C and D). The
effect on calnexin is consistent with previously published data obtained using conven-
tional confocal microscopy (42). This earlier work validates the IFC approach docu-
mented here and shows that in the absence of Dd5P4, more calnexin is recruited to the
LCV and the calnexin-positive LCVs formed are more spacious. These findings likely
reflect a more efficient pathogen vacuole formation by L. pneumophila in the absence
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FIG 4 The endosomal transporter AmtA is a component of LCVs. (A) IFC images of intact D. discoideum
Ax3 that dually produced AmtA-mCherry and calnexin-GFP (pAW16) and that was infected (MOI, 5) for
2 h with mPlum-producing virulent L. pneumophila JR32 or AicmT(pAW14). (B) Simultaneous quantifi-
cation of the IFC colocalization score between calnexin-GFP and mPlum (left) and AmtA-mCherry and
mPlum (right) for >1,000 intact cells per sample at the time points postinfection indicated. (C) IFC images
of LCVs from homogenized D. discoideum Ax3 that dually produced AmtA-mCherry and calnexin-GFP
(pAW16) and that was infected (MOI, 50) for 2 h with mPlum-producing virulent L. pneumophila JR32 or
AicmT(pAW14). (D) Quantification of calnexin-GFP intensity on AmtA-positive LCVs by IFC for >1,000
LCVs per sample at the time points postinfection indicated. (E) Quantification of the percentage of LCVs
positive for calnexin-GFP, based on the GFP intensity on the LCV together with the results of colocal-
ization analysis of GFP and mPlum. The data show the means and 95% confidence intervals from one
representative experiment out of three independent experiments (B, D) or the means and SEMs from
three independent experiments (E) (***, P < 0.001 at 2 h).

of a factor that restricts this process. The slightly enhanced acquisition of Rab1 may also
reflect that the bacteria create a more favorable niche for replication in the absence of
Dd5P4, as hijacking of Rab1 is a virulence mechanism used by L. pneumophila (54, 60,
61). The lack of an effect of Dd5P4 deletion on Rab7 and Rab8 indicates that the Pl
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FIG 5 Deletion of Dd5P4 affects LCV acquisition of early secretory pathway components. D. discoideum
Ax3 or ADd5P4 producing calnexin-mCherry (pAW12) (A), GFP-Rab1 (pAW?) (B), GFP-Rab7 (pAW9) (C), or
GFP-Rab8 (pAW10) (D) was infected (MOI, 5) for 2 h with GFP- or mPlum-producing virulent L.
pneumophila JR32(pCR76) or JR32(pAW14). Shown are representative IFC images (top) and quantifica-
tions of the IFC colocalization scores (bottom) between mCherry and GFP (for calnexin) or GFP and
mPlum (for Rab1, Rab7, and Rab8) for >350 cells per sample at the time points postinfection indicated.
Data show the means and 95% confidence intervals from one representative experiment out of three
independent experiments (***, P < 0.001).

5-phosphatase is not involved in their recruitment to the LCV. Collectively, the data are
in agreement with the notion that Dd5P4 plays a role in the communication of LCVs
with components of the early secretory pathway (ER-Golgi apparatus) but not with
those of the late endosomal (Rab7) or late secretory (Rab8) pathway.
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FIG 6 Deletion of Dd5P4 modulates retrograde trafficking components on LCVs. Results for LCVs from
homogenized D. discoideum Ax3 or ADd5P4 that dually produced AmtA-mCherry and GFP-Vps5 (pAW18)
(A), Vps26-GFP (pAW1) (B), or Vps35-GFP (pAW3) (C) and that was infected (MOI, 50) for 2 h with
mPlum-producing virulent L. pneumophila JR32 or AicmT(pAW14) are shown. Shown are representative IFC
images (top) and IFC quantifications (bottom) of GFP intensities on AmtA-positive LCVs for >400 LCVs per
sample. Data show the means and SEMs from one representative experiment out of three independent
experiments (**, P < 0.01; ***, P < 0.001).

Dd5P4 modulates retrograde trafficking components on LCVs. Dd5P4/OCRL is
involved in retrograde trafficking from endosomes to the trans-Golgi network, as well
as in the recycling of receptors between endosomes and the plasma membrane (35,
36). Since Dd5P4/0OCRL and retrograde trafficking restrict intracellular L. pneumophila
replication (42, 43), we sought to determine precisely how Dd5P4 controls the LCV
composition with regard to retrograde trafficking components.

Retrograde trafficking components, including Dd5P4 and retromer subunits, localize
in relatively small amounts on the LCV compared to the amounts at which they localize
in the rest of the cell (43, 44). This issue, together with the fact that the resolution of
IFC is not as high as that of confocal microscopy, implies that retrograde trafficking
components are difficult to detect by IFC on the LCV in intact cells. For IFC quantifi-
cation, we thus employed host cell lysates, using L. pneumophila-infected amoebae
dually producing AmtA-mCherry as an LCV component together with a GFP fusion
protein of interest.

Infecting D. discoideum Ax3 or ADd5P4 with L. pneumophila, we investigated the
levels on the LCV of GFP-Vps5, a D. discoideum SNX homologue (62) (Fig. 6A). The IFC
quantification showed that Vps5 was recruited to the LCV in an lcm/Dot-dependent
manner and that deletion of Dd5P4 significantly diminished its recruitment (Fig. 6A). These
data show that Dd5P4 promotes sorting nexin localization to the LCV membrane. More-
over, the results suggest that Dd5P4 is upstream of Vps5 during LCV maturation and, in
broader terms, in the cascade of events leading to the formation of a retrograde trafficking
vesicle.

To further investigate the role of Dd5P4 in retrograde trafficking on the LCV, we
turned to the subunits of the retromer complex. This protein complex consists of a
Vps26-Vps29-Vps35 heterotrimer, which recruits sorting nexins and acts to bind cargo
destined for retrograde trafficking (19, 20, 48). Although it is clear that Dd5P4 is needed
for retrograde trafficking and that the enzyme has a number of interaction partners in
the process (35, 36), its relationship to the retromer is not known. To address this
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question, we studied by IFC LCVs from homogenized D. discoideum (Ax3 or the ADd5P4
mutant) dually producing AmtA-mCherry and Vps26-GFP (Fig. 6B) or Vps35-GFP (Fig.
6C). Vps26-GFP and Vps35-GFP accumulated on LCVs in a manner dependent on the
Icm/Dot secretion system, consistent with previously published data (43). While the
level of Vps26-GFP on LCVs was increased in the absence of Dd5P4 (Fig. 6B), the level
of Vps35-GFP was reduced (Fig. 6C).

It is currently not clear why the LCV localization of the Vps26 and Vps35 retromer
subunits is apparently regulated differently by Dd5P4. However, at least in mammalian
cells, we previously observed that the subunits do not contribute equally to the
intracellular replication of L. pneumophila. While the depletion of Vps26A and Vps26B
(as well as Vps29) reduced intracellular bacterial growth, depletion of Vps35 had no
effect (43). This finding might be explained by the recent discovery that (at least in
mammals) different distinct retrograde coat complexes which share some, but not all,
cargo recognition subunits are present (63). It remains to be determined which
retrograde coat complexes play a role in LCV formation by and intracellular replication
of L. pneumophila. Taken together, the modulation of retromer components on LCVs by
Dd5P4 indicates that the Pl 5-phosphatase is active directly on the LCVY membrane, and
our findings support the hypothesis that the enzyme acts upstream of the retromer
complex during LCV maturation and in the retrograde trafficking pathway.

Dd5P4 also seems to modulate the recruitment to LCVs of the retromer subunit
Vps29 and sortilin/Vps10, a retrograde transport cargo molecule (64) (see Fig. S1 in the
supplemental material). Compared to the levels in the parental D. discoideum strain, the
levels of Vps29-GFP and Vps10-GFP were already increased in uninfected ADd5P4
mutant amoebae (Fig. S2), rendering the interpretation of the data more difficult. A
potential pitfall is indeed that the overall production level of the fusion protein of
interest might bias the result when comparing the fluorescence intensities on the LCV
in different D. discoideum strains (the parental strain versus isogenic mutants). This is
not the case for the colocalization analysis used here for intact cells, which is based on
Pearson’s correlation coefficient of the localized bright spots in two images, a coefficient
independent of the total intensity (for technical details, see reference 65). To account for
this potential bias, we quantified the overall fluorescence intensity of GFP fusion
proteins of interest in each (uninfected) D. discoideum strain. This analysis revealed
no major differences for all LCV markers tested, except Vps10 and Vps29 (Fig. S2).

The actin nucleator WASH restricts the intracellular replication of L. pneumo-
phila and affects the LCV composition. The WASH actin nucleation complex binds the
retromer (27), plays a role in driving endosomal actin polymerization, and mediates
protein sorting and recycling from endosomes through retromer-dependent and
-independent pathways (62). Specifically, the WASH complex plays a role in pushing the
nascent retrograde trafficking vesicle away from the endosomal network (28). In order
to expand our investigation from the Pl phosphatase Dd5P4, implicated early during
retrograde trafficking by interactions with Rab GTPases and clathrin (35, 36), to later
steps involving retromer interactions and vesicle budding (27, 28), we investigated the
effect of WASH deletion on the intracellular replication of L. pneumophila. D. discoideum
Ax2 or AWASH was infected with GFP-producing L. pneumophila JR32, and intracellular
replication was assessed by fluorescence. This experiment revealed that in the absence
of WASH, L. pneumophila replicates more efficiently (Fig. 7A), and therefore, WASH
restricts intracellular replication similarly to other components of the retrograde
pathway (42, 43).

Moreover, we directly compared the intracellular replication of L. pneumophila in the
D. discoideum Ax2 and Ax3 parental strains, wherein the AWASH or ADd5P4 mutant
strains were generated. The results indicate that during the first 15 h postinfection (p.i.),
the growth of L. pneumophila was similar in the two amoeba strains, and at later time
points, the bacteria grew more efficiently in Ax3 (Fig. S3). Hence, at the early time
points (2 h p.i.) used for IFC measurements throughout this study, L. pneumophila
infection appears to proceed similarly in D. discoideum Ax2 and Ax3.
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FIG 7 The actin nucleator WASH restricts the intracellular replication of L. pneumophila and affects the LCV
composition. (A) D. discoideum Ax2 or AWASH was infected (MOI, 1) with GFP-producing L. pneumophila JR32(pNT-
28), and intracellular replication was assessed by fluorescence analysis. Data show the means and standard
deviations for three biological replicates (means of technical replicates each). (B to E) D. discoideum Ax2 or AWASH
producing calnexin-GFP (pAW16) (B), GFP-Rab1 (pAW?7) (C), GFP-Rab7 (pAW9) (D), or GFP-Rab8 (pAW10) (E) was
infected (MO, 5) for 2 h with mPlum-producing virulent L. pneumophila JR32 (pAW14). Shown are representative
IFC images (top) and quantifications of IFC colocalization scores (bottom) between GFP and mPlum for >230 cells
per sample at the time points postinfection indicated. Data show the means and 95% confidence intervals from one
representative experiment out of three independent experiments (***, P < 0.001).

Next, we tested whether deletion of WASH affects the LCV composition. We focused
on the ER marker calnexin and the small GTPases Rab1, Rab7, and Rab8. To this end, we
infected the D. discoideum parental strain Ax2 or the AWASH mutant producing one of
these GFP fusion proteins with the virulent L. pneumophila strain JR32 (Fig. 7B to E) and
quantified the colocalization of GFP with the bacterium in intact amoebae. The deletion
of WASH strongly impaired the recruitment of Rab1 and Rab8 to LCVs (Fig. 7C and E)
and also reduced, to a smaller extent, the recruitment of Rab7 to LCVs (Fig. 7D), while
the recruitment of the ER marker calnexin was not affected (Fig. 7B). These results
indicate a major role for WASH and retrograde-linked actin polymerization during LCV
maturation, consistent with the idea that endosomal sorting in general and retrograde
trafficking in particular are important aspects of this process. Since WASH deletion had no
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effect on calnexin recruitment to the LCV, the LCV-ER interaction seems to be independent
of actin polymerization or might require other factors affecting actin dynamics.

In summary, by providing comprehensive technical details, we have established and
biologically validated two distinct IFC-based techniques for quantifying ectopically
produced proteins on LCVs in intact D. discoideum or in amoeba homogenates,
respectively. The IFC approach enables a quantitative, unbiased, and rapid analysis of
both intact infected host cells and homogenized cells. Further advantages of the
method include flexibility regarding the time points and the number of strains ana-
lyzed, as well as the ability to analyze proteins that are present at only low levels on the
LCV compared to their levels in the remainder of the cell.

A limitation of the IFC approach is that the high abundance of ectopically produced
proteins may affect their intracellular distribution, localization, and function. However, we
did not observe any major differences between the intracellular replication kinetics of L.
pneumophila infecting D. discoideum strains lacking calnexin or overproducing calnexin-
GFP (53, 66) or strains overproducing small GTPases (10) and those of L. pneumophila
infecting the corresponding parental D. discoideum strains. In contrast, overproduction of
the large GTPase atlastin/Sey1 has been shown to affect the intracellular replication of L.
pneumophila (53). Moreover, to allow direct comparison, the IFC technique requires equal
levels of production of the proteins studied in different D. discoideum host strains, which is
not always the case (Fig. S2). Finally, the relatively low resolution of IFC compared to that
of confocal microscopy limits the spatial analysis of L. pneumophila infection and LCV
formation.

We employed IFC to assess the impact of the Pl 5-phosphatase Dd5P4 on the LCV
composition in terms of canonical pathogen vacuole markers of the secretory pathway,
as well as in terms of components of the retrograde trafficking pathway, such as the
retromer coat complex. Our findings emphasize the role of retrograde trafficking in
modulating the LCV composition and in restricting LCV formation. The IFC-based LCV
analysis established here should prove useful to study the pathogen vacuole compo-
sition of other amoeba-resistant intracellular pathogens, in particular, those for which
the D. discoideum model has already been established, including Mycobacterium spp.
(67, 68) and Francisella spp. (69, 70).

MATERIALS AND METHODS

Molecular cloning. All plasmids used in this study are listed in Table 1, and oligonucleotides are
specified in Table 2. The plasmids pSW34, pAW1, pAW2, pAW3, and pAWS5, which were used for
overproduction of the Ptdins(4)P probe P4Cq,,, the retromer components (Vps26, Vps29, Vps35), and
sortilin/Vps10, respectively, and which had C-terminal GFP tags, were constructed by amplifying the
respective D. discoideum gene from pWS22, pCR111, pCR112, pCR113, or pCR110 using the primers
oWS17/0WS18 (pSW34), oAW1/0AW2 (Vps26), oAW3/0AW4 (Vps29), oAW5/0AW6 (Vps35), or oAW21/
0AW22 (Vps10) and cloning the PCR fragments into the Bglll and Spel sites of pDM323. The plasmids
pAW?7, pAW10, and pAW18, which were used for overproduction of Rab1, Rab8, and Vps5, respectively,
and which had N-terminal GFP tags, were constructed by amplifying the respective D. discoideum gene
from pSU22, pSU12, or pFL1329 using the primers 0AW9/0AW10 (Rab1), )AW15/0AW16 (Rab8), or
0AW19/0AW20 (Vps5) and cloning the PCR fragments into the Bglll and Spel sites of pDM317. The
plasmid pFL1329 was constructed by PCR amplification of the gene encoding Vps5 from a D. discoideum
cDNA library and cloning the fragment into pBluescript and, after sequencing, into pDXA-GFP-Ct. All
constructs were sequenced before transformation.

Culture of L. pneumophila and D. discoideum. The strains used in this study are listed in Table 1.
L. pneumophila strain JR32 or the L. pneumophila AicmT mutant containing a plasmid for constitutive
production of a fluorescent protein (mPlum or GFP) was cultured for 3 days at 37°C on charcoal yeast
extract (CYE) agar plates buffered with N-(2-acetamido)-2-aminoethanesulfonic acid (ACES) and supple-
mented with 5 ug/ml chloramphenicol (Cam). On the day before infection, an early-stationary-phase
broth culture (optical density at 600 nm [ODg,,] = 5) was prepared by inoculating 3 ml ACES yeast
extract (AYE) broth (containing 5 ug/ml Cam) with the bacteria at an OD,, of 0.1 and incubating for 21
h on a rotating wheel at 37°C, as described previously (13).

D. discoideum parental strain Ax3 or Ax2 or isogenic mutants thereof lacking Dd5P4 (32) or WASH (71),
respectively, were cultured axenically by standard procedures in HL5 medium (11 g glucose, 5 g yeast extract,
5 g proteose peptone, 5 g thiotone E peptone, 2.5 mM Na,HPO,, 2.5 mM KH,PO,, in 1 liter H,O; pH 6.5) at 23°C.
Transformation with plasmids for the production of pathogen vacuole markers fused with GFP or mCherry
was performed by electroporation as previously described (16, 72), and appropriate antibiotics were used for
selection of amoebae harboring plasmids (5 ug/ml G418 and/or 50 ug/ml hygromycin). Transformation was
repeated to obtain tandem fluorescent strains. On the day prior to infection, subconfluent amoebae were
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TABLE 1 Strains and plasmids used in this study

Strain or Reference or
plasmid Relevant properties® source
Strains
D. discoideum
Ax3 Parental strain 32
Ax3 ADd5P4 Dd5P4 deletion mutant, Bls" 32
Ax2 Parental strain 71
Ax2 AWASH WASH deletion mutant, Bls" 71
E. coli TOP10 Invitrogen
L. pneumophila
GS3011 L. pneumophila JR32 icmT3011:Kan" (AicmT) 74
JR32 Virulent L. pneumophila serogroup 1 strain, derivative of 75

strain Philadelphia-1

Plasmids

AmtA-mCherry ~ pDM1044-amtA-mCherry 56

pAW1 pDM323-vps26-gfp This work

pAW?2 pDM323-vps29-gfp This work

pAW3 pDM323-vps35-gfp This work

pAWS5 pDM323-vps10-gfp This work

pAW7 pDM317-gfp-rab1A This work

pAW9 pDM317-gfp-rab7A 44

pAW10 pDM317-gfp-rab8A This work

pAW12 pDM1044-cnxA-mCherry 53

pAW14 pMMB207-C-P,,.-mplum, Alacl® (constitutive mPlum), Cam™ 53

pAW16 pDM323-cnxA-gfp 44

pAW18 pDM317-gfp-vps5 This work

pCR76 pMMB207-C-P,,-RBS-gfp-RBS-MCS (constitutive gfp) Cam" 43

pCR110 pDXA-HC-vps10-gfp 43

pCR111 pDXA-HC-vps26-gfp 43

pCR112 pDXA-HC-vps29-gfp 43

pCR113 pDXA-HC-vps35-gfp 43

pDM317 Dictyostelium expression vector, extrachromosomal, 76
N-terminal GFP, G418"

pDM323 Dictyostelium expression vector, extrachromosomal, 76
C-terminal GFP, G418

pDM1044 Dictyostelium expression vector, extrachromosomal, 56
C-terminal mCherry, Hyg"

pFL1329 pDXA-vps5-gfp This work

pNT-28 pMMB207-C P, .-gfp Alacl? (constitutive gfp) Cam’ 77

pSU12 pDXA-gfp-rab8A 11

pSuU22 pDXA-gfp-rab1A 11

pWS22 pBsrH-P4C,,,-mRFPmars 16

pWS34 pDM323-P4Cg;y~gfp This work

aAbbreviations: Bls, blasticidin; Cam, chloramphenicol; Hyg, hygromycin; Kan, kanamycin; G418, Geneticin.

seeded in 12-well tissue culture plates (5 X 10° per well, for analysis of intact cells) or 25-cm? tissue culture
flasks (3.5 X 106 per flask, for analysis of cell homogenates).

Experimental infection of D. discoideum for IFC. Infection and processing of D. discoideum
amoebae were performed essentially as described previously (43, 53, 57). Briefly, the HL5 medium was
replaced with early-stationary-phase L. pneumophila diluted in medium without antibiotics to give a
multiplicity of infection (MOI) of 5 (for analysis of intact cells) or 50 (for analysis of cell homogenates). The
low MOI for intact cells was used to optimize the number of amoeba infected with low numbers of
bacteria, while the high MOI for homogenates was used to obtain as many LCVs as possible. For tissue
culture plates, uptake of the bacteria was synchronized by centrifugation (450 X g, 10 min, room
temperature), before incubation at 23°C, while the flasks were incubated right away. Infected cells to be
analyzed in intact form were removed from the plate by pipetting at the indicated time, pelleted by
centrifugation (500 X g, 5 min, 4°C), and fixed with 4% paraformaldehyde for 30 min at 4°C. After one
wash in phosphate-buffered saline (PBS), the cells were resuspended in 20 ul PBS for IFC. Cells to be
homogenized before analysis were detached from the flask surface by tapping, pelleted by centrifuga-
tion (500 X g, 5 min, 4°C), washed once in Sérensen phosphate buffer (SorC buffer; 2 mM Na,HPO,, 15
mM KH,PO,, 50 uM CaCl,, pH 6.0), and resuspended in homogenization buffer (20 mM HEPES, 250 mM
sucrose, 0.5 mM EGTA, pH 7.2) (73), before passage 11 times through a ball homogenizer (Isobiotec) with
an exclusion size of 8 um. The homogenates were pelleted (2,700 X g, 15 min, 4°C), fixed, washed, and
resuspended in the same way as the intact cells.

Intracellular replication assay. To determine the intracellular growth of L. pneumophila in D.
discoideum Ax3, Ax2, or Ax2 AWASH, the amoebae were washed with LoFlo medium (ForMedium) and
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TABLE 2 Oligonucleotides used in this study

Oligonucleotide Sequence (5'-3")? Comment

oAW1 ATA TAT GGA TCC ATG AAC TTT TTT AGT AAT AAT 5’ of vps26, BamHI
0AW?2 ATA TAT ACT AGT ATC ACT TTC ATC GGA AGA G 3’ of vps26, Spel
0AWS3 ATA TAT GGA TCC ATG TTT ATT ATT GCA ATT G 5’ of vps29, BamHI
oAW4 ATA TAT ACT AGT TTG TTG TTT GAC ATG ATC 3’ of vps29, Spel
0AWS5 ATA TAT GGA TCC ATG ATG AAA AAA AAT AAA CC 5’ of vps35, BamHI
oAW6 ATA TAT ACT AGT AAT TGA AAT ACC TTT ATA ATT TTG 3’ of vps35, Spel
0AW9 ATA TAT GGA TCC ATG AAC CCA GAT TAT C 5’ of rab1A, BamHI
0AW10 ATA TAT ACT AGT ACA ACA ACC AGA TTT TG 3’ of rab1A, Spel
oAW15 ATA TAT GGA TCC ATG ACT TCT CCA GC 5" of rab8A, BamHI
0AW16 ATA TAT ACT AGT ACA ACA AGC TTT TTT CTT ATT G 3’ of rab8A, Spel
0AW19 ATA TAT GGA TCC ATG TCA GAT TAT AAT AGT AAT C 5’ of vps5, BamHI
0AW20 ATA TAT ACT AGT AAT AGA AGT TGA ACC CCA AG 3’ of vps5, Spel
0AW21 ATA TAT AGA TCT ATG AAG ATT TCA TC 5" of vps10, Bglll
0AW22 ATA TAT ACT AGT AAA ATC TTC GTT ATC 3’ of vps10, Spel
oWS17 AAA AAG ATC TAT GTC AAA ATATTC CTC C 5" of P4Cgjyc, Bglll
oWs18 AAA AAC TAG TAA AGA ATT CAA TTG CTT CAT 3’ of P4Cg;4c, Spel

aRestriction sites are underlined.

then seeded in 200 ul LoFlo medium at 5 X 10 cells/well in a 96-well plate 2 h prior to experimentation.
GFP-producing L. pneumophila JR32(pNT-28), grown to early stationary phase, was diluted in LoFlo
medium and added to the amoebae at an MOI of 1 in a volume of 20 ul. The fluorescence intensity of
GFP was measured by a plate reader (BioTek) over the course of 48 h.

Imaging flow cytometry. For IFC of intact amoebae, D. discoideum Ax3 or Ax2 (parental strains or
mutants, as indicated) producing calnexin-GFP (pAW16), calnexin-mCherry (pAW12), the Ptdins(4)P
probe P4Cg,,~GFP (pWS34), GFP-Rab1 (pAW?7), GFP-Rab7 (pAW9), or GFP-Rab8 (pAW10) or, alternatively,
producing in tandem calnexin-GFP (pAW16) and AmtA-mCherry was used. The amoebae were infected
with L. pneumophila JR32 or AicmT producing mPlum (pAW14) or GFP (pCR76) and processed as
described above. With an imaging flow cytometer (ImageStreamX MkIl; Amnis), 10,000 events were
acquired, and analysis was carried out using IDEAS (v.6.2) software (Amnis), as detailed in the legend to
Fig. 1. Amoebae having internalized exactly one L. pneumophila bacterium (generally, >1,000 cells per
sample; the lowest number of events in the data set is indicated in the figure legends) were analyzed for
bright detail colocalization of mPlum and GFP and/or mCherry (host factors), when the bacteria were
producing mPlum, or of GFP and mCherry (host factors), when the bacteria were producing GFP. The
resulting value was termed the IFC colocalization score and is the log-transformed Pearson’s correlation
coefficient of the localized bright spots with a radius of 3 pixels or less in two images.

For IFC of LCVs from homogenized amoebae, D. discoideum Ax3 or an isogenic ADd5P4 mutant strain
producing calnexin-GFP (pAW16), GFP-Vps5 (pAW18), Vps10-GFP (pAWS5), Vps26-GFP (pAW1), Vps29-GFP
(PAW2), or Vps35-GFP (pAW3) and AmtA-mCherry in tandem was employed. The amoebae were infected
and processed as described above with the indicated L. pneumophila JR32 or AicmT strain producing
mPlum (pAW14). With an imaging flow cytometer, 20,000 mPlum- and AmtA-positive events were
acquired, and after color compensation, analysis was carried out using IDEAS (v.6.2) software, as detailed
in the legend to Fig. 2. AmtA-positive LCVs containing only one L. pneumophila bacterium (generally,
>1,000 events per sample; the lowest number of events in the data set is indicated in the figure legends)
were gated and analyzed for the intensity of GFP.

Statistical analysis. GraphPad Prism (v.7.0) software was used for statistical analysis. All IFC data
were analyzed by regular two-way analysis of variance followed by Bonferroni post hoc tests, comparing
each sample to the corresponding wild type.
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