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Phagocytic compartments are specialized endocytic or-
ganelles and usually mature along the degradative path-
way into phagolysosomes. The rare human pathogen
Afipia felis localizes to a compartment that is different
from canonical phagocytic compartments. Here, we pres-
ent evidence that internalization of Afipia by macro-
phages and unusual phagosome development are
considerably decreased by attachment of cholera toxin
B subunit to macrophage ganglioside GM1 or by extrac-
tion or oxidation of plasma membrane cholesterol.
Amiloride (an inhibitor of Na*/H™ exchanger and macro-
pinocytosis) strongly inhibited uptake of A. felis at a late
step, i.e. the closure of macropinocytic structures rather
than the production of membrane ruffles. Ultrastructural
evidence showed that A. felis was taken up by macro-
phages via macropinocytosis. In contrast, A. felis opson-
ized with a monoclonal IgG antibody was ingested by
a zipper-like mechanism, resulting in normal phagosome
maturation. Hence, while the preferred path of A. felis
uptake is dependent on the integrity of lipid microdo-
mains and on macropinocytosis, and while this uptake
leads to an unusual phagosome and to intracellular
survival of A. felis, those bacteria that enter using Fcy
receptors are delivered to a late endocytic compartment.
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The plasma membrane is the boundary between the
worlds within and outside the cell and is the contact
surface with which a pathogen interacts when it enters
a cell. Particle ingestion (phagocytosis) requires compre-
hensive actin rearrangements beneath the plasma mem-
brane and leads to the creation of a new cytoplasmic
organelle, the phagosome, a specialized form of an endo-
some (1,2). A phagosome normally passes through a set of
defined steps in a process termed phagosome maturation,
and develops into a strongly acidic phagolysosome. In this
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organelle, bacteria are killed and digested and antigens
may be presented via MHCII molecules. A particular group
of pathogens, the ‘intracellular’ pathogens, however,
escape killing and degradation (1,2). One of these patho-
gens is Afipia felis, a rare cause of human cat scratch
disease (3,4) and an interesting model for unusual phag-
osome maturation.

Most of the A. felis-containing vacuoles (ACVs) are phag-
osomes that, at 2 h of infection, contain neither of a dozen
‘classical’ early and late endosome proteins nor the
endoplasmic recticulum marker calnexin or Golgi GM130
(5,6). In contrast, a minor proportion of Afipia will finally be
localized to phagolysosomes, and phagosomes containing
these few Afipiae are positive for the early endosomal
protein EEAT in the first minutes of infection, then quickly
loose the marker and do localize to phagolysosomes (6).
These findings suggested that entry of A. felis after binding
a particular set of surface receptors might lead to the
establishment of an unusual (i.e. not destined for degra-
dation) phagosome. This is reminiscient of the situation
with Escherichia coli which ligates macrophage CD48 via
the bacterial lectin FimH leading to non-acidified phago-
somes (7). When the same bacteria had been opsonized
with specific antibodies and were thus forced to enter via
high-affinity Fcy receptors, they were delivered to an acidic
compartment, the composition of which has not been
investigated. Detergent-resistant membrane lipid micro-
domains, also called ‘lipid rafts’, seemed to be involved in
the unusual localization of E. coli (7).

Such membrane lipid microdomains are small specialized
membrane areas containing high concentrations of satu-
rated (glyco)sphingolipids, cholesterol, glycosylphosphati-
dylinositol (GPI)-anchored or double-acylated proteins (8,9).
A certain set of transmembrane and peripheral membrane
proteins is permanently associated with such microdo-
mains, others can segregate into these microdomains
under certain conditions, e.g. after receptor ligation. Lipid
microdomains are dynamic signaling platforms which, once
their signaling proteins are activated, tend to coalesce and
can then transduce signals from the outside into the cell (9).
Activated lipid microdomains can organize cellular machin-
eries, e.g. assemble actin filaments and, the other way
around, are themselves stabilized by actin organizers such
as Rac/Rho, hinting at a cross-talk between lipid micro-
domains and cytoskeletal elements (10).

Binding to and entering of mammalian cells by several
pathogens can be disturbed experimentally by reagents
that alter cholesterol content or chemistry (7,11-14).



These studies were very suggestive in what concerns the
possible involvement of lipid microdomains in pathogen
binding and entry. However, they did not follow up on
the compartmentation of phagosomes containing those
bacteria that were forced to enter differently than through
the lipid microdomain-associated port of entry.

A connection between lipid microdomain engagement by
Brucella abortus and its uptake by macropinocytosis,
rather than by conventional phagocytosis, has been re-
ported (15). Macropinocytosis is a cellular process to
ingest large samples of environmental fluid, initially pro-
ducing large vacuoles (0.2-5 pm in diameter) which often
shrink quickly (16). Macropinocytosis occurs constitutively
in professionally phagocytic macrophages and, in particu-
lar, dendritic cells (17), yet requires stimulation in non-
professionally phagocytic cells, e.g. in epithelial cells by
growth hormones (18). Macropinocytosis can be readily
analyzed experimentally by inclusion of large bulk-phase
markers, such as 70 000 MW dextran which is not well
incorporated into small clathrin-coated vesicles (19).

The experiments in this study demonstrate that A. felis
usually enters murine macrophages through a macropino-
cytic process that requires an intact lipid microdomain
environment. We further show that usage of this pathway
is required for the establishment of an ACV that lacks
typical features of the degradative phagocytic pathway and
allows bacterial survival inside macrophages.

Results

Afipia felis uptake in J774E is slow and accompanied
by reduced actin polymerization

When uptake of A. felis into macrophage-like cells was
observed microscopically, it seemed to be unusually slow.
Hence, we followed the kinetics of Afipia internalization.
J774E were infected with either mock-treated A. felis or
A. felis coated with specific IgG to A. felis lipoprotein. At
various times, macrophages were fixed and a differential
antibody staining was performed to distinguish between
intra- and extracellular bacteria. Afipia felis coated with
monoclonal IgG were used as a control, as this treatment
provides a high-affinity ligand for Fcy receptors on the
macrophage surface and normalizes phagosome matura-
tion compared to mock-treated bacteria (4). Uptake of 1gG-
opsonized A. felis was very fast with some 90% of the
bacteria being internalized by 10 min post-infection. Non-
opsonized Afipia were taken up much slower with only
approximately 40% being intracellular at 60 min (Figure 1A).

To test whether uptake depended on the actin cytoskele-
ton, macrophages were treated with cytochalasin D to
inhibit actin polymerization. This treatment reduced uptake
of non-opsonized or opsonized Afipia by 85 or 91%,
respectively, indicating that phagocytosis is actin depen-
dent in either case (data not illustrated). However, filamen-
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Figure 1: Uptake of A. felis by macrophages is slow and
accompanied by reduced actin polymerization. A) Uptake of
A. felis or antibody-coated A. felis by macrophages was deter-
mined at 10, 30 and 60 min of infection using differential inside—
outside staining (data from three independent experiments + SD).
B) J774E cells were infected with untreated or antibody-coated
A. felis using a centrifugation step as detailed in the Materials and
Methods section. Preparations were warmed for 1 min, fixed and
prepared for microscopy. F-actin (phalloidin) appears in green,
bacteria in red. An optical overlay is shown. While untreated
bacteria do not colocalize (open arrowheads), opsonized ones do
(closed arrowheads). Bar, 10 pm. C) Quantification of colocaliza-
tion analyzes as in B at various times of infection (means + SD
from three independent experiments; 200 macrophages were
counted per sample and experiment). Bar, 10 pm.

tous actin beneath attached non-opsonized Afipia was rare
and less abundant (Figure 1B). A maximum of 20%
attached A. felis was positive at any time, and polymerized
actin was still seen after 60 min (Figure 1C). In contrast,
approximately 60% of opsonized A. felis were surrounded
by filamentous (phalloidin-positive) actin within the first
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minute of infection while after 15 min, no colocalization
was detected (Figure 1B, C).

Opsonization of A. felis normalizes phagosome
biogenesis

Opsonization not only results in increased and faster
ingestion of Afipia (see above) but also in more frequent
phagolysosome formation (4). Here, J774E cells were
infected with opsonized or non-opsonized Afipia as above,
the infection chased for various times, and colocalization of
the bacteria with the transferrin receptor (TfR) was quan-
tified. A strong and frequent colocalization of TfR, a para-
digm resident protein of non-raft plasma membrane
domains (20,21), with opsonized A. felis was observed
(Figure 2A, B). Phagosomes containing non-opsonized
A. felis, however, colocalized only extremely rarely at any
time investigated (Figure 2A, B). This exclusion of a non-
raft marker present in most early phagosomes (22-24)
further strengthened our previous notion that biogenesis
of A. felis-containing phagosomes is non-canonical starting
from the moment of ingestion.

Finally, to kinetically dissect the accessibility of ACVs for
endocytic tracers, J774E cells were infected for various
times with either A. felis, opsonized A. felis or heat-killed
A. felis and subsequently chased with medium containing
10 000 MW dextran Texas Red (DTxR) for 2 h. There was
substantial colocalization (~70%) with heat-killed A. felis
already at 30 min of infection. A gradually increasing per-
centage of DTxR-positive phagosomes containing opson-
ized live A. felis was also observed (~40% at 2 h), while
the percentage of DTxR-positive phagosomes containing
non-opsonized A. felis was less than 20% at all times
tested (Figure 2C). In summary, only very few unopson-
ized bacteria entered J774E cells through a pathway
positive for TfR and also very few bacteria were contained
in the degradative pathway, suggesting that these two
pathways were linked.

Membrane domains rich in GM1 and cholesterol
facilitate Afipia uptake by J774E

Recent studies have highlighted a role of lipid micro-
domains as signaling platforms in the entry of several
micro-organisms into host cells [reviewed by Duncan et al.
(25) and Manes et al.(26)]. Such microdomains do not
possess TfR. We therefore investigated their role in the
entry of A. felis by treating cells with the non-toxic
pentameric cholera toxin B subunit (CTB). CTB ligates
the ganglioside GM1, a glycolipid which is accumulated
in lipid microdomains. CTB affinity for GM1 is particularly
high when the glycolipid is complexed in lipid rafts
(8,14,27,28). After treatment with CTB for 30 min at
37°C, macrophages were infected with either A. felis,
opsonized A. felis, or E. coli for 90 min, followed by a 1 h
chase in the presence of gentamicin to kill extracellular
bacteria and by determination of the number of intracellular
(gentamicin-protected) bacteria. When J774E cells were
pretreated with CTB, uptake of Afipiainto J774E cells was
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Figure 2: Interaction of phagosomes with early endocytic
compartments. A) J774E macrophages were infected with either
untreated or antibody-coated (‘ops.’) A. felis as in Figure 1. After
1 min of infection, samples were fixed and stained for bacteria
(red) and TfR (green). An optical overlay is shown. Note that
phagosomes containing opsonized bacteria are positive for TfR
(closed arrowheads), while non-opsonized bacteria were not (open
arrowheads). Bar, 10 pm. B) Quantification from data obtained in
kinetic experiments as in A using confocal microscopy (means +
SD from three independent experiments, 200 macrophages were
counted per sample and experiment). C) J774E cells were infected
with either A. felis or opsonized A. felis as in Figure 1 and
phagosomes were allowed to mature for 30, 60 or 120 min. A
2-h incubation with fresh medium containing 0.15 mg/mL DTxR
10 000 MW followed. Colocalization of bacteria with DTxR was
quantified. Data from three independent experiments with means
and SD are shown; 200 macrophages were counted per sample
and experiment.
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inhibited in a dose-dependent manner. In contrast, phago-
cytosis of opsonized Afipia or E. coli was not affected
(Figure 3A). Nicely fitting with these observations, confo-
cal immunofluorescence revealed that CTB strongly
labeled newly formed phagosomes containing non-opson-
ized, but not opsonized, bacteria (Figure 3D).

To further test whether internalization of Afipia occurred
via lipid microdomains, we pretreated macrophages with
either cholesterol oxidase (Figure 3B) or methyl-B-cyclo-
dextrin (MCD; Figure 3C). MCD, a water-soluble cyclic
oligosaccharide (29), can physically extract most choles-
terol from cell membranes and, hence, disrupt raft cohe-
sion (see also Figure 4B). Oxidation of cholesterol by
cholesterol oxidase to cholestenone breaks the hydro-
gen-bonding patterns of cholesterol hydroxyl groups with
sphingolipid amido groups (30,31), hence destroying the
coherent forces in lipid microdomains and disrupting their
integrity and signaling functions. Here, treatment with
cholesterol oxidase resulted in significantly decreased
uptake of A. felis by J774E cells, whereas uptake of
E. coli was not affected and uptake of opsonized Afipia
was even increased (Figure 3B). As cholesterol has a sig-
nificant ordering effect on membrane lipid acyl chains,
oxidation of cholesterol might decrease membrane fluidity
and rigidity (32) and could enhance phagosome formation
when this is not directly dependent on lipid microdomain
integrity. Fcy-receptor-mediated uptake could, under
these circumstances, be further increased.

Treatment with MCD also clearly reduced uptake of A. felis
(Figure 3C), but not of opsonized Afipia or of E. coli (data
not illustrated). As MCD not only extracts cholesterol from
membranes, but may also extract complex fatty acids
(33) and likely other compounds, we replenished mem-
brane cholesterol by adding pre-formed cholesterol-MCD
complexes to previously cholesterol-extracted macrophages
(20,34). This treatment restored the ability to ingest non-
opsonized Afipia to the level of untreated cells (Figure 3C).

Figure 3: Uptake of A. felis is inhibited by treatment of
macrophages with CTB, cholesterol oxidase or MCD.
Untreated control J774E macrophages or macrophages pre-
treated with indicated concentrations of A) CTB, B) cholesterol
oxidase or C) 10 or 20 mM MCD were incubated with A. felis (MOI
200; open symbols), opsonized A. felis (MOI 50; gray symbols) or
E. coli (MOl 100; black symbols) for 90 min, followed by
gentamicin protection assays to quantify ingested bacteria. Alter-
natively, after treatment with MCD, macrophages were incubated
in medium containing MCD-cholesterol complexes to replenish
host cell plasma membrane cholesterol before infection, as
indicated. Data shown are percent intracellular bacteria relative
to untreated control cells (means + SD from three independent
experiments). Significances were *p < 0.05; **p < 0.01. D) J774E
cells were infected with untreated (open arrowheads) or antibody-
coated A. felis (closed arrowheads) after a centrifugation step as
detailed in the Materials and Methods section. Preparations were
warmed, fixed at the indicated times and prepared for microscopy
using fluorescent CTB. GM1 appears in green, and bacteria in red.
An optical overlay is shown. Bars, 10 pm.
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Figure 4: YFP-MyrPalm is found in TX-100-resistant membrane domains and on all phagosomes. A) RAW 264.7 macrophages
transfected with a plasmid expressing YFP-MyrPalm were infected for 5 min with A. felis (MOI 100), opsonized A. felis (MOI 10) or E. coli
(MOI 50) after a centrifugation step as detailed in the Materials and Methods section. Bacteria appear in red, and YFP-MyrPalm in green.
Note that all particles colocalize with YFP-MyrPalm. Arrowheads denote positive phagosomes. Optical overlays are shown. B) RAW 264.7
macrophages were transfected with either the YFP-MyrPalm (upper panel) or the YFP-GerGer (lower panel) construct and cultivated for
1 day. Samples were either left untreated or were treated for 30 min with only ice-cold PBS (PBS), ice-cold PBS/1% TX-100 (TX-100) or
20 mM MCD and then extracted with ice-cold PBS/1% TX-100 (MDC/TX-100). All samples were fixed and prepared for confocal
fluorescence microscopy. Micrographs show representative cells ("YFP-GerGer + TX-100" shows an arbitrary field, as all fluorescence was

extracted). Bar, 10 pm.

Visualization of lipid microdomains

To analyze with optical methods whether there is involve-
ment of lipid microdomains, we transiently transfected
murine RAW 264.7 macrophages with short peptide fusion
constructs that possess a consensus sequence either for
myristoylation and palmitoylation or for geranylgeranyla-
tion, fused to yellow fluorescent protein (YFP), yielding
YFP-MyrPalm and YFP-GerGer, respectively. While YFP-
MyrPalm partitions into lipid raft domains, YFP-GerGer is
found in non-raft membrane domains (35). Transfected
macrophages were infected with either A. felis (opsonized
or not) or E. coli, and colocalization with the YFP constructs
was analyzed by confocal microscopy (Figure 4A). All
types of phagosomes were positive for YFP-MyrPalm,
indicating that lipid microdomains were incorporated into
all tested phagosomes (Figure 4A). Enrichment of YFP-
GerGer was not detected on any of these phagosomes
(data not shown). Afipia-containing phagosomes excluded
the non-raft TfR and, therefore, colocalization with YFP-
MyrPalm could be explained by their raft content. Phago-
somes containing E. coli did not exclude TR (Figure 2B)
but still localized to phagosome positive for YFP-MyrPalm
(Figure 4A). It was therefore necessary to ascertain that
the two YFP-based probes partitioned in the macrophage
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membranes as expected and that it was not overexpres-
sion of YFP-MyrPalm that would make this probe appear
indiscriminately in all membrane domains.

To address this question, RAW 264.7 macrophages were
transiently transfected with YFP-MyrPalm and treated with
a low concentration (1%) of Triton X-100 (TX-100) at 4°C
followed by formaldehyde fixation. Treatment with cold
TX-100 removes much of the cellular membranes, yet
leaves lipid microdomains undisturbed which is a hallmark
feature of such microdomains (36). Use of this method
in situ precludes many possible artifacts that can occur
during biochemical purification of microdomains (37). Cells
expressing YFP-MyrPalm had an almost unaltered fluores-
cence pattern after TX-100 extraction, while macrophages
expressing YFP-GerGer had lost their fluorescence (Figure
4B), indicating that these peptides had partitioned as
expected. When macrophages expressing YFP-MyrPalm
were first treated with MCD and then subjected to TX-100
treatment, most of the YFP-MyrPalm label vanished,
demonstrating that our protocol for treatment with MCD
effectively disrupts rafts as visualized by the changed
sensitivity of YFP-MyrPalm toward TX-100 treatment.
These data are in agreement with previously published
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work that used fluorescence resonance energy transfer
analysis with YFP-MyrPalm-transfected cells to test the
utility of these YFP-based probes in raft analysis (35).

Non-opsonized A. felis enter by lipid-raft-dependent
macropinocytosis

To study uptake of A. felis at the ultrastructural level, we
performed transmission electron microscopy on samples
of J774E macrophages that were briefly infected either
with untreated or with opsonized A. felis. Non-opsonized
A. felis were loosely attached to plasma membranes
[Figure 5(1)] and were entangled in very long filipodial
and ruffle-like structures which, at least in some cases,
obviously lead to the creation of spacious bacteria-containing
vacuoles [Figure 5(2A, B), (2C) open arrowhead], followed
by shrinkage of micropinosomes within minutes [Figure
5(2C) closed arrowheads]. Spacious and tightly fitting
vacuoles occurred within the same macrophage, with the
spacious ones being usually localized to the cell periphery,
presumably representing newly formed phagosomes
[Figure 5(2C) open arrowhead]. Shrinking of these com-
partments leads to tightly fitting phagosomes, located to a
perinuclear region [Figure 5(2C) closed arrowheads]. Such
behavior was clearly reminiscent of macropinocytosis, which
is a means of cells to ingest large quantities of liquid
(38) and is used by Salmonella to enter macrophages by
induced macropinocytosis (39). In contrast, opsonized bac-
teria were tightly apposed to extended plasma membrane
regions, they were likely taken up via immunoglobulin
receptors through zipper-like phagocytosis [Figure 5(3)]
and they were delivered into tightly fitting phagosomes
[Figure 5(3C)].

To further analyze whether A. felis is taken up by macro-
pinocytosis, we treated macrophages with amiloride, a
commonly used drug to inhibit macropinocytosis (18,40,
41). Amiloride inhibits the NHE-1 Na®/H" exchanger (42)
and causes to cytoplasm acidification. It is not clear at
which stage of macropinocytosis amiloride and its targets
act. We incubated macrophages with amiloride at 2 or
5 mM for 10 min before performing a 30-min infection
(with amiloride present), followed by differential inside—
outside staining and fluorescence microscopy. While
opsonized Afipia were taken up at the same frequency
regardless of whether amiloride was present or not, uptake
of non-opsonized Afipia was considerably decreased
(Figure 6A), although the number of attached bacteria was
hardly reduced (91 £ 7.6%). On an ultrastructural level,
amiloride led to an accumulation of filipodial and ruffle
structures and only very few A. felis were seen inside
treated macrophages [Figure 5(4)]. These data suggested
that ruffle formation was unaffected by amiloride while
ruffle consumption was inhibited.

To further analyze whether a macropinosome is the pri-
mary location of non-opsonized A. felis in J774E cells, we
labeled the plasma membranes using the membrane-
labeling styryl dye FM4-64 which is strongly red fluorescent
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once it is integrated into membranes (43). Non-opsonized
bacteria were usually ingested into large FM4-64-stained
structures while opsonized A. felis were normally found in
tight phagosomes, having approximately bacterial size
(Figure 6B).

In a third type of experiment, the macropinocytic probe
70 000 MW DTxR was added together with the bacteria.
Using non-opsonized bacteria, we often saw (green)
bacteria at the cell periphery within a large red spot,
a typical appearance of macropinosomes [Figure 6C(1),
C(2)]. These very large structures typically became quickly
smaller [Figure 6C(3)], similar to those described for
macropinosomes containing Francisella tularensis [(44) note
co-existing large (open arrowhead) and small (closed arrow-
heads) vacuoles in Figure 5(2C)]. In contrast, opsonized
bacteria were never found to colocalize with this macro-
pinocytosis probe at all [Figure 6C(4)], further supporting
that macropinocytic structures are the first residence of
non-opsonized A. felis. Afipia that did not colocalize with
DTxR in Figure 6C were most likely extracellular bacteria as
uptake of Afipiais quite slow (Figure 1A) and infection was
performed without an initial centrifugation step.

To analyze whether the uptake of the non-opsonized Afipia
via macropinocytosis would lead to increased bacterial
survival, we analyzed the number of live bacteria in macro-
phages by plating on nutrient agar. Afipia felis in untreated
macrophages persisted for 24 h without much loss
in viability. In amiloride-treated macrophages, however,
A. felis was almost completely eliminated within 24 h
(Figure 6D). This finding strongly suggests that macropino-
cytosis favors bacterial persistence inside macrophages.

Our above interpretations were based on previous
reports that amiloride can indeed inhibit macropinocytosis
(45) and that 70 000 MW DTxR is a specific probe for
macropinocytosis (19). Therefore, we tested whether this
was also true for J774E macrophage cells: when 70 000
MW DTxR was added to macrophages for 30 min,
vesicular structures of various sizes and ages containing
DTxR were seen throughout the cell (Figure 7, left).
When DTxR was added in the presence of amiloride,
few vesicular structures were detected, all of which were
limited to the cell periphery and could be unconsumed pre-
macropinosome structures (Figure 7, middle). Pretreat-
ment of J774E cells with MCD almost completely elimi-
nated the capability of these cells to ingest DTxR (Figure 7,
right), suggesting that lipid microdomain integrity was
crucial for this type of macropinocytosis as it is for Afipia
uptake.

Afipia entry depends on phosphatidylinositol
3-kinases and dynamin-2 is not recruited

J774E cells were treated with wortmannin, an inhibitor of
type | phosphatidylinositol 3-kinases [PI(3) kinases], which
inhibits macropinocytosis and phagocytosis but not uptake
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(1) A. felis 1min

(3) A. felis ops. 1min
A

Figure 5: Afipia felis is taken up by macropinocytosis as analyzed by transmission electron microscopy. Transmission electron
micrographs showing J774E cells infected with A. felis for 1 min (1) or 10 min (2, 3, 4). Bacteria were opsonized before infection with
monoclonal antibody 1A5-5 (3) or not (1, 2, 4), and in (4), macrophages were incubated with 5 mM amiloride before adding Afipia. Closed
arrowheads indicate vacuoles with tightly fitting membranes; open arrowheads indicate ‘spacious’ phagosomes. Bars, 1 pm.
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Figure 6: Afipia felis is taken up by amiloride-sensitive macropinocytosis. A) J774E macrophages were pretreated with amiloride
(Materials and Methods section) or dimethyl sulfoxide (DMSQ, carrier for amiloride) and then infected with non-opsonized or opsonized
A. felis and uptake was quantified by differential inside—outside staining. Uptake of mock-treated (‘untreated’) A. felis was defined as 100%
and relative uptake was calculated. Means + SD from three independent experiments with 100 macrophages counted per experiment are
shown. Significances were *p < 0.05; **p < 0.01. B) J774E cells were preincubated with the lipophilic styryl dye FM4-64 (red), unbound
label was removed and macrophages were infected with A. felis (green) non-opsonized (left) or opsonized (right). Note that bacteria on the
left are found in spacious endocytic compartments (open arrows) while green and red fluorescence are congruent in the sample on the
right (closed arrows). C) Non-opsonized or opsonized A. felis (green) were added to J774E macrophages in the presence of 0.4 pwg/mL
70 000 MW DTxR (red). Infection was for 30 min without further chase (1, 2 and 4), or was with another 30-min chase (3). Note the very
large red structures that contain non-opsonized A. felis (open arrowheads) with a clearly reduced size at 30 min, while opsonized bacteria
(closed arrowheads) contain so little, if any, DTR that it was not detected at these identical settings. Representative optical overlays are
shown in B and C. In C, the phase-contrast images have also been overlaid. Bars, 10 um. D) Analysis of live cell counts in infected
macrophages. J774E macrophages were infected with non-opsonized A. felis in the presence or absence of 5 mM amiloride for 30 min,
followed by gentamicin protection assays (addition of gentamicin = 0 h). At the indicated times, cells were lysed and plated on buffered
charcoal yeast extract agar plates to quantify live intracellular bacteria. Data from three independent experiments are presented with
means and SD.

through caveolae (45-47). Wortmannin reduced uptake of
either non-opsonized or opsonized A. felis by more than
80% (data not shown), as expected.

Dynamin-2 is typically found on early endosomes, early pha-
gosomes and caveosomes (48-51). Here, opsonized A. felis
entered into a phagosome positive for green fluorescent
protein (GFP)-dynamin-2, while we never observed co-
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localization of non-opsonized A. felis with GFP—-dynamin-2
(Figure 8), as has been described for macropinosomes (52).

Entry into macrophages via lipid microdomains
determines phagosome fate

While it has been shown for several models of infection
that disrupting raft function can alter pathogen binding and
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Untreated/DTxR 70

Amiloride/DTxR 7.0 MCD/DTxR 70

Figure 7: 70 000 MW DTxR enters J774E macrophages by amiloride-sensitive macropinocytosis. 70 000 MW DTxR was added to
macrophages for 30 min in the absence (left) or presence (middle) of 5 mM amiloride, or in the absence of amiloride but after incubating the
macrophages in the presence of 20 mM MCD (right). All pictures were representative and were taken with identical settings on the

confocal microscope without any post-photographic signal adjustment. Bars, 10 pm

uptake, it is not known whether those few pathogens that
enter macrophages, in spite of the addition of inhibitory
compounds, are still able to interfere with normal phago-
some maturation. Using antibodies to lysosome-associ-
ated membrane protein-1 (LAMP1) as means to identify
late phagocytic and phagolysosomal bacteria, we found
that while less than 20% of A. felis were found in late
compartments in untreated macrophages at 3 h of infec-
tion, approximately 70% of either heat-killed or opsonized
bacteria were LAMP1 positive (Figure 9). Pretreatment of
macrophages with either CTB or MCD increased LAMP1
colocalization from 20% to 50-60%, indicating that the
trafficking pattern was normalized for many of these
phagosomes. Almost identical data were obtained when
lysosomes were prelabeled with 10 000 MW DTxR and
colocalization with Afipia was quantified (data not shown).

Discussion

In this study, we have demonstrated that non-opsonized
A. felis enter murine macrophages through lipid
microdomain-dependent macropinocytosis into an atypical
phagosome while opsonized A. felis are delivered to a late
phagocytic compartment. Evidence for the involvement of
lipid microdomains was that (i) extracting cholesterol from
macrophages with MCD inhibited binding and uptake of
non-opsonized A. felis and replenishing cholesterol
normalized uptake; (i) treatment of macrophages with

cholesterol oxidase inhibited binding and uptake of non-
opsonized A. felis; (iii) addition of CTB inhibited binding and
uptake of non-opsonized A. felis; (iv) non-opsonized A. felis
were routed to a non-canonical endocytic compartment;
and (v) those non-opsonized A. felis that were taken up
despite drug treatment were predominately delivered to a
lysosomal compartment. In contrast, uptake of opsonized
A. felis was not significantly affected by cholesterol
depletion, cholesterol oxidase treatment or CTB addition,
and phagosomes containing opsonized A. felis became
LAMP1 positive (Table 1).

Lipid microdomains (lipid rafts) have been implicated in the
uptake of a number of pathogenic bacteria such as E. coli
(7), Shigella flexneri (13), Listeria monocytogenes (53),
Brucella suis (14) or Pseudomonas aeruginosa (54). In
most of these studies, entry of bacteria into non-pro-
fessional phagocytic epithelial cells has been investigated
while our study focuses on professional phagocytic macro-
phages which are endowed with a variety of receptors
dedicated to recognize and bind foreign particles and to
induce their ingestion: prime examples are receptors for
mannose, immunoglobulin, complement factors, or lipo-
polysaccharide from Gram-negative or lipoteichoic acid
from Gram-positive bacteria (55). Different receptors are
likely to co-operate in binding and inducing uptake of
bacteria that express on their surface a multitude of
potential ligands. Lipid microdomains, though also present
on some intracellular membranes, are mostly platforms

Figure 8: Afipia felis enters J774E macrophages into a compartment negative for dynamin-2. RAW 264.7 macrophages transiently
expressing GFP-labeled dynamin-2 were infected with A. felis or with A. felis preincubated with monoclonal antibody (‘ops.’). Optical
overlays are shown. GFPs appear in green, bacteria in red and overlaps in yellow. Open arrows point to phagosomes containing non-
opsonized A. felis, closed arrows to opsonized A. felis. Bars, 10 pm.
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A Bacteria treated with

J774E treated with

mock
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80
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Figure 9: Final compartmentation of A. felis-containing phagosomes depends on port of entry. A) J774E macrophages were left
untreated or treated with 10 wg/mL CTB or 20 mM MCD as in Figure 3. Macrophages were infected with untreated, live A. felis
(‘untreated’, ‘CTB’, ‘"MCD’) or antibody-opsonized A. felis (‘'mab’) or heat-killed A. felis ("heat’). Colocalization frequency of phagosomes
with LAMP1 after a 3-h chase was determined by confocal microscopy and quantified (shown are means + SD from three independent
experiments, 200 macrophages were counted per sample and experiment). Significances were *p < 0.05; **p < 0.01. B) Fluorescence

micrographs of samples as in A. Bars, 10 pm.

that transduce signals from raft-embedded receptors into
the cell. Clustering of several of the very small lipid
microdomains is a prerequisite for signaling (8,9). Clustering

Table 1: Summary of experimental data®

Opsonized Non-opsonized

A. felis A. felis
Binding to macrophages +++ ++
Uptake by macrophages +4+ +
Induction of actin polymerization ++ +
Colocalization with TfR + +/—
ACV colocalization with LAMP1/ +++ +
lysosomes at 2 h of infection
Inhibition of uptake by CTB - ++
treatment
Inhibition of uptake by cholesterol — ++
oxidase treatment
Inhibition of uptake by cholesterol — ++
extraction
ACV colocalization with YFP- +++ +++
MyrPalm
Colocalization of ACV with DTxR - ++
(70 000 MW) added during
infection
Bacteria in macropinocytic - +++
structures by transmission
electron microscopy
Inhibition of uptake in presence +/— +++
of amiloride
Does macrophage treatment with  ND ++
amiloride reduce bacterial
survival?

“+++, excellent/very strong or more than 70%; ++, very good/
strong or more than 30% and less than 70%; +, good/fair or more
than 10% and less than 30%; —, poor or not detectable or
between 0 and 10%; ND, not done.
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of lipid microdomains has been shown for pathogenic
L. monocytogenes on Vero epithelial cells (53) and we
have extended this analysis by describing the presence of
YFP-MyrPalm on phagosomes in macrophages containing
harmless particles, i.e. a cloning laboratory strain of E. coli
(Figure 4 and data not shown). These data suggest that
lipid rafts may be incorporated into most, if not all, kinds of
phagosomes. While this is very suggestive with respect to
a general pathway of uptake via lipid microdomains, the
mere presence of lipid microdomains in phagosomes does
not in itself constitute evidence for their role in the uptake
process. Phagosomes containing lgG-coated A. felis
clearly contained lipid microdomains while cholesterol
extraction and related treatments had very little effect on
the ingestion of these bacteria by macrophages. Obvi-
ously, the presence of lipid rafts in phagosomes is not
sufficient for assigning them a crucial role in the uptake
machinery, but microdomains may also be fortuitously
included when very large plasma membrane areas are
invaginated and ingested. Alternatively, different lipid
microdomain proteins may be differently susceptible to
cholesterol extraction and modification. Such differential
sensitivity has already been demonstrated in neutrophiles:
while the translocation of FcyRIIA receptor into detergent-
resistant microdomains was not sensitive to MCD treat-
ment, the constitutively microdomain-localized Src kinase
Lyn was physically removed from this membrane fraction
(56). This report is in good agreement with our findings and
those of others (7,14) that the IgG-triggered pathway is
rather insensitive to agents that disrupt lipid microdomain
integrity, and that it can funnel the bacteria into the
digestive lysosomal system, leading to a completely dif-
ferent phagosome compartmentation. This was elegantly
demonstrated by Joiner et al. (57) using Toxoplasma gondii
as a particle.
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Ganglioside GM1 is the plasma membrane receptor for
cholera toxin. The pentameric CTB mediates receptor
binding and each of the five subunits engages one GM1
molecule. Availability of high concentrations of GM1 in lipid
microdomains may be the reason for the preferred binding
of cholera toxin to GM1 in these domains (28), which then
leads to the internalization of the CTB-GM1 complex (58).
Internalization may deplete the plasma membrane of
domains required for Afipia uptake. GM1 was accumulated
in phagosomes containing neither opsonized A. felis nor
E. coli, and uptake of these bacteria by macrophages was
independent of GM1 ligation. It is unlikely that A. felis uses
GM1 itself as a receptor, as neither pretreatment of A. felis
with pure GM1 before addition to macrophages nor
increasing the plasma membrane GM1 content of GM1-
deprived cells influenced binding or uptake of Afipia (data
not shown).

Our study shows that both the kinetics of particle uptake
and its fate can be influenced by opsonization: while non-
opsonized A. felis entered macrophages very slowly and
with weak and delayed actin polymerization, opsonized
bacteria entered quickly and with robust local induction of
actin polymerization. Similar to A. felis, B. suis, another
intracellular pathogen, was taken up by macrophages very
slowly, likely through macropinocytosis (see subse-
quently) and with disturbed actin polymerization (59).
Notably, the resulting Brucella-containing vacuole is also
an unusual, non-endocytic compartment. Similarly, uptake
of Legionella pneumophila into bone-marrow-derived
murine macrophages can occur by macropinocytosis.
While wild-type Legionella was taken up slowly, a mutant
in the virulence-mediating type IV secretion system was
much faster ingested, and macropinocytosis was depen-
dent on the secretion system (60).

Our further analysis showed that A. felis is taken up by
macropinocytosis. The evidences for a crucial role of
macropinocytosis in ACV development after uptake of
non-opsonized A. felis were (i) electron microscopy show-
ing A. felis entangled by numerous filopodia- and ruffle-like
macrophage extensions while opsonized bacteria were
taken up by a zipper-like mode; (ii) FM4-64 as a ubiquitous
plasma membrane label or 70 000 MW DTxR as a fluid-
phase label with preference for uptake via macropino-
somes both labeled large subcellular bacteria-containing
structures in the first minutes of infection while phago-
somes containing opsonized bacteria were small when
visualized with FM4-64 and they did not label at all with
DTxR; (iii) the macropinocytosis inhibitor amiloride spe-
cifically inhibited uptake of non-opsonized bacteria; and
(iv) wortmannin, an inhibitor of different types of endocytosis,
including macropinocytosis, and cytochalasin (also inhibiting
classical endocytosis, phagocytosis and macropinocytosis) in-
hibited uptake of either opsonized or non-opsonized A. felis (v)
while only the non-opsonized Afipia were negative for
TfR (Figure 2) or EEAT (6) and their phagosomes did not
mature into phagolysosomes (Table 1).
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Macropinocytosis has, at least in some host cell types,
been found to be the uptake mechanism for other patho-
gens, in particular of Salmonella, Shigella, Brucella and
Francisella(15,44,48,61). Still, the molecular and functional
characteristics of their vacuoles vary dramatically: while
Salmonella localizes to a spacious late endocytic compart-
ment which does not fuse with lysosomes and while
Brucella-containing phagosomes are first part of the endo-
cytic continuum but then branch off to become an endo-
plasmic-reticulum-like compartment, Shigella ruptures its
vacuole to multiply in the host cell cytoplasm and Legion-
ella inhabits an endoplasmic-reticulum-like compartment
[all reviewed by Alonso and Garcia-del Portillo (24)]. Also,
HIV-1 (41) is taken up into macrophages by macropinocy-
tosis, a process which also requires plasma membrane
microdomains (62).

Although amiloride has been frequently used as a powerful
and specific inhibitor of macropinocytosis, very few stud-
ies have analyzed the step at which it inhibits the process.
Dowrick et al. (18) noted, that amiloride inhibited ruffle
formation in growth-hormone-treated epithelial MDCK
cells. In our experiments with J774E cells, amiloride did
not have a detectable inhibitory effect on ruffle formation,
but rather seemed to arrest macropinosome production at
a late stage, e.g. by inhibiting closure of the macropinocytic
cups. This may be due to the fact that NHE-1, the target of
amiloride, interacts with ezrin, an actin-binding protein that
also binds to and activates type | PI(3) kinases (63). PI(3)
kinase activity is required for the closure of nascent
macropinosomes and phagosomes (45). Therefore, inhibi-
tion of NHE-1 by amiloride may indirectly affect PI(3)
kinase function and membrane closure function. In the
presence of amiloride, unconsumed pseudopodia would
accumulate, thus leading to a quantitative difference in
ruffle formation.

Macropinosomes are formed from fusing membrane ruf-
fles. Areas of membrane ruffling seem to be enriched in
lipid microdomains (64) and depletion of cholesterol from
the plasma membrane inhibits membrane ruffling and
macropinocytosis of ricin in A431 cells (38). We propose
that non-opsonized A. felis facilitates its uptake via macro-
pinocytosis by attaching to defined lipid microdomains that
are predominately incorporated into macropinocytic
vesicles. Afipia felis likely does not trigger macropinocy-
tosis, but is rather a passive hitchhiker, as Afipia-infected
macrophages did not seem to have more ruffle-like attach-
ments than uninfected macrophages. The hypothesis that
lipid microdomain engagement by A. felis and subsequent
macropinocytic uptake are linked is supported by the facts
that (i) the reduction in A. felis uptake by amiloride was
approximately the same as the inhibition through choles-
terol extraction and (ii) uptake of 70 000 MW DTxR was
inhibited by cholesterol extraction just as uptake of A. felis
was. Furthermore, the ultrastructural evidence clearly
indicated that A. felis was enclosed in macropinocytic
structures.
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Engagement of the macropinosome-forming plasma
membrane domains by A. felis might explain the unusual
compartmentation of ACVs. There are at least two differ-
ent modes of macropinocytosis: the processive mode
which forwards the ingested substances into the endoly-
sosomal system and the recycling mode which leads to
the formation of macropinosomes that do not fuse with
lysosomes (16,65,66). Notably, the processive mode has
been reported to be predominant in macrophages, and
should feed into the lysosomes (67). But J774E cells are
also able to form macropinosomes that do not seem to
mature into late endocytic organelles (17) and these may
be identical to the A. felis-ingesting ones. On the other
hand, A. felis-containing macropinosomes shrink within
minutes after formation and the bacteria become sepa-
rated from the bulk macropinosomal content. This was
visualized using 70 000 MW DTxR, which is delivered to
a LAMP1-positive compartment (data not shown), regard-
less of whether A. felis was part of it or not. It might be
possible that A. felis actively influences its fate after the
uptake process, e.g. by secretion of effector proteins. In
line with such a hypothesis, the uptake of heat-killed Afipia
by macrophages was also inhibited by amiloride and
the early phagosomes containing heat-killed Afipia were
negative for TfR as well (data not shown), suggesting the
usage of an identical port of entry by A. felis and an active
role of live A. felis in subsequent trafficking decisions.
Macropinocytic uptake of Afipia seemed to be required for
subverting lysosomal trafficking as 1gG opsonization or
blocking the macropinocytic entry pathway lead to normal-
ized phagosome maturation.

In agreement with macropinocytosis as the major uptake
mode for A. felis, the ACV is likely not a product of
caveolae-mediated uptake, as we could not detect any
GFP-caveolin-1 on ACVs at any time tested (data not
shown) and as dynamin-2 did not colocalize with non-
opsonized A. felis. Furthermore, we did not find a signifi-
cantly enhanced colocalization rate of non-opsonized
versus opsonized A. felis with simian virus 40 virions that
are marker particles for caveosomes [(68); data not
shown]. The ACV is also not likely the result of uptake
via an alternative flotillin1-dependent pathway or a non-
clathrin route of entry for GPl-anchored proteins (69),
as flotillin1 clearly did not colocalize to ACVs during the
first hour of infection, and neither did CD14, a paradigm
macrophage GPl-anchored protein (70) (data not shown).
Finally, the fully developed ACV was not accessible for
fluid-phase markers such as 10 000 MW dextran (Figure
2A) or ovalbumin (6) fed into the endocytic system and
does not contain any of the canonical endocytic marker
molecules tested, such as Rabb or Rab7, EEA1, TfR, VAMPS,
mannose 6-phosphate receptor, LAMP1 and LAMP2,
vacuolar ATPase complex, B-glucuronidase, cathepsin D
and others (6). Our data show that A. felis localized to
this unusual compartment only if not opsonized and that
it was delivered to late endocytic compartments if it was
opsonized before infection or if entry via lipid-raft-mediated
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macropinocytosis was blocked by drug treatment.
Together with the previous findings in other infection
systems (Brucella, Legionella, Francisella, Salmonella),
our data suggest the existence of several different macro-
pinocytic entry ways, at least some of which are slow,
require lipid microdomain integrity and function, and
whose macropinosomes shrink within a matter of minutes
(17,60). Such macropinosomes are hitchhiked by A. felis.
Therefore, A. felis can be used as a novel tool to study a
particular macropinocytic uptake pathway and its role in
bacteria infection.

Materials and Methods

Cell culture and bacteria

Murine macrophage-like cell lines J774E (from P.D. Stahl, Washington
University, St Louis, MO, USA) and RAW 264.7 (from H. Hilbi, ETH Zurich,
Zurich, Switzerland) were grown in DMEM (Sigma, Taufkirchen, Germany)/
10% fetal calf serum (FCS) (Gibco, Karlsruhe, Germany)/Glutamax (Gibco)
media (37°C/7% CO,). Type strain of A. felis (ATCC 53690) was from the
Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunsch-
weig, Germany; DSM 7326) and grown as described by Luhrmann et al. (6),
and E. coliDHba from Promega (Mannheim, Germany) were grown in Luria
Broth at 37°C.

Antibodies

Monoclonal rat antibodies to TfR (clone TIB 219) and monoclonal rat anti-
LAMP1 (clone D4B) antibodies were gifts from U.E. Schaible (Berlin,
Germany). Rabbit anti-Afipia spp. or anti-E. coli DH5a were from our
laboratory. Monoclonal mouse anti-A. felis (clone 1A5-5, subtype 1gG3a,
titer 1:16 000) was a kind gift from D. Raoult (Faculté de Médecine,
Marseille, France (71)]. Secondary antibodies were goat anti-rabbit 1gG
Alexa Fluor 488 (A-11008, Molecular Probes, Eugene, OR, USA), donkey
anti-rabbit 1gG Cy3 (711-165-152, Jackson via Dianova, Hamburg, Ger-
many), goat anti-mouse IgG Alexa Fluor 488 (A-11001, Molecular Probes),
donkey anti-mouse IgG Cy3 (715-165-152, Jackson via Dianova), and goat
anti-rat IgG Alexa Fluor 488 (A-11006, Molecular Probes).

Infection and immunofluorescence analysis

The day before infection, 3 x 10° macrophages per well were seeded onto
coverslips in a 24-well plate (all cell culture plasticware was from TPP,
Trasadingen, Switzerland). J774E were infected with A. felis [multiplicity of
infection (MOI) 1001, opsonized A. felis (MOl 10) or E. coli (MOl 50) in
serum-free medium by centrifugation for 5 min at 500 x g at 15°C to
synchronize uptake. Afipia felis was opsonized in 1% 1A5-5 for 30 min at
room temperature. Cells were extensively rinsed with phosphate-buffered
saline (PBS), and incubated in fresh medium at 37°C for the indicated times.
To account for kinetic differences in uptake of opsonized versus non-
opsonized A. felis, we followed colocalization of A. felis and the early
markers, TfR, actin and dynamin-2 for at least 1 h to ensure that differences
in colocalization were not due to a delayed uptake.

For microscopic analysis, coverslips were rinsed with PBS and fixed in 3%
formaldehyde in PBS for 25 min at room temperature, followed by a 20-min
incubation with 50 mM NH,4CI in PBS. Permeabilization was for 10 min in
permeabilization buffer (PB, 0.1% TX-100 in PBS containing 5% goat or
donkey serum). Specific primary and fluorophore-conjugated secondary
antibodies were diluted in TX-100-free PB, added to coverslips in a humid-
ified chamber and incubated for 45 min at room temperature. Following two
final washes, coverslips were rinsed in bidistilled water and mounted in
Mowiol. Filamentous actin was visualized using phalloidin conjugated to
Alexa Fluor 488 (A-12379, Molecular Probes) at a concentration of 0.25 U
per sample. GM1 was detected using biotinylated CTB (5 pg/mL), followed

237



Schneider et al.

by incubation with avidin-fluorescein isothiocyanate (0.1 mg/mL, 50 pL per
sample). Plasma membrane staining was performed using the lypophilic
styryl dye FM4-64 (T-13320, Molecular Probes) which was present during
infections in a concentration of 5 wg/mL. Samples were analyzed using
a confocal laser scanning microscope (LSM 510, Zeiss, Oberkochen,
Germany). To distinguish intracellular from extracellular bacteria, differential
antibody staining was performed: extracellular bacteria were labeled
without permeabilization using specific primary antibody and Cy3-conju-
gated goat anti-rabbit in experiments with A. felis or E. coli or using goat
anti-mouse in experiments with opsonized A. felis. Intracellular bacteria
were then stained using the same primary antibodies but in the presence of
0.1% TX-100/PBS for 10 min, followed by Alexa Fluor 488-conjugated goat
anti-rabbit in A. felis or E. coli experiments, or goat anti-mouse for
opsonized A. felis.

Accessibility of phagosomes to DTxR

Infection was performed as described for A. felis or opsonized A. felis. Cells
were chased for 30, 60 or 120 min, followed by a 2-h chase with fresh
medium containing 0.15 mg/mL DTxR 10 000 MW (Molecular Probes).
After fixing the samples as described, bacteria were labeled with specific
antibodies and colocalization with DTxR was quantified by laser scanning
microscopy. DTxR 70 000 MW was used to study the process of macro-
pinocytosis and to track macropinocytotic vesicles inside the cells. J774E
were infected with opsonized (MOI 5) or non-opsonized (MOl 50) A. felis
in the presence of 0.4 mg/mL DTxR (70 000 MW) in serum-free media
for 30 min, rinsed three times with PBS and either fixed immediately or
chased for another 30 min in fresh medium without tracer. Bacteria were
labeled using specific antibodies and analyzed for colocalization with DTxR
by laser scanning microscopy.

Drug treatment and infection experiments

The day before infection, J774E were seeded either onto plastic or onto
coverslips in a 24-well plate (3 x 10° cells/well). Cells were treated in a
300-pL volume with the indicated quantities of CTB (C9972, Sigma) or MCD
(C4555, Sigma) for 30 min, or cholesterol oxidase (228230, Calbiochem,
Darmstadt, Germany) for 60 min in DMEM lacking FCS. Samples were
rinsed once with PBS and fresh medium was added. Afipia felis (MOl 200),
opsonized A. felis (MOI 50) or E. coli (MOl 100) were added for 90 min at
37°C/7% CO,. To quantify the number of intracellular bacteria, a gentamicin
protection assay was performed: cells were rinsed three times with warm
PBS after infection and incubated for 1 h at 37°C/5% CO, in medium
containing 300 wg/mL gentamicin to kill extracellular bacteria. Macrophages
were rinsed once with warm PBS and then lysed in ice-cold bidistilled
water. Samples were diluted and plated on buffered charcoal yeast extract
(A. felis) or Luria Broth (E. col) nutrient agar plates to quantify colony-
forming units. To quantify the colocalization of A. felis with LAMP1 after
drug treatment, cells were infected with A. felis (MOl 200) for 30 min.
Where indicated, A. felis were first killed by heating for 15 min at 80°C.
After rinsing cells extensively with PBS, fresh medium was added and cells
were incubated for 3 h at 37°C/7% CO, and processed for fluorescence
microscopy as described above.

To analyze the role of macropinocytosis, cells were preincubated with the
indicated concentrations of amiloride (A7419, Sigma), 100 nm wortmannin
(W1628, Sigma) or 1 uM cytochalasin D (C8273, Sigma) for 10 min and
subsequently infected with A. felis (MOl 50) or opsonized A. felis (MOI 5) in
the presence of the respective drug for 30 min at 37°C/7% CO,. Cells were
rinsed three times with warm PBS and prepared for differential antibody
staining as described.

Preparation of MCD-cholesterol complexes and
cholesterol repletion

According to Klein et al. (72), 6 mg cholesterol (C8667, Sigma) was
dissolved in 80 wL of isopropanol:chloroform (2:1), added dropwise to
a solution of 200 mg MCD in 2.2 mL bidest at 80°C with stirring, yielding
a solution of 6.8 mM cholesterol. MCD—-cholesterol complexes were diluted
to a final concentration of 0.2 mM into serum-free DMEM medium
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containing 1 mg/mL bovine BSA and added to MCD-treated cells for
30 min at 37°C. Samples were rinsed once with PBS, medium was added
and infection with A. felis (MOl 200) was performed as described
above, followed by a gentamicin protection assay.

Transfection of RAW 264.7 cells and cold TX-100

extraction

RAW 264.7 cells (easier to transfect than J774E cells) were transfected by
electroporation (Multiporator, Eppendorf, Hamburg, Germany) according
to the manufacturer's protocol. Briefly, cells from exponential growth
phase were rinsed with DMEM/0.5% FCS and resuspended in Eppendorf
Hypoosmolar Electroporation Buffer (no. 4308070.501, Eppendorf) at 5 x
108 cells/mL. Plasmid DNA (30 wg/mL; GenElute endotoxin-free plasmid
midiprep kit, PLED-35, Sigma) was added; 800 pL of the suspension was
transferred into an electroporation cuvette (4 mm gap width, Eppendorf)
and treated with 570 V for 50 pseconds. Cells were allowed to sit for 5—-
10 min at room temperature, transferred to DMEM/10% FCS and seeded
onto coverslips in a 24-well plate at a concentration of 3 x 10° cells/well.
Experiments were done the day after transfection. The plasmids encoding
"YFP-MyrPalm’ and 'YFP-GerGer’ (35) were kind gifts from R. Tsien
(UCSD, San Diego, CA, USA), GFP-dynamin-2 (73) was generously
provided by M. McNiven (Mayo Clinic, Rochester, MN, USA) and the
GFP-caveolin-1 construct was from R. Parton (University of Queensland,
Australia). In TX-100 extraction experiments, coverslips were rinsed with
PBS and incubated for 30 min at 4°C with PBS only or with PBS containing
1% TX-100 (as indicated), followed by sample preparation for fluores-
cence microscopy.

Electron microscopy

To examine the ultrastructure of uptake of A. felis or opsonized A. felis by
J774E, cells were seeded in six-well plates the day before infection (1 x 10°
per well). After infection with non-opsonized (MOl 1000) or opsonized (MOI
100) A. felis after centrifugation as above, medium was replaced by 37°C
fresh medium and plates were further incubated at 37°C for 1, 10 or 30 min,
as indicated. At the indicated times, cells were rinsed three times with PBS
and fixed in 0.25% glutaraldehyde/2% formaldehyde in PBS for 2 h at room
temperature. Samples were rinsed with distilled water and stained in 1.5%
potassium ferricyanide/1% osmium tetroxide in distilled water at 4°C for
60 min, followed by extensive rinsing with distilled water. Samples were
incubated in 4% uranyl acetate in aqua dest. for 60 min at 4°C, followed by
3 min in aqua dest. After incubation in 0.1% tannic acid in aqua dest. for
30 min at room temperature, cells were rinsed with distilled water, dehydrated
using standard ethanol dilution series, scraped off the culture dishes and
placed into microfuge tubes. The samples were embedded in Epon; thin
sections were collected on nickel grids and examined using a Philips CM
120 transmission electron microscope.
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