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The intracellular human pathogens Legionella pneumophila and Mycobacterium tuberculosis reside in altered
phagosomes that do not fuse with lysosomes and are only mildly acidified. The L. pneumophila phagosome
exists completely outside the endolysosomal pathway, and the M. fuberculosis phagosome displays a matura-
tional arrest at an early endosomal stage along this pathway. Rab5 plays a critical role in regulating membrane
trafficking involving endosomes and phagosomes. To determine whether an alteration in the function or
delivery of Rab5 could play a role in the aberrant development of L. pneumophila and M. tuberculosis phago-
somes, we have examined the distribution of the small GTPase, Rab5c, in infected HeLa cells overexpressing
Rab5c. Both pathogens formed phagosomes in HeLa cells with molecular characteristics similar to their
phagosomes in human macrophages and multiplied in these host cells. Phagosomes containing virulent
wild-type L. pneumophila never acquired immunogold staining for Rab5c, whereas phagosomes containing an
avirulent mutant L. pneumophila (which ultimately fused with lysosomes) transiently acquired staining for
Rab5c after phagocytosis. In contrast, M. tuberculosis phagosomes exhibited abundant staining for Rab5c
throughout its life cycle. To verify that the overexpressed, recombinant Rab5c observed on the bacterial
phagosomes was biologically active, we examined the phagosomes in HeLa cells expressing Rab5c Q79L, a
fusion-promoting mutant. Such HeLa cells formed giant vacuoles, and after incubation with various particles,
the giant vacuoles acquired large numbers of latex beads, M. fuberculosis, and avirulent L. pneumophila but not
wild-type L. pneumophila, which consistently remained in tight phagosomes that did not fuse with the giant
vacuoles. These results indicate that whereas Rab5 is absent from wild-type L. pneumophila phagosomes,
functional Rab5 persists on M. tuberculosis phagosomes. The absence of Rab5 on the L. pneumophila phagosome
may underlie its lack of interaction with endocytic compartments. The persistence of functional Rab5 on the
M. tuberculosis phagosomes may enable the phagosome to retard its own maturation at an early endosomal stage.

Following phagocytosis, phagosomes containing inert parti-
cles follow an intracellular pathway that mirrors the stages of
the endosomal-lysosomal pathway (16, 17, 34, 35). At early
time points after phagocytosis there is a rapid sorting of mem-
brane proteins and recycling of many plasma membrane pro-
teins to the plasma membrane (34, 35). The early phagosomes
of inert particles rapidly acquire markers of early endosomes,
including the mannose receptor and Rab5 (16, 17, 35). Subse-
quently, the phagosome loses Rab5 and the markers of early
endosomes and acquires Rab7 and markers associated with
late endosomes, such as lysosome-associated membrane glyco-
proteins (LAMPs), and cathepsin D (16, 17, 35). With still
more time and maturation, the phagosome fuses with second-
ary lysosomes, acquires higher concentrations of acid hydro-
lases and LAMPs, and loses the Rab7-GTPase but acquires
other, as-yet-unidentified, small GTPases (17, 27).

The pathways of the intracellular parasites Legionella pneu-
mophila and Mycobacterium tuberculosis deviate from the
above pathway of inert particles in that they reside and multi-
ply in phagosomes that resist acidification and fusion with
lysosomes (4, 12, 15, 25, 26, 44). The pathways of L. pneumo-
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phila and M. tuberculosis also differ from one another (12, 13).
Whereas phagosomes containing wild-type L. pneumophila do
not acquire the transferrin receptor or any other markers of
the endosomal-lysosomal pathway studied to date (13), phago-
somes containing virulent M. tuberculosis show a persistent
interaction with early endosomes, as evidenced by the presence
of transferrin receptor (13) and acquisition of exogenously
added transferrin (14). The mechanisms underlying the altered
maturation of L. pneumophila and M. tuberculosis phagosomes
have not been determined.

Since Rab-GTPases play a pivotal role in the regulation of
membrane trafficking within eukaryotic cells, we considered
the possibility that a disruption in the function or delivery of
Rab-GTPases to L. pneumophila or M. tuberculosis phago-
somes could play a role in the altered development of these
phagosomes. Rab-GTPases are low-molecular-weight mem-
bers of the Ras superfamily that regulate docking and fusion
between different subcellular organelles (21, 31, 33). Over 30
different Rab-GTPases have been identified, and it is likely
that each compartment of the endocytic and secretory path-
ways in eukaryotic cells has a unique subset of Rab-GTPases.
The Rab-GTPases cycle between GTP-bound and GDP-bound
forms. In the GTP-bound form, the molecule is in the “on”
configuration and permits fusion between vesicles bearing ho-
mologous Rab-GTPases. The GDP-bound form is the “off”
configuration, which does not permit fusion. In addition to
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cycling between on and off configurations, the Rab-GTPases
also cycle between membrane-bound and soluble forms. The
GDP-bound, but not the GTP-bound, form of a Rab protein
can be extracted in a reversible fashion from a membrane-
bound form to a soluble cytosolic form by the Rab chaperon
protein, Rab-GDP dissociation inhibitor (GDI). Acquisition of
a particular Rab-GTPase by a membrane requires that the
membrane have specific receptor mechanisms for the Rab-
GTPase (5, 42). In addition, functional activity of a Rab-
GTPase on the membrane in promoting membrane fusion
events requires specific effector machinery (39). The specific
receptor and effector mechanisms for Rab-GTPases have not
been completely elucidated. Rab5 is present on early endo-
somes (11) and on phagosomes immediately after phagocytosis
(17, 27) and regulates membrane-trafficking events involving
these compartments (2, 6, 9, 40). There are three isoforms of
Rab5 (A, B, and C), all of which are present on the early
endosomal compartment and regulate membrane-trafficking
events involving this compartment (6, 9, 11, 40). Each of these
three isoforms is also transiently associated with maturing latex
bead phagosomes in mouse macrophages (17).

The role of Rab-GTPases in human cells infected with either
L. pneumophila or M. tuberculosis has not been studied. Nor
has the role of Rab5 in cells of any type infected with these
pathogens been studied. However, Via et al. (43) examined
Rab-GTPases in mouse bone marrow macrophages infected
with Mycobacterium bovis BCG, an avirulent form of a myco-
bacterial species related to M. tuberculosis. Using biochemical
techniques to study a population of phagosomes isolated from
infected cells, these investigators found that M. bovis BCG
phagosomes acquire Rab5 but not Rab7 or LAMP-1. As M.
bovis BCG is not pathogenic for mice or humans, the relevance
of studies of this organism to the cell biology of the highly
pathogenic species M. tuberculosis is unclear.

As a step towards determining whether M. tuberculosis or L.
pneumophila disrupts the maturation of its phagosome by al-
tering the function or distribution of Rab-GTPases on the
phagosome, we have examined the distribution of Rab5 in
human HeLa cells infected with these pathogens. We shall
demonstrate that Rab5 expression on phagosomes containing
L. pneumophila or M. tuberculosis deviates from that on phago-
somes containing inert particles or avirulent bacteria. Whereas
phagosomes containing inert particles or avirulent bacteria
transiently display Rab5, phagosomes containing wild-type L.
pneumophila do not display Rab5, and phagosomes containing
virulent M. tuberculosis exhibit a persistent display of Rab5.

MATERIALS AND METHODS

Reagents and antibodies. Glutaraldehyde was purchased from Polysciences
(Warrington, Pa.); PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)], methyl-
cellulose, polyvinylpyrrolidone, and paraformaldehyde were purchased from
Sigma Chemical Co. (St. Louis, Mo.); and Dulbecco’s phosphate-buffered saline
(PBS) was from GIBCO Laboratories (Santa Clara, Calif.). Dulbecco’s modified
Eagles medium (DMEM) was purchased from Irvine Scientific Co. (Santa Ana,
Calif.).

Mouse monoclonal antibody to the human transferrin receptor (immunoglob-
ulin G1 [IgG,]) was purchased from AMAC (Westbrook, Maine). Mouse mono-
clonal antibody to LAMP-1 (H4A3, 1gG,) was obtained from the Hybridoma
Bank of the University of Iowa, Iowa City. Isotypic mouse myeloma control
proteins were obtained from Cappel Organon Teknica (West Chester, Pa.).
Rabbit antibody to mycobacterial lipoarabinomannan (LAM) was prepared as
described previously (13). Rabbit antibody to L. pneumophila lipopolysaccharide
(LPS) was prepared by immunizing rabbits with LPS purified from L. pneumo-
phila Phl in Freund’s adjuvant (18). Purified rabbit anti-mouse IgG antibody was
obtained from Sigma Chemical Company. Reactivity of this commercial antibody
to mycobacterial antigens was eliminated by three consecutive overnight adsorp-
tions to an excess of heat-killed M. tuberculosis. Protein A colloidal gold conju-
gates (5, 10, and 15 nm) were provided by G. Posthuma (Utrecht University,
Utrecht, The Netherlands).
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Bacteria. M. tuberculosis Erdman (ATCC 35801), a highly virulent strain, was
obtained from the American Type Culture Collection (Manassas, Va.). The
organism was passaged through guinea pig lung to maintain virulence as de-
scribed previously (13). Before an experiment, a vial of guinea pig lung homog-
enate was rapidly thawed at 37°C, and the bacteria were cultured on 7H11 agar
at 37°C with 5% CO, and 100% humidity. Seven to 8 days later, bacteria were
scraped from 20 to 40 plates into 10 to 20 ml of DMEM containing 10% fetal
bovine serum (FBS) and 5% human serum from type AB blood. A suspension
containing predominantly single bacilli was prepared by sonicating the bacteria in
a water bath (model 9; Astrason, Plainview, N.Y.) for 60 s, sedimenting any
remaining clumps of organisms by centrifugation at 20 X g for 10 min and
removing an aliquot of the predominantly single-bacillus suspension from the top
of the tube. The concentration of organisms was determined by the measurement
of optical density at 540 nm and by counting in a Petroff-Hausser chamber.
Viability of the organisms was determined by plating serial dilutions of the
infecting inoculum on 7HI11 agar. Viability ranged from 67 to 86% in these
experiments.

L. pneumophila Philadelphia 1 was grown in embryonated hens’ eggs, har-
vested, tested for viability and contaminants, and stored at —70°C, as previously
described (26). The egg yolk-grown L. pneumophila was cultured one time only
on charcoal-yeast extract (CYE) agar, harvested after 4 days of growth, and used
immediately. The avirulent mutant L. pneumophila 25D was prepared and main-
tained as described previously (24). This strain has been shown to bear a muta-
tion in the dot-icm virulence locus (30, 37).

Cloning, expression, and purification of recombinant Rab5 and preparation of
antisera. To clone the human rab5 genes, we screened a human fetal lung cDNA
library (Invitrogen) by colony hybridization with a cDNA probe (ATCC 84765)
encoding the 3’ third of a rab5-like gene. The probe was labeled with [a->?P]
dCTP (Amersham) by the random-priming method. Prehybridization and hy-
bridization were carried out at 42°C in a solution containing 2X PIPES, 50%
deionized formamide, 0.5% (wt/vol) sodium dodecyl sulfate, and 100 pg of de-
natured salmon sperm DNA per ml. Positive clones were selected after three
rounds of colony hybridization and analyzed by restriction enzyme digestions.
The identities of the positive clones were confirmed by sequencing both strands
of DNA in opposite directions. The rab5 sequence obtained (GenBank accession
no. AF141304) was identical to the previously published sequences for human
rab5c (22) except for two nucleotide changes in the eighth codon, resulting in an
alanine rather than an arginine. This single amino acid change was confirmed by
nucleotide-sequencing analyses of four independently derived rab5c clones. The
human rab5c gene is highly homologous to the canine rab5c sequence as well as
to rab5a and rab5b sequences (8, 10). The cDNA for the complete rab5c gene was
amplified by PCR and cloned into expression vectors for Escherichia coli. The
rab5c gene was cloned into pET15 between Ndel and Xhol cutting sites. The
construct was under the control of the T7/ac promoter with an amino-terminal
sequence coding for a thrombin-cleavable Hisq tag. High-level expression of
Rab5c in E. coli BL21(DE3)plysS was induced with 1 mM IPTG (isopropyl-B-
D-thiogalactopyranoside), and the recombinant proteins were purified to homo-
geneity from sonicated cell pellet extracts by a combination of nickel affinity and
gel filtration chromatography. The His, tag was removed by thrombin cleavage
(Thrombin Cleavage kit; Novagen), and residual Rab5c still bearing the His, tag
was removed by a second round of nickel affinity chromatography. The resulting
material was found by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
to exhibit a single 25-kDa band by Coomassie blue staining. Rabbit polyclonal
antibodies to human Rab5c were raised by immunizing New Zealand White
rabbits three times, 3 weeks apart, with 1 mg of recombinant protein (purified
from E. coli) in Syntex adjuvant (1). This adjuvant was used to avoid the pro-
duction of antibodies to mycobacterial antigens present in Freund’s adjuvant.
The first immunization was supplemented with 100 pg of N-acetylmuramyl-L-
alanyl-p-isoglutamine (Sigma Chemical Co.). Rabbits immunized with the re-
combinant proteins yielded high-titer-specific polyclonal antisera to human
Rab5c. The resulting polyclonal antibodies were affinity purified by binding to
recombinant E. coli Rab5c, eluted with glycine-HCI (pH 2.5) containing 0.1%
bovine serum albumin (BSA) carrier protein, and immediately neutralized with
Tris-HCI (pH 8.0). The purified antibodies reacted equally well with geranylated
and nongeranylated Rab5c and did not cross-react with L. pneumophila or M.
tuberculosis antigens. Antisera to Rab5Sc did not cross-react with Rab7.

Stable transfection of human cell lines with Rab5c and a GTPase-deficient,
constitutively active Rab5c¢ mutant. To facilitate the immunolocalization of Rab5
in infected cells, we developed a stably transfected human HeLa cell line that
overexpresses the Rab5c isoform of Rab5 (HeLa-Rab5c). We cloned the human
rab5c gene into pTRE, transfected the recombinant plasmids into HeLa Tet-off
cells (Clontech) by calcium phosphate precipitation, and selected stably trans-
fected clones with hygromycin in the presence of tetracycline.

GTPase-deficient, fusion-promoting mutant forms of Rab5 and other Rab-
GTPases have been previously described (9, 31). We prepared the corresponding
rab5c Q79L mutant by PCR-based mutagenesis by published methods (28, 40)
using the mutant primer 5'-GGGACACAGCTGGACTGGAGCGGTATCAC
AGCC-3’ (the mutated nucleotide is underlined) and pTRE forward and reverse
sequences (5'-TCCAGCCTCCGCGGCCCC-3" and 5'-TCATCAATGTATCTT
ATCATGTCT-3', respectively) as outer primers in the amplifications. The mu-
tant construct was confirmed by DNA sequencing. HeLa cells stably transfected
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FIG. 1. Growth of L. pneumophila and M. tuberculosis in THP-1, HeLa Tet-off, and HeLa-Rab5c cells. Monolayers of THP-1 macrophage-like cells, HeLa Tet-off
cells, and HeLa-Rab5c cells expressing Rab5c were coincubated with L. pneumophila at a high MOI (2 X 10%/ml) or a low MOI (2 X 107/ml) for 1 h (A), with L.
pneumophila (2 X 10%ml) for 2 h (C), with M. tuberculosis (10°/ml) for 2 h (B), or with M. tuberculosis (107/ml) for 2 h (D) at 37°C, washed, and incubated in fresh
medium at 37°C. At sequential times thereafter, the monolayers were lysed and combined with the culture supernatant, and the number of CFU was determined by
plating serial dilutions on CYE (A and C) or 7H11 (B and D) agar plates. The capacity of the bacteria to grow extracellularly in the culture medium was assessed by
inoculating L. pneumophila (C) or M. tuberculosis (D) into wells containing only the culture medium or into parabiotic chambers in which the bacteria were separated
from the HeLa cells by a 0.2-wm-pore-size filter. Although the bacteria are taken up much less efficiently by HeLa cells, they multiply, once inside, with a similar
doubling time in HeLa cells and THP-1 cells (A and B). Overexpression of Rab5c does not alter the intracellular growth rate of L. pneumophila or M. tuberculosis in
HeLa cells (C and D). The bacteria do not grow in the absence of cell monolayers or when separated from the monolayer in a parabiotic chamber (C and D). Data

shown are the means =+ the standard deviations of triplicate determinations.

with the constitutively active rab5c were selected as described above for the
wild-type rab5c.

Preparation of a HeLa cell line stably transfected with transferrin receptor. A
2.4-kb EcoRI fragment containing the human transferrin receptor gene was
released from pGEMI1-TR (provided by Marino Zerial, Heidelberg, Germany)
and subcloned into pcDNA3.1/Zeo(+) (Invitrogen). HeLa-Rab5c cells were
transfected with pcDNA3.1/Zeo(+)-TR by calcium phosphate precipitation.
Transfected cells were maintained in complete DMEM containing hygromycin
(100 pg/ml) and tetracycline (5 wg/ml) and were selected with zeomycin (200
png/ml) for 3 to 4 weeks. Zeomycin-resistant clones were isolated and screened
for coexpression of Rab5c and the transferrin receptor. Immunofluorescence
microscopy demonstrated colocalization of Rab5c and the transferrin receptor,
consistent with published observations of other investigators (11).

A t of intracellular growth of M. tuberculosis and L. pneumophila in
monolayers of THP-1 or HeLa cells. Monolayers of HeLa cells (10° cells/well) or
THP-1 cells (4 X 10° cells/well) were cultured to confluency in 2-cm? tissue
culture wells for 2 days in RPMI 1640 (THP-1) or DMEM (HeLa) with 10% FBS
without tetracycline. The THP-1 cells were differentiated with phorbol myristic
acid (0.16 nM). Monolayers were coincubated with either M. tuberculosis (10°/
ml) or L. pneumophila (2 X 107 or 2 X 10%/ml). Monolayers were washed with

culture medium and incubated in fresh medium at 37°C. The number of CFU of
M. tuberculosis and L. pneumophila was determined at sequential time points
using the methods described by Hirsch et al. (23) and Horwitz and Silverstein
(26), respectively. The culture supernatant and the cell lysates from each time
point were combined, serially diluted, and plated on CYE agar plates.
Infection of monolayers of HeLa cells with M. tuberculosis and L. pneumophila.
Stably transfected HeLa cells were plated at a density of 2.5 X 10° per 75-cm?
culture flask or at a density of 10° per 10-cm-diameter tissue culture plate.
Optimal Rab5c expression was obtained by omitting tetracycline from the culture
medium 1 to 3 days before the cells were to be fixed. Monolayers were cultured
without antibiotics in DMEM (low glucose) with 10% fetal bovine serum (cer-
tified tetracycline negative; Clontech). In experiments designed to examine early
time points after infection, stably transfected HeLa cells were plated in 10-cm-
diameter petri plates in DMEM containing 10% heat-inactivated FBS without
tetracycline. Two days later, the plates were chilled on ice, and L. pneumophila
(2 X 10%/ml) or M. tuberculosis (4 X 10%/ml) was added to the plates at 0°C. The
plates were centrifuged for 20 min at 1,160 X g in a biohazard-safe rotor,
incubated at 37°C for 15 or 30 min (L. pneumophila) or 2 h (M. tuberculosis), and
either fixed immediately or washed extensively and incubated for an additional
15 min to 4 h prior to fixation. In experiments designed to examine later time
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FIG. 2. Distribution of staining for the human transferrin receptor in HeLa-
Rab5c cells 2 days after infection with M. tuberculosis. HeLa-Rab5c cells stably
transfected with the transferrin receptor gene were coincubated with M. tuber-
culosis and latex beads for 2 h, washed extensively, incubated at 37°C for 2 days,
fixed, processed for cryoimmunoelectron microscopy, and stained by immuno-
gold for the transferrin receptor. The number of transferrin immunogold parti-
cles per micrometer of phagosomal membrane, nuclear membrane, and plasma
membrane was enumerated. Data are the percentages of the specified compart-
ment whose membranes contain the indicated number of gold particles per
micrometer. A total of 59 M. tuberculosis phagosomes and 48 latex bead phago-
somes were evaluated.

points after infection, the HeLa cells were coincubated with L. pneumophila (2 X
10°/ml) or M. tuberculosis (4 X 10%/ml) together with 1-pm-diameter latex beads
(1:500 dilution of a 2.5% solid suspension) at 37°C. After coincubation at 37°C
for 1 to 2 h, the monolayers were washed extensively with culture medium to
remove noningested bacteria and beads, the medium was replaced with fresh
DMEM with 10% fetal calf serum, and the monolayers were incubated for 6 h to
2 days prior to fixation.

Immunoelectron microscopy. Monolayers were fixed with 2% paraformalde-
hyde in 0.1 M PIPES (pH 7.3) containing 6% sucrose for 2 h at 4°C. Aldehydes
were quenched with 10 mM glycine in PBS, and the cells were scraped into PBS
with 0.1% BSA, pelleted by centrifugation, embedded in 10% gelatin at 37°C,
cryoprotected with 20% polyvinylpyrrolidone in 2.3 M sucrose, and frozen in
liquid nitrogen. Cryosections were collected on drops of 2.3 M sucrose and 2%
methylcellulose (1:1) (W. Liou and J. Slot, 13th International Congress on
Electron Microscopy, p. 253-254, 1994), transferred to Formvar-coated nickel
grids, and blocked with 1% BSA and 0.1% fish skin gelatin in 0.05 M HEPES
(pH 7.5) containing 0.3 M NaCl for 1 h at 4°C. Immunogold double and triple
labelling were performed as described by Slot et al. (38). Sections were embed-
ded in 1.8% methylcellulose—0.4% uranyl acetate (20). Consecutive phagosomes
were photomicrographed at a magnification of X 14,000 using a JEOL 100 CX II
electron microscope. Measurements of the number of gold particles per micron
of membrane and per square micron of cytoplasm were determined from the
negatives with a Numonics 2220 digitizer tablet and Sigma Scan software (Jandel
Scientific).

RESULTS

Establishment of a model human cell system suitable for
evaluating Rab5 expression on phagosomes. We have found
that the endogenous levels of Rab5 in normal human mono-
cytes, monocyte-derived macrophages, and cell lines are too
low to be detected reliably by immunofluorescence or immu-
noelectron microscopy. Therefore, to undertake studies of the
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FIG. 3. Quantitation of LAMP-1 immunogold staining in HeLa-Rab5c cells
infected with L. pneumophila or M. tuberculosis. (A) HeLa-Rab5c cells were
coincubated with wild-type or avirulent L. pneumophila for 15 min at 37°C and
fixed immediately or coincubated at 37°C for 30 min, washed, and incubated for
6 or 8 h and then fixed. (B) HeLa-Rab5c cells expressing Rab5c were coincu-
bated with latex beads and either live or heat-killed M. tuberculosis for 2 h and
either fixed immediately or washed, incubated for 2 days at 37°C, and then fixed.
After fixation, all cells were processed for cryoimmunoelectron microscopy and
stained for LAMP-1. LAMP-1-bound immunogold particles were enumerated on
phagosomal, nuclear, and plasma membranes. Data shown represent the mean
and standard deviation of gold particle counts on at least 20 cells (each with at
least one phagosome) on each of at least three electron microscopy grids. Wild-
type L. pneumophila lacks LAMP-1 at both 15 min and 8 h (A). In contrast,
avirulent L. pneumophila phagosomes have a modest level of LAMP-1 at 15 min
and stain intensely for LAMP-1 at 6 h. Phagosomes containing live M. tubercu-
losis have very little LAMP-1, whereas phagosomes containing heat-killed M.
tuberculosis and latex beads stain intensely for LAMP-1 at both 2 h and 2 days
(B). The nuclear membrane and plasma membrane have negligible staining for
LAMP-1 and serve as internal negative controls (A and B).

distribution and function of Rab5 on phagosomes containing
intracellular pathogens, we cloned the rab5 gene from a human
fetal lung library. Although we found four independent clones
with identical RabSc sequences, we found no clones corre-
sponding to either Rab5a or Rab5b in the human fetal lung
cDNA library, despite our use of probes that would have de-
tected such clones. We first sought to overexpress the gene in
macrophage-like cell lines (U937, THP-1, and HL60), since
macrophages are the natural host cells of L. pneumophila and
M. tuberculosis. However, we were unable to achieve stable
high-level expression compatible with immunofluorescence or
immunoelectron microscopy studies in these cell lines. We
therefore prepared a HeLa cell line capable of inducible ex-
pression of the human rab5c gene. Long-term overexpression
of Rab-GTPases is often associated with toxicity and loss of
expression by the cell line (7, 31). To circumvent this problem,
we used a tetracycline-regulated expression system (7, 19).
Expression of Rab5c by the isolated clones was found to be
tightly regulated by tetracycline, with strong expression evident
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FIG. 4. Quantitation of Rab5c immunogold staining in HeLa-Rab5c cells
infected with wild-type or avirulent L. pneumophila. HeLa-Rab5c cells were
coincubated with wild-type or avirulent L. pneumophila for 15 or 30 min and
either fixed immediately or washed extensively, incubated for an additional 30
min to 8 h, and then fixed. After fixation, all cells were processed for cryoim-
munoelectron microscopy, and Rab5c immunogold particles were enumerated
on phagosomal, nuclear, and plasma membranes. Data shown are the means and
standard deviations of gold counts on at least 20 cells (each with at least one
phagosome) on each of at least three electron microscopy grids. (Left) At 15 min,
Rab5c is scarce on wild-type L. pneumophila phagosomes but present on phago-
somes containing avirulent L. pneumophila. Subsequently, Rab5c is absent or
scarce on wild-type and avirulent L. pneumophila phagosomes. Rab5c is scarce
on nuclear membranes and plasma membranes at all time points examined.
(Right) As a control, Rab5c staining in the cytoplasm of the HeLa cells was
quantitated and found to be comparable in the cells containing wild-type or
avirulent L. pneumophila at all time points.

from 24 to 72 h after removal of tetracycline from the culture
medium (data not shown).

To confirm that the study of L. pneumophila and M. tuber-
culosis phagosomes in infected HeLa-Rab5c cells is relevant to
understanding the pathogenesis of L. pneumophila and M.
tuberculosis infection of macrophages, the natural host cells of
these pathogens in humans, we investigated the extent to which
the interaction of the pathogens with HeLa-Rab5c cells resem-
bles their interaction with human macrophages. We specifically
examined (i) the capacity of the two pathogens to multiply
within HeLa-Rab5c cells and (ii) the pattern of expression of
endolysosomal markers on the phagosomes of the two patho-
gens in HeLa-Rab5c cells.

(i) Uptake and growth of L. pneumophila and M. tuberculosis
in parental HeLa Tet-off cells and HeLa cells overexpressing
Rab5c. Although HeLa cells are poorly phagocytic, adequate
uptake of L. pneumophila and M. tuberculosis can be obtained
by increasing the multiplicity of infection (MOI) relative to
that used when infecting more phagocytic cells. By immuno-
fluorescence microscopy, 12% of HeLa Tet-off cells had asso-
ciated bacteria after incubation with L. pneumophila for 2 h at
an MOI of 2,000:1. By electron microscopy, approximately 1 in
15 HeLa Tet-off cells contained an L. pneumophila phagosome
in the plane of the section. By immunofluorescence micros-
copy, 7% of HeLa Tet-off cells had associated bacteria after
incubation for 2 h at an MOI of 400:1, and by electron micros-
copy, approximately 1 in 20 HeLa cells contained an M. tuber-
culosis phagosome in the plane of the section.

L. pneumophila adheres five times more avidly to THP-1
cells than to HeLa Tet-off cells (Fig. 1A). Similarly, M. tuber-
culosis adheres 15 times more avidly to monolayers of THP-1
cells than to comparable monolayers of HeLa Tet-off cells
(Fig. 1B). However, once taken up by the HeLa Tet-off cells, L.
pneumophila and M. tuberculosis grow at rates comparable to
that in THP-1 cells (Fig. 1C and D). M. tuberculosis grows with
a doubling time of approximately 19 h in HeLa Tet-off cells
and 15 h in THP-1 cells (i.e., 1 log in 3 days, matching the
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FIG. 5. Distribution of staining for Rab5c in HeLa-Rab5c cells fixed imme-
diately after a 15-min coincubation with either wild-type or avirulent L. pneu-
mophila. HeLa-Rab5c cells were coincubated with wild-type (A) or avirulent (B)
L. pneumophila for 15 min, fixed, and processed for cryoimmunoelectron mi-
croscopy. The number of gold particles per micrometer of membrane on pha-
gosomal, plasma, and nuclear membranes was enumerated. Data shown are the
means * standard deviations of the distributions from two separate experiments.

growth rate that we have previously observed for M. tubercu-
losis in THP-1 cells and human monocyte-derived macro-
phages) (13, 29). L. pneumophila grows in HeLa Tet-off cells
and THP-1 cells with an initial doubling time of approximately
3 h, which is also very similar to its previously published dou-
bling time of 2 to 3 h in human monocyte-derived macrophages
(26).

To determine whether overexpression of Rab5c alters the
rate of intracellular growth of M. tuberculosis or L. pneumo-
phila in HeLa Tet-off cells, we compared the intracellular
growth of M. tuberculosis and L. pneumophila in HeLa Tet-off
and HeLa-Rab5c 1 day after withdrawal of tetracycline (Fig.
1C and D). The growth rate of L. pneumophila and M. tuber-
culosis in cells overexpressing Rab5c was equal to the growth
rate in parental nontransfected HeLa Tet-off cells. When sep-
arated from HeLa Tet-off cells by a 0.2-pwm-pore-size filter in a
parabiotic chamber (Transwells; Costar), neither L. pneumo-
phila nor M. tuberculosis grew in the same culture medium.
Thus, once inside parental HeLa Tet-off cells or HeLa-Rab5c
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cells overexpressing RabSc, L. pneumophila and M. tuberculosis
multiply at a rate comparable to that in human macrophages.

(ii) Distribution of transferrin receptor and LAMP-1 on
L. pneumophila or M. tuberculosis phagosomes in HeLa-Rab5c
cells. To determine if phagosomes in infected HeLa-Rab5c cells
have molecular characteristics similar to phagosomes in infected
human macrophages, we studied transferrin receptor expression
on M. tuberculosis phagosomes and LAMP-1 expression on both
L. pneumophila and M. tuberculosis phagosomes. Consistent with
our published observations with human monocyte-derived mac-
rophages (13), we found that in HeLa-Rab5c cells the majority of
M. tuberculosis phagosomes stably transfected with the transferrin
receptor gene stain positively for the transferrin receptor (Fig. 2).
Also consistent with our previous observations of human macro-
phages (13), we found little or no LAMP-1 on phagosomes con-
taining wild-type L. pneumophila (Fig. 3A) or live M. tuberculosis
(Fig. 3B) in HeLa-Rab5c cells but intense staining on phago-
somes containing either the avirulent mutant L. preumophila
(Fig. 3A) or heat-killed M. tuberculosis or latex beads (Fig. 3B) in
these cells. These results confirmed that L. prneumophila and M.
tuberculosis phagosomes in HeLa-Rab5c cells do not fuse with
lysosomes and that overexpression of Rab5c in HeLa cells does
not fundamentally alter the membrane-trafficking properties of L.
pneumophila or M. tuberculosis phagosomes. We concluded from
these sets of studies that, while uptake of L. pneumophila and M.
tuberculosis into HeLa Tet-off cells is much less efficient than that
into macrophages, both the intracellular rates of bacterial growth
and the interaction of the phagosomes with the endolysosomal
pathway in these host cells are very similar. This implied that
lessons learned from studying L. pneumophila and M. tuberculosis
phagosomes in HeLa-Rab5c cells were likely to apply to phago-
somes of these pathogens in macrophages.

Distribution of Rab5c on phagosomes containing wild-type
and avirulent L. pneumophila in HeLa-Rab5c cells. Two days
after removal of tetracycline from the culture medium, 90% of
HeLa-Rab5c cells had abundant immunogold staining for
Rab5c on cytoplasmic vesicles (>1 gold particle/m?), with an
average level of 4 gold particles/um?. As expected, we found
that the RabSc immunogold particles colocalized extensively
with early endosomes labeled kinetically with 5-nm BSA-
bound gold particles in the RabSc-overexpressing cells (data
not shown). Parental HeLa Tet-off cells, on the other hand,
lacked significant staining for Rab5c (of 20 consecutive cells,
none had more than 0.5 gold particle/um?; mean level of im-
munogold staining, 0.14 gold particle/um?). In HeLa-Rab5c
cells infected with wild-type L. pneumophila, the majority of
phagosomes had little or no detectable Rab5c at all time points
examined, from 15 min to 18 h after phagocytosis. At 15 min,
the earliest time point at which examination was feasible, 60%
of the phagosomes had no detectable staining for Rab5c (Fig.
4 to 6A). In marked contrast, 90% of phagosomes containing
the avirulent mutant L. pneumophila 25D did stain positive for
Rab5c at 15 min (Fig. 4, 7B, and 8B). As typically occurs with
phagosomes that mature to phagolysosomes, expression of
Rab5c on mutant L. pneumophila phagosomes was transient,
as staining was absent by 6 h of infection (Fig. 4 and 6C).

Distribution of Rab5c on phagosomes containing live and
heat-killed M. tuberculosis in HeLa-Rab5c cells. In HeLa-
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FIG. 7. Quantitation of Rab5c immunogold staining in HeLa-Rab5c cells
infected with live or heat-killed M. tuberculosis. (A) Suspension of live or heat-
killed M. tuberculosis together with 1-wm-diameter latex beads were centrifuged
at 4°C onto monolayers of HeLLa-Rab5c cells expressing Rab5c, incubated for 2 h
at 37°C, and either fixed immediately (2-h time point) or washed extensively and
incubated in fresh culture medium for 1 to 2 days and then fixed (1- or 2-day time
point). The cells were processed for cryoimmunoelectron microscopy and stained
for Rab5c. Rab5c-bound immunogold particles were enumerated on phagoso-
mal, nuclear, and plasma membranes. Data shown are the means and standard
deviations of gold counts on at least 20 cells (each with at least one phagosome)
on each of at least three electron microscopy grids. (Left) Rab5c is present on
phagosomes containing live M. tuberculosis at all time points but is scarce on
phagosomes containing either heat-killed M. tuberculosis or latex beads, nuclear
membranes, and plasma membranes. (Right) As a control, Rab5c staining in the
cytoplasm of the HeLa cells was quantitated and found to be comparable in cells
containing live or heat-killed M. tuberculosis. The level of staining in the cyto-
plasm at 2 h is somewhat less than that at 1 to 2 days, due to a shorter
tetracycline-free induction period. (B) The distribution of staining for Rab5c in
HeLa-Rab5c cells at the 2-day time point after coincubation with live M. tuber-
culosis and latex beads is shown (a total of 88 live M. tuberculosis phagosomes and
76 latex bead phagosomes were examined).

Rab5c cells infected with M. tuberculosis, the majority of M.
tuberculosis phagosomes stained positively for Rab5c at all
time points examined—from 2 h to 3 d after phagocytosis (Fig.
7 and 8). In contrast, phagosomes containing heat-killed M.
tuberculosis in HelLa-Rab5c cells lacked significant staining for
Rabs5 at any of the time points examined, ranging from 2 h to
2 days (Fig. 7). At the MOIs used, heat-killed M. tuberculosis

FIG. 6. Phagosomes containing wild-type L. preumophila but not avirulent L. pneumophila exclude Rab5c. Suspensions of wild-type (A) or avirulent (B and C) L.
pneumophila were spun down onto monolayers of pTRE/rab5c-HeLa Tet-off cells at 4°C, incubated at 37°C for 15 min, and either fixed immediately (A and B) or
washed, incubated in fresh culture medium for 6 h, and then fixed (C). Cells were processed for cryoimmunoelectron microscopy. Rab5c¢ has been stained using 15-nm
gold particles (arrowheads), and L. pneumophila LPS has been stained using 5-nm gold particles (arrows). Rab5c is absent from the wild-type L. pneumophila
phagosome (A), despite the presence of RabSc immunogold staining on vesicles adjacent to the phagosome. Rab5c is present on the avirulent L. pneumophila
phagosome at 15 min (B) but is absent by 6 h (C). Magnifications, X72,827 (A), xX38,235 (B), and X50,664 (C).
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and latex beads were taken up inefficiently by HeLa cells.
Because of this, we were unable to examine time points earlier
than 2 h, times at which the phagosomes of inert particles or
dead M. tuberculosis would be expected to have Rabs.

Also in contrast to phagosomes containing live M. tubercu-
losis, latex bead phagosomes in HeLa-Rab5c cells within the
same monolayers usually lacked staining for Rab5c, even
within cells that also contained RabSc-immunopositive M. tu-
berculosis phagosomes (Fig. 7). Interestingly, however, latex
bead phagosomes in HeLa-Rab5c cells that were very heavily
infected with live M. tuberculosis did stain positively for Rab5c.

Effect of overexpression of the Rab5c GTPase-deficient, con-
stitutively active mutant on L. preumophila and M. tuberculosis
phagosomes. Whereas the majority of L. pneumophila phago-
somes do not acquire detectable Rab5c, a minority do acquire
some of the overexpressed Rab5c. It is possible that this low
level of association is an artifact of overexpression and that the
Rab5c on the phagosomes is either not truly intimately asso-
ciated with the phagosome or not functional, due, for example,
to an absence of downstream effectors. Likewise, although the

INFECT. IMMUN.

4 =&
S - Ol SR,

FIG. 8. M. tuberculosis phagosomes in HeLa-Rab5c cells stain positively for RabSc. HeLa-Rab5c cells were maintained and expanded in the presence of tetracycline
(5 pg/ml). One day prior to infection with M. tuberculosis, tetracycline was removed from the culture medium to induce Rab5c expression. The HeLa cells were
coincubated for 2 h with M. tuberculosis using an MOI of 400:1. Nonadherent bacteria and beads were washed away, and the monolayers were incubated for 2 additional
days. Monolayers were fixed and processed for cryoimmunoelectron microscopy. Rab5c was stained with 15-nm immunogold particles (arrowheads) and is abundant
on the M. tuberculosis phagosomal membrane. Mycobacterial LAM was stained with 5-nm gold particles and is present on the mycobacterial cell wall (arrows). Nu,
nucleus. Magnification, X55,700.

M. tuberculosis phagosomes appeared to recruit Rab5c very
avidly, it is possible that the recombinant Rab5c recruited to
the M. tuberculosis phagosome is either not truly incorporated
into the membrane or not biologically functional. It has been
demonstrated that overexpression of constitutively active mu-
tant forms of Rab5 leads to dramatic enlargement of early
endosomes (9, 39, 40). To determine whether the overex-
pressed Rab5c is specifically associated with the bacterial
phagosomes and whether it is biologically functional in these
sites, we examined the effect of overexpression of the GTPase-
deficient, constitutively active RabSc Q79L mutant on M. fu-
berculosis and L. pneumophila phagosomes, reasoning that if
the Rab5c is functional on the bacterial phagosomes, then
there would be enlargement of the bacterial phagosomes. On
the other hand, if Rab5c was not truly incorporated into the
phagosomal membrane or was not biologically functional, then
there would be no alteration in the phagosomal membrane.
Two days after withdrawal of tetracycline to induce expres-
sion of the mutant Rab5c, 77.5% of the HeLa-Rab5¢c Q79L
cells had developed large vacuoles measuring over 2 wm in
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FIG. 9. Quantitation of Rab5c and LAMP-1 immunogold staining in HeLa-
Rab5c Q79L cells infected with L. pneumophila or M. tuberculosis. Monolayers of
HeLa cells expressing Rab5c Q79L were coincubated with L. prneumophila or
with M. tuberculosis and latex beads, fixed, and processed for immunoelectron
microscopy after 30-min or 2-h incubations (respectively). The number of Rab5c-
bound (A) and LAMP-1-bound (B) immunogold particles was enumerated on
phagosomes, plasma membranes, and nuclear membranes. In the case of the M.
tuberculosis-infected cells, vacuoles that contained only latex beads were scored
as latex bead phagosomes. Vacuoles that contained both latex beads and M.
tuberculosis were scored as M. tuberculosis phagosomes. Latex bead phagosomes
were not scored for the L. pneumophila infected cells, due to inadequate uptake
in the 30 min of coincubation. Data shown are the means and standard deviations
of gold counts on at least 20 cells (each with at least one phagosome) on each of
at least two electron microscopy grids.

diameter. Immunogold staining revealed that these large vacu-
oles stained positively for Rab5c. To our surprise, many of
these vacuoles also stained moderately to intensely for
LAMP-1; in contrast, little or no colocalization of Rab5c¢ with
LAMP-1 was observed in cells overexpressing wild-type Rab5c.
The LAMP-1 in the large vacuoles was present both on the
walls of the vacuoles and also on membranes within the vacu-
oles. When wild-type or avirulent L. pneumophila was spun
down onto monolayers of cells overexpressing the mutant
Rab5c and fixed after a 30-min incubation, wild-type L. pneu-
mophila was only rarely found within the large vacuoles (only
1 of 60 consecutive L. pneumophila phagosomes). Instead, the
tight morphology of the L. pneumophila phagosome appeared
unchanged, and the L. pneumophila phagosome continued to
exclude both Rab5c and LAMP-1 (Fig. 9 and 10A). In contrast,
when avirulent L. pneumophila was found inside HeLa cells
that contained a large vacuole, without exception (40 of 40
consecutive avirulent L. pneumophila phagosomes) the aviru-
lent L. pneumophila was found within the large vacuole. Typ-
ically, even at this early 30-min time point, dozens of avirulent
L. pneumophila cells were found together within a phagosome

Rab5 ON L. PNEUMOPHILA AND M. TUBERCULOSIS PHAGOSOMES 2679

(Fig. 10B). Vacuoles containing the avirulent L. pneumophila
stained positively for both Rab5c and LAMP-1 (Fig. 9 and
10B).

When live M. tuberculosis and latex beads were coincubated
with the HeLa-Rab5c Q79L cells for 2 h, M. tuberculosis was
found to enter the large vacuoles (Fig. 10C) that stained pos-
itively for Rab5c and that were also frequently positive for
LAMP-1 (Fig. 9). Within HeLa-Rab5c Q79L cells that con-
tained large vacuoles, 21% (8 of 46) of the M. tuberculosis
phagosomes were of a normal, tight morphology and 79% (38
of 46) were unusually large and spacious. Within these cells, a
similar percentage of latex bead phagosomes were within tight
phagosomes (23%; 7 of 30) versus large spacious vacuoles
(77%; 23 of 30). Interestingly, M. tuberculosis and latex beads
were often found together in the large spacious vacuoles within
HeLa-Rab5c Q79L cells (Fig. 10D). In striking contrast, we
have only rarely observed M. tuberculosis and latex beads core-
siding within a single phagosome in human monocyte-derived
macrophages, and we have not observed coresidence of M.
tuberculosis and latex beads in any of hundreds of M. tubercu-
losis phagosomes examined in HeLa cells overexpressing wild-
type Rab5c.

Both L. pneumophila and M. tuberculosis multiplied in the
HeLa-Rab5c Q79L cells. However, we were precluded from
obtaining accurate measurements of their growth rates in these
cells because during the long culture period required for this
assessment there was significant loss of the HeLa cells from the
monolayer.

DISCUSSION

Our initial studies established the relevance of the HeLa-
Rab5c model to understanding phagosome trafficking of the
intracellular pathogens L. pneumophila and M. tuberculosis.
First, once inside HeLLa-Rab5c cells, these bacteria multiplied
at rates equivalent to that in human macrophages. Second, just
as in human macrophages, (i) the wild-type L. preumophila
phagosome in HeLa-Rab5c cells excluded markers of the en-
dolysosomal pathway, (ii) the M. tuberculosis phagosome in
HeLa-Rab5c cells readily incorporated transferrin receptors
but generally excluded LAMP-1, and (iii) phagosomes in
HeLa-Rab5c cells containing avirulent L. pneumophila, heat-
killed M. tuberculosis, and latex beads stained intensely for
LAMP-1. Additional studies of Rab5c distribution in HeLa-
Rab5c cells lent further support to the use of this model for
studies of phagosome-endosome interaction. Our finding that
Rab5c was transiently displayed on phagosomes in HeLa-
Rab5c cells containing avirulent L. pneumophila, which mature
to phagolysosomes, lent further support to the relevance of this
model, since other studies have similarly reported transient
expression of Rab5 immediately after phagocytosis on phago-
somes that mature to phagolysosomes (17, 27). Our subse-
quent studies showed that Rab5c is absent on L. pneumophila
phagosomes but persistently expressed on M. tuberculosis
phagosomes. The latter finding with M. tuberculosis parallels
that of Alvarez-Dominguez et al. (2) with a hemolysin-deficient
strain of Listeria monocytogenes. In contrast to wild-type L.
monocytogenes, the mutant strain fails to lyse the phagosomal
membrane and enter the cytoplasm. Instead, it remains in-
traphagosomal in mouse J774 cells. Like virulent M. tubercu-
losis in our study, the mutant L. monocytogenes phagosome in
the study by Alvarez-Dominguez et al. (2) exhibits a matura-
tional arrest manifest by persistent expression of Rab5 on the
phagosome and persistent interaction with early endosomes in
an in vitro assay. Antibodies to Rab5 blocked the capacity of
these L. monocytogenes phagosomes to interact with early en-
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FIG. 10. The phenotype of M. tuberculosis phagosomes and avirulent L. pneumophila phagosomes but not wild-type L. pneumophila phagosomes is altered by
expression of the constitutively active Rab5¢c Q79L mutant. Suspensions of wild-type L. pneumophila (A), avirulent L. pneumophila (B), or M. tuberculosis and latex
beads (D) were added to monolayers of HeLa cells expressing Rab5c Q79L and centrifuged at 1,160 X g for 20 min at 4°C, incubated at 37°C for either 30 min (L.
pneumophila [A and B)) or 2 h (M. tuberculosis [D]), fixed, and processed for cryoimmunoelectron microscopy. Rab35c was stained with 15-nm immunogold particles
(large arrowheads), LAMP-1 was stained with 10-nm immunogold particles (small arrowheads), and L. pneumophila LPS (A and B) or mycobacterial LAM (C and D)
was stained with 5-nm immunogold particles (arrows). (A) Wild-type L. pneumophila resides in a morphologically tight phagosome that lacks immunogold staining for
Rab5c and LAMP-1, which are present on an adjacent large vacuole (). (B) A large vacuole contains numerous avirulent L. pneumophila and stains positive for both
Rab5c and LAMP-1. (C and D) M. tuberculosis resides in large vacuoles that stain positively for Rab5c and for LAMP-1. M. tuberculosis often shares the large vacuole
with latex beads (D). Nu, nucleus. Magnifications, X37,310 (A), xX37,310 (B), x37,310 (C), and X42,770 (D).
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dosomes, underscoring the importance of Rab5 in mediating
phagosome-endosome interaction.

Our study is the first to examine the role of Rab-GTPases in
human cells infected with L. pneumophila and the first to
examine Rab5 in L. pneumophila-host cell interaction. Roy et
al. (36) recently reported persistence of low levels of Rab7 on
a minority of phagosomes containing wild-type L. pneumophila
and transient acquisition of Rab7 by phagosomes containing
avirulent dotA L. pneumophila mutants in mouse bone marrow
macrophages. However, Rab5 was not examined in this study.

Our study is also the first to examine the role of Rab-
GTPases in human cells infected with virulent M. tuberculosis.
Via et al. (43) reported that isolated M. bovis BCG phago-
somes from mouse J774 macrophages have persistent staining
for Rab5 and do not acquire Rab4 or Rab7. These findings
with M. bovis BCG in mouse macrophages are in agreement
with our findings with the virulent Erdman strain of M. tuber-
culosis in the human HeLa cell line. Our two studies used very
different but complementary methodologies. Via et al. used
biochemical techniques to study a population of phagosomes
isolated from infected cells. An advantage of this approach is
that it allows the pooling of information from a very large
number of phagosomes. However, the results can be distorted
by contamination from other organelles, loss or gain of mark-
ers during the lengthy isolation procedure, and sample heter-
ogeneity, in which case, high levels of staining on some phago-
somes could skew the average level of staining. We used the
cryosection immunogold technique to study the distribution of
Rab-GTPases on individual phagosomes in fixed cells. This
approach has the advantage of allowing the direct visualization
of Rab5 on individual phagosomes and an assessment of the
degree of heterogeneity of the phagosomes. This approach
allowed us to conclude that the majority of M. tuberculosis
phagosomes stain positive for Rab5, whereas the majority of
L. pneumophila phagosomes do not.

Our study is the first to report on the subcellular distribution
of human Rab5c. Previously, canine Rab5c overexpressed in
BHK cells, as well as canine Rab5a and Rab5b, has been shown
to localize to early endosomes (8, 11). We show here that
human Rab5c localizes to early endosomes, early avirulent L.
pneumophila phagosomes, and the M. tuberculosis phagosome,
which has early endosomal properties (13, 14). We observe
relatively little Rab5c on the plasma membrane. Therefore, it
is unlikely that the Rab5c that we observe on the M. tubercu-
losis phagosome is derived from the plasma membrane. The
Rab-GTPases cycle extensively between cytoplasm and mem-
brane-bound forms, and it is likely that in these cells that
overexpress Rab5c, the majority of the Rab5c observed on the
M. tuberculosis phagosomes is recruited from the cytoplasmic
pool, although some of it may also be derived from interaction
with early endosomes.

We considered the possibility that the persistent recruitment
of Rab5c to the M. tuberculosis phagosome might somehow be
an artifact of the overexpression of Rab5c in the HeLa cells
and that the Rab5c was not functionally integrated into the
phagosomal membrane. Several findings argue against this
possibility. First, the scarcity of Rab5c on latex bead phago-
somes, wild-type L. pneumophila phagosomes, and late aviru-
lent L. pneumophila phagosomes is consistent with a specific
recruitment of recombinant Rab5c to the M. tuberculosis
phagosome. Second, the presence of transferrin receptor (an
early endosomal marker) on the M. tuberculosis phagosome 2
days after infection is consistent with persistence of functional
Rab5c on the M. tuberculosis phagosome. Third, the dramatic
changes in the M. tuberculosis phagosome resulting from over-
expression of the fusion-promoting Rab5c Q79L mutant indi-
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cate that the Rab5c on the M. tuberculosis phagosome is func-
tional. The M. tuberculosis phagosome in the Rab5c Q79L
mutant is markedly different from that of a normal M. tuber-
culosis phagosome. Whereas a normal M. tuberculosis phago-
some is tight, lacks LAMP-1, and does not fuse with latex bead
compartments, the M. tuberculosis phagosome in the HeLa-
Rab5c¢ Q79L cell is spacious and LAMP-1 positive and often
contains latex beads. In view of these phenotypic differences, it
is very unlikely that M. tuberculosis disrupts the maturation of
its phagosome by inhibiting GTP hydrolysis by the Rab5 on its
phagosome. Although our studies using the GTPase-deficient,
constitutively active Rab5 exclude inhibition of GTP hydrolysis
as the mechanism by which M. tuberculosis disrupts the matu-
ration of its phagosome, the persistence of wild-type Rab5 on
the phagosome is likely to be an important mechanism in
maintaining the capacity of the phagosome to interact with
early endosomes and in maintaining early endosomal proper-
ties. Hence, these studies imply that M. tuberculosis blocks the
maturation of its phagosome by disrupting events downstream
of Rab5 acquisition and effector action, for example, by dis-
rupting the acquisition or function of Rab7 effectors.

Whereas the M. tuberculosis phagosome undergoes drama-
tic phenotypic changes in HeLa cells expressing the GTPase-
deficient, constitutively active Rab5c mutant, the wild-type
L. pneumophila phagosome remains morphologically tight and
continues to exclude Rab5 and LAMP-1. With regard to the
mechanisms underlying the altered maturation of the L. pneu-
mophila phagosome, our observations that the L. pneumophila
phagosome (i) does not acquire wild-type Rab5c, (ii) does
not acquire the constitutively active Rab5c Q79L mutant, and
(iif) does not enter the large Rab5Sc Q79L-positive vacuoles
strongly suggest that the L. pneumophila phagosome never
acquires functional receptors for Rab5. The consequent exclu-
sion of Rab5 from the L. pneumophila phagosome is likely to
be an important aspect underlying the failure of the L. pneu-
mophila phagosome to mature along the endocytic pathway.

The presence of LAMP-1 on the giant vacuoles in HeLa-
Rab5c Q79L cells was unexpected, as the presence of LAMP-1
on the swollen endosomes of Rab5c Q79L mutant-expressing
cells has not previously been reported. Possible explanations
for this phenomenon are that (i) the high fusiogenicity of the
Rab5c Q79L endosomes promotes their fusion with late endo-
somal and lysosomal compartments or (ii) late endosomal-
lysosomal proteins may normally traffic transiently through the
early endosome and be present at very low levels in early
endosomal compartments, but overexpression of the Rab5c
Q79L mutant retards their trafficking and causes them to ac-
cumulate in these compartments.

Prior studies have found no difference in the subcellular
distribution or functional role of Rab5a, Rab5b, or Rab5c in
endocytosis (8, 11). Similarly, all three isoforms of Rab5 have
been found on early latex bead phagosomes in mouse macro-
phages (17). Nevertheless, Alvarez-Dominguez and Stahl (3)
recently examined the effect of antisense oligonucleotides to
Rab5a and Rab5c on the maturation of phagosomes contain-
ing hemolysin-deficient L. monocytogenes in human monocyte-
derived macrophages and found that antisense oligonucleo-
tides to Rab5a, but not Rab5c, disrupted maturation of the
bacterial phagosome. These data suggest that Rab5a plays a
more important role than Rab5c in human macrophages under
the conditions studied. However, it is possible that the greater
role of Rab5a over Rab5c in the studies by Alvarez-Dominguez
and Stahl reflect higher levels of endogenous expression in
Rab5a than in Rab5c, rather than a fundamental biological
difference in their functions. It is likely that various Rab5
isoforms are expressed at different levels in different cell types
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under various conditions, and the type of Rab5 isoform that is
dominant in mediating a biological function may vary accord-
ingly. We found no cDNA clone corresponding to Rab5Sa in
our probe of a human fetal lung library but found four clones
corresponding to Rab5c, suggesting that in human fetal lung,
Rab5c may be expressed at higher levels than Rab5a.

When permeabilized cells are coincubated with a particular
Rab-GTPase, the Rab-GTPase inserts into those membranes
that have receptors for the particular Rab-GTPase (41). Like-
wise, when a particular Rab-GTPase is overexpressed in a cell,
the Rab-GTPase will be delivered to the membranes that have
receptors for that Rab-GTPase. When a constitutively active
Rab-GTPase is overexpressed, it will lead to phenotypic
changes in any membrane-bound compartments that have both
the receptors for the Rab-GTPase and the appropriate effector
machinery to allow downstream functions of the Rab-GTPase
to proceed. Therefore, the fact that we observe recruitment of
Rab5c to the phagosomes containing latex beads, M. tubercu-
losis, and avirulent L. pneumophila indicates that these phago-
somes do have receptors that allow the recruitment of Rab5c.
That we observe dramatic phenotypic changes in the morphol-
ogy of these phagosomes (but not the wild-type L. pneumophila
phagosome, which does not recruit Rab5c) in cells expressing
the constitutively active Rab5c Q79L indicates that RabSc can
also have a major role in phagosomal development when it is
overexpressed.

In conclusion, our study shows that the expression of Rab5
on L. pneumophila and M. tuberculosis phagosomes deviates
from the typical pattern of expression on phagosomes contain-
ing inert particles. The latter phagosomes display transient
expression of Rab5 as the phagosomes mature along the en-
dolysosomal pathway, culminating in the formation of a
phagolysosome. In contrast, the L. pneumophila phagosome
does not display Rab5, and the M. tuberculosis phagosome
displays Rab5 persistently. The absence of Rab5 on the L.
pneumophila phagosome may underlie its lack of interaction
with the endocytic pathway. The persistence of functional
Rab5 on the M. tuberculosis phagosome is undoubtedly impor-
tant in allowing the phagosome to maintain interaction with
early endosomes and preserve early endosomal properties; it
may be an important factor underlying the arrested maturation
of the phagosome.
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