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Many mycobacteria are intramacrophage pathogens that reside within nonacidified phagosomes
that fuse with early endosomes but do not mature to phagolysosomes. The mechanism by which
mycobacteria block this maturation process remains elusive. To gain insight into whether fusion
with early endosomes is required for mycobacteria-mediated inhibition of phagosome maturation,
we investigated how perturbing the GTPase cycles of Rab5 and Rab7, GTPases that regulate early
and late endosome fusion, respectively, would affect phagosome maturation. Retroviral transduc-
tion of the constitutively activated forms of both GTPases into primary murine macrophages had
no effect on Mycobacterium avium retention in an early endosomal compartment. Interestingly,
expression of dominant negative Rab5, Rab5(S34N), but not dominant negative Rab7, resulted in
a significant increase in colocalization of M. avium with markers of late endosomes/lysosomes and
increased mycobacterial killing. This colocalization was specific to mycobacteria since Rab5(S34N)
expressing cells showed diminished trafficking of endocytic tracers to lysosomes. We further
demonstrated that maturation of M. avium phagosomes was halted in Rab5(S34N) expressing
macrophages supplemented with exogenous iron. These findings suggest that fusion with early
endosomes is required for mycobacterial retention in early phagosomal compartments and that an
inadequate supply of iron is one factor in mycobacteria’s inability to prevent the normal matu-
ration process in Rab5(S34N)-expressing macrophages.

INTRODUCTION

The mechanism by which mycobacteria inhibit this phago-
some maturation process remains poorly defined. Progress
along these lines has been hindered primarily by the lack of
efficient transfection protocols that allow for exogenous pro-
tein expression in macrophages. Nevertheless, an attractive
hypothesis to explain the block in mycobacteria-phagosome
maturation entails mycobacterial manipulation of the host
cell machinery so as to limit fusion between early and late
endosomes with phagosomes and thereby prevent phago-
some maturation.

The Rab proteins are members of the Ras-superfamily of
low-molecular-weight GTPases that cycle between their ac-
tive GTP and inactive GDP bound forms and function as
molecular switches to promote vesicle fusion (Martinez and
Goud, 1998). Rab5 and Rab7 are two members of the Rab
family that facilitate early and late endosome fusion, respec-

tively (Feng et al., 1995; Li, 1996; Vitelli et al., 1997). The
GTPase-defective mutants of these Rab proteins are consti-
tutively active and accelerate vesicle fusion, whereas the
GDP-bound Rab mutants, which are incapable of nucleotide
exchange, limit vesicle fusion and function as dominant-
negatives mutants. More recently, it has been reported that
Rab5 also regulates fusion of endosomes with phagosomes
in an analogous manner to endosome-endosome fusion and
thus may play an important role in the phagosome matura-
tion process (Duclos et al., 2000).

We have examined the effect of perturbing the GTPase
cycles of Rab5 and Rab7 to define the importance of early
and late endosome fusion events during phagosome matu-
ration in primary macrophages infected with M. avium 101.
This pathogenic strain of M. avium, originally isolated from
an AIDS patient, is retained within an early phagosome
compartment in infected murine macrophages (Xu et al.,
1994). Using a retroviral transduction system, we were able
to successfully express wild-type, constitutively active, or
dominant negative forms of Rab5 and Rab7 in primary
murine bone marrow macrophages. Our studies described
here address whether constitutively active Rab5 or Rab7
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would facilitate the transport of the mycobacteria to a late
endosome/lysosome compartment and whether limiting en-
dosome fusion with the mycobacteria phagosome, through
the expression of dominant negative Rab mutants, results in
altered trafficking of the mycobacteria. We show that fusion
of phagosomes with early endosomes and an adequate iron
supply are important for mycobacteria to halt the phago-
some maturation process.

MATERIALS AND METHODS

Bone Marrow Macrophage Isolation and Culturing
Bone marrow macrophages (BMMs), used in all experiments were
isolated from 6–10-week-old BALB/c mice as previously described
(Bohlson et al., 2001). The isolated macrophages were cultured on
100-mm nontissue culture plates in DMEM (GIBCO BRL, Grand
Island, NY) supplemented with 20 mM HEPES (Fisher Scientific,
Fair Lawn, NJ), 10% fetal bovine serum (FBS; GIBCO BRL), 100
U/ml penicillin and 100 �g/ml streptomycin (BioWhittaker, Walk-
ersville, MD), 2 mM l-glutamine, and 20% L-cell supernatant as a
source of macrophage colony-stimulating factor (BMM medium).
The macrophages were used 7–10 d after isolation or frozen after 7 d
of culture in freezing media (50% DMEM, 40% FBS, and 10% endo-
toxin-tested dimethyl sulfoxide (DMSO, Sigma, St. Louis, MO).
Thawed or fresh macrophages were cultured on nontissue culture
plates for 3–7 d and then replated at �2 � 105 cells per glass
coverslip (Fisher Scientific, Pittsburg, PA) in 6-well tissue culture
plates (Corning Incorporated, Corning, NY). Cells were allowed to
adhere for 18–24 h before treatments with bacteria and virus. All
tissue culture reagents were found to be negative for endotoxin
contamination by the E-Toxate assay (Sigma).

M. avium Culturing and FITC Labeling
To generate fluorescein isothiocyanate (FITC)-labeled M. avium 101
stocks, the bacteria were passaged through a mouse to ensure
virulence. A single colony was used to produce frozen stocks.
Before freezing, cultures were pelleted and washed with Hanks’
buffered saline solution (HBSS; GIBCO) supplemented with 1%
bovine serum albumin (BSA; ICN Biochemicals Inc., Aurora, OH).
For some experiments, M. avium was thawed and immediately
heat-killed by incubating the mycobacteria at 85°C for 30 min.
Plating the treated M. avium confirmed that �99% of the mycobac-
teria was incapable of growth. Cultures were resuspended in boric
acid buffer, pH 9.2, containing 1.5 mg/ml FITC powder (Sigma)
dissolved in DMSO (Sigma) and incubated at 37°C for 2 h. Cultures
were washed with HBSS supplemented with 1% BSA to remove any
residual buffer and pelleted. FITC-labeled cultures were resus-
pended and frozen as described (Bohlson et al., 2001). Frozen stocks
were quantified by serial dilution.

Complement Opsonization
Appropriate concentrations of mycobacteria were suspended in
macrophage culture media containing 10% horse serum (GIBCO) as
a source of complement components (Bohlson et al., 2001) and
incubated for 2 h at 37°C. The complement opsonized M. avium was
directly added to BMMs at a 10:1 bacilli-to-macrophage ratio for all
infection experiments, and the infections were performed as de-
scribed (Roach and Schorey, 2002).

Generation of Retroviral Expression Plasmids and
Ecotrophic Retrovirus
The retroviral expression plasmids were constructed by subcloning
cDNAs encoding human wild-type Rab5, Rab5(Q79L), Rab5(S34N),
and canine wild-type Rab7, Rab7(Q67L), and Rab7(S22N) (gener-

ously provided by Dr. C. D’Souza-Schorey, University of Notre
Dame, Notre Dame, IN) into the retroviral plasmid pLZRS-IRES-
NEO (generously provided by Dr. J. Collard, NKI, Amsterdam,
Netherlands). The vector pLZRS-IRES-NEO encodes a multicloning
site, followed by an IRES (internal ribosome entry site) sequence, the
neomycin resistance gene (NEO), and oriP (origin of replication of
the Epstein-Barr virus; Michiels et al., 2000). Expression plasmids
containing the cDNA of the various Rabs were tagged at the 5� end
with a sequence encoding a 10-amino acid peptide from hemagglu-
tinin (HA; Palacios et al., 2001). The Rab5s, originally in pCDNA 3.1,
were removed by XbaI digestion and subcloned into a
pCDNA3.1(�) containing the HA tag coding sequence to create an
inframe fusion between the HA tag and the Rab5. These HA-Rab5
constructs were sequenced to confirm the correct reading frame and
point mutations.

The pCDNA-HA-Rab5s were digested with ClaI and NotI and the
HA-Rab5 coding sequences were cloned into the BstBI and NotI sites
of pLZRS-IRES-NEO. The PCR-based amplification of the Rab7s
used a 5� primer (ATCGATATGTACCCATATGACGTTCCA-
GACTACGCGATGACCTCTAGGAAGAAAGTG), which con-
tained a ClaI restriction site, the HA epitope sequence, and 21 base
pairs of the Rab7 N-terminal sequence and a 3� primer (GCGGC-
CGCACTCTGTGCTCTGCTCTCAC) ,which contained a NotI re-
striction site, followed by the complement of the Rab7 C-terminal
sequence. The PCR product was subcloned into the pGEM expres-
sion vector (Promega, Madison, WI) using the PCR-generated aden-
osine overhangs. The HA-Rab7 constructs were sequenced to con-
firm the proper reading frame and DNA sequence. ClaI- and NotI-
digested HA-Rab7 coding sequence was cloned into the ClaI and
BstBI sites of pLZRS-IRES-NEO. These pLZRS Rab clones were
transfected into the Phoenix (�NX) cell line and used for generating
the ecotrophic retrovirus as described elsewhere (Michiels et al.,
2000). In brief, �NX cells were seeded onto 6-well tissue culture
dishes (Corning Inc.) and transfected using standard calcium phos-
phate procedure. Cells were incubated in culture media for 24 h, the
medium was replaced, and virus was collected after 48 h. Virus-
containing supernatants were stored at �80°C for up to 6 months
and were subjected to no more than one freeze-thaw cycle.

Transduction of BMMs
BMMs on glass coverslips were infected with complement opso-
nized M. avium 101 as indicated above before transduction with the
Rab-containing retrovirus. One milliliter of freshly thawed retrovi-
rus-containing supernatant mixed with 1% DOTAP liposomal trans-
fection reagent (Boehringer Mannheim, Indianapolis, IN) was
added to the BMMs. Retroviral infection was allowed to proceed for
4 h at 37°C. Cells were gently washed in phosphate-buffered saline
(PBS) and then incubated in normal growth media. Forty-eight
hours after incubation, the cells were fixed and processed for anti-
body staining.

Antibody Staining and Immunofluorescence Labeling
The immunofluorescence staining and confocal microscopy were
conducted as previously described (Boshans et al., 2000). Briefly,
infected cells were fixed in 2% paraformaldehyde (Sigma) in PBS.
Fixed cells were permeabilized with 0.02% Triton X-100 (Sigma),
blocked with 0.2% BSA and 0.02% gelatin (Sigma), and washed with
PBS, 1% BSA. The anti-mouse mAb against HA (Covance, Berkeley,
CA), the anti-rat mAb against Lamp1 (1D4B; The Developmental
Hybridoma Bank, University of Iowa) and the anti-rabbit polyclonal
antibody against transferrin receptor (Santa Cruz Biotechnology,
Santa Cruz, CA) were used at a 1:100 dilution in PBS, 1% gelatin. All
secondary antibodies were obtained from Chemicon International
(Temecula, CA) and used at a dilution of 1:600 in PBS, 1% gelatin.

Fluorescent Dextran Uptake by Macrophages
Fluid phase ingestion of Dextran by macrophages was conducted as
previously described (Racoosin and Swanson, 1993; Thilo et al.,
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1995). Briefly, 10,000 molecular weight, lysine fixable Texas-red
Dextran (Molecular Probes, Eugene, OR) was added to cells at a
concentration of 1.5 mg/ml. Cells were incubated at 25°C for 5 min,
washed extensively with PBS, and incubated at 37°C, 5% CO2 for 30
min to chase the dextran to the lysosome. Cells were fixed and
processed for immunofluorescence as described above.

Iron Loading Assays
For the 72-h time point, 100 �M ferric ammonium citrate (FAC;
Sigma) was added to the culture media of M. avium–infected BMMs.
These infected BMMs were incubated in the presence of FAC for
24 h before viral transduction. The FAC was maintained in the
culture media throughout the remaining 48-h incubation. For the
48-h time point, 100 �M FAC was added to the opsonization media
of the M. avium in an attempt to preload the mycobacteria with iron
before macrophage infection. BMMs were infected with the iron-
loaded bacteria followed immediately by the viral transduction.
FAC was again maintained in the culture media throughout the
remaining 48-h incubation. For experiments using transferrin-
linked FAC, apotransferrin (Sigma) was incubated with FAC at a 2:1
ratio overnight at 4°C and concentrated in an Amicon concentrator
(Amicon, Beverly, MA) followed by two washes of the retentate as
described (Olakanmi et al., 2000).

Gallium Treatment
Mycobacteria and macrophages were treated with Gallium as pre-
viously described (Olakanmi et al., 2000). Briefly, glass coverslips
were added to each well of a 6-well tissue culture plate (Corning
Inc.), and BMMs were plated at 2 � 105 cells per well. Cells were
allowed to adhere for 18–24 h. To limit the amount of available iron
to the BBMs, cells were cultured in media containing DMEM and
supplemented with 1% FBS for 24 h before treatment with bacteria
and gallium. M. avium was opsonized in the presence of 500 �M
gallium. BMMs in DMEM, 1% FCS were infected with the gallium-
loaded bacteria. The infections were performed as described above.
Gallium at 500 �M was added to the BMM growth media during the
infection. Cells were then fixed and stained as described above.

Mycobacteria Killing Assay
BMMs, 1 � 106, on glass coverslips were infected with complement
opsonized M. avium 101 at a 30:1 bacilli-to-macrophage ratio and
were left untreated or transduced with Rab5 WT, Rab5(S34N) or
Ev-Neo–containing retrovirus as described above. Immediately
postviral transduction, coverslips containing infected, transduced,
or nontransduced cells were either removed from the well and lysed
for 2 min with 200 �l of 1% IGEPAL (Sigma) in PBS (initial infection
load) or incubated for 2, 5, 8, or 12 d in fresh BMM media before
lysis. Supernatants were collected at each time point and spun at
14,000 � g for 10 min to pellet any released bacilli, and the pellet
was pooled with the cell lysis. The M. avium was quantitated by
serial dilution on Middlebrook 7H10/OADC (Bector Dickinson,
Sparks, MD) agar plates.

Statistical Analysis
Data were analyzed by a one-tailed Student’s t test. Statistical sig-
nificance was assumed at p � 0.05. For all immunofluorescence n �
3 or greater and error bars represent SD.

RESULTS

Expression of Rab5 and Rab7 in Primary Murine
Bone Marrow–derived Macrophages
A disruption of Rab5 or Rab7 function presents an attractive
hypothesis to explain the halt in phagosome maturation in

cells infected with mycobacteria. The difficulty with this
type of analysis has been the expression of Rab (or other)
proteins in macrophage cell lines and, even more problem-
atic, in primary macrophages. Here we have used a “second
generation” retroviral expression system (Michiels et al.,
2000) to successfully transduce Rab5, Rab7, and mutants
thereof, into primary murine BMMs.

As described in MATERIALS AND METHODS, HA-
tagged wild-type and mutant Rab5 and Rab7 genes were
subcloned into the retroviral expression vector pLZRS-IRES-
NEO. Plasmids were transfected into the ecotrophic packag-
ing cell line, Phoenix (�NX), for generation of recombinant
ecotropic virus capable of infecting rodent cells, as previ-
ously described (Michiels et al., 2000). Mouse BMMs were
infected with recombinant virus and 48 h postinfection,
expression of Rab proteins was assessed by immunofluores-
cence microscopy. We first examined the distribution of
wild-type Rab5. As shown in Figure 1, confocal microscopy
of the transduced BMMs showed a punctate staining pattern
characteristic of endosome distribution (Zerial, 1993; Wood-
man, 2000b). Only a low background staining pattern was
detected under identical conditions when BMMs were in-
fected with “empty” retrovirus containing the pLZRS vector
alone. Using an approach similar to that described above,
we examined the distribution of the activated and dominant
negative Rab5 mutants, Rab5(Q79L) and Rab5(S34N), re-
spectively. Both Rab5 mutants exhibited a punctate “endo-
some-like” staining pattern (Figure 1). Furthermore, in all
cases, BMMs expressing the recombinant Rab5s ranged from
85 to 100%.

Next, we generated recombinant viruses expressing HA-
tagged wild-type Rab7 and its activated and dominant neg-
ative mutants, Rab7(Q67L) and Rab7(S22N), respectively.
Rab7 and its mutants also exhibited a punctate staining
pattern characteristic of late endosomes and showed expres-
sion efficiency similar to that with Rab5 (our unpublished
results).

Colocalization of M. avium with Rab5 and Rab 7
in Transduced Macrophages
To determine if phagosomes containing mycobacteria ac-
quired Rab5 and Rab7 proteins, we first infected BMMs with
FITC-labeled M. avium 101 followed by infection with retro-
virus encoding HA-tagged wild-type Rab5 and Rab7. Forty-
eight hours postinfection, the distribution of mycobacteria
and Rab proteins were visualized by confocal immunofluo-
rescence microscopy. As shown in Figure 2, almost all of the
mycobacteria-containing phagosomes were positive for
Rab5 (Figure 2, A and D), whereas significantly fewer were
positive for Rab7 (our unpublished results and Figure 2E).
This is in agreement with previous reports indicating that
live pathogenic mycobacteria are retained within an early
phagosome compartment which contain Rab5 but not Rab7
(Deretic et al., 1997).

Next we examined the distribution of mycobacteria rela-
tive to constitutively active or dominant negative forms of
Rab5 in transduced BMMs. As indicated in Figure 2 there
was a significant difference between the number of myco-
bacteria phagosomes that were positive for Rab5(Q79L), the
GTP-bound, compared with Rab5(S34N), the GDP-bound,
mutant (Figure 2, B, C, and D). As observed for wild-type
Rab5, Rab5(Q79L) was present on the mycobacterial phago-
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some. In marked contrast, only 38% of the mycobacteria
stained positive for Rab5(S34N). The decreased overlap of
dominant negative Rab5 with the mycobacteria phagosome
may result from decreased fusion of endosomes with phago-
somes, as has been previously described in Rab5(S34N)-
expressing cells (Woodman, 2000a). We also examined in-
fected BMMs for the distribution of FITC-labeled M. avium
with constitutively active (Q67L) and dominant-negative
(S22N) Rab7. As shown in Figure 2D only a limited number
of mycobacterial phagosomes stained positive for the Rab 7
mutant proteins.

Mycobacterial Trafficking in Macrophages
Expressing Wild-type or Mutant Rab5 or Rab7
The previous experiments suggest that the mycobacteria
were retained within an early phagosomal compartment in
BMMs expressing WT or Rab5(Q79L). To further define the
mycobacterial cellular localization, we used confocal immu-
nofluorescence microscopy to determine if the transferrin
receptor (TR) or the lysosome-associated membrane protein
1 (LAMP1) localized to the mycobacterial phagosome in
Rab5 transduced BMMs. As predicted, in wild-type and
Rab5(Q79L)-expressing cells we observed �80–95% of the
mycobacterial phagosomes to stain positive for the trans-
ferrin receptor, an early/recycling endosome marker,
whereas only �10–15% contained detectable LAMP1, a late
endosome/lysosome marker (Figure 3A-B, D-E, and G). This
suggests that an increased level of active Rab5 in BMMs is
not sufficient to force the mycobacterial phagosome through
the maturation process. In contrast, the mycobacterial
phagosomes in BMMs expressing the dominant negative
Rab5 showed limited TR staining and increased LAMP1
staining compared with cells expressing Rab5 WT (Figure 3,

C, F, and G). LAMP2, another late endosome/lysosome
marker, also colocalized with M. avium 101 in BMMs ex-
pressing Rab5(S34N; Figure 3H). These studies suggest that
expression of Rab5(S34N) results in increased transport of
M. avium to a late endosome or lysosome compartment. This
finding was unexpected because Rab5(S34N) has previously
been shown to reduce the rate of ligand trafficking (McCaf-
frey et al., 2001). However, we did observe other features
characteristic of the Rab5 mutants, including enlarged and
fragmented TR-positive endosomes in Rab5(Q79L) and
Rab5(S34N) expressing BMMs (Figure 3, B and C, respec-
tively).

Similar staining studies were done with wild-type and mu-
tant Rab7s. Unlike the Rab5 results, we observed no significant
differences in transduced BMMs between vector alone, wild-
type, Q67L and S22N Rab7 in the TR and LAMP1 staining of
the mycobacteria phagosome (Figure 3G).

To further compare our system with published data, we
evaluated the transport of the fluid phase marker dextran
through the endocytic pathway in Rab5-transduced BMMs.
The murine BMMs were retrovirally infected with Rab5 WT,
Q79L and S34N expression constructs and then treated with
Texas Red–labeled dextran as described in the MATERIALS
AND METHODS. As predicted, dextran was rapidly trans-
ported to a LAMP1-positive compartment in BMMs express-
ing WT or Rab5(Q79L; Figure 4, B and C). However, in
BMMs expressing Rab5(S34N), colocalization of dextran
with LAMP1 was markedly diminished compared with con-
trol cells (Figure 4, A and D). This indicates that the domi-
nant-negative Rab5-expressing BMMs are limited in their
endocytosis and trafficking, as predicted from previous
studies in cells expressing Rab5(S34N; Barbieri et al., 1994; Li
et al., 1994). Thus, although expression of Rab5(S34N) mark-

Figure 1. HA-Rab5 expression in trans-
duced murine macrophages. BMMs were
transduced with HA-tagged Rab5 WT (A),
Rab5(Q79L) (B), or Rab5(S34N) (C). The ex-
pression and distribution of Rab5 in trans-
duced BMMs was determined by confocal
immunofluorescence microscopy using a
mAb specific to the HA tag. Rab5-transduced
BMMs show a characteristic punctate pattern.
Background levels of HA staining were de-
termined by using the anti-HA antibody on
BMMs transduced with untagged Ev-Neo (D)
and visualizing the macrophages under con-
ditions identical to those used with the HA-
Rab–transduced BMMs. Image bar, 16 �m.
Confocal sections, 0.5 �m.

M. avium Trafficking and Iron Acquisition

Vol. 14, August 2003 3369



Figure 2. Colocalization of M. avium 101
with Rab5 but not Rab7 in transduced BMMs.
BMMs were infected with M. avium 101 and
with retrovirus encoding for HA-tagged Rab5
WT (A), Rab5(Q79L) (B), and Rab5(S34N) (C).
Transduced macrophages were labeled for
HA-tagged Rab proteins (red), and colocal-
ization with the FITC-labeled bacilli (green)
was determined by confocal immunofluores-
cence microscopy. Coincident staining ap-
pears yellow in the merged images. The num-
ber of mycobacterial phagosomes (n � 50 per
experiment) that colocalize with the HA-Rab
proteins were determined and expressed as the
mean � SD for three separate experiments (D).
Significant differences were observed between
Rab5(S34N) and Rab5 WT in their colocaliza-
tion with the M. avium phagosome. *p � 0.0001.
Image bar, 16 �m. Confocal sections, 0.5 �m.
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Figure 3. Trafficking of M. avium 101 to a
LAMP1-positive, TR-negative compartment
in macrophages expressing Rab5(S34N).
BMMs expressing HA-tagged Rab5 WT (A
and D), Rab5(Q79L) (B and E), or Rab5(S34N)
(C and F) were stained for TR (red, A–C) or
LAMP1 (red, d–F), and the amount of colo-
calization with M. avium 101 (green) was de-
termined by confocal immunofluorescence
microscopy. Coincident staining appears yel-
low in the merged images. The number of myco-
bacterial phagosomes (n � 50 per experiment)
that stained positive for TR or LAMP1 (G) or
LAMP2 (H) was quantified. Similar TR and
LAMP1 staining experiments were completed us-
ing Rab7-transduced BMMs, and the results were
quantified (G). The data are presented as the
mean � SD from three separate experiments.
Comparison between Rab5(S34N)- and Rab5
WT–expressing macrophages indicate significant
differences in the colocalization between the my-
cobacterial phagosome and endosome/lysosome
markers. (a) p � 0.0348, (b) p � 0.0001. Image bar,
16 �m. Confocal sections, 0.5 �m.

M. avium Trafficking and Iron Acquisition

Vol. 14, August 2003 3371



Figure 4.
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edly diminished fluid phase uptake and transport, it stimu-
lated M. avium transport to a late endosome/lysosome com-
partment.

M. avium within Rab5 S34N-expressing
Macrophages Showed Decreased LAMP1 Staining in
Cells Preloaded with Free Iron But Not Transferrin-
bound Iron

To further investigate the findings described above, we
tested the hypothesis that a limitation in iron acquisition by
M. avium, due to decreased fusion of mycobacteria phago-
somes with early endosomes, is responsible for the acquisi-
tion of late endosome markers in Rab5(S34N)-expressing
BMMs. Iron is required for mycobacterial growth (De Voss
et al., 1999; Lounis et al., 2001). Mycobacteria have evolved
high-affinity siderophores, exochelins, which function to
bind extracellular iron and mycobactins whose role is to
transport iron into the mycobacteria (Raghu et al., 1993).
Recent studies by Schlesinger and colleagues demonstrate
that inhibition of iron acquisition by intracellular M. tuber-
culosis in human BMMs results in increased killing of the
mycobacteria (Olakanmi et al., 2000). In these studies they
also showed that intracellular M. tuberculosis was accessible
to radiolabeled iron added to the macrophage culture me-
dia. Together, these data suggest that intracellular mycobac-
teria can obtain iron through the macrophage and that this
iron acquisition is required for their intracellular survival.

To test our hypothesis, we examined the effect of supple-
menting Rab5(S34N)-transduced BMMs with exogenous
iron. Previous studies have shown that nontransferrin-
bound iron can be absorbed by the human monocyte-like
cell line THP-1 (Scaccabarozzi et al., 2000). Additional stud-
ies with rat hepatocytes indicate that Fe-citrate can be taken
in by facilitated diffusion (Baker et al., 1998). Furthermore,
using 59Fe-chloride we observed that the BMMs can absorb
iron (our unpublished results). Therefore, we investigated
how “iron-loading” the M. avium would affect its trafficking
in Rab5(S34N)-expressing BMMs. In dominant-negative
Rab5-expressing cells, incubated with 100 �M Fe-citrate,
there was a significant decrease in the number of M. avium
phagosomes staining positive for LAMP1 compared with
non–iron-treated macrophages (Figure 5A). The addition of
Fe-bound transferrin to Rab5(S34N)-transduced BMMs us-
ing the same protocol indicated for Fe-citrate had no affect
on M. avium transport to a LAMP1-positive compartment
(Figure 5B). This is likely due to limited uptake of trans-
ferrin-bound iron in cells expressing dominant-negative
Rab5 (Stenmark et al. 1994) and the already high concentra-
tion of transferrin-bound iron in fetal calf serum.

Iron is known to have various effects on host cell activities
including increased expression of TNF-� mRNA and TNF-�
secretion in PMA-differentiated THP-1 cells (Scaccabarozzi
et al., 2000). Therefore, we tested whether the influence of
iron on mycobacterial localization was specific to BMMs
expressing Rab5(S34N) or whether it had a general effect on
mycobacterial trafficking. As shown in Figure 6, we ob-
served minimal LAMP1 but strong TR staining of M. avium
phagosomes in nontransduced BMMs or macrophages
transduced with pLZRS or Rab5 WT in the presence of
Fe-citrate, similar to our earlier findings (see Figure 3). This
indicates that treatment of BMMs with Fe-citrate is not af-
fecting the positioning of the mycobacteria within the endo-
cytic pathway unless the BMMs are expressing the dominant
negative Rab5.

Figure 4 (facing page). Minimal colocalization between dextran
and LAMP1 in Rab5(S34N)-expressing macrophages. BMMs were
infected with retrovirus containing the pLZRS constructs: Ev-Neo
(A), Rab5 WT (B), Rab5(Q79L) (C), and Rab5(S34N) (D). Transduced
BMMs were incubated with 1.5 �g of Texas-Red–labeled dextran for
5 min, washed, and incubated for an additional 30 min with fresh
BMM media to chase the dextran to the lysosome. BMMs were then
fixed, permeabilized, and stained for LAMP1 (green). Coincident
staining appears yellow in the merged images. Data shown is rep-
resentative of three separate experiments. Image bar, 16 �m. Con-
focal sections, 0.5 �m.

Figure 5. The addition of Fe-citrate to Rab5(S34N)-expressing mac-
rophages significantly decreases the number of LAMP1-positive M.
avium 101 phagosomes. The M. avium 101-infected BMMs expressing
the Rab5(S34N) mutant were treated with 100 �M Fe-citrate (A) or with
100 �M of iron complexed to transferrin (B) for either 48 or 72 h before
fixing and staining the macrophages for LAMP1. As controls some
Rab5(S34N)-expressing BMMs infected with M. avium 101 were left
untreated. The degree of colocalization between the mycobacterial
phagosome and LAMP1 was determined as described in Figure 3. The
data are presented as the mean � SD from three separate experiments.
Comparison between iron-treated and untreated transduced macro-
phages. (a) p � 0.0022, (b) p � 0.0006.
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Further support for iron having a direct effect on my-
cobacteria comes from our experiments using gallium, a
group IIIA metal. Gallium (Ga) can be absorbed by mac-
rophages in a transferrin-dependent and -independent
manner and can substitute for iron in many biomolecular
complexes (Chitambar and Zivkovic, 1987; Olakanmi et
al., 1994). However, Ga is unable to undergo redox cycling
and therefore disrupts the function of many iron-binding
proteins such as ribonucleotide reductase, thus affecting
DNA replication (Chitambar et al., 1988). Olakanmi and
colleagues found that addition of Ga to M. tuberculosis–
infected human macrophages resulted in increased killing
of the mycobacteria, which was likely preceded by in-
creased phagosome-lysosome fusion (Olakanmi et al.,
2000). We found that addition of 500 �M Ga-citrate to M.
avium–infected macrophages resulted in a significant in-
crease in colocalization between LAMP1 and mycobacte-
ria compared with infected control BMMs (29.8 � 80% of
M. avium phagosomes staining positive for LAMP1 in
Ga-treated BMMs compared with 8.0 � 1.1% in untreated
infected cells; mean � SD from three separate experi-
ments). These results support our hypothesis that an ad-
equate iron concentration within the M. avium phagosome
is required for mycobacteria to maintain its block of the
phagosome maturation process.

Previous studies have demonstrated that killed mycobac-
teria show increased trafficking to late endosome/lysosome
compartments compared with live bacilli (Clemens and
Horwitz, 1995), suggesting that metabolic activity is re-
quired for mycobacteria to maintain itself within an early
phagosome compartment. Therefore we would predict that
addition of iron would not affect transport of dead myco-
bacteria through the phagosome maturation process in
Rab5(S34N)-expressing BMMs. As shown in Figure 7, colo-
calization between LAMP1 and heat-killed M. avium in mac-
rophages expressing dominant-negative Rab5 was not ef-
fected by the addition of iron. Further, expression of
Rab5(S34N) in BMMs did not result in increased transport of
heat-killed M. avium to a LAMP1-positive compartment

compared with nontransduced, pLZRS, or Rab5 WT trans-
duced BMMs, indicating that the effect of dominant negative
Rab5 on M. avium transport is limited to live, metabolically
active mycobacteria.

As noted above, limiting accessibility of phagocytosed M.
tuberculosis to iron resulted in decreased mycobacteria via-
bility (Olakanmi et al., 2000). To determine if this was also
the case for BMMs expressing Rab5(S34N), we infected
transduced and control BMMs with M. avium 101 and de-
fined colony counts overtime (6 h to 12 d). As shown in
Figure 8, there was a significant decrease in colony-forming
units isolated from Rab5(S34N)-expressing BMMs over the
12-d infection period. This was not observed for the Rab5
WT or pLZRS-transduced BMMs or for nontransduced cells,
indicating that expression of Rab5(S34N) in BMMs results in
decreased M. avium viability. This is likely due, at least in
part, to decreased accessibility of M. avium to iron in these
transduced cells.

DISCUSSION

Pathogenic mycobacteria reside and replicate within the
phagosomal compartment of macrophages. The mycobacte-
ria containing phagosome resists fusion with late endo-
somes and lysosomes, and this inhibition is critical for the
mycobacterium’s intracellular survival (Clemens, 1996; De-
retic and Fratti, 1999; Fratti et al., 2001). However, studies
indicate that mycobacterial phagosomes are capable of lim-
ited membrane fusion and acquire various plasma mem-
brane and endosomal markers including the transferrin re-
ceptor and the ganglioside GM1 (Russell et al., 1996).
Together, the published data suggest that phagosomes con-
taining pathogenic mycobacteria are selective in their fusion
with other membrane vesicles and do not mature to form a
phagolysosome. How mycobacteria modify the phagosome

Figure 6. Addition of Fe-citrate to macrophages transduced with
Rab5 WT or Ev-Neo had no effect on M. avium trafficking. BMMs
infected with M. avium 101 were left untreated or retrovirally trans-
duced with the Rab5 WT or Ev-Neo pLZRS constructs. The infected
BMMs were incubated with Fe-citrate as described in Figure 5. The
cells were fixed, permeabilized, and stained for either LAMP1 or
TR. The number of mycobacterial phagosomes (n � 50 per experi-
ment) that colocalize with LAMP1 or TR was determined and
expressed as the mean � SD for three separate experiments.

Figure 7. Addition of Fe-citrate had no effect on the colocalization
of LAMP1 with phagosomes containing heat-killed M. avium in
macrophages expressing Rab5(S34N). BMMs infected with heat-
killed M. avium 101 were left untreated or retrovirally transduced
with Rab5 WT, Rab5(S34N), or Ev-Neo pLZRS. The infected BMMs
were incubated with Fe-citrate for 48 h as described in Figure 5. The
fixed and permeabilized cells were stained for LAMP1. The number
of mycobacterial phagosomes that colocalized with LAMP1 were
quantitated and expressed as the mean � SD from three separate
experiments.
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maturation/membrane fusion process remains elusive.
However, recent data suggest that the mycobacteria actively
block phagosome maturation by manipulation of the host
cell endosome machinery. Specifically, recent studies by
Fratti et al. (2001) have demonstrated that phagosomes con-
taining mycobacteria or mycobacterial products fail to re-
cruit EEA1, an effector molecules important in phagosomal
biogenesis. Additionally, mycobacterial phagosomes con-
tain a degraded form of cellubrevin, a molecule also impli-
cated in phagosome maturation (Fratti et al., 2002).

Our ability to dissect the mechanism by which mycobac-
teria inhibit the phagosome maturation process would be
facilitated by introducing various molecules involved in the
vesicle fusion process and then determine their effect on
mycobacterial trafficking. However, introducing genes into
primary macrophages, the host cell for mycobacteria, has
been problematic. We have used a second generation retro-
virus transduction system to introduce genes into murine
bone marrow–derived macrophages (Michiels et al., 2000).
This system has a number of advantages: 1) the genes intro-
duced into the macrophage are inserted into the chromo-
some, maintaining increased stability of the DNA compared
with episomally replicating plasmids, 2) expression levels
using retroviral systems are typically 2–3-fold higher than
endogenous protein and therefore problems associated with
marked protein overexpression are not observed, and 3) we
were able to consistently obtain �85% of the primary mac-
rophages to express recombinant protein by this method.

In our study we addressed whether Rab5 and Rab7 are
targets of the mycobacteria in modulating the phagosome
maturation process by introducing these proteins in their
wild-type, constitutively active and dominant negative
forms into murine BMMs. The small-molecular-weight GT-
Pases Rab5 and Rab7 are important in trafficking material

through the endocytic pathway. Rab5 functions in both en-
docytosis from the plasma membrane and homotypic fusion
between early endosomes (Li, 1996; Somsel Rodman and
Wandinger-Ness, 2000). Rab7 regulates transport from the
early endosome to the late endosome (Feng et al., 1995;
Mohrmann and van der Sluijs, 1999). Previous studies, using
the murine macrophage cell line J774, indicate that M. bovis
BCG phagosomes retain Rab5 but fail to acquire Rab7 (Via et
al., 1997). Our studies with primary murine macrophages
also showed M. avium phagosomes to retain wild-type or
constitutively active Rab5 and exclude wild-type or consti-
tutively active Rab7. This suggests that increased expression
of activated Rab5 or Rab7 does not alter the trafficking of the
M. avium significantly. This was supported by the colocal-
ization of the M. avium phagosome with the transferrin
receptor but not LAMP1, indicating retention of the myco-
bacteria in an early endosome/recycling compartment.

An interesting result from our studies was the augmented
LAMP1 and LAMP2 staining of the M. avium phagosome in
macrophages expressing the dominant negative Rab5, indi-
cating an increased transport to a late endosome/lysosome
compartment. This was specific since expression of domi-
nant negative Rab7 in BMMs had no effect on M. avium
trafficking compared with nontransduced cells. Our results
were unexpected as previous studies have shown decreased
endocytosis of transferrin receptor in Rab5(S34N)-express-
ing cells (Stenmark et al., 1994). Expression of Rab5(S34N)
also decreases transport of endocytosed material to a lyso-
somal compartment as indicated by a 50% reduction in LDL
and EGF degradation in transfected HeLa cells (McCaffrey et
al., 2001). Our results from the dextran uptake experiments
also suggest a role for Rab5(S34N) in the endocytic process
because colocalization between intracellular LAMP1 and
Texas Red–labeled dextran was significantly diminished in
Rab5(S34N)-expressing BMMs compared with control cells.
However, these results may be due primarily to the impor-
tance of Rab5 in the endocytic process rather then its role in
the maturation of early endosomes to late endosomes and
fusion with lysosomes. This is supported by our data with
the heat-killed mycobacteria where we observed no differ-
ence in trafficking of the dead M. avium to a LAMP1-positive
compartment between WT and dominant negative Rab5-
expressing BMMs.

Insight into a potential explanation for the increased
transport of M. avium to a LAMP1- and LAMP2-positive
compartment in Rab5(S34N)-expressing macrophages came
from our TR localization studies. As expected, there was a
significant decrease in TR staining of the M. avium phago-
some in Rab5(S34N)-expressing macrophages compared
with controls. Therefore, a decrease in transferrin bound
iron within the M. avium phagosome would be expected.
Mycobacteria, like many pathogenic bacteria, are exquisitely
sensitive to iron deprivation (Lounis et al., 2001). Analysis of
the M. tuberculosis genome suggests that iron is an obligate
cofactor for at least 40 different enzymes (De Voss et al.,
1999). It is involved, when complexed with heme, in electron
transport and oxygen metabolism (De Voss et al., 1999).
Nonheme iron is also a cofactor for proteins involved in
amino acid and pyrimidine biosynthesis as well as enzymes
such as ribonucleotide reductase involved in DNA synthesis
and superoxide dismutase (Edwards et al., 2001). However,
whether iron serves as a cofactor for mycobacterial enzymes

Figure 8. Killing of M. avium 101 in macrophages expressing
Rab5(S34N). Triplicate wells of BMMs were infected with M. avium
and either left untreated or retrovirally transduced with the Rab5
WT, Rab5(S34N), or Ev-Neo pLZRS constructs. One set of infected
BMMs were harvested immediately after the viral transduction and
this served as the initial infection load (i.e., 100%). Infected BMMs
were also harvested after 2, 5, 8, and 12 d. Bacilli from lysed BMMs
were quantitated by serial dilution and expressed, for each set of
transductions, as percent of initial infection load �SD. Initial infec-
tion loads were: 3.95 � 106 for nontransduced cells, 7.44 � 106 for
Ev-Neo, 3.68 � 106 for Rab5 WT, and 1.13 � 107 for Rab5(S34N)-
transduced BMMs. A representative of two experiments is pre-
sented. *p � 0.035.
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required for blocking the phagosome maturation process
has yet to be determined.

An important aspect of the host defense against bacterial
pathogens is restriction of available iron. Natural resistance
associated membrane protein 1 (Nramp1) is a well-known
example of a protein whose activity is associated with resis-
tance to various intracellular pathogens including Leishma-
nia, Salmonella, and Mycobacterium (Vidal et al., 1995; Bel-
lamy, 1999). Nramp1 is expressed in macrophages and its
expression is upregulated with IFN-� treatment, an impor-
tant cytokine involved in controlling intramacrophage
pathogens (Govoni et al., 1995; Atkinson et al., 1997). Func-
tional studies with different Nramp homologues suggest
that this class of protein functions to transport divalent
cations, including iron, across membranes (Forbes and Gros,
2001). Therefore, a likely role for Nramp1 is to pump iron
out of the phagosome, thus limiting the amount of iron
available for the pathogenic mycobacteria (Forbes and Gros,
2001).

There are also clinical data showing a strong correlation
between iron overload in patients and enhanced risk of
death due to tuberculosis (Murray et al., 1978). Animal stud-
ies suggest that iron may be a limiting factor during a
mycobacterial infection, because mice fed an iron-rich diet
have a higher M. avium infection load than mice fed a
normal iron diet (Dhople et al., 1996). Furthermore, studies
by Schaible et al. (2002) indicate that the increased suscepti-
bility of �-2 Microglobulin null mice to M. tuberculosis infec-
tion is due to iron overload. Finally, in vitro studies using
isolated macrophages also suggest that accessibility to iron
is essential for mycobacterial survival and replication in
macrophages (Olakanmi et al., 2000). More recent studies by
Olakanmi et al. (2002) indicate that the mycobacterial phago-
some can access iron both from endocytosed transferrin and
through some internal pool of iron.

On the basis of the above, we propose that expression of
Rab5(S34N) in macrophages limits the concentration of iron
within the M. avium phagosome, resulting in its inability to
inhibit the phagosome maturation process and increased
mycobacterial killing. As mentioned previously, dead my-
cobacteria are trafficked to the lysosome, and therefore met-
abolic activity of the Mycobacterium is important for this
inhibitory process. Our data support this hypothesis of iron
deprivation because “iron loading,” mediated by the addi-
tion of ferric citrate to the M. avium infected Rab5(S34N)-
expressing macrophages, resulted in a significant decrease
in LAMP1 staining of the M. avium phagosome. In contrast,
addition of ferric citrate had no affect on trafficking of heat-
killed mycobacteria in Rab5(S34N)-expressing macrophages.
Further, in control macrophages, or macrophages expressing
wild-type Rab5, where the availability of iron is not as
limited, we did not observe any effect of iron on M. avium
localization within the macrophage. Future analysis of the
genes regulated by iron may provide us with important
clues as to proteins required for Mycobacterium’s ability to
inhibit the phagosome maturation process.
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