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Impaired Macrophage Function Underscores Susceptibility to
Salmonella in Mice Lacking Irgm1 (LRG-47)1

Stanley C. Henry,* Xiaojou Daniell,†‡§ Maanasa Indaram,†‡§ John F. Whitesides,¶

Gregory D. Sempowski,¶ David Howell,# Tim Oliver,� and Gregory A. Taylor2*†‡§

IRG proteins, or immunity-related GTPases (also known as p47 GTPases), are a group of IFN-regulated proteins that are highly
expressed in response to infection. The proteins localize to intracellular membranes including vacuoles that contain pathogens in
infected macrophages and other host cells. Current data indicate that the IRG protein Irgm1 (LRG-47) is critical for resistance
to intracellular bacteria. This function is thought to be a consequence of regulating the survival of vacuolar bacteria in host
cells. In the current work, the role of Irgm1 in controlling resistance to Salmonella typhimurium was explored to further
define the mechanism through which the protein regulates host resistance. Irgm1-deficient mice displayed increased sus-
ceptibility to this bacterium that was reflected in increased bacterial loads in spleen and liver and decreased maturation of
S. typhimurium granulomas. The mice also displayed an inability to concentrate macrophages at sites of bacterial deposition.
In vitro, the ability of Irgm1-deficient macrophages to suppress intracellular growth of S. typhimurium was impaired.
Furthermore, adhesion and motility of Irgm1-deficient macrophages after activation with IFN-� was markedly decreased.
Altered adhesion/motility of those cells was accompanied by changes in cell morphology, density of adhesion-associated
proteins, and actin staining. Together, these data suggest that in addition to regulating the maturation of pathogen-con-
taining vacuoles, Irgm1 plays a key role in regulating the adhesion and motility of activated macrophages. The Journal of
Immunology, 2007, 179: 6963– 6972.

T he cytokine IFN-� is critical for innate immunity to in-
tracellular pathogens (1–4). IFN-� regulates immunity, in
large part, by stimulating the expression of proteins that

serve as effectors of IFN-�-regulated processes. Among these pro-
teins is a group of mammalian proteins that are known as immu-
nity-related GTPases (IRGs),3 also known as p47 GTPases (5–9).
This family of GTP-binding proteins is essential for IFN-�-regu-
lated resistance to intracellular bacteria and protozoa, with differ-
ent GTPases being required for resistance to different groups of
pathogens (9). Although progress has been made in defining their
roles in host resistance, detailed mechanisms that underlie their
functions have not been determined.

To date, p47 GTPase research has focused mainly on seven
mouse proteins known as Irgm1 (LRG-47) (10), Irgm2 (GTPI)
(11), Irgm3 (IGTP) (12), Irgd (IRG-47) (13), Irga6 (IIGP1) (11),
Irgb6 (TGTP) (7, 14, 15), and Irgb10 (16). The overriding roles of

the proteins in host defense were initially defined by characterizing
the responses of gene-targeted mice that lacked expression of
Irgm1, Irgm3, and Irgd to pathogens (17, 18). These and subse-
quent studies have shown, in general, that Irgm1 is required for
resistance to a broad range of intracellular bacteria and protozoa;
Irgm3 is required for resistance to a smaller group of protozoa and
a very limited range of bacteria such as Chlamydia trachomatis
(16); and Irgd plays a more limited role in host resistance (6, 8, 9).
The basis for their different roles in host resistance is not yet clear.
IRG proteins appear to be expressed at high levels in a variety of
hemopoietic and nonhemopoietic cells following parasitic and bac-
terial infection. Within these cells, they are bound to intracellular
membranes to varying degrees, ranging from 90% membrane-
bound for Irgm1 and Irgm3 (19, 20) to �10% membrane bound for
Irgd (20). The bulk of the membrane-bound forms of the proteins
localizes to the endoplasmic reticulum and/or Golgi compartments
(19, 20), but importantly, the proteins have also been found at the
plasma membrane (20) and in pathogen-containing vacuoles in
macrophages and astrocytes (20–22).

Multiple studies now support a role for IRG proteins in sup-
pressing the intracellular survival of protozoa and bacteria in host
cells, including macrophages and astrocytes. These data implicate
Irgm3 in restricting Toxoplasma gondii (22, 23) and C. trachoma-
tis (16) survival; Irgm1 in restricting Mycobacterium tuberculosis
(24), Trypanosoma cruzi (25), and Toxoplasma gondii (22); Irga6
in restricting T. gondii (21); and Irgd in restricting T. cruzi (26).
Because IRG proteins often localize to pathogen-containing vacu-
oles as the pathogen enters the host cell and remain with the vac-
uole as it is processed (20, 22), it has been suggested that the
proteins regulate processing of pathogen-containing vacuoles,
thereby governing growth and survival of the pathogen. At least
three different mechanisms have been suggested through which
IRG proteins may regulate survival of vacuolar pathogens, al-
though these mechanisms are not necessarily exclusive. The
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earliest to be proposed is that the IRG proteins promote maturation
of the pathogen-containing vacuoles, as evidenced by decreased
acidification and lysosome fusion of M. tuberculosis vacuoles in
Irgm1-deficient macrophages (24). Other studies have demon-
strated that Irga6 (21) and Irgm3 (27) promote “vesiculation” or
breakdown of the T. gondii vacuole in astrocytes and macro-
phages, leading to denuding of the pathogen and loss of intracel-
lular survival. Finally, a third mechanism suggests that the proteins
cause pathogen-containing vacuoles to enter an autophagic path-
way that leads to the demise of the pathogen, evidence for which
comes from experiments studying the roles of mouse Irgm1 (28)
and human IRGM (29) in controlling survival of M. tuberculosis in
macrophages and in studying the role of Irgm3 in controlling T.
gondii in macrophages (27). It remains to be determined whether
IRG proteins possess multiple functions or whether they have a
single function with varying manifestations in these different
contexts.

In the current article, we further explore the role of Irgm1 in host
resistance, using Salmonella typhimurium as a model bacterial
pathogen and focusing on macrophage-based mechanisms of host
resistance. We find not only that Irgm1 regulates survival of S.
typhimurium in macrophages, a function that has been documented
for Irgm1 using other pathogen models as mentioned above, but
that Irgm1 has wider reaching effects on macrophage function than
previously appreciated, including the regulation of adhesion and
motility of the cells following activation by IFN-�.

Materials and Methods
Mice and cell culture

Irgm1 (LRG-47)-deficient, Irgm3 (IGTP)-deficient, and Irgd (IRG-47)-
deficient mice used in these experiments have been described previ-
ously (18) and were generated and maintained according to Institutional
and Animal Car Committee-approved protocols at the Durham Veterans
Affairs and Duke University Medical Centers. The genetic backgrounds
of the mice were C57BL/6 � 129 SvImJ hybrid, C57BL/6 (backcrossed
for nine generations), or 129 SvImJ (backcrossed for six generations).
All three backgrounds were used in the experiments described in Fig. 1,
whereas the remaining studies used only mice on the C57BL/6
background.

Primary murine bone marrow macrophages (BMM) were isolated from
the tibia and femurs of 2- to 4-mo-old mice. Bone marrow was flushed
from the bones using a 27-gauge syringe filled with DMEM (Invitrogen
Life Technologies), the marrow was dispersed by drawing through the
needle three to four times, and RBC were lysed with ammonium chloride.
Adherent cells were cultured in BMM medium (DMEM supplemented
with 10% (v/v) FBS; HyClone) and 30% (v/v) L929 cell-conditioned me-
dium) for 5–6 days. The cells were cultured on petri dishes that were not
cell culture treated, which resulted in cultures that were loosely adherent
and easily removed from the plates with Cell Dissociation Buffer (no.
13150-016; Invitrogen Life Technologies). Twenty-four hours before all
experiments, the cells were placed in medium lacking L929-conditioned
medium (DMEM supplemented with 10% (v/v) FBS). Both wild-type
(WT) and Irgm1-deficient BMM were found to be at least 95% positive for
the F4/80 macrophage marker.

Bacteria

Two strains of S. typhimurium were used in these studies: a virulent strain
SL1344 (30) and an aroA� strain SL7731 (31, 32). The bacteria were
cultured overnight in Luria-Bertani (LB) broth without shaking.

In vivo bacterial infection

Bacteria were injected i.v. at 6 � 105 cells/mouse in a volume of 0.1 ml of
PBS. The SL7731 strain was used; it has a strong requirement for IFN-�-
induced mechanisms for host resistance (32) and is more easily handled

FIGURE 1. Decreased resistance to S. typhimurium in Irgm1-deficient
mice. A, WT (n � 5), Irgm1 KO (n � 4), Irgm3 (n � 5), and Irgd KO mice
(n � 4) (all on a C57BL/6-129SvIm/J hybrid background) were inoculated
i.v. with 106 CFU of S. typhimurium. Shown is survival of the mice. B–D,
Groups of at least five mice of the indicated strains were inoculated i.v.
with 106 CFU of S. typhimurium. Six days later, spleen and liver were
isolated and used for CFU determination. B, The mice were on a
C57BL/6-129SvIm/J hybrid background; C, a C57BL/6 background;
and D, a 129SvIm/J background. Error bars, SDs. In each case, the
increases in bacterial levels in Irgm1-deficient tissues relative to those

in WT tissues were statistically significant; for liver and spleen, respec-
tively, p values were 0.006 and 0.012 in B, 0.011 and 0.04 in C, and 0.04
and 0.008 in D.
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than the fully virulent strain. Inoculated mice were either followed for
survival or bacterial counts were determined by excising spleens and livers
sterilely, homogenizing portions of the organs in PBS, and plating serial
dilutions of the homogenate on LB agar plates. Colony counts were as-
sessed the following day, from which the total bacterial load per organ was
calculated.

Western blotting

Western blots were performed according to standard protocols using anti-
Irgm1 (LRG-47) and anti-Irgm3 (IGTP) Abs as described previously (12,
18).

Histology

Spleen and liver tissues were isolated from mice that had been infected
with S. typhimurium for the times indicated in the text. Tissues were pre-
served in buffered formalin and then processed for paraffin sectioning and
H&E staining.

Splenocyte phenotyping

The spleens of mice infected with S. typhimurium were isolated; spleen
cells were disaggregated and filtered through a cell strainer; RBC were
lysed with ammonium chloride lysis; and the remaining splenocytes were
concentrated by centrifugation at 500 � g. Direct immunofluorescence
staining was performed with anti-mouse, directly conjugated mAbs: anti-
CD3 PE (BD Biosciences), anti-Gr1 allophycocyanin (BD Biosciences),
anti-F4/80 PE-Cy5.5 (Caltag Laboratories), and anti-CD68-RPE (Sero-
tec). Surface staining was accomplished by mixing the cells with the
diluted Abs in PBS-Wash (PBS plus 1% (w/v) BSA plus 0.1% (w/v)
sodium azide), incubating for 45 min at 4°C, and then washing. Internal
staining (for CD68) was accomplished by permeabilizing the cells with
0.5% (w/v) saponin in PBS-Wash, incubating with the Ab in PBS-
Wash/saponin for 45 min at 4°C, and then washing. Stained cells were
fixed with 0.4% paraformaldehyde (w/v). Immunophenotype data were ac-
quired on a FACSVantage SE (BD Biosciences) and data were analyzed
with FlowJo software (Tree Star; Duke University Human Vaccine In-
stitute Flow Facility, Durham, NC). T cells were defined as CD3-pos-
itive cells, macrophages as CD68highF4/80int-highGr1low cells, and neu-
trophils as CD68lowF4/80lowGr1high cells (33).

In vitro bacterial survival assays

BMM were plated in 24-well plates at 0.35 � 106 cells/well. They were
exposed to varying concentrations of IFN-� (EMD Biosciences/Calbio-
chem) for 24 h. The cells were infected with S. typhimurium at a multi-
plicity of infection of two bacteria per macrophage. The bacteria were
added as a suspension in DMEM, the plates were centrifuged at 250 � g
for 5 min, incubated for an additional 10 min, and washed three times with
DMEM to remove extracellular bacteria. The cells were then incubated for
various times in medium supplemented with 6 �g/ml gentamicin. To quan-
tify bacterial levels, the cells were washed with DMEM three times and
then lysed with 0.2% (v/v) Triton X-100 in PBS. Dilutions of the lysates
were plated on LB plates and CFU were counted. The assay was performed
in triplicate for each condition.

Adhesion assay

BMM were plated on glass coverslips in 24-well plates at 0.35 � 106

cells/coverslip. The coverslips had been coated with 10 �g/ml human
plasma fibronectin in PBS for 2 h or had been left uncoated. Twenty-
four hours after plating the cells, they were exposed to 100 U/ml IFN-�
for 24 h. The cells were then washed with PBS without Ca2�/Mg2� four
times to remove loosely adherent cells, fixed with 4% (w/v) parafor-
maldehyde/PBS for 10 min, stained with 0.5% (w/v) crystal violet/
methanol for 10 min, and washed five times with water to remove
excess stain. Finally, the cells were solubilized in methanol overnight at
4°C, and the absorbance at 595 nm was read as a measure of adherent
cells.

FIGURE 2. Impaired maturation of S. typhimurium granulomas in
Irgm1-deficient mice. WT (C57BL/6) and Irgm1 KO mice were inoculated
i.v. with 106 CFU of S. typhimurium. At 2 and 5 days after infection, tissues
were isolated, fixed, and used for H&E staining. A and B, Typical lesions
are shown from days 2 and 5, in spleen and liver, respectively. Cells from
the lesions at a higher magnification are shown in the insets. Note that at
day 2, the foci from WT and Irgm1-deficient mice were immature, con-
taining predominantly PMNs (arrowheads). By day 5, the majority of foci
in the livers of WT mice were well-organized granulomas rich in epithe-
lioid cells (arrows), while those in Irgm1-deficient mice were immature,
containing primarily PMNs. C, Inflammatory foci were enumerated in a
blinded fashion from the livers of three mice per genotype at 5 days

postinfection. One hundred foci were counted per sample. Each focus was
assigned to one of three classes: category 1, mature granulomas composed
of �10% PMNs/�90% epithelioid cells; category 2, less mature foci con-
taining 10–50% PMNs; or category 3, the least mature foci containing
�50% PMNs. Differences in the numbers of foci for each category be-
tween WT and Irgm1 KO livers were statistically significant (p � 0.006,
0.020, and 0.002, for categories 1, 2, and 3, respectively).
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Transwell motility assay

Standard Transwell devices in a 24-well format (Corning) were used that
had an upper chamber separated from a lower chamber by a polycarbonate
membrane containing 5-�m pores. The lower surface of the porous mem-
brane was coated with human fibronectin. Twenty-four hours before the
experiment, BMM were placed in medium that lacked L929-conditioned
medium, but contained in some cases 100 U/ml IFN-�. These cells were
dislodged with Cell Dissociation Buffer, enumerated with a hemocytometer
using trypan blue to exclude dead cells, and then placed in the upper cham-
ber of Transwell devices in medium lacking L929-conditioned medium and
IFN-�. (Note that after removing IFN-� from activated WT BMM, the cells
retained high Irgm1 expression for at least 24 h (data not shown).) In the
lower chamber of the Transwell device, BMM medium (containing L929-
conditioned medium, a source of the chemoattractant M-CSF) was placed.
The cells were then allowed to migrate through to the lower chamber and

adhere to the underside of the membrane for 4 h, at which point the cells
were fixed with 70% (v/v) ethanol and 4�,6-diamidino-2-phenylindole
(DAPI) stained. Cells on the upper surface of the polycarbonate mem-
brane were removed with cotton swabs, while those that had migrated
through the membrane and were bound to the lower surface of the
membrane were enumerated by cell imaging and integrated morphom-
etry analysis.

Cell proliferation, cytotoxicity, and apoptosis assays

For cell proliferation measurements, a standard colorimetric assay was per-
formed according to the manufacturer’s instructions (Cell Titer96; Pro-
mega). In brief, this assay quantified the presence of NADH or NADPH
dehydrogenases that were produced by metabolically active cells. These
activities were measured by the reduction of tetrazolium compounds to
formazan products that could be quantified by spectrophotometry. WT
and Irgm1-deficient BMM were plated at equal densities in 96-well
plates and cultured for 24 h. They were then exposed to 100 U/ml IFN-�
or control conditions for an additional 24 h. After addition of the tet-
razolium reagent to the culture wells and incubation at 37°C, absor-
bance at 490 nm was read on a standard plate reader to determine the
relative levels of proliferation among the cell populations. Each con-
dition was performed in triplicate.

For cellular cytotoxicity assays, a standard lactate dehydrogenase
(LDH) release assay was performed according to the manufacturer’s in-
structions (no. G1781; Promega). BMM were cultured under control con-
ditions or in the presence of 100 U/ml IFN-� for 24 h. Conditioned medium
were then isolated from the cells and used for colorimetric determination at
490 nm of LDH that may have been released by necrotic cells. Each con-
dition was performed in octuplicate. Parallel groups of cells were lysed by
repeated freezing and thawing to determine the total LDH content of the
cells.

For apoptosis, a standard annexin V-binding assay was used according
to the manufacturer’s instructions (no.V13241; Molecular Probes). BMM
were cultured under control conditions or in the presence of 100 U/ml
IFN-� for 24 h. The cells were then harvested and used for the annexin
V-Alexa Fluor-488/propidium iodide staining. The stained cells were an-
alyzed by flow cytometry to determine the percentages that were annexin
V positive (apoptotic) and/or propidium iodide positive (necrotic).

Cell staining

BMM were plated onto fibronectin-coated or uncoated glass coverslips,
cultured �24 h, and then cultured an additional 24 h in the presence of
IFN-�, as indicated. The cells were fixed with 4% paraformaldehyde (w/v)
in PBS for 15 min and permeabilized with 0.2% (w/v) saponin in PBS for
10 min. The cells were then stained with 10 U/ml phalloidin-conjugated

FIGURE 3. Impaired macrophage accumulation in spleens of Irgm1-
deficient mice following S. typhimurium infection. Groups of three WT
and Irgm1-deficient mice were inoculated i.v. with 106 CFU of S. ty-
phimurium or left uninfected. At 5 days postinfection, splenocytes were
isolated and used for flow cytometric analysis. Shown are percent positive
cells for the indicated populations. Macrophages were defined as
CD68highF4/80int-highGr1low cells, neutrophils as CD68lowF4/80lowGr1high

cells, and T cells as CD3�. Data shown are representative of three studies.
Error bars, SDs for this study. The decreased macrophage levels in infected
Irgm1 KO mice were statistically significant, relative to levels in infected
WT mice (p � 0.005).

FIGURE 4. Impaired IFN-�-induced suppression of
S. typhimurium growth in Irgm1-deficient macrophages.
A–C, WT and Irgm1 KO BMM were cultured for 24 h
under control conditions (A) or in the presence of 10 or
100 U/ml IFN-� (B and C, respectively). The cells were
subsequently infected with S. typhimurium SL1344 at a
multiplicity of infection of 2:1. After the indicated times
in medium containing gentamicin to inhibit extracellu-
lar bacterial growth, CFUs were determined. Shown is a
representative experiment. D, The average effect of
IFN-� on S. typhimurium persistence was calculated for
seven experiments and expressed as a function of the
number of CFU recovered from BMM activated with
100 U/ml IFN-�, divided by the number of CFU recov-
ered from BMM cultured under control conditions, at
the indicated time points. Error bars, SEM. The de-
creased effect of IFN-� activation in Irgm1 KO BMM
was statistically significant at both 6 and 8 h (p �
0.00032 and p � 0.0099, respectively).
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Alexa Fluor 594 to stain actin (Molecular Probes) and with anti-phospho-
paxillin-[pY118] (BioSource International/Invitrogen Life Technologies)
followed by Alexa Fluor 488-conjugated secondary Abs (Molecular
Probes). Cell imaging and analysis were performed using an Olympus
IX70 microscope linked to a computer outfitted with AutoQuant 9.3 (Me-
dia Cybernetics) and MetaMorph 6.2.3.5 (Molecular Devices Corporation)
software.

Statistical Analysis

Student’s paired t test was used to assess statistical significance where
appropriate.

Results
Decreased resistance to S. typhimurium in Irgm1
(LRG-47)-deficient mice

We first tested whether Irgm1 (LGR-47)-deficient mice had de-
creased resistance to S. typhimurium, a bacterium that proceeds
with an acute infection and has an essentially exclusive vacuolar
lifestyle within a host cell. Previous work had focused on the role
of Irgm1 in resistance to bacteria that chronically infect host cells
and maintain a vacuolar lifestyle, Mycobacterium avium (34) and
M. tuberculosis (24), or bacteria that infect acutely but maintain a
predominantly cytosolic lifestyle, L. monocytogenes (18). To begin
the current studies, we infected Irgm1-deficient mice that had been
generated on a mixed C57BL/6-129SvImJ background and found
that they had significantly reduced resistance to S. typhimurium
compared with WT mice, as manifested by their decreased survival
following infection (Fig. 1A) and increased bacterial loads in
spleen and liver (Fig. 1B). Because resistance to S. typhimurium
differs significantly between the C57BL/6 and 129SvImJ strains
(in part as consequence of differential NRAMP-1 function (35,
36)), potentially confounding the data from C57BL/6-129SvImJ
mice, we backcrossed Irgm1-deficient mice onto a pure C57BL/6
background and onto a pure 129SvImJ background and then tested
the two groups of mice. On either background, Irgm1-deficient
mice demonstrated significantly decreased resistance to the bacte-
rium compared with WT mice (Fig. 1, C and D). Similar results
were obtained in these studies when the bacteria were administered
to the mice i.v. (Fig. 1) or intragastrically (data not shown). In
contrast, Irgm3 (IGTP)- and Irgd (IRG-47)-deficient mice dis-
played normal resistance to S. typhimurium when either survival
(Fig. 1A) or bacterial loads (data not shown) were assessed. Thus,
Irgm1 is uniquely required among these three IRG proteins for
resistance to S. typhimurium. For the remaining studies, we con-
centrated on Irgm1, using mice and cells derived from the mice on
the C57BL/6 background only.

Impaired granuloma formation in Irgm1-deficient mice

We next examined the histology of livers and spleens from Irgm1-
deficient mice from days 2 and 5 postinfection (Fig. 2). These time
points were chosen based on the observations that Irgm1 expres-
sion in WT mice reached maximal levels at day 2 following in-
fection, and high expression was maintained at least through day 5
(data not shown). At a gross level, the livers of both WT and
Irgm1-deficient mice appeared slightly pale at day 2; but by day 5,
the color of the WT liver had resolved to a normal tan/red color,
while that of the Irgm1-deficient mouse had become even paler,
perhaps indicating an unresolved inflammatory process. The
weights of the spleens were monitored over the same time period
and were found to increase in both types of mice, but at a slower
rate in the Irgm1-deficient mice, so that by day 5 the splenic
weights of Irgm1-deficient mice were �60% of those of WT mice.
Histologically, in both WT and Irgm1-deficient mice at 2 days
postinfection, inflammatory foci were present in spleen (Fig. 2A)
and liver (Fig. 2B) composed primarily of polymorphonuclear

cells (PMNs). In the WT mice, these foci matured over the
succeeding days, so that by day 5, they were well-organized
granulomas containing primarily epithelioid and multinucleated
giant cells of macrophage origin. In contrast, in the Irgm1-de-
ficient mice, the foci did not mature to the same extent, but
maintained their high PMN content and exhibited a rudimentary

FIGURE 5. Decreased adhesion and motility of Irgm1-deficient macro-
phages. A, Adhesion: WT and Irgm1 KO BMM were cultured at equal
densities on glass coverslips that were uncoated or coated with fibronectin
as indicated. The cells were then exposed to 100 U/ml IFN-� or control
conditions for 24 h. Adherence was assessed by washing off loosely ad-
herent cells, staining the remaining adherent cells with crystal violet, sol-
ubilizing them, and measuring absorbance of the lysate as an indicator of
adherence. Shown is a representative experiment. The decrease in adher-
ence to glass in IFN-�-activated Irgm1 KO BMM was statistically signif-
icant over three experiments, for which the average ratio of adherence of
IFN-�-activated cells to adherence of control cells was 121.3 	 5.8%
(SEM) for WT BMM and 62.4 	 8.7% for Irgm1 KO BMM (p � 0.012).
B, Motility: WT and Irgm1-deficient BMM were maintained under control
conditions or were activated with 100 U/ml IFN-� for 24 h, and they were
then placed in equal numbers in the upper chambers of Transwell appara-
tuses. The medium in lower chambers, but not upper chambers, contained
M-CSF as a chemoattractant. Cells that migrated through the membrane
and attached to the fibronectin-coated underside over a 4-h period were
stained with DAPI, whereas those that remained in the upper chamber were
removed by swabbing. As a control in the same experiment, cells in sep-
arate Transwells that remained on the upper surface of the membrane were
stained with DAPI, whereas those that had migrated to the lower surface of
the membrane were removed by swabbing. In both cases, the cells were
imaged and quantified by measuring the total DAPI-positive area on the
filter using software image analysis. Shown is a representative study. The
decrease in motility of IFN-�-activated Irgm1 KO BMM was statistically
significant: Over four experiments, the average ratio of motility of IFN-�-
activated cells to motility of control cells was 117 	 23% (SEM) for WT
BMM and 21 	 13% for Irgm1 KO BMM (p � 0.040).
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epithelioid cell response (Fig. 2, A–C). Thus, the ability of the
Irgm1-deficient mice to mount a granulomatous response and to
concentrate cells of macrophage origin at the sites of bacterial
deposition was impaired.

The deficient granulomatous response in the liver and spleen of
Irgm1-deficient mice implied that either macrophages were not
present in these tissues or that they were present but not incorpo-
rated into well-defined granulomas. To address these possibilities,
flow cytometry was used to examine the leukocyte composition of
the spleens of WT and Irgm1-deficient mice at 5 days after S.
typhimurium infection (Fig. 3). Using this approach, macrophage
frequency did not increase in the spleens of Irgm1-deficient mice
following infection, whereas it increased severalfold in the spleens
of WT mice at 5 days following infection. In contrast, neutrophils
and T cells displayed similar dynamics in WT and Irgm1-deficient
mice, with neutrophils increasing markedly following infection
and the T cells decreasing, both of which are typical responses to
S. typhimurium (33). Thus taken together, the histological and
FACS analyses suggested that there was an impairment in the mac-
rophage compartment in Irgm1-deficient mice following S. typhi-
murium infection.

Several underlying mechanisms could lead to impaired mac-
rophage responses in Irgm1-deficient mice, including the pos-
sibilities of decreased production of macrophages in the mice,
decreased intracellular killing by macrophages leading to mac-
rophage cytotoxicity, and impaired trafficking of macrophages
to the granulomas/sites of infection. The first of these seemed
unlikely, since macrophage pools in the spleen (Fig. 3) and pe-
ripheral blood (data not shown) were not decreased in Irgm1-de-
ficient mice before infection. In the remaining studies described
here, we focused on the other two possibilities by using in vitro
assays to assess intracellular killing of S. typhimurium in Irgm1-
deficient macrophages and to assess motility of Irgm1-deficient
macrophages.

Decreased intracellular killing of S. typhimurium in
Irgm1-deficient macrophages

It has been shown previously that Irgm1 mediates the ability of
IFN-� to restrict the growth of M. tuberculosis (24), T. cruzi (25),
and T. gondii (22) in cultured macrophages. However, in studies
involving M. avium, absence of Irgm1 did not have a significant
effect on the ability of IFN-� to restrict bacterial growth (34),
suggesting that the ability of Irgm1 to affect bacterial survival in
macrophages may not be a general function of the protein in all
contexts. In this study, we tested whether Irgm1 mediated the abil-
ity of IFN-� to restrict the growth of S. typhimurium using genta-
micin protection assays. BMM were isolated and activated with
different concentrations of IFN-� before infecting them with S.
typhimurium and examining bacterial survival. In WT cells, S. ty-
phimurium showed a small growth phase that peaked after 6–8 h
(Fig. 4A). This growth phase was suppressed when the WT BMM

FIGURE 6. Normal cell proliferation, cytotoxicity, and apoptosis in
IFN-�-activated Irgm1-deficient macrophages. A, Cell proliferation: WT
and Irgm1 KO BMM were plated at equal densities and cultured for 24 h.
They were then exposed to 100 U/ml IFN-� or to control conditions for an
additional 24 h. Relative NADH and NADPH hydrogenase levels in culture
supernatants were determined as a measure of cell proliferation. Shown are
average measurements in a representative of three experiments. B, Cyto-
toxicity: WT and Irgm1 KO BMM were plated at equal densities and
cultured for 24 h. They were then exposed to 100 U/ml IFN-� or to control
conditions for an additional 24 h. Conditioned supernatants were then

isolated from the cells and used for a colorimetric LDH release assay as a
measure of cytotoxicity. Detected levels of LDH are expressed as the per-
centage of the total LDH that was present when the cells were completely
lysed. Shown are average measurements in a representative of three ex-
periments. C, Apoptosis: WT C57BL/6 and Irgm1 KO BMM were cultured
for 24 h under control conditions or in the presence of 10 or 100 U/ml
IFN-�. The cells were then labeled with annexin V to indicate apoptotic
cells and/or propidium iodide (PI) to indicate advanced necrotic cells. La-
beled cells were analyzed by FACS; 10,000 events were captured for each
sample. Shown are percent positive cells in a representative of three
experiments.
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were activated with IFN-� (Fig. 4, B and C). However, in Irgm1-
deficient BMM, the effect of IFN-� was mostly ablated when 10
U/ml IFN-� was used to activate the cells, and it was also signif-
icantly muted at the higher dose of 100 U/ml IFN-� (Fig. 4). The
effect of Irgm1 deficiency was similar whether the virulent SL1344
strain (Fig. 4) or an aroA� strain (data not shown) was examined,
although it was more pronounced using the virulent strain. Thus,
the ability of Irgm1-deficient BMM to restrict the growth of S.
typhimurium in response to IFN-� activation was compromised.
Nevertheless, it should be noted that in these assays, Irgm1-
deficienct BMM retain some ability to restrict the growth of S.
typhimurium and, furthermore, that the impact on controlling
the growth of S. typhimurium in BMM following activation
with IFN-� was not as striking as the impact on controlling the
growth of other pathogens such as T. gondii, where even at high
doses of IFN-� (100 U/ml), the cytokine induced little pathogen
growth restriction in absence of Irgm1 (22). This prompted
further investigation into the functioning of Irgm1-deficient
macrophages.

Decreased adhesion and motility of Irgm1-deficient
macrophages in vitro

One possibility raised by lack of Irgm1-deficient macrophages at
sites of S. typhimurium deposition in vivo was that the ability of
the macrophages to migrate to these sites was impaired. If migra-
tion of Irgm1-deficient macrophages was impaired in vivo, then it
would likely be reflected in loss of adhesive and/or motile prop-
erties of Irgm1-deficient macrophages in vitro. Consequently, ad-
hesion and motility of Irgm1-deficient BMM were tested using in
vitro assays (Fig. 5). Adhesion of WT and Irgm1-deficient BMM
to glass coverslips was comparable under basal cell growth con-
ditions (Fig. 5A). However, after activation of the cells with IFN-�,
there was a marked loss of adherence in Irgm1-deficient BMM,
whereas in WT BMM there was an increase in adhesion. When the
same experiments were performed on coverslips that had been
coated with fibronectin, adherence of the LRG-47 knockout (KO)
BMM was restored (Fig. 5A), as it was when the cells were cul-
tured on tissue culture-treated plastic dishes (data not shown).

The motile properties of Irgm1-deficient BMM were next as-
sessed using standard Transwell assays, which measured the abil-
ity of cells to move from an upper chamber through small pores in
a membrane into the lower chamber and then bind to the underside
of the membrane (Fig. 5B). WT and Irgm1-deficient BMM were
found to migrate with about the same efficiency when the cells
were cultured under basal growth conditions. However, after the
cells were activated with IFN-�, Irgm1-deficient BMM displayed
a marked decrease in the number of the cells that passed through
the membrane and bound to its underside, indicating that their
motility was greatly impaired (Fig. 5B). Quantification of the cells
remaining in the upper chamber following the incubation indicated
that the Irgm1-deficient macrophages did indeed remain in the up-
per chamber (Fig. 5B). Additionally, to ensure that some cells were
not traveling through the membrane but failing to adhere to it and
falling to the bottom of the chamber, cells at the bottom of the
lower chambers were enumerated; however, very few IFN-�-acti-
vated Irgm1-deficient BMM were present in the bottom of the
lower chambers (data not shown). Together, these results suggest
that Irgm1 is required to maintain normal motility of IFN-�-acti-
vated macrophages.

Normal levels of cell proliferation, cytotoxicity, and apoptosis in
cultured Irgm1-deficient macrophages

Several standard approaches were used to determine whether the
loss of adherence and motility of activated Irgm1-deficient BMM

could have resulted secondarily as a consequence of enhanced cy-
totoxicity or apoptosis in those cells. Cell proliferation was mea-
sured using a standard assay in which NADH and NADPH dehy-
drogenase production by replicating cells was quantified (Fig. 6A);
cellular cytotoxicity was measured by LDH release from dying
cells (Fig. 6B); and apoptosis was measured by annexin V staining
(Fig. 6C). By these approaches, IFN-�-activated Irgm1-deficient

FIGURE 7. Altered morphology and cellular adhesions in IFN-�-acti-
vated macrophages lacking Irgm1. WT and Irgm1-deficient BMM were
plated at equal densities on uncoated (A) or fibronectin-coated (B) cover-
slips. The cells were exposed to control conditions or to 100 U/ml IFN-�
for 24 h. They were then fixed and stained with phalloidin (red) or anti-
[Y118]-paxillin (green). Colocalization of actin and [Y118]-paxillin indicate
areas of adhesion to the substratum. Note that the same cells are enumer-
ated in Table I.
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BMM were found to replicate at comparable rates to those of ac-
tivated WT BMM, to manifest low levels of cytotoxicity that were
statistically the same as those of activated WT cells, and to display
low levels of apoptosis that were again statistically the same as
those of activated WT cells (Fig. 6 and data not shown). In addi-
tion, apoptosis was assessed by a microscopic assay to examine
nuclear condensation, and, again, the frequency of apoptotic cells
among activated Irgm1-deficient BMM was found to be very low
(�1% of cells) and comparable to the frequency found in activated
WT BMM (data not shown). Thus, by these measures, Irgm1-
deficient BMM did not display increased levels of cytotoxicity or
apoptosis.

Altered morphology of Irgm1-deficient macrophages

Irgm1-deficient cells were observed microscopically to assess their
overall morphology, adhesion-associated proteins, and actin cy-
toskeleton (Fig. 7 and Table I). These parameters were examined
on both uncoated glass and fibronectin-coated substrates. On both
glass and fibronectin under control conditions, WT and Irgm1 cells
displayed a similar distribution of morphologies that ranged
from nonpolar cells that were round and flattened to polar cells
with well-formed lamellopoidia (Table I). In addition, under
control growth conditions, actin staining and the level and dis-
tribution of actin/[pY118]-paxillin-positive foci appeared simi-
lar (Fig. 7). Note that it has been established previously that
macrophage adhesions/podosomes can be identified by phalloi-
din and anti-[pY118]-paxillin costaining (37).

When the cells were activated with IFN-�, there were marked
differences between Irgm1-deficient and WT BMM on both sub-
strates (Fig. 7). When cultured on glass, activated Irgm1-deficient
BMM tended to forms clumps and detach, while activated WT
cells did not (Fig. 7A). However, the ratio of nonpolar:polar mor-
phologies in the activated Irgm1-deficient cells that remained on
the glass substrate was similar to that in activated WT cells (Table
I). Also on glass, activated Irgm1-deficient cells displayed a strik-
ing decrease in actin/[Y118]-paxillin-positive foci, which was in
keeping with their decreased adhesion to glass (Fig. 5A and Table
I). Additionally, the actin cytoskeleton appeared to be disorganized
in activated Irgm1-deficient cells and did not manifest the evenly
distributed punctate pattern of activated WT BMM (Fig. 7A).

When cultured on fibronectin-coated glass (Fig. 7B), the mor-
phology of activated Irgm1-deficient BMM was markedly different
from their morphology on uncoated glass. On fibronectin, there
was a higher degree of large, round, and flattened cells relative to
polar cells with well-formed lamellipodia (Table I), suggesting
fewer motile cells among the activated Irgm1-deficient population.
(Macrophages with a large, round morphology have been demon-
strated previously to be nonmotile (38).) The activated Irgm1-de-
ficient cells showed a higher degree of actin/[Y118]-paxillin-posi-
tive foci on fibronectin than they did on uncoated glass at levels
comparable to the amounts seen in activated WT cells on both

substrates, which was in keeping with the observed strong adhe-
sion of activated Irgm1-deficient cells to fibronectin but not glass
(Fig. 5A). In addition, the activated Irgm1-deficient cells displayed
much weaker actin staining than did activated WT BMM.

In summary, there were striking differences in the morphology,
adhesion-associated proteins, and actin staining of IFN-�-activated
Irgm1-deficient BMM, as compared with activated WT cells.
These changes were consistent with the losses in adhesion and
motility displayed by Irgm1-deficient macrophages and support
the overall finding that Irgm1 is a critical factor that regulates these
processes.

Discussion
In the current work, we demonstrate that Irgm1 (LRG-47) defi-
ciency leads to decreased resistance to S. typhimurium in mice,
characterized by decreased survival, increased bacterial loads, and
a failure to concentrate macrophages at sites of bacterial deposition
in the spleen and liver. Underscoring this phenotype was a marked
decrease in basic macrophage functions, including intracellular
bacterial killing and adhesion/motility. Thus, these results corrob-
orate what has been demonstrated previously for other pathogens,
that Irgm1 is a key factor required for resistance to intracellular
bacteria and protozoa. However, they further suggest that Irgm1
has much broader functions in regulating the activated macro-
phage, particularly in controlling its adhesion and movement. Reg-
ulation of the motility of activated macrophages is likely to be a
key mechanism through which Irgm1 controls resistance to patho-
gens such as S. typhimurium.

Our previous work and that of others have suggested that Irgm1,
as well as other IRG proteins, function in part by localizing to
pathogen-containing vacuoles in macrophages and other host cells,
where they control the processing of those vacuoles and promote
eradication of the pathogens (9). The current results raise the ques-
tion of how Irgm1 might play roles in both vacuole processing and
its newly ascribed function, the regulation of motility and adhesion
of activated macrophages. One answer is suggested by comparison
of Irgm1 with a group of related proteins, the dynamins. These
GTPases were originally characterized as proteins that control ves-
icle budding at the plasma membrane and in the Golgi (for review,
see Ref. 39). Like the IRG proteins, the dynamins are able to form
short polymers, and it is contraction of dynamin polymers in as-
sociation with cellular membranes and the actin cytoskeleton that
leads to deformation of the membrane and the “pinching off” of
vesicles. Recent work suggests dynamin function goes well be-
yond the process of endocytosis; in fact, dynamins also play an
intimate role in cell adhesion and migration. Dynamins are thought
to accomplish this by direct interaction with structures that are
important for cell motility and adhesion, including focal adhesions,
podosomes, and lamellipodia, as well as by interacting with the
actin cytoskeleton. Hence, dynamin shares several properties with
Irgm1 including localization to the Golgi and plasma membrane

Table I. Enumeration of macrophage phenotypes in WT and Irgm1-deficient BMM

Cells Substrate Treatment
No. of Cells
(per 5 fields)

% Nonpolar/
rounded

% Polar/Well-Formed
Lamellipodia

WT Glass Control 979 5 95
Irgm1 KO Glass Control 792 3 97
WT Glass 100 U/ml IFN-� 1155 4 96
Irgm1 KO Glass 100 U/ml IFN-� 502 6 94
WT Fibronectin Control 1354 23 77
Irgm1 KO Fibronectin Control 1788 18 82
WT Fibronectin 100 U/ml IFN-� 1386 21 79
Irgm1 KO Fibronectin 100 U/ml IFN-� 1141 63 37
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(20, 22), the ability to multimerize (40), involvement in vacuole
processing (20–22, 24, 27), modulation of cell motility (current
work), and regulation of actin remodeling (current work).

Future studies should focus on the molecular mechanism
through which Irgm1 regulates adhesion and motility in activated
macrophages. As with the dynamins, this may well occur by mod-
ulating cytoskeletal remodeling, which could be a central function
of Irgm1 as it would impact many processes including cell motil-
ity, vacuolar processing/trafficking, and authophagy. In the current
work, absence of Irgm1 led to altered actin staining in macro-
phages. Another IRG protein, Irga6, has also been linked to the
cytoskeleton. In yeast two-hybrid studies, it was found to be a
binding partner for the microtubule binding protein hook3 (41),
although the significance of this finding for host resistance and
general cellular physiology is unknown. A second possible mech-
anism through which Irgm1 may influence macrophage adhesion
and motility is the regulation of endocytic recycling pathways that
modulate expression of adhesion receptors on the cell surface. Al-
though there is currently no specific evidence to support this pos-
sibility, the general involvement of Irgm1 in vacuolar dynamics
suggests that it may also regulate endocytic vacuole trafficking.
Certainly, there are many well-known GTPase families that regu-
late vacuole trafficking, such as the rab proteins. There is also a
growing body of literature that demonstrates a connection between
cell adhesion/motility and endocytic recycling (42).

In the current work, we show deficiencies in that ability of S.
typhimurium granulomas to mature to epithelioid cell-rich lesions
in Irgm1-deficient mice. Altered characteristics of Irgm1-deficient
granulomas have also been noted following M. avium infection.
However, in that setting, a change in the macrophage content was
not noted, rather the granulomas were found to be less compact
and lacking a characteristic cuff of lymphocytes around their pe-
rimeters (34). In the case of the S. typhimurium granulomas, there
are several likely possibilities that would lead to absence of mac-
rophages in the granulomas. Based on the data described here, one
possibility is that, because Irgm1-deficient macrophages have al-
tered adhesive and motile properties, they are impaired in their
ability to migrate to sites of S. typhimurium deposition. An addi-
tional possibility is that decreased intracellular killing of S. typhi-
murium in macrophages could lead to bacteria-induced cytotoxic-
ity that would deplete granulomas of macrophages. Other
possibilities that we cannot formally exclude are that production of
chemokines that attract macrophages to granulomas is suppressed
in Irgm1-deficient mice or that apoptosis is enhanced in Irgm1-
deficient macrophages. Addressing the latter, we found that levels
of apoptosis are not increased in Irgm1-deficient macrophages in
vitro, though this does not necessarily indicate that apoptosis may
not be increased in vivo in the setting of S. typhimurium infection.
Future studies should address further the mechanism that leads to
impaired maturation of S. typhimurium granulomas.

In conclusion, our studies indicate that Irgm1 is a key protein
that is produced in response to IFN-�, because it enables critical
aspects of the activated macrophage phenotype. These include en-
hanced intracellular killing capacities and altered adhesive and
motile properties that may allow the cells to traffic to sites of
pathogens more efficiently. The molecular basis for these func-
tions, and the roles of other IRG proteins in these processes, will
be addressed in future studies.
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