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Loss of the actin filament capping protein CapG has no apparent effect on the phenotype of mice maintained
under sterile conditions; however, bone marrow-derived macrophages from CapG�/� mice exhibited distinct
motility defects. We examined the ability of CapG�/� mice to clear two intracellular bacteria, Listeria mono-
cytogenes and Salmonella enterica serovar Typhimurium. The 50% lethal dose of Listeria was 10-fold lower for
CapG�/� mice than for CapG�/� mice (6 � 103 CFU for CapG�/� mice and 6 � 104 CFU for CapG�/� mice),
while no difference was observed for Salmonella. The numbers of Listeria cells in the spleens and livers were
significantly higher in CapG�/� mice than in CapG�/� mice at days 5 to 9, while the bacterial counts were
identical on day 5 for Salmonella-infected mice. Microscopic analysis revealed qualitatively similar inflamma-
tory responses in the spleens and livers of the two types of mice. Specific immunofluorescence staining analyzed
by fluorescence-activated cell sorting revealed similar numbers of macrophages and dendritic cells in infected
CapG�/� and CapG�/� spleens. However, analysis of bone marrow-derived macrophages revealed a 50%
reduction in the rate of phagocytosis of Listeria in CapG�/� cells but a normal rate of phagocytosis of
Salmonella. Stimulation of bone marrow-derived dendritic cells with granulocyte-macrophage colony-stimulat-
ing factor resulted in a reduction in the ruffling response of CapG�/� cells compared to the response of
CapG�/� cells, and CapG�/� bone-marrowed derived neutrophils migrated at a mean speed that was nearly
50% lower than the mean speed of CapG�/� neutrophils. Our findings suggest that specific motility deficits in
macrophages, dendritic cells, and neutrophils render CapG�/� mice more susceptible than CapG�/� mice to
Listeria infection.

Macrophages and neutrophils play a critical role in protect-
ing the host against invading pathogens. These cells are able to
crawl to the site of infection and ingest and kill invading patho-
gens. Chemotaxis and phagocytosis require rearrangement of
the actin cytoskeleton, and a myriad of actin regulatory pro-
teins orchestrate this rearrangement (23). One way to regulate
actin filament length and concentration is to cap or block actin
monomer exchange at the fast-growing or barbed (as defined
by electron micrographs of heavy meromyosin-decorated fila-
ments) ends of actin filaments. The barbed end is the site of
new actin filament growth in living cells. One actin regulatory
protein that can serve this function is CapG, a 38-kDa protein
(21) that is particularly abundant in macrophages (1% of the
total cytoplasmic protein) and neutrophils (0.5% of the total
cytoplasmic protein) (5). CapG is the only member of the
gelsolin-villin family that caps the barbed ends of actin fila-
ments but does not sever them. Like other members of the
gelsolin-villin family, CapG requires micromolar Ca2� concen-
trations to function, and its activity is inhibited by the phos-
photidylinositol-4,5-bisphosphate (30). The ability of CapG to

cap the ends of filaments is completely reversible. When the
concentration of Ca2� is lowered to the nanomolar range,
CapG dissociates from the barbed end (21).

A transgenic mouse strain was recently generated in which
the CapG gene was disrupted, preventing mRNA transcription
and blocking all CapG protein expression, as demonstrated by
Northern and Western blotting (29). The CapG�/� mice ap-
peared to be healthy when they were maintained in a patho-
gen-free environment and exhibited no deficiencies in periph-
eral white blood cells, red blood cells, or platelets. However,
examination of CapG�/� bone marrow-derived macrophages,
the cells that normally contain the highest CapG concentra-
tions, revealed a marked depression of macrophage colony-
stimulating factor-stimulated ruffling, a 50% reduction in
phagocytic rates, and a 50% decrease in vesicle actin-based
motility (29). The possibility that there was an intrinsic defect
in ruffling ability was eliminated by demonstrating that expo-
sure to Salmonella enterica serovar Typhimurium, a bacterium
that induces ruffling by injecting specific proteins into the host
cell cytoplasm, thus bypassing membrane receptors, induced a
vigorous ruffling response in CapG�/� macrophages. Further-
more, microinjection of recombinant CapG fully restored mac-
rophage colony-stimulating factor-induced ruffling, proving
that the loss of CapG was the basis for the defect in receptor-
agonist-induced ruffling (29).
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Our investigations of CapG�/� bone marrow-derived mac-
rophages suggested that CapG�/� animals should have an im-
paired intrinsic host defense, and we explored this possibility
by using two intracellular pathogens, Listeria monocytogenes
and S. enterica serovar Typhimurium. These two pathogens
were chosen because their mechanisms of entry into macro-
phages are remarkably different. Listeria is taken up by recep-
tor-ligand interactions (2, 15, 17), while Salmonella uptake is
receptor independent and is triggered by secreted proteins (1,
9, 10, 32). We tested CapG�/� and wild-type mouse host de-
fenses by determining the 50% lethal doses (LD50) and titers
of bacteria in organs, by examining the histopathology, and by
analyzing the inflammatory cells in infected splenic tissue.
These whole-animal studies revealed that CapG�/� animals
are more susceptible than CapG�/� animals to Listeria infec-
tion but not to Salmonella infection. Investigation of bone
marrow-derived macrophages revealed a specific defect in the
ability of CapG�/� animals to phagocytose Listeria but not in
the ability to phagocytose Salmonella. Studies of two other
types of phagocytic cells also revealed motility defects in
CapG�/� cells. Cultured CapG�/� dendritic cells exhibited
depressed ruffling in response to granulocyte-macrophage col-
ony-stimulating factor (GM-CSF), and CapG�/� bone mar-
row-derived neutrophils often failed to polarize and migrated
at significantly lower speeds than wild-type cells in response to
a chemotactic gradient. Our experiments highlight the role of
CapG in receptor-mediated host defense mechanisms and em-
phasize the importance of barbed end capping proteins in
phagocyte function.

MATERIALS AND METHODS

Animals. The transgenic mice were generated as previously described (29). A
mixed background (BALB/c � C57B/6 � 129/Sv) was required for mouse via-
bility. To ensure a uniform genetic background, homozyote CapG�/� mice and
wild-type mice (CapG�/�) were derived from heterozygote litter mates (CapG�/�).
The two strains were then bred in parallel, and mice from the same generation
were compared. Mice that were 7 to 12 weeks old were used in all experiments.
Periodically, the progeny were randomly selected, and the tissue was subjected to
Western blot analysis to confirm the mutant and wild-type phenotypes, as pre-
viously described (29). All animal experimental procedures complied with fed-
eral and institutional guidelines and policies.

Bacterial strains and growth conditions. Experiments were performed with
L. monocytogenes strain 1043S and S. enterica serovar Typhimurium strain �3306.
To maximize virulence, both strains were first inoculated into a BALB/C �
C57B/6 mouse, and the spleen was harvested, homogenized, and plated onto
brain heart infusion plates. A single colony from the plate was inoculated into
brain heart infusion broth and grown overnight. A portion of the overnight
culture was reinoculated and grown to an optical density at 600 nm of �0.8. The
cells were then pelleted by centrifugation at 20,000 � g for 10 min and washed
three times in 1� phosphate-buffered saline (PBS). For the LD50 and organ load
experiments bacteria were suspended in PBS at final concentrations of 1 � 102

to 1 � 107 bacteria/ml.
LD50. Two groups of animals were used to study the LD50: wild-type mice and

CapG�/� mice. For each group, three sets of five animals were inoculated with
different concentrations of either L. monocytogenes or S. enterica serovar Typhi-
murium. For L. monocytogenes, 200 �l of bacteria was injected through the tail
vein, and for S. enterica serovar Typhimurium, 200 �l was injected subcutane-
ously as previously described (14). Both treatments resulted in rapid develop-
ment of bacteremia. The animals were observed for 7 days. The LD50 was
calculated as previously described (18).

Organ load experiments. In the case of Listeria 6 � 103 bacteria were inocu-
lated intravenously and in the case of Salmonella 2 � 106 bacteria were injected
subcutaneously into wild-type and CapG�/�mice. Five CapG�/� mice and five
wild-type mice were infected at each time point, and samples of both the liver
and the spleen were obtained from each mouse. The tissues were weighed,
homogenized with a Dounce homogenizer, and centrifuged at 20,000 � g for 30

min, and the resulting pellet was resuspended in 3 ml of PBS and then serially
diluted and plated to determine the number of CFU. The number of CFU per
gram of tissue was converted to a log10 value. Statistical analysis was performed
by using a Wilcoxon nonparametric test. When a mouse died before it could be
euthanized and examined, the levels of tissue infection were estimated to be the
same as the highest levels in surviving mice in the same group (22).

Histology and immunofluorescence. Mice infected with 1 LD50 of L. monocy-
togenes (6 � 103 CFU) or 1 LD50 of S. enterica serovar Typhimurium (2 � 106

CFU) were sacrificed on day 5, and frozen sections of the spleen and liver tissues
were prepared and stained with hemotoxylin and eosin by using a standard
protocol.

Frozen sections were also fluorescently stained for macrophages and Listeria
or Salmonella. The antibody used for macrophages was Mac-1 (Caltag Labora-
tories, South San Francisco, Calif.), the antibody used for Listeria was rabbit
polyclonal antisera (BD Biosciences, San Diego, Calif.), and the antibody used
for Salmonella was polyclonal antisera (BD Biosciences).

Flow cytometry. Mice were infected and sacrificed as described above for the
histology studies. The spleens were excised and dissociated by needle dissection.
Each cell suspension was pelleted by centrifugation at 100 � g, and then the red
blood cells were lysed with 0.84% NH4Cl2. Cells were counted and diluted to
obtain a concentration of 1 � 106 cells/ml. The cells were labeled with anti-CD3,
anti-CD19, anti-CD11b, and anti-CD11c (all obtained from PharMingen, San
Diego, Calif.), as well as anti-GR-1 (Caltag, Burlingame, Calif.), washed twice
with 1� PBS, fixed with 4% formaldehyde, and analyzed by flow cytometry as
previously described (13). Viable cell counts were determined by 7-aminoacti-
nomycin D exclusion (final concentration, 2 �g/ml; Molecular Probes, Eugene,
Oreg.).

Bone marrow-derived macrophages, dendritic cells, and neutrophils. As pre-
viously described (29), bone marrow cells were obtained from the femurs of both
wild-type and CapG�/� mice, allowed to adhere to glass coverslips, and exposed
to L-cell supernatant for 7 to 10 days to stimulate differentiation into macro-
phages. To differentiate bone marrow cells from dendritic cells, cultures were
exposed to GM-CSF and interleukin-4 as previously described (11, 24) and then
to lipopolysaccharide (1 �g/ml) for 24 h at 37°C and to 5% CO2 to generate
mature dendritic cells. The cells were then centrifuged through a 14.5% metri-
zamide solution, and this was followed by two washes with RPMI (16). This
procedure yielded 90% mature dendritic cells from both wild-type and CapG�/�

animals. Cell purity was assessed by flow cytometry by using class II, CD11c, and
CD86 antibodies. To obtain mouse neutrophils, bone marrow cells were sub-
jected to ammonium chloride lysis, followed by centrifugation through a Percoll
gradient (82, 65, and 55%). Mature neutrophils were recovered at the 82%-65%
interface and were demonstrated to be positive for Gr-1.

Microscope and image processing. A Nikon Diaphot inverted microscope
equipped with a cooled charge-coupled device camera (Hamamatsu Photonics,
Hamamatsu City, Japan) was used to obtain digital images, which were processed
by using a Metamorph computer image analysis system (Universal Imaging,
Media, Pa.).

Phagocytosis assay. Coverslips containing differentiated macrophages were
removed, placed into tissue culture dishes (35 by 10 mm), and washed with PBS
three times. Live bacteria were labeled with fluorescein isothiocyanate as previ-
ously described (6, 7) and added to culture dishes at a multiplicity of infection of
10. The dishes were then centrifuged at 700 � g for 5 min and incubated for 15,
30, 45, and 60 min at 37°C in the presence of 5% CO2. After these times, the
coverslips were washed with PBS, fixed with 3.7% formaldehyde in PBS for 20
min at 25°C, and rinsed three times with PBS, and then ethidium bromide (final
concentration, 50 �g/ml) in PBS was added to the dish. After incubation for 5
min at 25°C to allow quenching of the extracellular bacteria, the numbers of
internalized bacteria were determined by microscopy (6, 7).

Intracellular speed for Listeria actin-based motility. Coverslips containing
macrophages were infected with L. monocytogenes as previously described (4).
Three hours after initiation of the infection, bacteria were observed to form actin
rocket tails and to move through the cytoplasm. Bacterial speed was measured by
comparing the images at two times and measuring the distance traveled by each
bacterium with a calibrated �63 lens and the Metamorph track object program
(Universal Imaging) as previously described (31).

Dendritic cell ruffling. Dendritic cells were centrifuged onto glass coverslips,
and GM-CSF and interleukin-4 were removed from the medium for 24 h. The
cells were then exposed to GM-CSF (10 ng/ml) for 10 min to stimulate ruffling,
and this was followed by fixation with 3.7% formaldehyde and staining with
rhodamine phalloidin. Phalloidin staining revealed serpentine patterns that were
indicative of ruffling (3), and the extent of surface ruffling for individual cells was
assessed by a blinded observer as previously described (29).
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Neutrophil chemotaxis. Purified neutrophils were studied within 6 h of isola-
tion. A 0.5-ml portion of a stock solution containing 4 � 106 cells/ml was placed
in a 35-mm culture dish with a glass bottom coated with 1% bovine serum
albumin (BSA). The sample was incubated for 15 to 30 min at 37°C to allow the
neutrophils to adhere. A micropipette with a diameter of 0.2 �m containing the
chemoattractant N-formyl-methionyl-leucyl-phenylalanine (FMLP) (Sigma) at a
concentration of 10 �M was positioned at one corner of the dish by using an
Eppendorf microinjection system (Eppendorf AG, Hamburg, Germany), and the
solution was constantly infused, which created a chemotactic gradient as previ-
ously described (26). Phase images were captured every 10 s, and migration rates
were measured by using a calibrated �63 lens and the Metamorph track object
program (Universal Imaging) (see above). The asymmetry of the shape indicat-
ing a polar morphology was assessed for adherent neutrophils following FMLP
exposure, and each neutrophil was classified as polarized or nonpolarized by a
blinded observer.

RESULTS

LD50. Because the resident and peripheral macrophages are
known to play a critical role in host defense against L. mono-
cytogenes (12, 19, 20) and previous studies have demonstrated
that there are defects in the actin-based motility of CapG�/�

macrophages, we explored the functional consequences of the
loss of CapG in the whole mouse. Groups of five mice were
inoculated intravenously with different numbers of L. mono-
cytogenes bacteria (103, 104, and 105 CFU) and observed for
7 days. The LD50, calculated as described previously (18),
for CapG�/� mice (6 � 103 CFU) was 10-fold lower than the
LD50 for wild-type mice (6 � 104 CFU).

We also examined the effects of Salmonella on CapG�/� and
wild-type mice. Because Salmonella readily produces bactere-
mia following subcutaneous injection (14), we utilized this
route for our analysis. We inoculated groups of five mice with
105, 106, and 107 CFU of Salmonella and observed them for 7
days, and there was no difference between the LD50 of Salmo-
nella for CapG�/� mice and the LD50 of Salmonella for wild-
type mice; both LD50s were 2 � 106 CFU.

Numbers of L. monocytogenes bacteria in the spleens and
livers of CapG�/� mice. To gain a better understanding of how
the mice responded to the bacterial challenges, two target
organs known to contain large populations of resident macro-
phages, the liver and the spleen, were analyzed by measuring
the total number of bacterial CFU per gram of tissue. Quan-
titation was performed at specific times after the initiation of
the infection. The infective dose used in these experiments was
the LD50 for the knockout mice. All wild-type mice survived
during the period of study; however, two of five CapG�/� mice
died in the 7-day group and two of five CapG�/� mice died in
the 9-day group prior to sacrifice.

Initially, the two groups of animals had similar concentra-
tions of Listeria in their livers and spleens (Fig. 1). However,
between 3 and 5 days postinfection, the bacterial counts for
both the livers and the spleens of wild-type mice began to
decline, while the numbers of bacteria in the CapG�/� organs
remained elevated. The death of CapG�/� mice probably re-
sulted in underestimates of the organ colony counts on days 7
and 9, because the organs of animals that succumbed to the
infection would be expected to have higher bacterial titers than
the organs of the surviving mice. However, cell necrosis and
autolysis prevented generation of meaningful colony count
data for the organs of dead mice. Despite this extenuating
factor, the mean numbers of bacteria in CapG�/� organs ex-

ceeded the mean numbers of bacteria in the organs of the
wild-type mice by approximately 1 log10 CFU/g on days 5 and
7 and by 2 log10 CFU/g on day 9. The differences on days 5, 7,
and 9 for splenic tissue were statistically significant (P � 0.03,
P � 0.05, and P � 0.05, respectively), and the difference on day
9 for liver tissue was also statistically significant (P � 0.008). In
addition to quantitation of the bacteria in tissues, a spleen
index (weight of the spleen divided by weight of the animal)
was determined for each Listeria-infected animal. This value
reflected the extent of inflammatory cell infiltration and edema
in the spleen. Following infection, the spleen index increased
for both wild-type and CapG�/� animals, indicating that there
was increased inflammation, and the mean spleen indices were
the same on days 0 to 5 for wild-type and CapG�/� animals.
Because of the deaths of CapG�/� animals on days 7 and 9,
meaningful comparisons of spleen weight were not possible at
these times.

FIG. 1. Numbers of Listeria CFU per gram of tissue from infected
wild-type and CapG�/� mouse spleens (A) and livers (B). At time zero
the animals were inoculated intravenously with 3.7 log10 CFU of Lis-
teria. The error bars indicate the standard errors of the means. The
numbers of spleens and livers cultured were identical for each time
point and varied from three to five (CapG�/� mice on days 1 and 3, five
organs; CapG�/� mice on day 5, four organs; CapG�/� mice on days
7 and 9, three organs; wild-type mice on days 1, 5, 7, and 9, five organs;
wild-type mice on day 3, three organs). Asterisks indicate times at
which the differences in bacterial counts were statistically significant
(on day 5, P � 0.03 for spleens; on day 7, P � 0.05 for spleens; and on
day 9, P � 0.05 for spleens and P � 0.008 for livers). Symbols: F,
CapG�/� mice; E, wild-type mice.
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Because no significant difference in LD50 was observed for
the S. enterica serovar Typhimurium-infected animals, mice
were sacrificed at a single time, 5 days postinfection. The
bacterial loads in both the spleen and the liver were deter-
mined. As shown in Table 1, the average numbers of bacteria
per gram of spleen or liver for the CapG�/� and wild-type
animals were not significantly different (P � 0.5).

Histopathology and flow cytometry. The wild-type and
knockout animals were inoculated with 6.0 � 103 L. monocy-
togenes cells or 2 � 106 S. enterica serovar Typhimurium cells
and then were sacrificed on day 5. The livers and spleens were
extracted, and frozen sections were stained with hematoxylin
and eosin. In Listeria-infected animals no qualitative differ-
ences were apparent in the inflammatory responses generated
by the wild-type and knockout animals. Infected CapG�/�

spleens exhibited levels of inflammation roughly similar
to those exhibited by CapG�/� spleens (Fig. 2). Infected
CapG�/� livers also exhibited degrees of vascular conges-

tion and inflammation similar to those exhibited by wild-
type livers and had numbers of necrotic foci similar to the
numbers in wild-type livers (Fig. 3). We also found that Sal-
monella infection produced similar inflammatory responses in
CapG�/� and CapG�/� livers and spleens (data not shown).

Because CapG is most abundant in macrophages and the
loss of this protein could affect macrophage migration and
proliferation in the reticuloendothelial system, we used Mac-1
antibody and immunofluorescence microscopy to estimate the
numbers of macrophages in the inflammatory foci of Listeria-
infected spleens and livers from CapG�/� and wild-type ani-
mals. We detected no differences in the numbers of Mac-
1-positive cells in the two groups, confirming our findings
obtained with hematoxylin and eosin staining (Fig. 4). Similar
immunofluorescence studies of Salmonella-infected organs
also failed to demonstrate that there were significant differ-
ences in the numbers of Mac-1-positive cells in the livers and
spleens of CapG�/� and wild-type animals (data not shown).

To more accurately quantify the inflammatory cells populat-
ing the uninfected and infected livers and spleens, we utilized
flow cytometry analysis. A total of 1 � 105 cells were counted
per sample. The results obtained for representative samples
are shown in Fig. 5. No significant differences in the numbers
and types of cells found in the spleens or livers of CapG�/�

animals and wild-type uninfected, Salmonella-infected, or List-
eria-infected animals were detected (P � 0.1 for all compari-
sons).

Macrophage phagocytosis assay. It has recently been dem-
onstrated that CapG�/� macrophages ingest immunoglobulin
G-labeled zymosan particles at one-half the rate that wild-type
macrophages ingest such particles (29). To further explore
host-pathogen interactions with CapG�/� macrophages, we

FIG. 2. Hematoxylin- and eosin-stained frozen sections of splenic
tissue from Listeria-infected wild-type mice at a low magnification
(A) and a high magnification (B) and from Listeria-infected CapG�/�

mice at a low magnification (C) and a high magnification (D). Animals
had been infected for 5 days at the time that the organs were sampled
(see Materials and Methods).

FIG. 3. Hematoxylin- and eosin-stained frozen sections of liver tis-
sue from Listeria-infected wild-type mice at a low magnification (A)
and a high magnification (B) and from Listeria-infected CapG�/� mice
at a low magnification (C) and a high magnification (D). Animals had
been infected for 5 days at the time that the organs were sampled.

TABLE 1. Numbers of bacterial colonies per gram of tissue in
Listeria- and Salmonella-infected mice on day 5

Organism

Log10 colonies/g in:

Spleens of
CapG�/�

mice

Spleens of
CapG�/�

mice

Livers of
CapG�/�

mice

Livers of
CapG�/�

mice

L. monocytogenes 5.24 	 0.15a 6.53 	 0.66 4.93 	 0.43 5.68 	 0.32
S. enterica serovar

Typhimurium
7.78 	 0.86 8.03 	 0.25 7.02 	 0.59 7.86 	 1.06

a The difference between CapG�/� and CapG�/� mice was statistically signif-
icant (P � 0.02).
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examined phagocytosis of L. monocytogenes and S. enterica
serovar Typhimurium. As observed with opsonized zymosan
particles, CapG�/� macrophages ingested L. monocytogenes at
one-half the rate that CapG�/� macrophages ingested such
particles (Fig. 6A). However, the phagocytic rates for Salmo-
nella were identical for CapG�/� and wild-type macrophages
(Fig. 6B).

L. monocytogenes intracellular speed. Once Listeria is in-
gested, this bacterium escapes from the phagolysosome and
induces actin filament rocket tails that propel the bacterium
through the cytoplasm (4). Actin-based motility allows the
bacterium to spread from cell to cell and cause disease. We
have previously shown that vesicle actin-based motility is im-
paired in CapG�/� macrophages; therefore, it was of interest
to examine Listeria actin-based motility in the same cells. Using
phase-contrast microscopy, we measured the speed of intracel-
lular bacteria in CapG�/� and wild-type macrophages. Unlike
vesicle motility, we found no difference in the Listeria actin-
based velocities in CapG�/� and CapG�/� macrophages,

which were 0.152 	 0.049 and 0.164 	 0.060 �m/s, respectively
(means 	 standard errors for 50 intracellular motile bacteria).

Dendritic cell ruffling. Dendritic cells play a critical role in
the processing of antigens and in generating specific cell-me-
diated immune responses. Dendritic cells are derived from
monocytes, as well as lymphoid or myeloid precursors, and
reside primarily in the lymph nodes and spleen. Western blot-
ting of wild-type dendritic cells revealed that the cytoplasmic
concentrations of CapG were similar to the concentrations in
macrophages (Fig. 7A). CapG has been shown to play a critical
role in receptor-stimulated ruffling, as well as phagocytosis, in
macrophages. Dendritic cells utilize ruffling to sample the ex-
tracellular environment, and this motile process is likely to play
an important role in antigen uptake. Using the ruffling assay
previously described for macrophages (29), we compared the
ruffling responses of wild-type and CapG�/� dendritic cells.

FIG. 4. Immunofluorescence micrographs of frozen spleen sections
from wild-type (A) and CapG�/� (B) mice infected with Listeria.
Splenic tissue was stained with Mac-1 antibody (fluorescein, green)
and polyclonal anti-Listeria antibody (rhodamine, red). Bar � 100 �m.

FIG. 5. FACS analysis of splenic cells derived from wild-type and
CapG�/� mice that were not infected (A) or were infected with Listeria
(B) or Salmonella (C). Staining was performed as described in Mate-
rials and Methods. Monoclonal antibodies were used to detect T lym-
phocytes (anti-CD3), macrophages (anti-CD11b), dendritic cells (anti-
CD11c), and polymorphonuclear leukocytes (anti-GR-1). The vertical
axis indicates the percentage of each cell type. The error bars indicate
the standard errors of the means (n � 3). Open striped bars, wild-type
mice; solid striped bars, CapG�/� mice.
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The unstimulated and GM-CSF-stimulated ruffling responses
of the CapG�/� cells were significantly reduced compared to
the responses of wild-type cells (P 
 0.0001) (Fig. 7B and C).

The motility of dendritic cells varies with the level of matu-
rity. Therefore, to reduce the possible confounding problem of
variation in maturation between wild-type and CapG�/� den-
dritic cells, we utilized fully differentiated dendritic cells for
our experiments and by fluorescence-activated cell sorting
(FACS) analysis demonstrated that CapG�/� and wild-type
cells had achieved similar levels of maturation (see Materials
and Methods).

Neutrophil chemotaxis. As shown in Fig. 8, CapG�/� bone
marrow-derived neutrophils became minimally polarized in
the presence or absence of a chemotactic gradient, while the
majority of wild-type neutrophils were polarized, forming a
discrete leading edge (lamellipod) and tail (uropod). In the
presence of a chemotactic gradient only 25% of CapG�/�

neutrophils (10 of 40 neutrophils) had asymmetric shapes con-
sistent with a polarized morphology, compared to 90% of the
wild-type neutrophils (55 of 61 neutrophils) (P � 0.0016).
Also, the mean rate of migration of CapG�/� neutrophils on
BSA-coated glass was approximately 50% lower than that of
wild-type neutrophils; the migration speed of CapG�/� neu-
trophils was 1.68 	 0.12 �m/min (mean 	 standard error of
the mean; n � 84), compared to a wild-type speed of 3.24 	

0.12 �m/min (n � 135). The difference was highly significant
(P 
 0.0001).

DISCUSSION

Our whole-animal investigations demonstrated that CapG�/�

mice are more susceptible to Listeria infection than wild-type
mice. The LD50 for CapG�/� animals was 10-fold lower than
the LD50 for CapG�/� mice, while no difference in the sus-
ceptibilities to Salmonella was observed. The finding that there
was a normal response to Salmonella infection suggests that
the loss of CapG does not lead to a generalized depression of
host defenses. Examination of the numbers of bacteria in the
liver and spleen provided insight into the kinetics of bacterial
growth in the animals. During the early stages of infection,
days 1 to 3, no differences in the numbers of Listeria colonies
were observed. However, by day 5, at the time when cell-
mediated and humoral immune responses might be expected
to begin, higher organ loads of Listeria were found in CapG�/�

livers and spleens than in wild-type livers and spleens. The
differences were significant in the spleens at 5 and 7 days and
in both organs after 9 days. At 9 days the numbers of Listeria
colonies per gram of tissue were 100 times higher in CapG�/�

tissues than in wild-type tissues.
The higher numbers of Listeria cells in the organs of CapG�/�

animals were in contrast to the numbers of cells observed after
Salmonella infection, after which no differences in the numbers
of bacteria in CapG�/� and CapG�/� livers and spleens were
observed. It is unlikely that these differences in organ counts
and LD50 for Listeria and Salmonella were due to differences in
the mode of administration. As demonstrated by our counts of
bacteria in organs on day 5, both intravenous administration of
Listeria and subcutaneous injection of Salmonella led to high
levels of bacteria in the spleens and livers and would be ex-
pected to present comparable challenges to the animals’ im-
mune systems (Table 1).

What mechanism or mechanisms underlie the differences in
the abilities of the CapG�/� and wild-type livers and spleens to
clear Listeria? One possibility is that CapG�/� organs do not
contain the same numbers of inflammatory cells that wild-type
organs contain. To explore this possibility, we first compared
the values for the spleen index, a gross indicator of splenic
inflammation, and found that these values were similar for
wild-type and CapG�/� animals. Next, we examined the histo-
pathology of infected livers and spleens. We observed no sig-
nificant differences in the types and extents of the inflammatory
responses in these organs. Immunofluorescence microscopy also
failed to reveal any significant differences in the numbers of mac-
rophages in the infected spleens or livers of CapG�/� and wild-
type animals. Finally, our FACS analysis quantitatively supported
these qualitative impressions. Similar numbers of macrophages,
dendritic cells, neutrophils, and T cells were observed in the
CapG�/� and wild-type spleens before and after infection with
Listeria or Salmonella.

These findings eliminate the possibility that there is a quan-
titative defect and raise the possibility that there is a functional
defect in one or more cells important for host defense. Mac-
rophages play a critical role in protecting a host against infec-
tion, and both Listeria and Salmonella interact with macro-
phages. Salmonella is taken up by macrophages by a trigger-

FIG. 6. Comparison of the rates of phagocytosis of L. monocyto-
genes (A) and S. enterica serovar Typhimurium (B) by wild-type and
CapG�/� bone marrow-derived macrophages. Each value is the mean
number of bacteria per cell, as determined by counting the intracellu-
lar bacteria in 100 macrophages at each time point. Symbols: F,
CapG�/� mice; E, wild-type mice.

VOL. 71, 2003 HOST DEFENSE DEFECTS OF CapG�/� MICE 6587



type mechanism (1, 9, 10, 32). Initial contact by Salmonella
induces dramatic cytoskeleton rearrangements in macro-
phages, causing these cells to form giant membrane ruffles (1,
9). These large plasma membrane projections engulf the bac-
teria by a process similar to macropinocytosis. Salmonella con-
tains a type III secretion system that allows the translocation of
effector proteins into the cytoplasm of mammalian cells. It has
been shown that injection of the Salmonella proteins SipB and
SipC induces membrane ruffles and that ruffling and macropi-

nocytosis are not impaired by tyrosine kinase inhibitors (10,
32). Listeria enters macrophages by a zipper-type mechanism.
Listeria expresses surface proteins called internalins that bind
to specific host cell membrane receptors (2). Receptor occu-
pancy activates tyrosine phosphorylation and stimulates cy-
toskeletal rearrangements to form pseudopods that surround
the bacterium and bring it into the cytoplasm by phagocytosis
(15). Thus, Salmonella is internalized by a mechanism that
bypasses receptors, while Listeria requires receptor-mediated
signal transduction to enter cells.

It has been shown previously that loss of CapG disrupts
receptor-mediated ruffling but not Salmonella Sip-mediated
ruffling (29). This finding suggested that phagocytosis of Lis-
teria, but not macropinocytosis of Salmonella, could be im-
paired in CapG�/� macrophages. Measurement of the rates of
macrophage internalization of Listeria and Salmonella con-
firmed these predictions. The rate of phagocytosis of Listeria
was reduced by 50% in CapG�/� macrophages, while the rate
of internalization of Salmonella was unimpaired. We suggest
that this functional macrophage defect may at least partially
account for the inability of CapG�/� spleens and livers to
control Listeria growth. Under normal conditions the genera-
tion of a cell-mediated TH-1 response would be expected to
activate macrophages to kill Listeria. However, bacterial killing
requires that macrophages are capable of ingesting Listeria.

FIG. 7. Comparison of bone marrow dendritic cells from CapG�/�

and CapG�/� mice. (A) Western blots of bone marrow-derived mac-
rophages and dendritic cells. Lanes 1 and 2 contained extracts from
wild-type macrophages and CapG�/� macrophages, respectively, and
the results demonstrated that CapG was not present in CapG�/� cells.
Twenty micrograms (total amount) of cytoplasmic protein was loaded
into each lane. Lane 3 contained 20 ng of purified CapG protein, and
lanes 4 and 5 contained cytoplasmic extracts from macrophages (lane
4) and dendritic cells (lane 5) from CapG�/� mice. Densitometry of
the two peaks revealed comparable areas under the curves (2,059 and
1,973 integration units for macrophages and dendritic cells, respective-
ly). Thirty micrograms of cytoplasmic protein was loaded into lanes 4
and 5. (B) Rhodamine phalloidin-stained CapG�/� and CapG�/� den-
dritic cells before stimulation with GM-CSF (top two images) and
following stimulation for 15 min with GM-CSF (bottom four images).
Note the serpentine actin filament staining pattern of CapG�/� cells
following stimulation, indicating a marked ruffling response. The stain-
ing pattern was less pronounced in unstimulated cells of both geno-
types and in stimulated CapG�/� dendritic cells, indicating that there
was a reduced ruffling response. Bar � 5 �m. (C) Graphic comparison
of the ruffling responses of CapG�/� and CapG�/� dendritic cells
before and after GM-CSF stimulation. Ruffling was quantified as de-
scribed in Materials and Methods. Both the resting and stimulated
ruffling responses of CapG�/� cells were significantly reduced com-
pared to those of CapG�/� dendritic cells (P 
 0.0001).
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The reduction in the rate of phagocytosis, therefore, could
explain the increased survival of Listeria in CapG�/� mice.

Additional defects in immune function could also contribute
to the inability of CapG�/� mice to control Listeria infection.
Dendritic cells play a critical role in processing antigens and
presenting antigens to activate T cells. We report here that
dendritic cells contain high concentrations of CapG and that
CapG�/� dendritic cells have a reduced ability to ruffle in
response to GM-CSF. It is of interest that dendritic cells lack-

ing gelsolin have a normal ruffling response (27), and the
difference in actin-based motility between CapG�/� dendritic
cells and dendritic cells lacking gelsolin further supports the
previous conclusion that CapG serves a unique and different in
vivo function than gelsolin, a member of the same family of
proteins (29). This defect in CapG�/� dendritic cells could
lead to defective processing of antigens and defective activa-
tion of T cells. Future studies are planned to further explore
dendritic and T-cell function in CapG�/� mice. Finally, we
observed a significant defect in the ability of CapG�/� neutro-
phils to polarize and crawl toward a chemotactic gradient. This
defect may be important in the early stages of Listeria infec-
tion, when neutrophils are known to play a major role in the
killing of this pathogen in the liver (28). In our FACS analysis
of cells in the CapG�/� spleens we did not find any significant
reductions in neutrophil numbers; however, the percentage of
neutrophils in the spleen is small compared to the percentages
of T cells and macrophages, making differences in this cell
population difficult to detect.

Genetic defects in host cell immunity are a major concern
for pediatric immunologists. Previous work has identified de-
fects in immunoglobulin production, superoxide production,
vesicle trafficking, and phagocyte adherence (8, 25). Patients
with such defects have served as natural experiments, and the
findings obtained have led to major advances in our under-
standing of the immune system. To date, a defect in CapG
expression has not been identified in humans; however, our
experiments with mice indicate that CapG has a central role in
phagocyte function and demonstrate that there is a distinct
phenotype that renders the host more susceptible to intracel-
lular Listeria infection but not to Salmonella infection. Our
experiments should encourage clinicians to consider the pos-
sibility that there is a CapG deficiency in human patients with
unexplained listeriosis.
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