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Gene targeting in ES cells was used to substitute control of
angiotensin converting enzyme (ACE) expression from the
endogenous promoter to the mouse c-fms promoter. The re-
sult is an animal model called ACE 10/10 in which ACE is
overexpressed by monocytes, macrophages, and other my-
elomonocytic lineage cells. To study the immune response of
these mice to bacterial infection, we challenged them with Lis-
teria monocytogenes or methicillin-resistant Staphylococcus
aureus (MRSA). ACE 10/10 mice have a significantly enhanced
immune response to both bacteria in vivo and in vitro. For ex-
ample, 5 days after Listeria infection, the spleen and liver of
ACE 10/10 mice had 8.0- and 5.2-fold less bacteria than wild
type mice (WT). In a model of MRSA skin infection, ACE
10/10 mice had 50-fold less bacteria thanWTmice. Histologic
examination showed a prominent infiltrate of ACE-positive
mononuclear cells in the skin lesions from ACE 10/10. In-
creased bacterial resistance in ACE 10/10 is directly due to
overexpression of ACE, as it is eliminated by an ACE inhibitor.
Critical to increased immunity in ACE 10/10 is the overexpres-
sion of iNOS and reactive nitrogen intermediates, as inhibition
of iNOS by the inhibitor 1400W eliminated all in vitro and in
vivo differences in innate bacterial resistance between ACE
10/10 andWTmice. Increased resistance to MRSA was trans-
ferable by bone marrow transplantation. The overexpression
of ACE and iNOS by myelomonocytic cells substantially boosts
innate immunity and may represent a new means to address
serious bacterial infections.

The classical renin-angiotensin system (RAS)2 is a complex
cascade of enzymes and peptides associated with the regula-
tion of blood pressure (1). RAS regulates production of the
vasoconstrictor angiotensin II from angiotensinogen via se-
quential catalysis by renin and angiotensin-converting en-

zyme (ACE). Although renin is precise in substrate specificity,
ACE is a somewhat promiscuous peptidase that cleaves angio-
tensin I, substance P, AcSDKP, �-endorphins, and several
other physiologic peptides. Because ACE has a variety of sub-
strates, it may affect several physiologic and pathologic pro-
cesses such as hematopoiesis, fertility, atherosclerosis, multi-
ple sclerosis, and inflammation (2–5).
Several groups have presented evidence highlighting di-

verse roles for ACE and RAS in the immune response, includ-
ing production of reactive oxygen species by angiotensin II
(6–8). Recently, Platten et al. (9) showed that RAS plays a
major role in autoimmunity, as indicated by their analysis of
multiple sclerosis and experimental autoimmune encephalitis.
Studies have also found a role for RAS in the recruitment of
inflammatory cells into tissues through the regulation of ad-
hesion molecules and chemokines by resident inflammatory
cells (7). ACE regulates bradykinin, which is critical for den-
dritic cell maturation and TH1 cell development during Tryp-
anosoma cruzi infection (10). Clinically, ACE is a useful
marker for several cytokine-mediated inflammatory diseases
(11).
Our group has recently described a mouse model called

ACE 10/10 in which gene targeting in ES cells was used to
substitute control of ACE expression from the endogenous
promoter to the mouse c-fms promoter (12). The result is an
animal model in which ACE is overexpressed by monocytes,
macrophages, and other myelomonocytic lineage cells. These
mice demonstrated a robust immunological response when
challenged with mouse models of melanoma and lymphoma.
Specifically, ACE 10/10 mice resisted tumor growth far better
than WT mice. This was correlated with increased numbers
of anti-tumor CD8� T cells. Furthermore, when compared
with WT cells, ACE 10/10 macrophages showed an increased
proinflammatory phenotype, characterized by increased infil-
tration of the tumors, increased production of proinflamma-
tory cytokines, and superior processing of tumor antigens
(13). Although this phenotype was eliminated by ACE inhibi-
tors, the production of angiotensin II was probably not crucial
in tumor resistance. Rather, ACE overexpression in my-
elomonocytic cells seemed to trigger a more profound im-
mune response in which the animals responded more vigor-
ously than WT mice to immunologic challenge.
Although the finding that ACE 10/10 mice resist the

growth of tumors better than WT mice is exciting, tumor
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growth models in mice are somewhat artificial. This led us to
ask whether the enhanced immune response observed in ACE
10/10 mice would also be present when these animals were
exposed to two models of bacterial infection: Listeria monocy-
togenes (Listeria), a Gram-positive rod-shaped bacterium that
is a much studied intracellular pathogen, and methicillin-re-
sistant Staphylococcus aureus (MRSA), an aggressive extracel-
lular micro-organism that is increasing in prevalence and in-
cidence (14, 15). The spread of community-associated MRSA
is an important public health concern because these bacteria
can be particularly virulent. Here, we report that ACE 10/10
mice have a substantially enhanced innate immune response
to both these organisms in vivo and in vitro, and this is associ-
ated with overexpression of iNOS. Our data show that the
manipulation of ACE in myelomonocytic cells markedly in-
creases the immune response, not only to mouse models of
tumor, but to aggressive forms of bacterial infection.

EXPERIMENTAL PROCEDURES

Ethics—All experimental procedures were preapproved by
the Cedars-Sinai Institutional Animal Care & Use Committee
and were performed according to the guidelines of the Ce-
dars-Sinai Division of Comparative Medicine and the Cedars-
Sinai Institutional Animal Care & Use Committee.
Materials—LPS (Escherichia coli 055:B5) was from Sigma-

Aldrich. Murine IL-6, IFN-�, TNF-�, and IL-12/p40 ELISA
kits were purchased from eBioscience (San Diego, CA). Griess
assay reagents were from Promega (Madison, WI). ACE activ-
ity was measured using the ACE-REA kit from American Lab-
oratory Products Company, Ltd. (ALPCO, Windham, NH) as
described previously (16).
Mice—ACE 10/10 mice have been described previously

(12). These mice were back-crossed at least 10 generations to
C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME). All
mice were maintained in microisolator cages.
Bacterial Infection—L. monocytogenes strain EGD was a gift

from Dr. Rafi Ahmed (Emory University). Bacteria were prop-
agated overnight on brain heart infusions. This was then di-
luted 1:100 in fresh medium and incubated at 37 °C with
shaking at 250 rpm until an A540 of �2.5. The bacteria were
then washed in PBS and stored in PBS with 30% glycerol at
�80 °C at a concentration of 1 � 108/ml. For each experi-
ment, a fresh vial was thawed, and bacteria were washed in
PBS and diluted appropriately. Mice were injected intrave-
nously with 100 �l of bacteria in PBS. Livers and spleens from
infected mice were harvested at different time points after
infection, and cfus were calculated by plating serial dilutions
of tissue homogenates on brain heart infusion plates (Hardy
Diagnostics, CA).
S. aureus USA 300, strain SF8300, was obtained from Dr.

Binh Diep (University of California, San Diego). Bacteria were
routinely cultured in Todd-Hewitt broth at 37 °C with shak-
ing at 250 rpm. An overnight bacterial culture was diluted
1:1000 in pre-warmed media and incubated at 37 °C with
shaking at 250 rpm until an A540 of �2.5. Bacteria were im-
mediately pelleted by centrifugation at 4000 rpm for 10 min at
4 °C, washed twice with equal volume of PBS, and resus-
pended in PBS at a concentration of 2 � 1010 cfu/ml. This

was mixed with an equal volume of PBS containing dextran
microbead (Cytodex) suspension at 50 mg/100 ml. 100 �l of
this suspension was injected subcutaneously into each flank of
mice. Skin lesions were defined by darkened areas of necrosis,
and lesion size was quantified over the course of 4 days by a
protocol described previously (17). Briefly, the length and
width of the lesion was multiplied, and irregularly shaped le-
sions were broken down into smaller symmetrical pieces and
measured. On day four, mice were euthanized; skin lesion was
measured, excised, weighed and homogenized in 1 ml of PBS
for cfu determination by serial dilutions.
Inhibitors—ALZET osmotic minipumps (Cupertino, CA)

were placed subcutaneously, following the manufacturer’s
instructions. ACE inhibitors ramipril (Roxane Laboratories)
or lisinopril (Merck) were dosed at 16 mg/kg/day, losartan
(LKT Laboratories) was dosed at 30 mg/kg/day, and hydrala-
zine (Sigma) was administered at 40 mg/kg/day for 1 week in
drinking water. Tail cuff blood pressure measurements were
performed as described previously to verify effectiveness of
the drugs in reducing blood pressure (16). The iNOS-specific
inhibitor 1400W (Cayman Chemical) was administered at 50
�g/ml in drinking water. Treatment was initiated on the day
of infection and maintained until the termination of the
experiment.
Bone Marrow Transplantation—Enhanced green fluores-

cent protein transgenic mice (TgN(�-act-EGFP)04Obs) (18),
which have been back-bred at least 10 generations to a
C57BL/6 background (Jackson Laboratory) were a gift from
Dr. David Archer (Emory University). Homozygous ACE
10/10 mice expressing GFP (ACE 10/10-GFP) were obtained
by a classical breeding scheme. For bone marrow transplanta-
tion, donor mice were 8-week-old ACE 10/10-GFP or litter-
mate WT/WT-GFP; recipients were 8-week-old WT
C57BL/6 that did not express GFP. Bone marrow was ob-
tained from donor mice by flushing femurs and tibias with
RPMI 1640 medium. Nucleated cells were counted, and the
bone marrow was resuspended at a concentration of 2 � 107/
ml. Recipient mice were irradiated with 1100 radians and im-
mediately reconstituted with either 2 � 106 ACE 10/10-GFP
or WT/WT-GFP bone marrow cells, as described previously
(12). After 8 weeks, the recipient mice were analyzed by FACS
for blood leukocyte expression of GFP, ACE, and CD45.
Macrophage Isolation and in Vitro Bacterial Infection—To

collect thioglycollate elicited peritoneal macrophages (TPMs),
6–8-week-old mice were injected intraperitoneally with 2
ml of aged thioglycollate broth. Four days later, macro-
phages were harvested from the peritoneal cavity by lavag-
ing with sterile Hank’s phosphate-buffered saline. The cells
were centrifuged at 400 � g for 10 min at 4 °C and resus-
pended in complete media: RPMI 1640 (Invitrogen) sup-
plemented with 5% heat-inactivated fetal calf serum, 100
units/ml penicillin, and 100 �g/ml streptomycin (Media-
tech). 105 macrophages were distributed into wells of 96-
well plates. After 2 h of incubation at 37 °C, nonadherent
cells were washed away, leaving wells with confluent ad-
herent macrophages. After 18 h of culture in complete me-
dia with or without 10 ng/ml IFN-�, cells were infected
with 106 bacteria (multiplicity of infection of 10) in 100 �l
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of antibiotic-free media. After 1 h of phagocytosis, nonin-
corporated bacteria were removed by washing, and com-
plete media was supplemented with 5 �g/ml gentamicin to
kill any residual extracellular bacteria. In some experi-
ments, macrophages were treated with 10 �M of the spe-
cific iNOS inhibitor 1400W at the time of the priming with
IFN-�. At different time points, cells were washed and then
lysed with 0.01% Triton in PBS, and viable bacteria ascer-
tained by dilution and plating on brain heart infusion
plates.
Nitrite Accumulation—Nitrite anion production by macro-

phages was determined with Griess assay using the manufac-
turer’s instructions (Promega). Briefly, macrophage monolay-
ers were stimulated with 10 ng/ml IFN-� for 18 h, and
supernatants were harvested. In some experiments, the
macrophage monolayers were stimulated with 10 ng/ml
IFN-� and then infected with L. monocytogenes at a multiplic-
ity of 10 or 50 bacteria per cell. A total of 50 �l of culture su-
pernatant was combined with an equal volume of Griess rea-
gent, and the samples were incubated at room temperature
for 10 min before quantifying the absorbance at 540 nm. The
nitrite production was determined using a standard curve and
normalized to total cell number in each sample.
Western Blotting—107 thioglycollate-elicited peritoneal

macrophages were stimulated with 1 �g/ml LPS overnight.
Cells were washed with ice-cold PBS and lysed in a buffer
containing 10 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 1
mM EGTA, 1 mM Na3VO4, 10 mM NaF, 10 �g/ml aprotinin,
10 �g/ml leupeptin, 1 mM PMSF, and 1% Nonidet P-40 for 20
min. The lysates were centrifuged at 15,000 rpm for 20 min at
4 °C, and the supernatants were collected. After protein quan-
tification using the Pierce protein assay, 40 mg of protein
were separated by 8% SDS-PAGE and transferred onto nitro-
cellulose membranes. The blots were then washed in Tris-
Tween-buffered saline (TTBS, 20 mM Tris-HCl buffer, pH 7.6,
137 mM NaCl, and 0.05% (v/v) Tween 20), and blocked over-
night with 5% (w/v) nonfat dry milk solution in TTBS. Subse-
quently, the membrane was probed with a 1:600 dilution of
polyclonal iNOS antibody (a kind gift of Dr David Harrison,
Emory University) or a 1:1000 dilution of anti-arginase 1 anti-
body (BD Transduction) in 5% (w/v) nonfat milk in TTBS.
The blot was revealed by enhanced chemiluminescence (GE
Healthcare). The membranes were probed with �-actin (Cell
Signaling, Danvers, MA) to verify loading.
Immunohistochemistry—Tissue was embedded in paraffin

using standard techniques. 5-�m sections were cut and
steamed for 30 min in buffer, pH 6.1 (Dako, catalog no.
S1699). They were then stained in a Dako automated stainer
with a 1:200 dilution of rabbit anti-ACE antibody (19). Sec-
ondary antibody (Dako, catalog no. K4003) and DAB chromo-
gen (Dako, catalog no. 3468) were performed according to the
manufacturer’s instructions.
Statistics—All data are expressed as the arithmetic

means � S.E. Comparisons between two groups of animals or
treatments were made by one-way ANOVA or Student’s t
test. Values of p � 0.05 were considered statistically
significant.

RESULTS

Increased Resistance to L. monocytogenes Infection in ACE
10/10 Mice—We tested the response of ACE 10/10 mice to
Listeria infection in vivo and in vitro. To test in vivo bacterial
burden, WT and ACE 10/10 mice were injected i.v. with 4 �
103 cfu of Listeria, strain EGD. The mice were sacrificed 3 or
5 days after infection, and bacterial counts were determined
in spleen and liver. In both spleen and liver, the ACE 10/10
mice consistently had substantially fewer bacteria (Fig. 1A).
At day 3 after infection, the bacteria burden in the spleen and
liver of WT mice was 6.5- and 5.5-fold more than that of the
equivalent ACE 10/10 tissues (n � at least 9, p � 0.01). At day
5, the spleen and liver of WT mice had an 8.0- and 5.2-fold
greater bacterial load than those of the ACE 10/10 mice (n �
at least 9; liver, p � 0.002; spleen, p � 0.003).

To understand the increased resistance to infection in ACE
10/10, we also tested additional groups of WT and ACE 10/10
mice that were treated with either the specific ACE inhibitor
ramipril or the angiotensin II AT1 receptor antagonist losar-
tan delivered via osmotic minipump. Three days after infec-
tion, mice were sacrificed, and bacterial burden was deter-
mined in the spleen and liver (Fig. 1B). These data showed
that the treatment of ACE 10/10 mice with ramipril consis-
tently eliminated significant differences between ACE 10/10
and WT, indicating that the catalytic activity of ACE is di-
rectly responsible for the reduced bacterial burden in ACE
10/10 mice. In contrast, treatment of mice with the AT1 an-
tagonist did not alter the bacterial resistance noted in ACE
10/10 mice. For example, in spleen, ACE 10/10 and WT mice
treated with losartan averaged 4.3 � 104 and 3.0 � 105 cfu,
respectively (n � 6, p � 0.0005), which was essentially identi-
cal to the results in the absence of losartan.
Using a higher inoculum of Listeria (3 � 104), similar dif-

ferences were observed between ACE 10/10 and WT mice.
Following a 5-day i.v. challenge, we recovered just less than a
log lower colony count in both spleen and liver compared
with WT (Fig. 1C). For example, in the spleen, ACE 10/10
averaged 9.3 � 104 cfu, whereas WT averaged 7.4 � 105 (n �
7, p � 0.003). Similar to the previous experiment, this effect
was negated by addition of an ACE inhibitor, but nonspecific
lowering of blood pressure by hydralazine, which works inde-
pendently of RAS, had no such effect.
ACE 10/10 Macrophages Have Enhanced Listeriocidal

Activity—Macrophages are a well characterized cell host for
Listeria replication. To directly assess the ability of ACE 10/10
macrophages to kill Listeria, an in vitro killing assay was per-
formed using TPMs, in the presence or absence of IFN-�. Lis-
teria was added at a multiplicity of infection of 10, and phago-
cytosis was allowed to proceed for 1 h. Nonincorporated
bacteria were then removed, and the media was supple-
mented with gentamicin to kill residual extracellular bacteria.
After further incubation such that the total time since first
exposure to bacteria was 2 to 8 h, cfus were determined by
standard methods. In the absence of IFN-� priming, there was
no significant difference between the ability of ACE 10/10 and
WT macrophages to kill Listeria (Fig. 2, top two lines). ACE
10/10 macrophages express abundant surface ACE (13), and
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thus, these data demonstrated that ACE has no direct bacteri-
cidal effect (Fig. 2). Neither is there a difference in phagocyto-
sis because flow cytometric analysis of engulfed FITC-labeled

Listeria by IFN-� primed TPMs fromWT and ACE 10/10 was
similar (supplemental Fig. S1). However, once primed with
IFN-�, there was substantially better killing of Listeria by the
ACE 10/10 cells. The data are significant by 4 h (p � 0.005);
by 8 h, ACE 10/10 macrophages have 11.6-fold less bacteria
than WT macrophages (n � 8, p � 0.001). We also performed
an identical experiment but now mice were treated with an
ACE inhibitor for 1 week prior to isolating TPM. Macro-
phages were then treated with IFN-� overnight in media also
containing ACE inhibitor. ACE inhibition eliminated all dif-
ferences in Listeria killing between ACE 10/10 and WT
macrophages after 4 or 8 h of incubation (4 h, ACE 10/10 �
1.4 � 105 CFU/105 macrophages; WT � 1.2 � 105 CFU/105
macrophages; 8 h, ACE10/10 � 4.1 � 104 CFU/105 macro-
phages; WT � 7.2 � 104 CFU/105 macrophages; n � at least
5, p � 0.6). Thus, both in vivo and in vitro data show signifi-
cantly better killing of Listeria in ACE 10/10 mice as com-
pared with WT. This is dependent on the increased ACE ac-
tivity in the ACE 10/10 model.
Increased Nitrite Production Is Essential to ACE 10/10

Phenotype—Substantial previous work has demonstrated that
the killing of Listeria is dependent upon the generation of
reactive oxygen species by NADPH oxidase (Nox2) and by the
generation of reactive nitrogen intermediaries, predominantly
nitric oxide (NO) by inducible nitric oxide synthase (iNOS)
(20). Our group has investigated each of these systems in ACE
10/10 mice.
To study burst reactive oxygen species generation, TPM

from ACE 10/10 and WT mice were isolated and cultured
overnight with or without 10 ng/ml of IFN-�. Listeria was
then added, and reactive oxygen species were quantified over
80 min using a standard luminescence assay (21). Although
more than 10 mice per group were examined, there was no
consistent difference between ACE 10/10 and WT mice. Rep-
resentative data are shown in supplemental Fig. 2.

FIGURE 1. In vivo challenge with L. monocytogenes. A, WT and ACE 10/10
(10/10) mice were inoculated i.v. with 4 � 103 L. monocytogenes, strain EGD.
Groups of mice were sacrificed 3 or 5 days after inoculation, and the num-
ber of cfu in the spleen and liver was determined. Values for individual WT
(circles) and ACE 10/10 (triangles) mice are shown, as well as the group
means and S.E. *, p � 0.05; **, p � 0.005; ***, p � 0.0005. ACE 10/10 have a
significantly lower bacterial burden than WT. B, WT (gray bars) and ACE
10/10 (10, black bars) were implanted with an osmotic mini-pump and
treated with either saline, the ACE inhibitor ramipril or the AT1 receptor
antagonist losartan. After 7 days, the mice were challenged with 4 � 103

Listeria i.v. Three days later, the number of bacteria in the spleen and in the
liver was determined. Ramipril eliminated the difference between WT and
ACE 10/10, whereas losartan had no significant effect (n � 6). C, WT and
ACE 10/10 (10) were implanted with osmotic mini-pumps and treated with
either ramipril or hydralazine. Mice then received 3 � 104 Listeria i.v. Five
days after inoculation, the bacterial counts in the spleen and liver were de-
termined. Ramipril eliminated differences between ACE 10/10 and WT mice,
but no such effect was found with hydralazine (n � 6). NS is not significant.

FIGURE 2. In vitro killing of Listeria by macrophages. TPMs were cultured
overnight with either IFN-� (filled triangle, ACE 10/10; filled circle, WT) or
without IFN-� priming (open triangle, ACE 10/10; open circle, WT). At time 0,
cells were infected with Listeria at a multiplicity of 10 for 1 h. Then, after
washing, medium containing gentamicin was added to kill the remaining
extracellular bacteria. After further incubation, such that the total time since
first exposure to bacteria was 2 to 8 h, the antibiotic was removed, the cells
were lysed, and cfus were determined. In the presence of IFN-� priming,
there is substantially better killing of Listeria by ACE 10/10 macrophages
than by WT cells (n � 8 mice). **, p � 0.005; ***, p � 0.001.
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To investigate the role of nitrites, TPM were isolated and
then primed overnight with or without 10 ng/ml IFN-�. Some
groups of cells were also exposed to Listeria at an multiplicity
of infection of either 10 or 50 (Fig. 3A). In the absence of
IFN-� priming, there was no difference in nitrite production
between macrophages from ACE 10/10 or WT. In contrast,
TPM from ACE 10/10 consistently showed a 2.2- to 2.9-fold
increased production of nitrite, as compared with identically
treated cells fromWTmice. Even in the absence of stimula-
tion with Listeria, IFN-� primed cells from ACE 10/10 made

2.4-fold more nitrite than WT cells (ACE 10/10, 16.3 �M;
WT, 6.8 �M; n � 6, p � 0.005).

Macrophages make NO via the up-regulation of iNOS (22).
To evaluate this, TPMs were cultured for 18 h in the presence
of lipopolysaccharide (1 �g/ml). Culture supernatants were
removed, and cell lysates were analyzed for iNOS expression
by Western blot analysis (Fig. 3B). Samples were also probed
for L-arginase expression, as this competes with iNOS for ar-
ginine. To control for loading, samples were probed for �-ac-
tin levels, and after band density analysis, iNOS levels were

FIGURE 3. Macrophage production of nitrites and iNOS. A, TPMs from WT (light gray) or ACE 10/10 (black) mice were cultured overnight with or without
IFN-�. After 18 h, groups of cells were treated with Listeria at a multiplicity of either 10 or 50. Separate groups of cells were left untreated. Four hours later,
the culture supernatant was collected, and nitrite levels were measured. In the absence of IFN-� priming, there was no significant difference in nitrite levels
between cells from WT and ACE 10/10. However, with IFN-� treatment, ACE 10/10 macrophages made from 2.2- to 2.9-fold more nitrites than identically
treated cells from WT mice (n � 6, p � 0.005 for all groups of IFN-�-treated cells comparing ACE 10/10 with WT). B, TPMs from WT and ACE 10/10 (10) were
cultured for 18 h with or without 1 �g/ml of LPS. Cell lysates were then probed for iNOS, arginase I, and �-actin by Western blot. C, densitometry was used
to quantitate the average density ratio of iNOS relative to the expression of �-actin. There is increased expression of iNOS by ACE 10/10 macrophages (n �
5). *, p � 0.05. D, WT (gray bars) and ACE 10/10 (black bars) mice were treated with lisinopril for 7 days. TPMs from these mice and from untreated mice were
then stimulated with either LPS or IFN-� for 18 h. Nitrite accumulation in the supernatant was then determined by Griess assay. ACE inhibition abrogates
the elevated nitrite production by ACE 10/10 macrophages (n � 5 mice per group with or without inhibitor). *, p � 0.05; **, p � 0.01. ns is not significant.
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normalized for the levels of the housekeeping gene (Fig. 3C).
This study showed a 2-fold increase in iNOS protein expres-
sion in macrophages from ACE 10/10 mice as compared with
WT (ACE 10/10, 0.95 � 0.2; WT, 0.47 � 0.14; n � 5 mice,
p � 0.005). In contrast, we saw no difference in L-arginase
expression between the two groups.
We showed that the increased in vivo resistance of ACE

10/10 mice to Listeria is eliminated by treatment with an ACE
inhibitor. If, in fact, increased bacterial killing is also due to
increased activity of iNOS, then ACE inhibitor treatment
should be associated with reduced nitrite production. To
study this, WT and ACE 10/10 mice were treated with the
ACE inhibitor lisinopril for 1 week. TPMs were then col-
lected, primed with LPS or IFN-�, and assessed for nitrite
production. Indeed, treatment of the mice with lisinopril re-
sulted in a marked diminution of nitrite levels in the ACE
10/10 cells such that there was no significant difference in
nitrite production between IFN-�- or LPS-stimulated WT
and ACE 10/10 cells (Fig. 3D).
Given both the increased production of iNOS and nitrites

by ACE 10/10 cells, we directly investigated the role of iNOS
in the killing of Listeria by performing an in vitro killing assay
(Fig. 4A). TPMs were incubated overnight with or without
IFN-�. In this experiment, we also included groups of IFN-�
primed macrophages that were incubated with the compound
1400W, a specific inhibitor of iNOS (23). Although 1400W
had virtually no effect on WT cells, there was a marked effect
on cells from ACE 10/10 mice; in the presence of 1400W,
these cells killed Listeria equivalent to either WT cells with or
without 1400W. The combination of data showing enhanced
in vitro production of nitrites by ACE 10/10 cells, and the ef-
fects of the iNOS inhibitor 1400W in eliminating in vitro dif-
ferences in killing between ACE 10/10 and WT, implies that a
critical part of the enhanced immune response observed in
ACE 10/10 mice is IFN-�-stimulated production of iNOS.
To investigate the role of iNOS in vivo, WT and ACE 10/10

mice were inoculated i.v. with 3 � 104 cfu of Listeria, strain
EGD. Beginning on the day of infection, a group of mice were
treated with water containing 50 �g/ml 1400W and were
maintained on the drug throughout the duration of the exper-
iment (Fig. 4B). Five days after infection, mice were sacrificed,
and the burden of Listeria in the spleen and liver was deter-
mined. In the absence of the iNOS inhibitor, ACE 10/10 mice
showed significantly less bacteria in the spleen and liver, simi-
lar to data presented in Fig. 1. With the administration of the
iNOS inhibitor, all groups of mice showed a significant in-
crease in the burden of Listeria. This is consistent with pub-
lished data showing an important role for iNOS in the control
of Listeria infection (20, 24). In addition, the administration of
1400W to ACE 10/10 mice rendered these mice functionally
equivalent to WT in that there was no longer any significant
difference in bacterial burden.
ACE 10/10Mice Demonstrate Increased Immunity toMRSA—

Although Listeria is a traditional model for understanding the
innate immune response to bacteria, we also wanted to study
the response of ACE 10/10 mice to the challenging clinical
problem of MRSA. Utilizing a necrotizing fasciitis model,
ACE 10/10 and WT mice were inoculated subcutaneously

with 1 � 109 CFUMRSA USA 300, strain SF8300 (25, 26). On
days 2, 3, and 4 after bacterial inoculation, the size of the in-
durated and inflamed skin lesion was measured (Fig. 5, A and
B). ACE 10/10 mice developed substantially smaller lesions
compared with WT mice. At 4 days, WT mice had an average
lesion of 60 mm2, whereas ACE 10/10 averaged only 13 mm2

(n � 8, p � 0.005). The mice were sacrificed on day 4, the
lesional skin was excised, and the bacterial load of S. aureus
was determined by serial dilution. Data from four separate
experiments showed that there was a marked difference in the
skin burden of bacteria (Fig. 5C). Whereas WT mice averaged
6.2 � 107 cfu, ACE 10/10 animals had only 1.2 � 106 (n � at
least 14, p � 0.001).

FIGURE 4. In vitro and in vivo killing of Listeria is inhibited by the iNOS
inhibitor 1400W. A, TPMs from ACE 10/10 (triangles) or WT (circles) mice
were cultured overnight. Some cells were cultured with IFN-� or the combi-
nation of IFN-� plus 1400W, as indicated in the figure. After 18 h, cells were
mixed with Listeria at a multiplicity of 10 for 1 h. After washing, media con-
taining gentamicin was added to kill the remaining extracellular bacteria. At
the indicated times after the first addition of Listeria, gentamicin was re-
moved, the cells were lysed, and cfus were determined. Although inhibition
of iNOS has no significant effect on the WT cells, treatment of ACE 10/10
cells renders these cells equivalent to WT in the killing of Listeria (n � 5
mice). ACE 10/10:IFN-� � 1400W versus WT:IFN-� � 1400W, p � 0.4 at all
time points). B, WT (gray bars) and ACE 10/10 mice (10, black bars) were in-
oculated i.v. with 3 � 104 Listeria. On the day of infection, some mice were
treated with the iNOS inhibitor 1400W in the drinking water. The mice were
sacrificed on day 5, and the bacterial burden in the spleen and liver was deter-
mined. Inhibition of iNOS with 1400W increased the bacterial burden in all
groups. In the presence of 1400W, the difference between WT and ACE 10/10
mice was eliminated (n � 6). *, p � 0.05; **, p � 0.005. NS is not significant.
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To determine whether the increased resistance of ACE
10/10 mice to MRSA was dependent upon ACE catalytic ac-
tivity, mice were treated with an ACE inhibitor for 1 week
before inoculation of bacteria. The mice were then infected
with MRSA and sacrificed on day 4, and the skin bacterial
burden determined (Fig. 5C). Similar to what we saw with
Listeria, inhibition of ACE activity rendered the ACE 10/10
mice as sensitive to MRSA as WT.
Previously, we showed that the enhanced resistance of ACE

10/10 mice to Listeria was very dependent on the functional
activity of iNOS. To investigate whether this was true for re-

sistance to MRSA, groups of WT and ACE 10/10 mice were
treated with the iNOS inhibitor 1400W during the course of
infection with S. aureus (Fig. 5C). Treatment of ACE 10/10
mice with 1400W increased their bacterial burden and elimi-
nated any differences seen between these mice and similarly
treated WT mice (WT, 2.8 � 108; ACE 10/10, 1.45 � 108, n �
6, p � 0.16).

Four days after infecting mice with MRSA, skin lesions
from both WT and ACE 10/10 mice were histologically exam-
ined. As anticipated, WT mice showed skin ulceration with a
marked neutrophilic infiltrate and abscess formation (Fig.
6A). Occasional clumps of bacteria were observed. There was
also extension of the lesion into the underlying muscle with
focal muscle necrosis. ACE 10/10 mice also showed a neutro-
philic infiltrate with abscess formation. Distinguishing the
lesion in the ACE 10/10 was the increased presence of mono-
nuclear cells, particularly at the periphery of the necrosis. A
particularly marked example of this is shown in Fig. 6, B–D,
where a central region of necrosis is surrounded by a cuff of
mononuclear cells. These cells were positive for ACE expres-
sion by immunohistochemical straining with an anti-ACE
antibody.
If the enhanced resistance of ACE 10/10 mice is due to

their altered myelomonocytic cells, then this should be trans-
ferable by bone marrow transplantation. Thus, we lethally
irradiated WT C57BL/6 mice and then immediately trans-
planted bone marrow from either ACE 10/10 or littermate
WT mice following a previously published protocol (12). Do-
nor mice were on a C57BL/6 background and also carried a
transgene for GFP expression. After 8 weeks, successful bone
marrow engraftment was verified by FACS analysis of GFP
expression. Mice were then challenged with a subcutaneous
dose of 4 � 108 MRSA. Four days after infection, the mice
were sacrificed, and the number of bacteria within the skin
was determined (Fig. 7). These data show that WT mice,
transplanted with bone marrow from ACE 10/10 mice, have a
significantly better ability to resist MRSA growth than WT
mice transplanted with WT bone marrow (WT, 1.5 � 107;
ACE 10/10, 2.4 � 106, n � 5, p � 0.05).

DISCUSSION

In the ACE 10/10 model, the endogenous ACE promoter
has been supplanted such that the control of ACE gene ex-
pression is now regulated by the c-fms promoter. The result is
that tissues that normally express c-fms, such as monocytes,
macrophages, and other myelomonocytic cells now overex-
press ACE. Phenotypically, ACE 10/10 mice have a normal
basal blood pressure. As was found in several different mod-
els, the expression of any appreciable quantity of ACE, irre-
spective of tissue location, is sufficient to allow homeostatic
regulation of the renin-angiotensin system with resulting nor-
mal blood pressure (27). Thus, any phenotype identified in
this model cannot be attributed to the many secondary effects
of low or high blood pressure. ACE 10/10 mice resist growth
of tumor models far better than WT mice, and this increased
resistance is associated with changes in adaptive immunity,
such as increased numbers of tumor specific CD8� T cells.
However, tumor models suffer from the intrinsic problem

FIGURE 5. Skin infection with MRSA. Mice were infected subcutaneously
with 1 � 109 MRSA, clone USA 300, in the hind flanks. A, a representative
comparison of skin lesions present in ACE 10/10 and WT mice 4 days after
MRSA infection. B, lesion size of WT (circles) and ACE 10/10 (10, triangles)
were measured on days 2, 3, and 4 after infection (n � 14 mice per group).
**, p � 0.005; ***, p � 0.0005. C, four days after skin infection, WT (circles)
and ACE10/10 (triangles) were sacrificed, and bacterial counts in the lesion
were determined. ACE 10/10 mice averaged �50-fold less bacteria within
lesions (n � 14, p � 0.001). These differences were eliminated when mice
were treated with either the ACE inhibitor lisinopril or the iNOS inhibitor
1400W.
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that such models in mice are somewhat artificial. These con-
siderations led us to investigate how ACE 10/10 mice respond
to infection with L. monocytogenes, a traditional model to
study innate immunity, and with MRSA. Both models exam-
ined the behavior of the mice within only a few days of infec-
tion, during which the innate immune response plays a domi-
nant role. With both infections, ACE 10/10 mice showed a
significantly enhanced ability to resist bacterial growth. This

was particularly so with resistance to skin infection with
MRSA; not only was there 50-fold less bacteria in the lesions,
but the reduction in the amount of tissue necrosis and abscess
formation in ACE 10/10 mice is strong proof of the differ-
ences between these animals and WT.
Similar to what was found with tumor resistance, the inhi-

bition of ACE enzymatic activity eliminated the enhanced
immune response of the ACE 10/10 mice to bacterial infec-
tion. Thus, the catalytic activity of ACE, and not just the ex-
pression of ACE protein, is the critical feature explaining the
enhanced innate response to bacteria. Furthermore, the in
vitro killing data presented indicates that ACE catalytic activ-
ity is not what is directly killing bacteria. Rather, in vitro,
macrophages need to be primed by IFN-� to observe the ACE
10/10 effect. Most likely, such priming also occurs in vivo as
part of the infectious process. We previously demonstrated
that ACE is catalytically active and able to cleave peptides
within the endoplasmic reticulum compartment of ACE
10/10 macrophages (13). Thus, it is unclear whether it is ACE
action here or whether the ACE present on the cell surface
creates a unique local environment that is critical for explain-
ing the enhanced response of the ACE 10/10 mice. However,
we presume that it is the enhanced production or degradation
of one or even several peptides that is the ultimate explana-
tion for the differences between ACE 10/10 and WT mice.
Angiotensin II, though, does not appear to be a critical factor
in the ACE 10/10 model. This is strongly suggested by our
finding that an AT1 receptor antagonist had no apparent ef-
fect on resistance to Listeria. Although we did not study a
genetic model in which the production of angiotensin II was

FIGURE 6. Histology of skin after MRSA infection. Four days after subcutaneous infection with MRSA, mice were sacrificed, and histologic sections of the
lesions were prepared. A, WT mice show extensive acute inflammation within the superficial and deep dermis. There is abundant polymorphonuclear leu-
kocytes with karyorrhexis, tissue necrosis, and pus formation. Occasional masses of bacteria are present (arrow). B, ACE 10/10 mice also had areas of necro-
sis and pus formation. However, at the periphery of the necrosis, there was a mononuclear cell infiltrate. Pictured in B is a marked example where a central
region of necrosis (indicated by an asterisk) is surrounded by a cuff of mononuclear cells (indicated by arrows). C, a higher power of the mononuclear infil-
trate (arrows) is shown. D, immunohistochemical staining of the tissue sections with an anti-ACE antibody showed that these cells were positive for ACE
expression.

FIGURE 7. Transplantation of ACE10/10 bone marrow into WT mice con-
fers increased resistance to MRSA. Recipient C57BL/6 mice were lethally
irradiated and then immediately transplanted with bone marrow from ei-
ther ACE 10/10 (10/10) or littermate WT mice. After engraftment, the mice
were challenged subcutaneously with 1 � 109 MRSA. Four days later, mice
were sacrificed, and bacterial burden in the skin lesion was determined. WT
mice receiving bone marrow from ACE 10/10 mice (triangles) showed a sig-
nificantly reduced bacteria burden in the skin lesion, compared with WT
mice receiving WT bone marrow (circles) (n � 5). *, p � 0.05.
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impossible due to a genetic change, these experiments were
performed in the study of tumor resistance and confirmed the
lack of apparent involvement of angiotensin II (12).
In considering mechanisms for how ACE may enhance im-

munity, several studies have shown that host peptidases can
participate in antibacterial defense mechanisms. For example,
macrophage-derived metallopeptidase MMP12 has recently
been identified as having antimicrobial effects (28). This may
be because bacteria, and in particular MRSA, secrete a wide
variety of pathogenic peptides, including phenol soluble
modulins, leukocidins, cytolysins, and complement inhibitors
(29–31). Conceivably, ACE may cleave these or other patho-
genic peptides as part of its mode of action.
Previous analysis established that two of the major mecha-

nisms responsible for innate immunity to bacteria are the
generation of reactive oxygen intermediates, as a result of
NADPH oxidase activation, and the generation of reactive
nitrogen intermediates as a result of iNOS expression and
activity (20, 32, 33). We found no consistent difference in re-
active oxygen intermediates generation between ACE 10/10
macrophages and WT. In contrast, several lines of data
showed significant differences in reactive nitrogen intermedi-
ate generation between ACE 10/10 and WT mice, suggesting
that this plays a major role in the increased immune response
of the ACE 10/10 model. These include the increased nitrite
and iNOS protein synthesized in response to LPS, the in-
crease in nitrite production in response to IFN-� priming and
perhaps most importantly, the finding that the specific iNOS
inhibitor 1400W eliminates all differences in bacterial killing
between ACE 10/10 and WT.
Richardson et al. (34) have discussed that NO is a proin-

flammatory molecule critical for clearance of a wide variety of
pathogens including viral, fungal, bacterial, and parasitic mi-
croorganisms. It is an important effector of host innate im-
munity because of its immunomodulatory roles as well as its
direct antimicrobial activity. NO can also be oxidized into
potent nitrogen species, such as peroxynitrite, which have
bacteriostatic or bacteriocidal effects (35–37). Mice deficient
in iNOS show increased susceptibility to L. monocytogenes
(20, 38). iNOS deficiency is also associated with increased
mortality from S. aureus infection (39, 40). However, the biol-
ogy of NO is complicated. S. aureus species can actually gen-
erate NO with an inducible NO synthase gene. This appears
to have an antioxidant function (41). Other studies suggest
that the aggressiveness of MRSA is partly due to the ability to
neutralize host NO generation via several inducible genes that
increase the efficiency of MRSA to detoxify nitrites (34, 42).
Here, our studies are different in emphasis in that we show
that, not only does NO play a role in host defenses under nat-
ural circumstances, but that the overexpression of ACE fur-
ther augments iNOS and nitrite expression by myelomono-
cytic cells and that this improves the immune response to
MRSA.
Recently, others have stressed (43–45) the phenotypic be-

haviors of different subgroups of activated macrophages. Spe-
cifically, “classically activated macrophages” have been impli-
cated to have antibacterial and anti-tumor properties,
whereas “alternatively activated macrophages” are postulated

to promote tumor growth and suppress the extent of inflam-
mation. We previously published that the overexpression of
ACE in the ACE 10/10 model appears to tilt macrophage to-
ward a classically activated phenotype. Our data here are con-
sistent with this idea in that iNOS expression is one of the
phenotypes of a classically activated macrophage. Further
work will be necessary to investigate precisely how many of
the phenotypic differences in ACE 10/10 mice can be ex-
plained as secondary to iNOS induction. Thus, our data sup-
port a central role of iNOS in bacterial resistance; whether
iNOS plays a similar central role in other immune changes
found in the ACE 10/10 mouse, such as resistance to tumor
and adaptive immunity, remain to be explored.
Chambers and DeLeo (14) have recently described the his-

tory of antibiotic resistance in S. aureus as a series of waves
beginning in the 1940s with penicillin-resistant S. aureus in
hospitals. The introduction of methicillin and the 1961 report
of S. aureus-resistant strains, marked the second wave. By the
late 1970s, new strains of MRSA became endemic, but were
usually found in immunocompromised patients or in a hospi-
tal setting. In 1997, the emergence of new aggressive strains
marked a new wave of infection that has continued to in-
crease in incidence (46), infecting healthy adults and sensitive
to very few antibiotics (31, 47). Given the history of MRSA
evolution, the implication for the future is that new ap-
proaches are needed to address MRSA and other forms of
aggressive infection. Several groups have published attempts
to regulate iNOS expression as a means of enhancing resis-
tance to bacteria. In particular, the use of microspheres contain-
ing iNOS has been investigated as a therapeutic approach to de-
crease subcutaneous abscess area, reduce bacterial burden in
lesions, and induce cytokine expression by the host in the face
of S. aureus infection (48, 49). Our work lends credence to the
idea that ACE manipulation is a potential new approach to
increase innate resistance in the face of a serious bacterial
infection.
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