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Intradermal infection of methicillin-resistant Staphylococcus aureus (MRSA) in burned mice was pathogen-
ically analyzed. An abscess was formed in normal mice intradermally infected with 10° CFU/mouse of MRSA,
and all of these mice survived after the infection; however, abscess formation was not demonstrated to occur
in burned mice similarly exposed to the pathogen, and all of these mice died within 5 days of infection. In
burned mice, MRSA infected at the burn site intradermal tissues spread quickly throughout the whole body,
while in normal mice, the pathogen remained localized at the infection site. Macrophages (M) isolated from
the infection site tissues of normal mice produced interleukin-12 (IL-12) but not IL-10 and were characterized
as M1Md. These M1Md were not isolated from the infection site tissues of burned mice. When normal-mouse
infection site tissue Md were adoptively transferred to burned mice at the MRSA infection site, an abscess
formed, and the infection did not develop into sepsis. In contrast, an abscess did not form and sepsis developed
in normal mice that were inoculated with burned-mouse infection site tissue M. These M¢b produced IL-10
but not IL-12 and were characterized as M2Md®. These results indicate that abscess formation is a major
mechanism of host resistance against intradermal MRSA infection. M1Md in the tissues surrounding the
infection site play a pivotal role in abscess formation; however, the abscess is not formed in burned mice where
M2Mdo predominate. M2Md have been described as inhibitor cells for M&b conversion from resident M to

MI1Md.

Infection is the major cause of morbidity and mortality in
severely burned patients (27, 33). Methicillin-resistant Staphy-
lococcus aureus (MRSA) is known as a typical pathogen in such
infections. Generally, healthy individuals are resistant against
MRSA infection; however, severely burned patients with
greatly suppressed immune responses are particularly suscep-
tible to MRSA infection. In severely burned patients, MRSA
was represented in 40% of the wounds, and 14% to 17% of all
wounds became infected once they were colonized with MRSA
(11, 14, 25). Therefore, intervention targeting the host’s anti-
bacterial immune responses seems to be critical for successful
regulation of MRSA infection.

Recently, defects in antibacterial innate immunities have
been demonstrated to occur in patients and animals following
severe burn injuries (5). Innate immunity is the major host
defense against early burn wound infection with MRSA (10), and
classically activated macrophages (M¢) (M1Mé [interleukin-12-
positive {IL-12"} IL-10~ Md]) have been identified as a major
effector cell in host antimicrobial innate immunities (6, 19, 21).
M1M¢ kill bacteria through the production of lysosomal en-
zymes, reactive oxygen intermediates, reactive nitrogen inter-
mediates, and antimicrobial peptides (12, 21, 23). In general,
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resident M (IL-127 IL-10" Md, isolatable from healthy do-
nors) convert to MIMd following stimulation with invasive
pathogens via pattern recognition receptors (19). Contrarily, a
majority of thermally injured hosts are shown to be carriers of
alternatively activated macrophages (M2M¢ [IL-127 IL-10"
Md]) (15, 16, 32). M2M¢ have reduced abilities to kill bacte-
ria, and soluble factors released from M2M¢ inhibit pathogen-
stimulated macrophage conversion from resident Mdé to
MIMé¢ (15).

Bacterial replication causes tissue destruction, and an ab-
scess is commonly formed through this necrotizing process
(18). An abscess, defined as a circumscribed collection of pus,
is a very important host antibacterial defense against intrader-
mal MRSA infection (8). The well-developed abscess has a
wall or capsule of fibrous tissue separating it from the sur-
rounding tissue. Histologically, the abscess lesions consist of
accumulating leukocytes with live bacteria (26). In recent stud-
ies (7, 17, 26), abscess formation was caused by the accumu-
lation of phagocytic M¢ to eliminate the pathogen. In this
study, the influence of severe burn injury on abscess formation
and bacterial growth at the infection site tissue was investi-
gated for burned mice intradermally infected with MRSA. In
the results, an abscess was not formed in burned mice, unlike
in normal mice, after intradermal infection with MRSA.
MRSA infected in burned mice at local intradermal tissues
spread throughout the whole body quickly. In normal mice,
IL-12-producing and IL-10-nonproducing M¢ (M1Md) were
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characterized as effector cells for abscess formation. After in-
tradermal infection with MRSA, an abscess formed in burned
mice that were inoculated with infection site tissue Md
(M1IMd). These results indicate that M1Md appearing in re-
sponse to the MRSA infection are major effector cells in the
host antibacterial defense. Through abscess formation, M1Md
work to control the bacterial growth at the infection site and to
inhibit the dissemination of the pathogen. M2M¢ inhibit M
conversion from resident Mé to M1IM¢ following bacterial
stimulation. Therefore, an abscess is not formed in hosts where
M2M¢ predominate, which results in the development of sep-
sis from local infections.

MATERIALS AND METHODS

Mice. Eight- to 10-week-old male BALB/c mice (The Jackson Laboratory, Bar
Harbor, ME) were used in these experiments. Experimental protocols for animal
studies were approved by the Institutional Animal Care and Use Committee of
the University of Texas Medical Branch at Galveston (IACUC approval number
01-04-010).

MRSA, reagents, antibodies, and media. A vancomycin-sensitive strain of
MRSA (biotype 21777), isolated from a clinical specimen of a burn patient in
Shriners Hospital for Children, was utilized throughout the study. This strain was
grown on mannitol salt agar supplemented with oxacillin for 18 h at 37°C under
aerobic conditions. Two strains of MRSA (strain BAA-44 and strain 33591) and
a strain of methicillin-sensitive Staphylococcus aureus (MSSA) (strain 29213)
were purchased form the American Type Culture Collection (Manassas, VA).
Fluorescein isothiocyanate (FITC)-conjugated anti-CD206 (mannose receptor)
monoclonal antibody (MAb) was purchased from AbD Serotec (Raleigh, NC).
Purified anti-IL-12 MAD, streptavidin particles plus DM, Cytofix/Cytoperm so-
lution, and phycoerythrin (PE)-conjugated anti-IL-12 and anti-IL-10 MAbs were
purchased from BD Biosciences (San Jose, CA). Biotin-conjugated anti-F4/80
MADb was purchased from eBioscience (San Diego, CA). Collagenase (type I)
and protease inhibitor cocktail were purchased from Sigma-Aldrich. PE-conju-
gated anti-CXCL9 MADb and ELISA MAX standard kits for IL-10, IL-12, tumor
necrosis factor alpha (TNF-a), and IL-18 were purchased from Biolegend (San
Diego, CA). TRIzol reagent was purchased from Invitrogen (Carlsbad, VA).
RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine se-
rum (FBS), 2 mM L-glutamine, and antibiotics (100 U/ml penicillin and 100
pg/ml streptomycin) (complete medium) was used as the medium for M cul-
tivation.

Burn injury. Burned mice were created according to our previously reported
protocol (32). Thus, mice were anesthetized with pentobarbital (40 mg/kg of
body weight, intraperitoneally [i.p.]), and electric clippers were used to shave the
hair on the back of each mouse from the groin to the axilla. The mice were then
exposed to a gas flame for 9 s after the window of a custom-made insulated mold
(with a 4- by 5-cm window) was pressed firmly against the shaved back. A Bunsen
burner equipped with a flame-dispersing cap was used as the source of the gas
flame. This procedure consistently produced a third-degree burn on approxi-
mately 25% of the total body surface area (TBSA) for a 26-g mouse (32).
Immediately after thermal injury, physiologic saline (1 ml per mouse, i.p.) was
administered for fluid resuscitation. Deaths within 5 days of 25% TBSA flame
burn were not demonstrated after our burn procedure. As controls, mice were
anesthetized and shaved but were not exposed to the gas flame. They also
received physiologic saline (1 ml per mouse, i.p.).

Mouse model of MRSA abscess formation. MRSA (10® CFU/mouse at 0.2 ml)
was intradermally injected into the left groins of mice 30 min after burn injury
(4). Abscess formation was determined by the presence of pustular exudates,
fascial adhesions, skin thickening, and skin necrosis. Abscess volume was mea-
sured by a microcaliper, and the abscess volume was expressed in mm? (length by
width by height). In some experiments, tissues surrounding the infection site (15-
by 15-mm window) were surgically removed and homogenized on ice. The num-
ber of viable bacteria per gram tissue was determined by a standard colony-
counting method. Furthermore, blood specimens were obtained from normal
and burned mice 1 to 3 days after MRSA infection. The number of bacteria per
1 ml blood was determined by a standard colony-forming method. Serum frac-
tions of the blood were assayed for TNF-a and IL-1B by an enzyme-linked
immunosorbent assay (ELISA) in accordance with the manufacturer’s instruc-
tions.
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Treatment of IL-10 antisense ODN or anti-IL-12 MAb. Phosphothioate-mod-
ified antisense or scrambled oligodeoxynucleotides (ODN) were purchased from
Sigma-Aldrich (St. Louis, MO) and dissolved in water. IL-10 antisense ODN had
the following sequence and positions: 5'-CATTTCCGATAAGGCTTGG-3'.
Twenty-four and 12 h before infection, mice were treated subcutaneously with 6
pg/mouse of IL-10 antisense ODN. They were again treated 0.1 and 12 h after
infection with IL-10 antisense ODN. As control groups, normal and burned mice
were treated subcutaneously with 6 pg/mouse of scrambled ODN. Also, normal
mice were infected with MRSA intradermally, and these mice were then treated
subcutaneously with anti-IL-12 MADb (10 wg/mouse) 0.1 h, 24 h, and 48 h after
infection.

Infection site tissue Md. (i) Isolation. M were isolated from the tissue
surrounding the infection site as previously described (34). Three days after
intradermal infection with MRSA, the skin and fascia from around the injection
site (15 by 15 mm) were aseptically removed and put in culture dishes containing
complete medium and 25 mM HEPES. The tissues obtained were cut into small
pieces with a scalpel and suspended in Hanks’ balanced salt solution with 0.5%
collagenase and incubated in a water bath at 37°C for 40 min with frequent
agitation. The cell suspensions were then centrifuged (1,300 rpm for 5 min).
Next, the remaining cells were adjusted to 1 X 107 cells/ml in IMag buffer and
treated with 5 wg/ml of biotin-conjugated anti-mouse F4/80 MAb. After being
washed with IMag buffer, the cell suspension was mixed with streptavidin parti-
cles plus DM at a ratio of one cell to five beads for 40 min at 4°C. F4/80™ cells
were magnetically separated to the side of the tube, and the supernatant was
eliminated (28). F4/80" cells were shown to be 95% pure when they were
analyzed by flow cytometry using FITC-conjugated anti-F4/80" MAb purchased
from AbD Serotec (Raleigh, NC). Utilizing this procedure, 5 X 10° Md were
isolated from the infection site tissue of a burned mouse and 1 X 10° Md were
isolated from the same tissue of a normal mouse.

(ii) Adoptive transfer. Normal-mouse infection site tissue M (NISM¢) (1 X
10° cells/mouse) were intradermally injected into normal mice at 3 different sites
surrounding the infection site. Also, burned mice 30 min after MRSA infection
were inoculated intradermally with 1 X 10° cells/mouse of NISMd. Similarly,
burned-mouse infection site tissue M¢ (BISMd) (1 X 10° cells/mouse) were
intradermally injected into normal mice at 3 different sites surrounding the
infection site. Also, after MRSA infection, burned mice were inoculated intra-
dermally with 1 X 10° cells/mouse of BISMd. The severity of infection in these
groups of mice was evaluated by the growth of MRSA in spleens and the abscess
formation, as mentioned above.

M from the heat-killed-MRSA stimulation site tissues. (i) Isolation. Normal
and burned mice were intradermally stimulated with heat-killed MRSA (corre-
sponding to 3 X 10® CFU/ml of live bacteria). Three days after stimulation, M
were isolated from the stimulated site tissues, as mentioned above.

(ii) Adoptive transfer. Md (1 X 10° cells/mouse) isolated from the stimulation
site tissues of normal mice were adoptively transferred to the tissue surrounding
the MRSA infection sites of burned mice. Also, Md (1 X 10° cells/mouse)
isolated from the stimulation site tissues of the burned mice were adoptively
transferred to the tissue surrounding the MRSA infection sites of the normal
mice.

Definitions of M1Md and M2Md. M with abilities to produce IL-12 (but not
IL-10) and to express inducible nitric oxide synthase (iNOS) mRNA and with a
lack of mannose receptor and FIZZ1 mRNAs were considered to be M1Md.
Also, M¢ with abilities to produce IL-10 (but not IL-12) and to express mannose
receptor and FIZZ1 mRNAs and with a lack of iNOS mRNA were considered
to be M2M¢ (6, 24). For reverse transcription-PCR (RT-PCR), RNA was ex-
tracted from Md¢ by TRIzol in accordance with the manufacturer’s recommen-
dations. Within the experiment, each sample was normalized by the amount of
isolated RNA. Then, this RNA was turned back into cDNA through the reverse
transcription of mRNA. PCR was conducted using the following synthesized
oligonucleotide primers: for iNOS, 5'-CCCTCCAGTGTCGGGAGCA-3' (for-
ward [F]) and 5'-TGCTTGTCACCACCAGCAGT-3' (reverse [R]); for man-
nose receptor, 5'-CCATCGAGACTGCTGCTGAG-3' (F) and 5'-AGCCCTTG
GGTTGAGGATCC-3" (R); and for FIZZ1, 5'-TCCCAGTGAATACTGATG
AGA-3' (F) and 5'-CCACTCTGGATCTCCCAAGA-3' (R). With the use of a
thermal cycler (GeneAmp PCR System 9600), 35 cycles of PCR were performed
at 94°C for 15 s, at 60°C for 15 s, and at 72°C for 20 s. The predicted products
were run on 2% agarose gels containing ethidium bromide.

Measurement of IL-12 and IL-10. Without any stimulation, 5 X 10° cells/ml of
Md were cultured individually. Culture fluids harvested 48 h after cultivation
were assayed for IL-12 (a biomarker of MIM¢) and IL-10 (a biomarker of
M2M¢) by ELISA in accordance with the manufacturer’s instructions. In some
experiments, tissues were chopped and homogenized in phosphate-buffered sa-
line (PBS) supplemented with 1% of protease inhibitor cocktail. After centrif-
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FIG. 1. Abscess formation and growth of bacteria in mice intradermally infected with MRSA. (A) Abscess formation. One to 10 days after
intradermal infection of MRSA at a dose of 108 CFU/mouse, abscess formation in normal mice (n = 3; open circles) and burned mice (n = 3; filled
circles) was tested. The abscess volume was expressed in mm? (length by width by height). Data are means = standard errors of the means (SEM)
of results from three different experiments. *, P < 0.01; **, P < 0.001; , dead. (B) Numbers of MRSA in the infection site tissues. Following the
same MRSA infection shown in panel A, the MRSA infection site tissues (15 by 15 mm) were excised from normal mice (n = 3; open circles) and
burned mice (n = 3; filled circles) 1 to 5 days after infection. Tissues removed were homogenized, and the numbers of bacteria in these
homogenates were determined using a standard colony-counting assay. Data are means = SEM of results from three different experiments. *, P <
0.01; §,died. (C) Growth of MRSA in blood. Blood specimens were obtained from normal (n = 3; open circles) and burned (n = 3; filled circles)
mice 1 to 3 days after MRSA infection. The numbers of bacteria in blood samples were determined using a standard colony-forming assay. Data
are means * SEM of results from three different experiments. *, P < 0.01; §, dead. (D, E) Amounts of TNF-« and IL-1 in the sera of normal
and burned mice infected with MRSA. Serum specimens were obtained from normal (n = 3) and burned (n = 3) mice 3 days after intradermal
infection with 10® CFU/mouse of MRSA. Amounts of TNF-a (D) and IL-1B (E) were measured using ELISA. Data are means += SEM of results
from three different experiments. *, P < 0.01. (F) Abscess formation in mice infected with 3 different strains of Staphylococcus aureus. Normal mice
were intradermally infected with 10®° CFU/mouse of the BAA-44 strain of MRSA (n = 3; open circles), the 33591 strain of MRSA (n = 3; filled
circles), or the 29213 strain of MSSA (n = 3; open squares). The volumes of abscesses formed in these mice were measured. Data are means *
SEM of results from three different experiments.

ugation (6,500 rpm for 5 min), the supernatants harvested were assayed for IL-12 RESULTS
and IL-10 by use of ELISA. In our assay system, the detection limits were 2 pg/ml

for IL-12 and 30 pg/ml for IL-10. Abscess formation and bacterial growth in mice intrader-

Flow cytometric analysis. NISM¢ and BISM¢ were immediately stained with
FITC-conjugated anti-mannose receptor MAb. For intracellular staining for
IL-12, IL-10, and CXCL9, these M¢ were immediately incubated with Cytofix/
Cytoperm solution at 4°C for 20 min. After being washed, the cells were incu-
bated with PE-conjugated anti-IL-12, anti-IL-10, or anti-CXCL9 MAb or isotype
control MAD at 4°C for 30 min. After being washed, the cells were analyzed with
a FACSCanto flow cytometer.

Statistical analysis. The results obtained were analyzed statistically using an
analysis-of-variance (ANOVA) test. Kaplan-Mayer curves were constructed, and
a log rank comparison test of the groups was used to calculate P values. All
calculations were performed using the program Statview 4.5 from Brain Power
(Calabasas, CA). The result was considered significant if the probability value
was lower than 0.05.

mally infected with MRSA. One to 10 days after intradermal
infection with MRSA (108 CFU/mouse), abscess formation
was observed in normal and burned mice. The volume of the
abscess formed at the infection site was measured daily by a
microcaliper. Also, the skin and fascia at the MRSA infection
sites (15 by 15 mm) were surgically excised from both groups of
mice 1 to 5 days after infection and homogenized. The number
of bacteria in tissue homogenates was determined by the stan-
dard colony counting assay. The obtained results are shown in
Fig. 1. For normal mice, abscesses were first demonstrated 1
day after MRSA infection, reached the maximum volume (234
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mm?® average) 2 days after the infection, and then gradually
diminished. In burned mice, however, only trace appearances
of abscesses (5 mm?® average) were demonstrated at 1 day after
MRSA infection, and then these abscesses disappeared within
3 days of the infection (Fig. 1A). MRSA grew logarithmically
in the infection site tissues of burned mice, and all of these
mice died within 5 days of the infection. In normal mice, with
abscess formation, MRSA did not grow significantly, and the
pathogen disappeared from the tissues surrounding the abscess
sites within 3 days of the infection (Fig. 1B). A significant
number of MRSA organisms were not detected in the blood
samples of normal mice, while 7.0 X 10° to 1.3 X 10° CFU/ml
of the pathogen were detected in the blood samples of burned
mice 2 to 3 days after the infection (Fig. 1C). TNF-« and IL-13
were detected in the sera of burned mice 3 days after MRSA
infection, but these cytokines were not detected in the sera of
normal mice (Fig. 1D and E). These results indicate that, in
contrast to what is observed in normal mice, significantly vol-
umed abscesses are not formed in burned mice intradermally
exposed to MRSA. The pathogen grew logarithmically at the
infection site tissues of burned mice and spread throughout the
whole body. In the results, similar abscess formations were
demonstrated to occur in normal mice intradermally infected
with 4 different strains of Staphylococcus aureus, including 2
strains of MRSA purchased from the ATCC, a strain of MSSA
purchased from ATCC, and our hospital-isolated MRSA strain
(Fig. 1F).

Survival of normal and burned mice intradermally infected
with MRSA. The resistance of normal and burned mice to
intradermal infection with MRSA was examined. Four groups
of burned mice (12 mice each) were intradermally infected
with 10° to 10® CFU/mouse of MRSA, and their survival was
observed daily for 10 days after the infection. Normal mice
infected with the pathogen at doses of 1 X 10® to 5 X 10®
CFU/mouse were utilized as controls. The results obtained are
shown in Fig. 2A (for normal mice) and B (for burned mice).
While all of the normal mice survived after intradermal infec-
tion with 10* CFU/mouse of MRSA, all burned mice exposed
to the same number of MRSA died within 5 days of the infec-
tion. One 50% lethal dose (LDs,) was shown to occur in
burned mice infected with 10° CFU/mouse of MRSA. These
results indicate that intradermally infected MRSA spread
throughout the whole body and caused sepsis that resulted in
the high mortality rates among burned mice, while anti-MRSA
resistance is shown to occur in normal mice similarly exposed
to the same pathogen.

Two different M subsets isolated from MRSA infection site
tissues. Next, we addressed the questions as to why the lack of
abscess formation allows the pathogen to grow rapidly in
burned mice intradermally infected with MRSA and, with ab-
scess formation, why the same infection is completely con-
trolled in normal mice. The presence of M in an abscess has
been histologically demonstrated (26). Also, antibacterial ef-
fector cells (M1Md) are known as IL-12" TL-10~ M¢ (2, 19,
21), and inhibitor cells on the Md conversion from resident
Md to MIMdo are characterized as 1L-127 IL-10" Md
(M2Md) (16). Therefore, as a first-step experiment, MRSA
infection site tissue homogenates were prepared from normal
and burned mice, and IL-12 and IL-10 contents in the homog-
enates were measured using ELISA. As shown in Fig. 3A and
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FIG. 2. Survival of mice intradermally infected with MRSA. Nor-
mal mice (A) (12 mice per group) and burned mice (B) (12 mice per
group) were intradermally infected with MRSA at doses of 1 X 10° to
5 X 10* CFU/mouse (A) or 10° to 10® CFU/mouse (B). These mice
were observed daily for 10 days to determine their survival rates. *, P <
0.05 for comparison with normal mice infected with the same number
of MRSA. Data are means = SEM of results from three different
experiments.

B, IL-12 was detected in infection site tissue homogenates of
normal mice, while this cytokine was not detected in the same
homogenates prepared from burned mice. In contrast, IL-10
was detected in infection site tissue homogenates of burned
mice, while this cytokine was not demonstrated to occur in the
homogenates derived from normal mice. Therefore, the role of
IL-12 and IL-10 in abscess formation in normal and burned
mice was examined after intradermal infection of MRSA.
When normal mice were treated with anti-IL-12 MAb before
and after MRSA infection, an abscess was not demonstrated.
Contrarily, abscesses formed in burned mice infected with
MRSA when they were treated with IL-10 antisense ODN
(Fig. 4A and B). These results suggest that M with abilities to
produce IL-10 (burned mice) or IL-12 (normal mice) are in-
volved in the abscess formation resulting from an intradermal
infection of MRSA.

Therefore, in the next experiments we tried to isolate Md
from redundant MRSA infection sites. M were isolated from
digested tissues of MRSA infection sites of normal and burned
mice 3 days after the MRSA infection (10°¥ CFU/mouse). Md
preparations (5 X 10° cells/ml) were cultured for 48 h, and
culture fluids harvested were assayed for IL-12 and IL-10. The
results obtained are shown in Fig. 3C and D. NISM¢ were
shown to be IL-12 producer and IL-10 nonproducer cells, while
BISM¢ were shown to be IL-10 producer and IL-12 nonpro-
ducer cells. When these M¢ were analyzed for IL-12, IL-10,
CXCLY9, or mannose receptor by flow cytometry, NISM¢ were
shown to be IL-12* IL-10~ CXCL9™" mannose receptor-neg-
ative (mannose receptor ) M and BISMd were shown to be
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FIG. 3. Detection of IL-12 and IL-10 in homogenates of MRSA infection site tissues and production of IL-12 and IL-10 by M¢ isolated from
MRSA infection site tissues. A square (15 by 15 mm) of infection site tissue was excised from normal mice (n = 6; open circles) or burned mice
(n = 6; filled circles) 1, 3, 5, 7, and 10 days after the MRSA infection (10¥ CFU/mouse). Tissues were homogenized, and supernatants obtained
were assayed for IL-12 (A) and IL-10 (B) by ELISA. Data are means = SEM of results from three different experiments. *, P < 0.05; **, P <
0.01; %%+, P < 0.001; ¥, dead. Three days after intradermal infection of MRSA (10® CFU/mouse), M were isolated from the infection site tissues
of normal and burned mice (3 mice each). Then, cells obtained were adjusted to 5 X 10° cells/ml and cultured for 48 h. Culture fluids obtained
were tested for IL-12 (C) and IL-10 (D) by use of ELISA. Data are means + SEM of results from three different experiments. *, P < 0.001.

IL-127 IL-10" CXCL9 ™ mannose receptor” Mo (Fig. 5A and
B). In addition, M¢ isolated from infection site tissues of
normal mice expressed iNOS mRNA, and M¢ from infection
site tissues of burned mice expressed mannose receptor and
FIZZ1 mRNAs (Fig. 5C). These results indicate that IL-12
producer/IL-10 nonproducer Md¢ expressing iNOS mRNA
(M1IMd) are present at the infection site tissues of normal
mice intradermally exposed to MRSA. In contrast, IL-10 pro-
ducer/IL-12 nonproducer Md¢ expressing mannose receptor
and FIZZ1 mRNAs (M2M¢) are present at the infection site
tissues of burned mice intradermally exposed to MRSA. These
results strongly suggest that M1IM¢ play a role on MRSA
abscess formation.

Growth of MRSA in spleens of mice inoculated with two
different M¢ preparations. After intradermal infection with
MRSA, bacterial growth in normal and burned mice inocu-
lated with 2 different sources of tissue M was examined.
Three days after the infection, M¢ were isolated from infec-
tion site tissues of normal and burned mice. Then, these Mdb
preparations (1 X 10° cells/mouse) were adoptively transferred
to additional groups of normal and burned mice (6 mice each)
previously exposed to 10® CFU/mouse of MRSA. Three days
after infection, the spleens were removed, and the number of
pathogens in these organs was determined by a standard col-
ony-counting assay. In the results, bacterial growth was shown
to occur in the spleens of normal mice inoculated with infec-
tion site tissue Mo isolated from burned mice. In contrast,
MRSA did not grow in the spleens of burned mice inoculated

with normal mouse tissue M. The growth of MRSA was not
demonstrated to occur in the spleens of normal mice intrad-
ermally infected with 10®° CFU/mouse of MRSA. Bacteria did
grow in the spleens of burned mice similarly infected with
MRSA (Fig. 6A).

Furthermore, the effect of tissue Md inoculation on abscess
formation in normal and burned mice intradermally infected
with MRSA was examined. Tissue M (1 X 10° cells/mouse),
isolated from the MRSA infection sites of normal and burned
mice, were intradermally inoculated into additional groups of
normal and burned mice (6 mice each), which were previously
exposed to 10 CFU/mouse of MRSA intradermally. When
normal mice inoculated with BISMd¢ were infected with
MRSA, a significant abscess did not form (Fig. 6B). However,
an abscess was formed in burned mice inoculated with NISM¢
(Fig. 6C).

Mé transferred from MRSA-infected donors may be carri-
ers of the pathogen. To avoid any confusion, we performed the
same Mo transfer experiments utilizing heat-killed MRSA.
Thus, normal and burned mice were intradermally injected
with 3 X 10® CFU/mouse of heat-killed MRSA. Three days
later, M were isolated from the injection site tissues of these
mice. Then, the M preparation (1 X 10° cells/mouse) derived
from the normal mice was transferred to the MRSA infection
sites of the burned mice 5 min after the MRSA infection. Also,
the Md preparation (1 X 10° cells/mouse) derived from
burned mice was transferred to the MRSA infection sites of
normal mice 5 min after the MRSA infection. One to 10 days
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FIG. 4. Effect of anti-IL-12 MAb or IL-10 antisense ODN on ab-
scess formation in mice infected with MRSA. (A) Normal mice were
infected with 10° CFU/mouse of MRSA intradermally. The mice were
treated subcutaneously with anti-IL-12 MAb (10 pg/mouse) 0.1, 24,
and 48 h after infection (open circles; n = 3). A control group of
normal mice was injected subcutaneously with the same dose of saline
(filled circles; n = 3). The sizes of the abscesses in the mice were
calculated by a microcaliper 1 to 10 days after infection. The volume of
the abscess was expressed in mm? (length by width by height). Data are
presented as the mean abscess volume = SEM. *, P < 0.05; #*, P <
0.01. (B) Burned mice were intradermally infected with MRSA (10°
CFU/mouse). Twenty-four and 12 h before infection, the mice were
treated subcutaneously with 6 wg/mouse of IL-10 antisense ODN.
They were again treated 0.1 and 12 h after infection with 6 pg/mouse
of IL-10 antisense ODN (open circles; n = 3). A control group of
burned mice was treated subcutaneously with 6 pg/mouse of scrambled
ODN (filled circles; n = 3). The abscess sizes were measured by a
microcaliper 1 to 10 days after infection. The volume of the abscess
was expressed in mm?® (length by width by height). Data are presented
as the mean abscess volume = SEM. *, P < 0.05.

after the infection, all recipients were examined for abscess
formation. In the results, abscess formation was demonstrated
to occur in the burned mice inoculated with the M¢ prepara-
tion derived from normal mice, while it was not demonstrated
to occur in normal mice inoculated with the M¢ preparation
derived from burned mice (Fig. 6D and E). These results
suggest that the role of the pathogen being moved from donors
to recipients by M transfer on the abscess formation in the
recipient mice may be minimal.

DISCUSSION

Staphylococcus aureus (or MRSA) is a pathogen frequently
isolated from thermally injured patients (27). In general, the
typical pathological manifestation of staphylococcal disease is
abscess formation. However, in thermally injured patients, lo-
cal MRSA infection frequently spreads throughout the whole
body and causes sepsis (3). Whether an infection is contained
or spreads depends on host antimicrobial resistances (18).

Leukocytes are the primary effector cells on host antimicro-

INFECT. IMMUN.

bial defense against MRSA infection. The migration of leuko-
cytes to the site of infection results from the orchestrated
expression of adhesion molecules on endothelial cells. This
process is triggered by bacteria and tissue M (35). Generally,
Md appear in abscesses of individuals with infection (7, 17, 26).
Therefore, in this paper, we investigated the pathogenetic role
of these M¢ accumulated in the infection site tissue by use of
a mouse model of burn injury with intradermal infection of
MRSA.

In our studies, an abscess was formed at the infection sites of
normal mice intradermally infected with 10* CFU/mouse of
MRSA, and all of these mice survived after the infection. The
pathogen did not grow significantly in the infection site tissues
of these mice and therefore did not spread throughout the
whole body. Sepsis evidenced by systemic inflammatory re-
sponses (increased levels of TNF-«, IL-13, and nitric oxide in
sera) and positive blood cultures was not demonstrated to
occur in normal mice intradermally exposed to MRSA. How-
ever, abscess formation was not shown to occur in burned mice
similarly exposed to the pathogen. Biomarkers of sepsis (sys-
temic inflammatory responses and positive blood cultures)
were detected in these burned mice intradermally infected with
MRSA. Thus, significantly volumed abscesses were not formed
in burned mice intradermally infected with MRSA, and in
these mice, the pathogen grew logarithmically in the infection
site tissues.

Following stimulation with microbes, microbial products, or
cytokines, resident M¢ convert to M1Mdo, an effector cell in
host antibacterial innate immunity (19). M1M¢ exhibit (i) high
oxygen consumption, (ii) the ability to kill pathogens, (iii) the
ability to express iNOS, and (iv) the ability to secrete Thl
response-associated cytokines/chemokines (IFN-y, IL-12, IL-
18, CCL3, CCLS5, and CXCL9) (19). However, M1M¢ are not
generated in burned mice even when these mice are stimulated
with bacteria, bacterial products, or typical M1M¢ inducers
(16). In this paper, M1M¢ (IL-12" IL-10~ Md) were detected
in tissues surrounding the infection sites of normal mice intra-
dermally infected with MRSA. However, these M were not
demonstrated to occur in MRSA infection site tissues of
burned mice. M2M¢ (IL-127 IL-10" Md) were detected in
tissues surrounding the infection sites of burned mice. In our
previous studies (15, 32), M2Md have been demonstrated to
occur in peritoneal cavities and spleens of mice 2 to 28 days
after burn injury. M2M¢ preferentially express mannose re-
ceptor and FIZZ1 mRNAs. They also produce arginase, IL-1
receptor antagonist, transforming growth factor B (TGF-B),
IL-10, and CCL17 (6, 19). CCL17 and IL-10 released from
M2M¢ are inhibitory on the M conversion from resident M
to MIM¢ (15).

More recently, the presence of three different subtypes of
M2M¢ (M2aMd, M2bMd, and M2cMd) has been reported (2,
19, 21). These subsets are distinguished from each other by
their expressed genes and chemokine-producing profiles. Thus,
CCL17-producing M¢ with the FIZZ1 gene are identified as
M2aM¢, CCL1-producing Md with the SPHK1 gene are clas-
sified as M2bMd, and CXCL13-producing M¢ with the FIZZ1
gene are recognized as M2cMd. All three M2M¢ subtypes
inhibit the M¢ conversion from resident M¢$ to M1Mda. The
subtypes of M2M¢ generated in MRSA infection site tissues
will be characterized in future experiments.
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FIG. 5. Properties of M accumulated in tissues surrounding the MRSA infection site tissues. (A, B) Expression of mannose receptor and
intracellular expression of IL-12, IL-10, and CXCL9 in M¢. NISM¢ (black line) and BISM¢ (dotted line) were analyzed for mannose receptor
or intracellular IL-12, IL-10, and CXCL9 by flow cytometry. The shaded histogram represents the isotype control. Representative data from 3
independent experiments are shown in panel A. The percentages of positive cells in both groups are shown in panel B. Data are means = SEM
of results from three different experiments. (C) Expression of iNOS, mannose receptor, and FIZZ1 mRNAs by M¢ isolated from MRSA infection
site tissue. M, isolated from the tissue surrounding the infection site (108 CFU/mouse), were analyzed for iNOS, mannose receptor, and FIZZ1
mRNAs. Representative data from 3 independent experiments are shown in panel C.

In previous papers (9, 13), IL-12 and IL-10 were shown to
play a role in the clearance of MRSA infected systemically.
However, the role of these cytokines in the clearance of locally
infected MRSA is still unclear. After intradermal infection of
MRSA, abscesses formed in burned mice treated with IL-10
antisense ODN, while an abscess did not form in normal mice
treated with anti-IL-12 MAb (Fig. 4A and B).

NISM¢ were shown to be IL-12 producer cells (but not
IL-10 producer cells), and BISM¢ were identified as IL-10
producer cells (but not IL-12 producer cells) (Fig. 3C and D).
Abscesses were formed in normal mice and burned mice inoc-
ulated with NISM¢, while an abscess was not formed in burned

mice and normal mice inoculated with BISM¢ (Fig. 6B and C).
A variety of cells, including T cells, B cells, monocytes, Mo,
dendritic cells, granulocytes, keratinocytes, and epithelial cells,
have been reported to be sources of IL-10 (22). On the other
hand, the main producers of IL-12 are phagocytes (monocytes,
Mé, dendritic cells, and neutrophils) and B cells (31). In the
present study, IL-10-producing M¢ were shown to be impor-
tant in the infectious complications stemming from intrader-
mal MRSA infection. Also, IL-12-producing M¢ were shown
to be important effectors on the host’s antibacterial defense
against MRSA local infection. Furthermore, after treatment
with IL-10 antisense ODN, abscesses were formed in normal
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FIG. 6. Pathogenic role of BISM¢ and NISM¢ in growth of MRSA and abscess formation in mice infected with MRSA intradermally.
(A) Growth of MRSA in spleens of normal and burned mice inoculated with M. Three days after infection with 10° CFU/mouse of MRSA, M
were isolated from tissues surrounding the MRSA infection sites of normal and burned mice. Additional groups of normal and burned mice
previously infected with MRSA were inoculated with these Md preparations (1 X 10° cells/mouse). Three days after the infection, spleens were
removed from both groups of mice and homogenized. Numbers of bacteria in the homogenates were determined using a standard colony-counting
assay. Data are means = SEM of results from three different experiments. *, P < 0.01. (B, C) Abscess formation in normal or burned mice
inoculated with NISMd or BISM¢é. After intradermal infection of MRSA (10®8 CFU/mouse), normal and burned mice were inoculated with 1 X
10° cells/mouse of BISM¢ (B) and NISM¢ (C), respectively. As controls, both groups of mice were injected with 0.3 ml/mouse of saline. One to
10 days after the infection, abscess formation in all groups of mice was examined. Data are means = SEM of results from three different
experiments. *, P < 0.01; §, dead. (D, E) Normal and burned mice were intradermally stimulated with heat-killed MRSA (corresponding to 3 X
10® CFU/ml of live bacteria). Three days after stimulation, M were isolated from stimulated site tissues. Md (1 X 10° cells/mouse) isolated from
the stimulation site tissues of normal mice were adoptively transferred to tissues surrounding the MRSA infection sites of burned mice (D). Also,
Md (1 X 10° cells/mouse) isolated from the stimulation site tissues of burned mice were adoptively transferred to tissues surrounding the MRSA
infection sites of normal mice. One to 10 days after the infection, all recipient mice (n = 3) were tested for abscess formation (E). Data are
presented as the mean abscess volume + SEM.

mice inoculated with BISM&, while an abscess was not formed
in burned mice inoculated with NISM¢ after treatment with
anti-IL-12 MAb (unpublished data). With these results taken
all together, we concluded that IL-10 produced by BISM¢ and
IL-12 produced by NISM¢ had a role in abscess formation or
lack thereof.

In this study, the bactericidal activity of M¢ was shown to be
important for abscess formation and the prevention of MRSA
dissemination. An abscess was not formed at MRSA infection

site tissues of burned mice. Nevertheless, abscess formation
was demonstrated to occur in burned mice inoculated with
MI1M¢ at the infection site. These M1M¢ were isolated from
MRSA infection site tissues of normal mice. Also, MRSA
intradermally infected did not grow in burned mice that were
inoculated with M1Md. On the other hand, abscess formation
was not demonstrated to occur in normal mice inoculated with
M2M¢ at the infection site, and MRSA grew logarithmically in
tissues surrounding the infection sites of normal mice that were
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inoculated with M2M¢. These M2Md were isolated from the
MRSA infection site tissues of burned mice.

In adaptive immunity, Thl response is important in the
host’s antibacterial resistance against MRSA sepsis. In con-
trast, in antibacterial innate immunity, polymorphonuclear
neutrophils (PMN) (1, 20) and macrophages (Md) (16, 29)
have been described as important effector cells (30). In our
mouse model of intradermal MRSA infection, M were shown
to play a role in the abscess formation. Abscess formation is a
means of suppressing the spreading of MRSA present at the
local infection site.

A pathogenic role for M in abscess formation was studied.
In a mouse model of thermal injury, an intradermal dose of
MRSA did not spread to the whole body of mice when an
abscess was formed at the infection sites of these mice. So far,
we only have data obtained from the murine model. At this
time, we have no data for severely burned patients. For clari-
fication in this regard, future studies are needed.
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