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The Journal of Immunology

Role of Polymorphonuclear Neutrophils on Infectious
Complications Stemming from Enterococcus faecalis
Oral Infection in Thermally Injured Mice'

Yasuhiro Tsuda,* Kenji Shigematsu,* Makiko Kobayashi,*" David N. Herndon,"
and Fujio Suzuki®**

Thermally injured mice are susceptible to Enterococcus faecalis translocation. In this study, the role of polymorphonuclear
neutrophils (PMN) on the development of sepsis stemming from E. faecalis translocation was studied in SCID-beige (SCIDbg) mice
depleted of PMN (SCIDbgN mice) or macrophages (M) and PMN (SCIDbgMN mice). Sepsis was not developed in SCIDbgN mice
orally infected with E. faecalis, while the orally infected pathogen spread systemically in the same mice inoculated with PMN
from thermally injured mice (TI-PMN). SCIDbgMN mice were shown to be greatly susceptible to sepsis caused by E. faecalis
translocation, while orally infected E. faecalis did not spread into sepsis in the same mice that were previously inoculated
with M@ from unburned SCIDbg mice (resident M¢). In contrast, orally infected E. faecalis spread systemically in SCID-
bgMN mice inoculated with resident M¢ and TI-PMN, while all SCIDbgMN mice inoculated in combination with resident
M@ and PMN from unburned SCIDbg mice survived after the infection. After cultivation with TI-PMN in a dual-chamber
transwell, resident M¢ converted to alternatively activated M, which are inhibitory on the generation of classically
activated M (typical effector cells in host antibacterial innate immunities). TI-PMN were characterized as immunosup-
pressive PMN (PMN-II) with abilities to produce cc-chemokine ligand-2 and IL-10. These results indicate that PMN-II
appearing in response to burn injury impair host antibacterial resistance against sepsis stemming from E. faecalis trans-
location through the conversion of resident M to alternatively activated M. The Journal of Immunology, 2008, 180:

4133-4138.

mally injured patients (1, 2). These patients are particularly

susceptible to infection with bacterial pathogens, and local
infections easily escalate into infectious complications (3-5). The
translocation of bacteria beyond the intestinal lumen is one of the
mechanisms that promotes infectious complications (6, 7). In fact,
bacterial translocation has been demonstrated in 16 to 40% of pa-
tients with multiple organ dysfunction syndrome and intestinal
ischemia (8). The manifestation of multiple organ dysfunction syn-
drome and intestinal ischemia is frequently demonstrated in ther-
mally injured patients (9, 10). Bacterial translocation is postulated
to occur in several clinical conditions, such as bacterial overgrowth
in small bowel, damage to the gut barrier, and states of systemic
immunosuppression (6, 7). Enterococci were viewed as a relatively
avirulent endogenous flora with little potential for human infection
when compared with other Gram-positive bacteria. However, En-
terococcus faecalis has emerged as a clinically important pathogen
that causes septic complications in immunocompromised hosts
(11, 12). Therefore, treatment targeting the host’s antibacterial im-
mune responses seems to be critical to successfully regulate infec-
tious complications stemming from E. faecalis translocation.

I nfection is a leading cause of morbidity and mortality in ther-
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The innate immune system is the first line of host defense
against bacterial translocation (13, 14). The important roles of
polymorphonuclear neutrophils (PMN)? and macrophages (Md) in
antibacterial innate immunity have been proven in many papers
(15-18). Classically activated M¢p (M1M¢), characterized as ma-
jor Kkiller cells for pathogens (19), are the main effector cells in
innate immunities. M1M¢ are generated from resident M¢ fol-
lowing stimulation with invasive pathogens via pattern recognition
receptors (14, 18, 19). However, M1Md¢ have never been gener-
ated in burn mice whose alternatively activated M¢ (M2M¢) pre-
dominated, even when they are exposed to the pathogens or stim-
ulated with M1M¢ inducers (16, 20). M2M¢ lack the ability to kill
bacteria, and soluble factors released from M2M¢ inhibit the
conversion of resident M¢ to MIMd¢ following stimulation
with bacteria (21). In the recent studies, SCID-beige (SCIDbg)
mice depleted of PMN (SCIDbgN) were shown to be resistant
to sepsis stemming from E. faecalis translocation, while all
SCIDbgN mice depleted of M¢ (SCIDbgMN) died after the
same oral infection with E. faecalis. However, SCIDbgN mice
became highly susceptible to infectious complications stem-
ming from E. faecalis translocation when they were inoculated
with PMN from thermally injured SCIDbg mice (TI-PMN).
Both SCIDbgN mice and those inoculated with PMN from un-
burned SCIDbg mice were resistant to the same infection.
SCIDbgN mice were SCID-beige mice depleted of PMN.

3 Abbreviations used in this paper: PMN, polymorphonuclear neutrophil; M, mac-
rophage; MIMd, classically activated M¢; SCIDbg, SCID-beige mice; TI-PMN,
PMN from thermally injured SCIDbg mice; M2M¢, alternatively activated Md;
SCIDbgN mice, SCIDbg mice depleted of PMN; SCIDbgMN mice, SCIDbgN mice
depleted of M¢; iNOS, inducible NO synthase; SAC, Staphylococcus aureus Cowan 1.

Copyright © 2008 by The American Association of Immunologists, Inc. 0022-1767/08/$2.00
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Among various immunocompetent cells, only intact M¢ are
present in these mice. SCIDbgMN mice were SCIDbgN mice
depleted of M¢. Therefore, the role of TI-PMN on the antibac-
terial host defense against E. faecalis translocation was exam-
ined by focusing on the M¢ activation.

Materials and Methods

Animals

Seven- to 11-wk-old, pathogen-free, male SCIDbg mice purchased from
Taconic Farms were used in this study. These mice have been defined as
immunodeficient mice without functional T, B, and NK cells. In some
experiments, SCIDbg mice depleted of PMN (SCIDbgN mice) or PMN and
M¢ (SCIDbgMN mice) were used. SCIDbgN mice were SCIDbg mice
treated with anti-Ly6G mAb (100 wg/mouse, i.p., every day for 5 days)
plus whole body X-irradiation (4 Gy, 1 day before infection). Functional
PMN were not recovered from SCIDbgN mice 1 to 7 days after the X-ir-
radiation, even after they were exposed to pathogens (16). When bone
marrow cells or peripheral blood cells taken from these mice were tested
morphologically for residual PMN after Wright-Giemsa and alkaline phos-
phatase stainings, no PMN were detected until 7 days after the combination
treatment. In addition, myelocytes (PMN precursor cells) were not dem-
onstrated in the bone marrow of SCIDbgN mice until 7 days after the PMN
depletion. SCIDbgMN mice were SCIDbgN mice treated with carrageenan
(0.4 mg/mouse, i.v., once daily for 5 days, starting 5 days before X-irra-
diation) and trypan blue (1 mg/mouse, i.p., 1 day before, and 1 and 3 days
after X-irradiation) (16). Three to 7 days after the final treatment, no func-
tional M¢ were found in the reticuloendothelial systems of SCIDbgMN
mice. All experiments with animals were performed according to protocols
approved by The Institutional Animal Care and Use Committee of Uni-
versity of Texas Medical Branch at Galveston.

Bacteria, reagents, and media

E. faecalis (49757 strain) was purchased from The American Type Culture
Collection. E. faecalis was grown in brain heart infusion broth for 18 h at
37°C in aerobic conditions. Murine rIL-12, rIL-10, and rCCL2 were pur-
chased from BD Biosciences, and murine rCCL3, rCCLS5, and rCCL17
were obtained from R&D Systems. mAbs directed against CCL2, CCLS,
CCL17, and Ly6G (Gr-1) were obtained from eBioscience. For cultivation
of various cell preparations, RPMI 1640 medium supplemented with 10%
heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100
pg/ml streptomycin (complete medium) was used.

Burn injury

Thermally injured mice were created according to our previously reported
protocol (17, 21). Thus, mice were anesthetized with pentobarbital (40
mg/kg, i.p.) and electric clippers were used to shave the hair on the back
of each mouse from groin to axilla. The mice were then exposed to a gas
flame for 9 s after pressing the window of the custom-made insulated mold
(with a 4 X 5-cm window) 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
~25% of total body surface area for a 26-g mouse. Immediately after
thermal injury, physiologic saline (1 ml per mouse, i.p.) was administered
for fluid resuscitation. All mice remained alive >10 days after burn injury.
Control mice had their back hair shaved but were not exposed to the gas
flame. They also received physiologic saline (I ml per mouse, i.p.). Bu-
prenorphine (2 mg/kg) was given s.c. every 12 h during the postburn pe-
riod. Control animals also received identical regimens of analgesics (bu-
prenorphine) throughout the study period.

E. faecalis oral infection

Mice decontaminated by the oral administration of the antibiotic mixture
were used in these experiments. For decontamination, mice were treated
for 4 days with drinking water containing 4 mg/ml penicillin, streptomycin,
and bacitracin (22). One day after decontamination, mice were exposed to
flame burns, and then infected orally with 1 X 10° CFU/mouse of E.
faecalis 4 h after burn injury. The development of infectious complications
was evaluated by 1) growth of the bacteria in mesenteric lymph nodes and
liver, and 2) the mortality rates of the test groups in comparison with the
controls. To measure the quantity of bacteria, organ specimens (mesenteric
lymph nodes and liver) were weighed and disrupted in 2 ml PBS using a
Bruikman homogenizer. A serial 10-fold dilution of the homogenates was
plated onto blood agar plates, and incubated for 24 h at 37°C. The colonies
were counted and the number of bacteria per gram organ was determined.

Because bacteria were not detected normally in mesenteric lymph nodes
and liver, the presence of bacteria in these organs is considered to be
evidence of translocation. To determine the percentage of survival, mice
will be monitored twice a day for 5 days after infection.

Preparation of PMN and M¢

As previously described (16), PMN were isolated from whole peripheral
blood of normal mice and thermally injured mice (mice 18 h after burn
injury) using Ficoll-Hypaque and dextran sedimentations. In brief, periph-
eral blood was drawn from the heart of mice with a heparinized syringe.
The peripheral blood was centrifuged with Ficoll-Hypaque, and precip-
itates were obtained as a PMN rich fraction. Then, precipitates were
suspended in 1% dextran (T-500, Pharmacia) and kept for 1 h at room
temperature to allow the sedimentation of erythrocytes. The resulting
PMN fraction was further treated with a mixture of biotin-conjugated
anti-CD3 (T cells), anti-F4/80 (monocytes/M¢), and anti-CD19 (B
cells) mAbs for 30 min at 4°C. Then, these cells were suspended in
MagCellect buffer (R&D Systems) and incubated with magnetic beads
(Dynal) coated with streptavidin. The purity of PMN, isolated in this
procedure, was >98% when measured morphologically (Wright-
Giemsa/alkaline phosphatase stainings).

M¢ were prepared from the peritoneal exudates and mesenteric lymph
nodes of normal mice. Peritoneal exudates were obtained by injecting 4 ml
of PBS and harvesting the fluids (16, 21), and single cell suspensions of
mesenteric lymph nodes were obtained. These cells were adjusted to 5 X
10° cells/ml in MagCellect buffer (R&D Systems), and then M¢ were
isolated from these cell suspensions by positive selection using magnetic
beads coated with anti-F4/80 mAb. Thus, the cell suspension was mixed
with magnetic beads (Dynal) bearing anti-F4/80 mAb at a ratio of one
cell to five beads for 30 min at 4°C. F4/80 positive cells were magnet-
ically separated to the side of the tube, and the supernatant was elim-
inated. A M¢-enriched population (>97% pure as F4/80 positive cells)
was consistently obtained using this technique.

Determination of M2M¢

M¢ were considered to be M2M¢ when they produced CCL17 (but not
CCL5) and expressed mannose receptor (but not inducible NO synthase
(iNOS)) mRNA (18, 21). For the chemokine production, M¢ (1 X 10°
cells/ml) were cultured for 48 h without any stimulation. Culture fluids
harvested were assayed for chemokines using ELISA. mRNAs for man-
nose receptor and iNOS were analyzed by RT-PCR. Total RNA was ex-
tracted from M¢ (1 X 10° cells) using RNA isolator, following the man-
ufacturer’s recommendations. Within each 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 synthesized oligonucleotide primers from Sigma-Aldrich:
mannose receptor, 5'-CCATCGAGACTGCTGCTGAG-3' (forward) and
5"-AGCCCTTGGGTTGAGGATCC-3' (reverse); iNOS, 5'-CCCTCCAG
TGTCTGGGAGCA-3' (forward) and 5'-TGCTTGTCACCACCAGCAGT-
3’ (reverse) (21). Using a thermal cycler (GeneAmp PCR Sysyem 9600),
35 cycles of PCR were performed at 94°C for 15 s, 60°C for 15 s and 72°C
for 20 s. The predicted products were run on 2% agarose gels containing
ethidium bromide.

Characterization of TI-PMN

TI-PMN were tested for their abilities 1) to produce CCL2, CCL3, IL-10,
and IL-12, and 2) to induce MIM¢ or M2M¢ from resident M. To
determine the cytokine/chemokine-producing profile, PMN preparations
with a cell density of 1 X 10° cells/ml were cultured with 0.0075% Staph-
ylococcus aureus Ag (SAC; Calbiochem) for 18 h. The harvested culture
fluids were assayed for CCL2, CCL3, IL-12, and IL-10 by ELISA.

The effect of TI-PMN on the M¢ activation was tested in dual-chamber
transwells (0.4 wm micropores; Corning) (21). In brief, the resident M
suspension (1 X 10° cells/ml, lower chamber) was cultured with the PMN
suspension (1 X 10° cells/ml, upper chamber) in a dual-chamber transwell.
Eighteen hours after cultivation, the upper chamber was removed and M¢
in the lower chamber were examined for M2M¢ properties, as described
above.

Statistical analysis

The results obtained were analyzed statistically using an ANOVA test.
Survival curves were analyzed using the Kaplan-Meier test. All calcula-
tions were performed on a computer using the program Statview 4.5 from
Brain Power. A value of p < 0.05 was considered significant.
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FIGURE 1. PMN from thermally injured SCIDbg mice (TI-PMN) de-
creased the resistance of SCIDbgN mice orally infected with E. faecalis. A,
SCIDbg mice 18 h after burn injury (10 mice, @) were infected orally with
E. faecalis (10° CFU/mouse). Unburned SCIDbg mice (10 mice, O) in-
fected with the same pathogen served as a control. The difference of sur-
vival rates between thermally injured SCIDbg mice and unburned SCIDbg
mice was p < 0.001 according to Kaplan-Meier log rank test. B, SCIDbgN
mice were inoculated i.v. with 1 X 10° cells/mouse of normal PMN
(12 mice, O) or TI-PMN (12 mice, @®). Two hours after PMN inocula-
tion, these mice were infected orally with E. faecalis (10> CFU/mouse).
As a basic control, SCIDbgN mice were infected with the pathogen in the
same way (12 mice, l). The difference of survival rates between SCIDbgN
mice inoculated with TI-PMN and those inoculated with normal PMN was
p < 0.0001 according to Kaplan-Meier log rank test. C, SCIDbgMN mice
were inoculated i.v. with 1 X 10° cells/mouse of normal PMN (12 mice, O)
or TI-PMN (12 mice, @). Two hours after inoculation, these mice were
infected orally with E. faecalis (10° CFU/mouse). As a basic control,
SCIDbgMN mice were infected with the pathogen in the same fashion (12
mice, H).

Results
Susceptibility of TI-PMN inoculated SCIDbgN mice to E.
faecalis oral infection

Unburned SCIDbg mice and SCIDbg mice 18 h after burn injury
(thermally injured SCIDbg mice) were infected orally with 10°
CFU/mouse of E. faecalis. In the results, all unburned SCIDbg
mice orally infected with E. faecalis survived, while 90% of the
thermally injured SCIDbg mice died after the same infection
(Fig. 1A). SCIDbgN mice (M¢ function is intact) were shown
to be resistant against infections, because all of these mice sur-
vived after orally infected with 10° CFU/mouse of the patho-
gen. In contrast, the antibacterial resistance of SCIDbgN mice
decreased to the level observed in thermally injured SCIDbg
mice when they were inoculated with TI-PMN (Fig. 1B). Be-
cause all of the SCIDbgN mice orally infected with E. faecalis
survived after inoculation with PMN from unburned SCIDbg
mice (normal PMN), these results indicate that TI-PMN suppress the
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FIGURE 2. M¢ cultured with TI-PMN failed to protect SCIDbgMN
mice orally infected with E. faecalis. Peritoneal M¢ or mesenteric lymph
node M (5 X 10° cells/ml, lower chamber) were cultured with TI-PMN
(5 X 10° cells/ml, upper chamber) for 18 h in dual-chamber transwells.
Cells harvested from the lower chamber were adoptively transferred i.v. to
SCIDbgMN at a number of 1 X 10° cells/mouse (peritoneal M¢, 12 mice,
@®; mesenteric lymph node M¢, 12 mice, A). As a control, the same num-
ber of M¢ that were cultured with normal PMN in dual chambers was
transferred to SCIDbgMN mice (peritoneal M, 12 mice, O; mesenteric
lymph node M¢, 12 mice, A). Two hours after inoculation, these mice
were infected orally with E. faecalis (10° CFU/mouse). SCIDbgMN mice
(10 mice, [J) and SCIDbgN mice (10 mice, W) infected with E. faecalis in
the same fashion served as additional controls. The difference of survival
rates between SCIDbgMN mice inoculated with M¢ that were cultured
with TI-PMN and normal PMN was p < 0.0001 according to Kaplan-
Meier log rank test.

host antibacterial resistance against E. faecalis infection in SCID-
bgN mice. However, the host resistance of SCIDbgN mice
against E. faecalis oral infection was not influenced by normal
PMN. In the next series of experiments, the effect of TI-PMN
and normal PMN against E. faecalis infection in SCIDbgMN
mice (SCIDbg mice depleted of M¢ and PMN) was examined.
In the results, SCIDbgMN mice were not resistant to E. faecalis
infection after inoculation with TI-PMN or normal PMN (Fig.
1C). These results indicate that TI-PMN decrease the host re-
sistance against oral infection with E. faecalis through the mod-
ulation of M¢ functions intactly remaining in SCIDbgN mice.

M cultured with TI-PMN failed to protect SCIDbgMN mice
orally infected with E. faecalis

To determine the effect of TI-PMN or normal PMN on the anti-
bacterial functions of M¢, peritoneal M¢, or mesenteric lymph
node M¢ from normal mice were transwell cultured with one of
the each PMN preparation (1 X 10° cells/mouse) and adoptively
transferred to SCIDbgMN mice. Then, these mice were infected
orally with E. faecalis. In the results, all of the SCIDbgMN mice
treated with media (a control group) died within 3 days of infec-
tion; however, all of the SCIDbgMN mice survived after inocula-
tion with peritoneal M¢ previously cultured with normal PMN in
dual chamber transwells. All of the SCIDbgN mice, not addition-
ally inoculated with M¢ preparations, survived. In contrast, all of
the SCIDbgMN mice inoculated with peritoneal M¢ previously
transwell cultured with TI-PMN died within 4 days of E. faecalis
oral infection (Fig. 2). Similar results were obtained when mesen-
teric lymph node M¢ were transwell cultured with TI-PMN. In
addition, numbers of bacteria in mesenteric lymph nodes and liver
taken from the above groups of mice 48 h after E. faecalis infec-
tion were determined by colony forming assay. Bacteria were iso-
lated from mesenteric lymph nodes and liver of SCIDbgMN mice
inoculated with peritoneal M¢ previously transwell cultured with
TI-PMN (mesenteric lymph nodes, 1 X 10* CFU/g; liver, 4 X 10?
CFU/g). However, none of the bacteria were detected in the
same organs of SCIDbgMN mice inoculated with M¢ previously
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FIGURE 3. Cytokine and chemokine-producing properties of TI-PMN.
TI-PMN (1 X 10° cells/ml) were cultured with 0.0075% SAC for 18 h to
determine their cytokine/chemokine-producing profiles. As a control, nor-
mal PMN were cultured under the same conditions. The amounts of CCL2,
CCL3, IL-10, and IL-12 in their culture fluids were measured by ELISA.

transwell cultured with normal PMN. These results indicate that
M¢ cultured with TI-PMN have no antibacterial activities against
orally infected E. faecalis.
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FIGURE 4. Properties of resident M¢ after stimulation with TI-PMN.
A, Peritoneal M¢ or mesenteric lymph node M¢ (1 X 10° cells/ml, lower
chamber) were cultured with TI-PMN (1 X 10° cells/ml, upper chamber)
for 18 h in double chamber transwells supplemented with 0.0075% SAC.
As a control, M¢ were transwell cultured with normal PMN in the same
fashion. After removal of the upper chamber, M¢ in the lower chamber
were cultured for an additional 48 h, and the amounts of CCL5 (a biomar-
ker for M1M¢) and CCL17 (a biomarker for M2M¢) in their culture fluids
were measured using ELISA. B, The expression of iNOS and mannose
receptor mRNAs by TI-PMN-stimulated M¢ were analyzed using RT-
PCR. C, Peritoneal M¢ or mesenteric lymph node M¢ were cultured with
media supplemented with the culture fluids (15%, v/v) of TI-PMN (2 X 10°
cells/ml, stimulated with SAC for 18 h). As a control, M¢ were cultured
with the culture fluids of normal PMN in the same fashion. Cells harvested
18 h after cultivation were cultured for an additional 48 h without any
stimulation. The culture fluids obtained were assayed for CCL17.

TI-PMN were identified as PMN-II, and resident M influenced
by TI-PMN converted to M2M ¢

TI-PMN were tested for their cytokine/chemokine-producing pro-
files and surface Ag expressions. As shown in Fig. 3, TI-PMN
produced CCL2 and IL-10 (biomarkers for PMN-II) into their cul-
ture fluids. However, IL-12 and CCL3 (biomarkers for PMN-I)
were not produced by these PMN. Normal PMN did not produce
CCL2 and IL-10. In the next experiments, the properties of M
stimulated with TI-PMN were examined. Peritoneal M¢ or mes-
enteric lymph node M¢ from normal mice (lower chamber) were
cultured with TI-PMN (upper chamber) for 18 h in a dual-chamber
transwell. After removing the upper chamber, M¢ in the lower
chamber were examined for their abilities to produce CCLS (a
biomarker for M1M¢) and CCL17 (a biomarker for M2M¢). Peri-
toneal M¢ transwell cultured with TI-PMN produced CCL17.
However, CCL5 was not produced by these M¢. Peritoneal M¢
transwell cultured with normal PMN produced neither CCL5 nor
CCL17 (Fig. 4A). In addition, peritoneal M¢ transwell cultured
with TI-PMN expressed mannose receptor mRNA and did not ex-
press iNOS mRNA, while these M¢ transwell cultured with nor-
mal PMN did not express either mRNA (Fig. 4B). Similar results
were obtained when mesenteric lymph node M¢ were transwell
cultured with TI-PMN (Fig. 4, A and B). Furthermore, resident M¢
were cultured with complete medium supplemented with the cul-
ture fluid (15%, v/v) of TI-PMN (2 X 10° cells/ml, stimulated with
SAC for 18 h), and the generation of M2M¢ was examined.
M2M¢ were generated from resident M¢ cultures supplemented
with the culture fluid of TI-PMN, while M2M ¢ were not generated
from resident M¢ stimulated with the culture fluids of normal
PMN (Fig. 4C). These results indicate that soluble factors released
from TI-PMN stimulate M¢ conversion from resident Md to
M2M.

Discussion

M¢ located in the subepithelial lamina propria and mesenteric
lymph nodes are the first cells that fight translocated bacteria. Res-
ident M (M¢ from unstimulated healthy individuals) are immu-
nologically quiescent with low oxygen consumption and low lev-
els of MHC class II gene expression. In the event of infection,
resident M¢ convert to M1M¢ through the engagement of Toll-
like receptors (23) or IFN receptors (24). M1M¢ are actual eftector
cells in host antibacterial innate immunities (25, 26). These M¢
exhibit 1) high oxygen consumption, 2) the ability to kill patho-
gens, 3) the ability to express iNOS, and 4) the ability to secrete
NO, proinflammatory cytokines (IL-1, IL-6, and TNF-«), Thl re-
sponse-associated cytokines/chemokines (IFN-vy, IL-12, IL-18,
CCL3, and CCLS5), and antimicrobial peptides (21, 27, 28). In
contrast, M2M¢ have been described to be activated by an alter-
native pathway involving Th2 cytokines (27). These M¢ have
been implicated in the negative regulation of both M1Md¢ and Thl
cell generation (27). M2M¢ preferentially express mannose recep-
tor, B-glucan receptors, and scavenger receptors, and produce ar-
ginase, IL-1 receptor antagonist, IL-10, and CCL17 (27). Recently,
three different subtypes of M2Md¢ (M2aM¢, M2bM¢, and
M2cMd¢) were described (18). These subsets can be separated by
their gene expression and chemokine profiles (18, 29-31). Thus,
CCL17-producing M¢ with FIZZ1 gene are identified as M2aM ¢,
CCL1-producing M¢ with SPHK1 gene are classified as M2bMd,
and CXCL13-producing M¢ with FIZZ1 gene are recognized as
M2cMd¢ (18, 31). All of the M2M¢ subtypes express the 1L-10
gene (18). Unlike M2aM ¢ and M2cM ¢, M2bM ¢ produce TNF-«a,
IL-1, and IL-6 (18, 31). Because Th2 cytokines are able to sup-
press the transcriptional activation of IFN-vy- and LPS-responsive
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genes in M¢ (32), resident M¢ cannot convert to MIM¢ in cir-
cumstances where M2M¢ predominate.

In the present study, we examined the role of TI-PMN (PMN
from thermally injured SCIDbg mice) on the development of sepsis
stemming from burn-associated E. faecalis translocation, using
SCIDbgN mice and SCIDbgMN mice. SCIDbgN mice were SCIDbg
mice depleted of PMN, and SCIDbgMN mice were SCIDbgN mice
depleted of M¢. SCIDbgN mice were shown to be resistant against
oral E. faecalis infection, while SCIDbgMN mice were very suscep-
tible to this infection (Fig. 1B). Also, M1M¢ were isolated from
SCIDbgN mice after oral infection with E. faecalis (17). Because
functional T, B, and NK cells and PMN are not present in SCIDbgN
mice, these results indicate that M1M¢ are key effector cells for host
defense against E. faecalis translocation (Fig. 1, B and C). In contrast,
SCIDbgN mice were shown to be susceptible to E. faecalis infection
after inoculation with TI-PMN (Fig. 1B). In a dual-chamber transwell,
TI-PMN (upper chamber) stimulated M¢ conversion from resident
Mo (lower chamber) to M2M¢ (Fig. 4). Also, M2M¢ were isolated
from SCIDbgN mice inoculated with TI-PMN (data not shown).
M2M¢ have been previously characterized as cells that are inhibitory
on the generation of MIMd¢ (21). These results indicated that TI-
PMN were cells responsible for the impaired resistance of thermally
injured mice to E. faecalis oral infection by converting resident M to
M2M¢. Subsequently, TI-PMN were characterized as PMN-II, be-
cause they produced IL-10 and CCL2 (Fig. 3). PMN-II have been
described as IL-10 and CCL2-producing Gr-1"CD11b*CD11c~F4/
80~ cells with the ability to inhibit the generation of MIM¢ (16).
Also, PMN-II express TLR2, TLR4, TLR7, and TLR9 mRNAs (16).

M@ and PMN have been shown to accumulate in intestinal lym-
phoid tissues, such as the lamina propria and mesenteric lymph
nodes, following gastrointestinal infections (33). We recently ex-
amined properties of F4/80% M¢ from lamina propria and mes-
enteric lymph nodes of mice 1 to 3 days after burn injury. These
M¢ produced CCL17 and expressed mannose receptor mRNA,
while CCL17 production and mannose receptor expression were
not shown by M¢ isolated from unburned SCIDbg mice. These
results indicate that M¢ in lamina propria and mesenteric lymph
nodes of thermally injured SCIDbg mice are M2M¢, while those
from unburned SCIDbg mice are not. As mentioned above, M2M ¢
were generated from resident M¢ in cultures with TI-PMN in du-
al-chamber transwells (Fig. 4, A and B). This indicates that the
cell-to-cell contact between resident M¢ and TI-PMN is not nec-
essary when M2M¢ were generated from resident M¢ under the
TI-PMN stimulation. In fact, M2Md¢ appeared in the resident M¢
cultures supplemented with TI-PMN culture fluids (Fig. 4C). Be-
cause IL-10 and CCL2 were detected in the culture fluids of TI-
PMN (Fig. 3), the role of these soluble factors on the TI-PMN-
associated M2M ¢ generation was examined. In the results, M2M¢
were not generated from resident M¢ stimulated with the TI-PMN
culture fluids that were previously treated with a mixture of anti-
IL-10 and anti-CCL2 mAbs (data not shown). This indicates that
IL-10 and CCL2 released from TI-PMN act as stimulators of M¢
conversion from resident M¢ to M2Md.

TLR reactivity of M¢ in mice 4—10 days after thermal injury
has been widely described in many papers (34, 35). In response to
TLR stimulation, these M¢ produce IL-1, TNF-q, and IL-6 as well
as NO. In these papers, however, the activated M¢ are not clas-
sified as M1M¢. M ¢ with abilities to produce IL-12/CCL3, to kill
bacteria/tumor cells, and to induce Th1 cells are specifically des-
ignated as M1M¢ (31, 36). It has been reported that IL-1, TNF-a,
IL-6, and NO are not only produced by M1M¢, but also produced
by a subset of M2M¢ (18). These facts indicate that NO- and
proinflammatory cytokine-producing M¢ detected in mice 4 to 10
days postburn injury may belong to M2bM. In this study, M2M¢
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generated from resident M¢ under the TI-PMN stimulation will be
classified with the M2aM¢ subset, because CCL17 is detected in
culture fluids of these M2M¢ preparations. The incidence of in-
fections remains high in patients 1 or more weeks after burn injury.
In fact, Gram-negative and positive bacteria are frequently isolated
from peripheral blood of patients 1 to 3 wk after burn injury (37—
39), and a majority of these infections develop into sepsis. In our
recent studies, M2aM¢ and M2cM¢ appeared in mice 1 to 3 days
after burn injury, and then disappeared from the mice within 5 days
of burn injury (Shigematsu, K., M. Kobayashi, D.N. Herndon and
F. Suzuki, unpublished data). In contrast, M2bM¢ appeared in
mice ~1 wk after burn injury. These facts suggest that M2bM¢
may play a role on the susceptibility of mice late after burn injury.

In our previous studies (40), PMN displaying PMN-II properties
were found in the peripheral blood of burn patients (3rd degree,
>40% total body surface area burns). When PMN from five
healthy donors and eight burn patients were stimulated with SAC,
seven of eight patient PMN produced CCL2 and IL-10 (CCL2,
639~54,782 pg/ml; IL-10, 183~13,541 pg/ml), while none of the
healthy donor PMN produced these soluble factors (CCL2, < 30
pg/ml; IL-10, < 12 pg/ml). These results suggest that burn patients
are carriers of PMN-II (or TI-PMN).

Apoptotic process of PMN from humans and rodents with se-
vere burn injuries have been described to be inhibited (41, 42). It
is possible that the prolongation of PMN in burned hosts may
result in the long-term stimulation of M¢ conversion from resident
Mo to M2M¢. To determine whether PMN apoptosis contributed
to the results shown in this study, SCIDbgN mice were inoculated
i.v. with 1 X 10° cells/mouse of normal neutrophils (A) every 12 h
or (B) once and exposed orally to 1 LDs, of E. faecalis. After the
infection, 50% of group A and group B mice survived equally.
Also, when SCIDbgN mice were inoculated i.v. with 1 X 10°
cells/mouse of TI-PMN (C) every 12 h or (D) once, and infected
with the same amount of E. faecalis, 100% of group C and group
D mice died equally. Therefore, in our experimental model, the
antibacterial resistance of mice is not influenced by apoptotic fre-
quency of PMN.

The mechanism by which normal PMN differentiate into
PMN-II (TI-PMN) remains unclear. However, prostaglandin E,
and catecholamines have abilities to induce immature myeloid
cells (Gr-1*CDI11b™ cells) (43). The increased levels of stress
hormones (corticosteroids, catecholamines) and prostaglandin E,
have been demonstrated in the plasma of burn hosts (44—-47).
PMN-II and Gr-1"CD11b™* immature myeloid cells have been
demonstrated to be very similar to each other. CCL2 and IL-10,
effector soluble factors of TI-PMN, have been detected in the cul-
ture fluids of Gr-1"CD11b"* immature myeloid cells. These de-
scriptions suggest that prostaglandin E, and stress hormones may
be involved in the PMN conversion to PMN-II. Further studies are
required to explore the role of prostaglandin E, and the burn-as-
sociated PMN conversion from normal PMN to PMN-I.

Disclosures
The authors have no financial conflict of interest.

References

1. Mason, A. D., Jr., A. T. McManus, and B. A. Pruitt, Jr. 1986. Association of burn
mortality and bacteremia. Arch. Surg. 121: 1027-1031.

2. Sittig, K., and E. A. Deitch. 1988. Effect of bacteremia on mortality after thermal
injury. Arch. Surg. 123: 1367-1370.

3. Church, D., S. Elsayed, O. Reid, B. Winston, and R. Lindsay. 2003. Burn wound
infections. Clin. Microbiol. Rev. 19: 403-434.

4. Magnotti, L. J., and E. A. Deitch. 2005. Burns, bacterial translocation, gut barrier
function, and failure. J. Burn Care Rehabil. 6: 383-389.

5. Sheridan, R. L. 2005. Sepsis in pediatric burn patients. Pediatr. Crit. Care Med.
6: S112-S119.

2202 ‘6 1snbny uo 1s9nB Aq /60" jounwiwi:mmm//:dny wouy papeojumoq


http://www.jimmunol.org/

4138

6.

10.

11.

14.

15.

16.

18.

19.

20.

21.

22.

23.
24.
25.
26.

217.

Brathwaite, C. E., S. E. Ross, R. Nagele, A. J. Mure, K. F. O’Malley, and
F. A. Garcia-Perez. 1993. Bacterial translocation occurs in humans after trau-
matic injury: evidence using immunofluorescence. J. Trauma 34: 586-590.

. Van Leeuwen, P. A., M. A. Boermeester, A. D. Houdijk, C. C. Ferwerda,

M. A. Cuesta, S. Meyer, and R. I. Wesdorp. 1994. Clinical significance of trans-
location. Gur 35: S28-S34.

. Balzan, S., C. de Almeidaq Uadros, R. de Cleva, B. Zilberstein, and

I. Cecconello. 2007. Bacterial translocation: overview of mechanisms and clinical
impact. J. Gastroenterol. Hepatol. 22: 464—471.

. Huang, Y. S., Z. C. Yang, X. S. Liu, F. M. Chen, B. B. He, A. Li, and

R. B. Crowther. 1998. Serial experimental and clinical studies on the pathogen-
esis of multiple organ dysfunction syndrome (MODS) in severe burns. Burns 24:
706-716.

Gosain, A., and R. L. Gamelli. 2005. Role of the gastrointestinal tract in burn
sepsis. J. Burn Care Rehabil. 26: 85-91.

Gullberg, R. M., S. R. Homann, and J. P. Phair. 1989. Enterococcal bacteremia:
analysis of 75 episodes. Rev. Infect. Dis. 11: 74-85.

. Endtz, H. P., N. van den Braak, H. A. Verbrugh, and A. van Belkum. 1999.

Vancomycin resistance: status quo and quo vadis. Eur. J. Clin. Microbiol. Infect.
Dis. 18: 683—-690.

. Medzhitov, R., and C. A. Janeway, Jr. 1997. Innate immunity: impact on the

adaptive immune response. Curr. Opin. Immunol. 9: 4-9.

Akira, S., S. Uematsu, and O. Takeuchi. 2006. Pathogen recognition and innate
immunity. Cell 124: 783-801.

Tanaka, H., S. Miyazaki, Y. Sumiyama, and T. Kakiuchi. 2004. Role of macro-
phages in a mouse model of postoperative MRSA enteritis. J. Surg. Res. 118:
114-121.

Tsuda, Y., H. Takahashi, M. Kobayashi, T. Hanafusa, D. N. Herndon, and
F. Suzuki. 2004. Three different neutrophil subsets exhibited in mice with dif-
ferent susceptibilities to infection by methicillin-resistant Staphylococcus aureus.
Immunity 21: 215-226.

. Takahashi, H., Y. Tsuda, D. Takeuchi., M. Kobayashi, D. N. Herndon, and

F. Suzuki. 2004. Influence of systemic inflammatory response syndrome on host
resistance against bacterial infections. Crit. Care Med. 32: 1879-1885.
Mantovani, A., A. Sica, S. Sozzani, P. Allavena, A. Vecchi, and M. Locati. 2004.
The chemokine system in diverse forms of macrophage activation and polariza-
tion. Trends Immunol. 25: 677-686.

Sester, D. P., K. J. Stacey, M. J. Sweet, S. J. Beasley, S. L. Cronau, and
D. A. Hume. 1999. The actions of bacterial DNA on murine macrophages. J. Leu-
kocyte Biol. 66: 542-548.

Katakura, T., T. Yoshida, M. Kobayashi, D. N. Herndon, and F. Suzuki. 2005.
Immunological control of methicillin-resistant Staphylococcus aureus (MRSA)
infection in an immunodeficient murine model of thermal injuries. Clin. Exp.
Immunol. 142: 419-425.

Katakura, T., M. Miyazaki, M. Kobayashi, D. N. Herndon, and F. Suzuki. 2004.
CCL17 and IL-10 as effectors that enable alternatively activated macrophages to
inhibit the generation of classically activated macrophage. J. Immunol. 172:
1407-1413.

Ohsugi, T., Y. Kiuchi, K. Shimoda, S. Oguri, and K. Maejima. 1996. Translo-
cation of bacteria from the gastrointestinal tract in immunodeficient mice. Lab.
Anim. 30: 46-50.

Janeway, C. A., Jr., and R. Medzhitov. 2002. Innate immune recognition. Annu.
Rev. Immunol. 20: 197-216.

O’Shea, J. J., M. Gadina, and R. D. Schreiber. 2002. Cytokine signaling in 2002:
new surprises in the Jak/Stat pathway. Cell 109: S121-131.

Gordon, S. 2003. Alternative activation of macrophages. Nat. Rev. Immunol. 3:
23-35.

Mosser, D. M. 2003. The many faces of macrophage activation. J. Leukocyte
Biol. 73: 209-212.

Goerdt, S., and C. E. Orfanos. 1999. Other functions, other genes: alternative
activation of antigen-presenting cells. Immunity 10: 137-142.

28

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

ROLE OF NEUTROPHILS ON ENTEROCOCCAL ORAL INFECTION

. Rosenberger, C. M., R. L. Gallo, and B. B. Finlay. 2004. Interplay between
antibacterial effectors: a macrophage antimicrobial peptide impairs intracellular
Salmonella replication. Proc. Natl. Acad. Sci. USA 101: 2422-2427.

Martinez, F. O., S. Gordon, M. Locati, and A. Mantovani. 2006. Transcriptional
profiling of the human monocyte-to-macrophage differentiation and polarization:
new molecules and patterns of gene expression. J. Immunol. 177: 7303-7311.
Sironi, M., F. O. Martinez, D. D’Ambrosio, M. Gattorno, N. Polentarutti,
M. Locati, A. Gregorio, A., Iellem, M. A. Cassatella, J. Van Damme, et al. 2006.
Differential regulation of chemokine production by Fcvy receptor engagement in
human monocytes: association of CCL1 with a distinct form of M2 monocyte
activation (M2b, Type 2). J. Leukocyte Biol. 80: 342-349.

Edwards, J. P., X. Zhang, K. A. Frauwirth, and D. M. Mosser. 2006. Biochemical
and functional characterization of three activated macrophage populations.
J. Leukocyte Biol. 80: 1298-1307.

Gratchev, A., P. Guillot, N. Hakiy, O. Politz, C. E. Orfanos, K. Schledzewski, and
S. Goerdt. 2001. Alternatively activated macrophages differentially express fi-
bronectin and its splice variants and the extracellular matrix protein BIG-H3.
Scand. J. Immunol. 53: 386-392.

. Morimoto, M., M. Morimoto, J. Whitmire, S. Xiao, R. M. Anthony, H. Mirakami,
R. A. Star, J. F. Urban, Jr., and W. C. Gause. 2004. Peripheral CD4 T cells rapidly
accumulate at the host: parasite interface during an inflammatory Th2 memory
response. J. Immunol. 172: 2424-2430.

Paterson, H. M., T. J. Murphy, E. J. Purcell, O. Shelley, S. J. Kriynovich, E. Lien,
J. A. Mannick, and J. A. Lederer. 2003. Injury primes the innate immune system
for enhanced Toll-like receptor reactivity. J. Immunol. 171: 1473-1483.
Maung, A. A., S. Fujimi, M. L. Miller, M. P. MacConmara, J. A. Mannick, and
J. A. Lederer. 2005. Enhanced TLR4 reactivity following injury is mediated by
increased p38 activation. J. Leukocyte Biol. 78: 565-573.

Mantovani, A., A. Sica, and M. Locati. 2005. Macrophage polarization comes of
age. Immunity 23: 344-346.

Weber, J., and A. McManus. 2004. Infection control in burn patients. Burns 30:
A16-A24.

Sheridan, R. L. 2005. Sepsis in pediatric burn patients. Pediatr. Crit. Care Med.
6: S112-S119.

Vostrugina, K., D. Gudaviciene, and A. Vitkauskiene. 2006. Bacteremias in pa-
tients with severe burn trauma. Medicina 42: 576-579.

Kobayashi, M., Y. Tsuda, D. Takeuchi, A. P. Sanford, D. N. Herndon,
R. B. Pollard, and F. Suzuki. 2004. An immunosuppressive subset of neutrophils
demonstrated in peripheral blood of severely burned patients. FASEB J. 18: A445
(Abstr.).

Chitnis, D., C. Dickerson, A. M. Munster, and R. A. Winchurch. 1996. Inhibition
of apoptosis in polymorphonuclear neutrophils from burn patients. J. Leukocyte
Biol. 59: 835-839.

Hu, Z., and M. M. Sayeed. 2004. Suppression of mitochondria-dependent neu-
trophil apoptosis with thermal injury. Am. J. Physiol. 286: C170-C178.

Sinha, P., V. K. Clements, A. M. Fulton, and S. Ostrand-Rosenberg. 2007. Pros-
taglandin E, promotes tumor progression by inducing myeloid-derived suppres-
sor cells. Cancer Res. 67: 4507-4513.

Smith, A., C. Barclay, A. Quaba, K. Sedowofia, R. Stephen, M. Thompson,
A. Watson, and N. McIntosh. 1997. The bigger the burn, the greater the stress.
Burns 23: 291-294.

Sedowofia, K., C. Barclay, A. Quaba, A. Smith, R. Stephen, M. Thomson,
A. Watson, and N. Mclntosh. 1998. The systemic stress response to thermal
injury in children. Clin. Endocrinol. 49: 335-341.

Takahashi, H., M. Kobayashi, Y. Tsuda, D. N. Herndon, and F. Suzuki. 2005.
Contribution of the sympathetic nervous system on the burn-associated impair-
ment of CCL3 production. Cytokine 29: 208-214.

Ozaki-Okayama, Y., K. Matsumura, T. Ibuki, M. Ueda, Y. Yamazaki, Y. Tanaka,
and S. Kobayashi. 2004. Burn injury enhances brain prostaglandin E2 production
through induction of cyclooxygenase-2 and microsomal prostaglandin E synthase
in cerebral vascular endothelial cells in rats. Crit. Care Med. 32: 795-800.

2202 ‘6 1snbny uo 1s9nB Aq /60" jounwiwi:mmm//:dny wouy papeojumoq


http://www.jimmunol.org/

