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Abstract

Bacterial infection often follows virus infection due to pul-
monary interferon-y (IFN-y) production during virus infec-
tion, which down-regulates macrophage phagocytosis. The
molecular mechanisms for this process are still poorly under-
stood. In the present study, IFN-y treatment significantly in-
hibited the ability of mouse macrophages to phagocytize
nonopsonized chicken red blood cells (cRBCs), bacteria and
beads in vitro, while it enhanced IgG- and complement-op-
sonized phagocytosis. IFN-y treatment decreased the ex-
pression of MARCO (macrophage receptor with collagenous
structure) in macrophages. Macrophages showed lower
binding to and phagocytic ability of cRBCs when MARCO
was blocked with antibody. In addition, IFN-y induced high
activity of mTOR (mammalian target of rapamycin) and de-
creased the expression of ¢/EBPB (CCAAT enhancer-binding
protein ) in macrophages. Rapamycin, a specific mTOR in-
hibitor, significantly reversed the inhibitory effect of IFN-y on
nonopsonized phagocytosis of macrophages and restored
¢/EBPB and MARCO expression. Biochemical assays showed

that c/EBPf directly bound to the MARCO gene promoter.
Rapamycin significantly hampered the viral-bacterial syner-
gy and protected influenza-infected mice from subsequent
bacterial infection. Thus, IFN-y inhibited the nonopsonized
phagocytosis of macrophages through the mTOR-c/EBP-
MARCO pathway. The present study offered evidence indi-
cating that mTOR may be one of the key target molecules for
the prevention of secondary bacterial infection caused by
primary virus infection. ©2014 5. Karger AG, Basel

Introduction

Influenza virus and Streptococcus pneumoniae are the
two pathogens that cause the majority of respiratory in-
fections in humans. Secondary bacterial pneumonia is a
major cause of excess morbidity and mortality during in-
fluenza pandemics [1, 2]. Several mechanisms, including
suppression of neutrophil function and increased bacte-
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rial adherence to epithelia, may be involved in this viral-
bacterial synergy [3, 4]. It has been reported that
interferon-y (IFN-y), which is largely produced by T cells
and other immune cells in the lung after viral infection
[5-7], significantly inhibits alveolar macrophage-mediat-
ed microbial clearance and, consequently, leads to en-
hanced susceptibility to secondary bacterial infection [6].
Phagocytosis is a key cellular process during homeostasis,
infection and tissue damage/repair. Phagocytosis, includ-
ing opsonized and nonopsonized types, is essential for
macrophages to clear foreign particles and cellular debris.
Fc receptors (FcRs) or complement receptors (CRs) on
the surface of professional phagocytic cells bind to the
particles coated with IgG or complement, and then trig-
ger actin-mediated ingestion of the particles [8, 9]. The
role of IFN-y in regulating the phagocytic ability of mac-
rophages is currently controversial. It is reported that
IFN-y enhances the antimicrobial activity of macro-
phages including the up-regulation of FcR and CR ex-
pression and the enhanced phagocytosis of opsonized
pathogens [6, 10-12]. IFN-y has been shown to enhance
clearance of apoptotic cells by several macrophage popu-
lations although the mechanisms have not been fully elu-
cidated [13]. However, other studies showed that IFN-y
inhibited macrophage phagocytosis and killing ability
[14]. In the current study, after observing the direct in-
hibitory effect of IFN-y on nonopsonized phagocytosis of
macrophages, we studied the underlying molecular
mechanisms. We found that IFN-y suppressed nonopso-
nized phagocytosis of macrophages by down-regulating
the expression of MARCO (macrophage receptor with
collagenous structure), the major binding receptor on the
surface of macrophages for nonopsonized particles [15-
17], via an mTOR (mammalian target of rapamycin)-
¢/EBPpB (CCAAT enhancer-binding protein ) pathway.

Materials and Methods

Mice

Six- to 8-week-old C57BL/6 mice were purchased from the Bei-
jing University Experimental Animal Center (Beijing, PR China). All
mice were bred and maintained in specific pathogen-free conditions.
Approval for all animal experiments was obtained by the Animal
Ethics Committee of the Institute of Zoology, Beijing, PR China.

Antibodies

Anti-MARCO polyclonal antibody was purchased from Santa
Cruz Biotechnology. Anti-c/EBPp, anti-c/EBPa, anti-p-Akt308
and anti-p-S6 polyclonal antibodies were purchased from Cell Sig-
naling Technology. Anti-B-actin monoclonal antibody (mAb) was
purchased from Sigma.
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Virus

Influenza A virus A/PR8/34 was propagated in the allantoic
cavities of 10-day-old embryonic chicken eggs in specific patho-
gen-free conditions at 37°C for 2 days. Then, the virus in the al-
lantoic fluid was inoculated into the MDCK (Madin-Darby canine
kidney) cell line (ATCC CCL-34) for plaque assay [18]. Cells were
cultured in DMEM supplemented with 10% fetal bovine serum.

Isolation and Culture of Peritoneal Macrophages

Peritoneal macrophages (PEMs) were isolated as described in
previous reports [19, 20], with minor modifications. In brief,
PEMs were harvested from C57BL/6 mice. The mice were sacri-
ficed, and about 5 ml of sterile PBS were injected into the abdomen.
After a gentle massage for 3 min, the peritoneal fluid was collected.
This process was repeated three times. After centrifugation, PEMs
were plated on culture dishes and incubated for macrophage isola-
tion. The purity of F4/80+ macrophages was more than 90%, as
reported previously [21, 22].

Macrophage Adhesion Ability Assay

It has been reported that incubation at 4°C or addition of cyto-
chalasin D, an inhibitor of actin assembly and polymerization, de-
creased the microparticle uptake of macrophages [23-25]. PEMs
were cultured with or without IFN-y (1 ng/ml) for 12 h, and then
they were treated with cytochalasin D (5 ug/ml) for 30 min followed
by co-incubation with 5-(and-6)-carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE)-labeled chicken red blood cells (cRBCs) for
2 h. Additionally, some PEMs were co-incubated with cRBCs at 4°C
in a freezer overnight in the presence or absence of IFN-y. Adhesive
cells were assessed by flow cytometry (FCM) or under a microscope.

IFN-y Treatment

PEMs were treated with 1 ng/ml of recombinant mouse IFN-y
(PeproTech) for 12 h in vitro [26]. Phagocytosis of macrophages
was assayed in vitro as described below.

Phagocytosis of cRBCs and Escherichia coli AB1157

A fresh single-cell suspension of cRBCs was obtained. A sus-
pension of E. coli containing a bacterial concentration correspond-
ing to 10 colony-forming units (CFU) was used. After two washes
with PBS, 1 x 107 cells/ml cRBCs or 10® CFU E. coli were labeled
with 5.0 uM CFSE (Molecular Probes, Eugene, Oreg., USA) for 15
min at 37°C. These cells were then washed thoroughly and resus-
pended at a concentration of 1 x 107 cells/ml. Cell viability was
usually more than 95% by trypan blue exclusion. F4/80+ PEMs
(5 x 10°) were coincubated with 5 x 10° CFSE-labeled cRBCs or
5 x 107 CFU CFSE-labeled E. coli in 48-well plates for 2 h. The cells
were firstly stained with anti-mouse FcyR mAb (2.4G2) to block
any nonspecific staining and then stained with PE-conjugated an-
ti-F4/80 mAb (BMS8) [27]. After three washes with FCM buffer
(PBS, pH 7.2, containing 0.1% NaNj; and 0.5% bovine serum albu-
min), phagocytosis (%) of F4/80+ cells was determined by FCM.
At least 10,000 cells were assayed using a FASCalibur flow cytom-
eter (Becton Dickinson), and data were analyzed with FCS expres-
sion v3.

Survival of S. pneumoniae after Coculture with

Macrophages

PEMs (2 x 10° cells/well) were cultured with 1 x 107 CFU S.
pneumoniae in 48-well plates for 2 h. S. pneumoniae that were not
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phagocytosed by macrophages were washed gently with 0.5 ml PBS
for 3 times. After centrifugation, S. pneumoniae were quantified by
CFU assay.

Phagocytosis of Nonopsonized and Opsonized Beads

Assays for the phagocytosis of nonopsonized and opsonized
beads were performed as described previously [28]. Briefly, FITC-
labeled beads (2.0 um; Sigma, St. Louis, Mo., USA) were incubated
with mouse IgG (5 mg/ml) or complement (normal rabbit serum,
diluted 1:10 in PBS) for 1 h at 37°C. The beads were then rinsed
three times with PBS and reconstituted with culture medium. The
coated beads were phagocytosed by adherent PEMs at a ratio of
10:1. The uncoated beads were used as nonopsonized phagocytosis
assays. After phagocytosis for 30 min, nonadherent beads were re-
moved with cold PBS, and cells were stained with anti-mouse FcyR
mAD (2.4G2) to block nonspecific staining and then stained with
PE-conjugated anti-F4/80 mAb. Cells were assayed by FCM.

Rapamycin Treatment in vivo

Rapamycin was prepared to a concentration of 2.5 mg/ml in
DMSO and stored at —-80°C. In some assays, PEMs were treated
with rapamycin at a concentration of 100 nM for 12 h in vitro. For
the in vivo assays, mice were treated with rapamycin diluted in
sterile PBS at a dose of 750 ug/kg body weight or the control buffer
for 2 days via intraperitoneal injection [29]. Meanwhile, we treated
mice with 2 ug of recombinant mouse IFN-y in 100 pl of PBS or
control buffer via intraperitoneal injection for 2 days. PEMs were
harvested and their phagocytotic ability was detected as mentioned
above.

Real-Time PCR Assay

Total RNA was isolated from PEMs treated with or without
IFN-y using TRIzol (Invitrogen, Carlsbad, Calif., USA). Total
RNA (1 pg) was converted into cDNA by reverse transcription
with AMV (Takara). Gene expression was quantified with real-
time quantitative PCR (iCycler, Bio-Rad) using SYBR Green dye
and the expression level of the target gene was normalized with
HPRT [30]. The following MARCO RT-PCR primers were used:
MARCO (forward, 5-CCACCTGATCCTGCTCACGGC-3'; re-
verse, 5'-GCCCACTGCAGCGAGAAGAAGG-3'), as described
[31]. HPRT mRNA served as an internal control (forward, 5'-AG
TACAGCCCCAAAATGGTTAAG-3'; reverse, 5'-CTTAGGCTT
TGTATTTGGCTTTTC-3").

Chromatin Immunoprecipitation

For chromatin immunoprecipitation (ChIP), a ChIP assay kit
from Beyotime was used, and chromatin was prepared for immu-
noprecipitation according to the manufacturer’s instructions [20].
Sonicated chromatin was immunoprecipitated with either 5 pg of
anti-c/EBPp antibodies (Cell Signaling Technology) or normal
rabbit IgG antibody as negative control. Immunoprecipitated
DNA was subsequently analyzed by PCR using primers specific for
the MARCO promoter region. Input chromatin was analyzed for
B-actin as a positive control. PCR products were analyzed by 2.5%
agarose/ethidium bromide gel electrophoresis. The following
primers were used for the ChIP assay: MARCO (forward, 5'-TGC
CACAGGTTCAACAGGGA-3'; reverse, 5'-"-TGGGTTCAAATC
TCCAGACC-3') and p-actin (forward, 5-ACCTGTTACTTT
GGGAGTGGCAAGC-3'; reverse, 5-GTCGTCCCAGTTGGT
AACAATGCC-3").

IFN-y Negatively Regulates
Nonopsonized Phagocytosis

Mouse Model of Infection

We performed virus challenge of anesthetized mice by intrana-
sal inoculation with 100 plaque-forming units (PFU) of A/PR8/34
influenza virus in 50 pl PBS. We inoculated anesthetized mice in-
tranasally with 1 x 10° CFU S. pneumoniae in 50 pl of Ringer’s so-
lution (NaCl 123 mM, CaCl, 1.5 mM and KCl 5 mM, pH 7.3) to
induce bacterial pneumonia by 7 days after primary viral infection.
Mice without virus infection were used as controls. In addition,
some mice received rapamycin at a dose of 750 ug/kg body weight
for 2 days via intraperitoneal injection 1 day before S. pneumoniae
infection [29]. Mouse survival and body weight were followed dai-
ly. In some experiments, the bacterial load in the lung was detected
by 4 h after S. pneumoniae infection.

Enzyme-Linked Immunosorbent Assay for Anti-S.

pneumoniae Antibodies in the Sera

Briefly, 1 x 10° CFU S. pneumoniae were sonicated in enzyme-
linked immunosorbent assay (ELISA) coating buffer (50 nM, pH
9.6, bicarbonate buffer). The bacterial lysate was coated onto
ELISA plates. The ELISA plates were incubated with BSA at 4°C
overnight to block nonspecific binding. The mouse serum was di-
luted in PBS 1:1,000 and 1:5,000, respectively. After incubation at
37°Cfor 1 h, the plates were washed and detected with horseradish
peroxidase conjugated anti-mouse IgG antibody [32]. The positive
serum was derived from the mice infected with pneumococci for
4 weeks. The solution of substrate 3,3',5,5'-tetramethylbenzidine
(BioLegend) was added for 10 min, and absorbance was measured
at 450 nm by an ELISA reader.

Detection of IFN-y in the Bronchoalveolar Lavage Fluid

Mice were inoculated with 100 PFU of A/PR8/34 influenza vi-
rus. On day 7 after infection, mice were treated with rapamycin
diluted in sterile PBS at a dose of 750 pg/kg body weight via intra-
peritoneal injection. Bronchoalveolar lavage fluid (BALF) was col-
lected by washing the lung twice with 1 ml PBS, pH 7.2. The
amount of IFN-y in BALF various days after influenza infection
was assessed by ELISA.

Statistical Analysis

All data are presented as the mean + SD. One- or two-way
ANOVA was used for comparisons among multiple groups with
SPSS 16.0 software according to the type of the data. Student’s un-
paired t test was used to compare means between two groups. A
value of p < 0.05 was considered to be statistically significant.

Results

IFN-y Inhibits Nonopsonized Phagocytosis but

Increases Opsonized Phagocytosis of Macrophages

To determine the role of IFN-y on nonopsonized
phagocytosis of macrophages, PEMs isolated from
C57BL/6 mice [33] were used to phagocytose nonopso-
nized particles (cRBCs and E. coli) in the presence or ab-
sence of IFN-y. The phagocytosis data indicated that
IFN-y suppressed nonopsonized phagocytosis in a dose-
and time-dependent manner (fig. 1a—c). The efficiency of
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Fig. 1. IFN-y significantly inhibited the nonopsonized phagocytosis
of macrophages. The F4/80+ PEM:s isolated from C57BL/6 mice
were subjected to phagocytic nonopsonized CFSE-cRBCs (5 x 10°)
in the presence or absence of IFN-y (1 ng/ml), and were then stained
with PE-conjugated anti-F4/80 mAb (BM8). After three washes with
FCM bulffer, phagocytosis (%) of F4/80+ cells was determined by
FCM. a One representative FCM displays gated F4/80+ cells. b, ¢
IFN-y inhibited the nonopsonized phagocytosis of macrophages in
a dose- (b) and time-dependent manner (c). d IFN-y inhibited the
nonopsonized phagocytosis of macrophages even after prolonged

phagocytosis of IFN-y-treated PEMs was significantly
lower than that of control PEMs even if increasing phago-
cytosis time (fig. 1d). In parallel, when phagocytic effi-
ciency was determined microscopically, the percentage of
phagocytosed cRBCs of IFN-y-treated PEMs was less
than half that of the control PEMs (fig. le). In addition,
PEMs treated with IFN-y had only two thirds of the
phagocytic capacity to E. coli (fig. 1f). Furthermore, in co-
culture experiments of S. pneumonia with macrophages
in the presence of IFN-y or control buffer, significantly
more S. pneumonia survived in the coculture medium of
IFN-y-treated macrophages compared with untreated
macrophages (p < 0.001; fig. 1g). These data suggest that
IFN-y had an inhibitory effect on nonopsonized phago-
cytosis of macrophages.

To determine whether IFN-y impacts opsonized phago-
cytosis of macrophages, PEMs isolated from C57BL/6 mice
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phagocytosis as determined by FCM. e IFN-y inhibited the nonop-
sonized phagocytosis of macrophages as determined under a micro-
scope. x40. f The freshly isolated F4/80+ PEMs were cocultured with
CFSE-labeled E. coli (5 x 107) in the presence or absence of IFN-y,
and then phagocytosis (%) of F4/80+ cells was determined by FCM.
g Survival of S. pneumoniae after coculture with IFN-y-treated and
control macrophages. Data are the mean + SD (n = 3-5/group) from
one of at least two independent experiments with identical results.
*p <0.05,** p <0.01 and *** p < 0.001, vs. the control group or the
indicated group. PE = Phycoerythrin; RFP = red fluorecent protein.

were used to phagocytose FITC-glass beads opsonized
with none, IgG or complements in the presence or absence
of IFN-y. As shown in figure 2, in parallel with the results
showing that IFN-y inhibited the phagocytosis of macro-
phages to cRBCs and E. coli, IFN-y significantly decreased
the phagocytosis of macrophages to nonopsonized FITC-
glass beads (p < 0.001; fig. 2a). However, IFN-y significant-
ly enhanced opsonized phagocytosis of PEMs regardless of
its dependence on IgG (FcR) or complements (CR, CD11b;
p < 0.01; fig. 2c—f). Collectively, these results indicate that
IFN-y had distinct effects on opsonized and nonopsonized
phagocytic macrophage pathways.

IFN-y Decreased the Adhesive Ability to Target Cells

of Macrophages

We examined whether IFN-y suppressed the adhe-
sive ability of PEMs to cRBCs using two methods de-
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Fig. 2. IFN-y significantly inhibited nonopsonized phagocytosis of
macrophages but enhanced opsonized phagocytosis of macro-
phages. F4/80+ PEMs isolated from C57BL/6 mice were subjected
to phagocytic FITC-glass beads without opsonized treatment (a,
b) or beads pre-opsonized with IgG (c, d) or complement (e, f) in

scribed in the Materials and Methods. PEMs treated
with cytochalasin D plus IFN-y only had about one
third of the adhesive ability of control PEMs (p < 0.01;
fig. 3a, b). Consistent with the above results, the adhe-
sive ability of PEMs treated with IFN-y was reduced to
~70% in control PEMs incubated at 4°C (p < 0.01;
fig. 3¢). Together, these data suggest that IFN-y inhib-
ited the adhesive ability to nonopsonized target cells of
macrophages.

IFN-y Decreased Nonopsonized Phagocytosis of

Macrophages through Down-Regulation of MARCO

Expression

Several lines of evidence indicate that MARCO is the
major binding receptor on the surface of macrophages
for nonopsonized particles [15-17]. MARCO belongs to
the scavenger receptor family characterized by their
broad ligand specificity and thought to be pattern rec-
ognition receptors involved in innate immune recogni-

IFN-y Negatively Regulates
Nonopsonized Phagocytosis

the presence or absence of IFN-y. Phagocytosis (%) of F4/80+ cells
was determined by FCM. Data are the mean + SD (n = 3-5/group)
from one of at least two independent experiments with identical
results. ** p < 0.01 and *** p < 0.001, vs. the indicated group. PE =
Phycoerythrin.

tion [34-37]. We, therefore, investigated whether IFN-y
decreased the expression of MARCO on macrophages.
Total mRNA was isolated from PEMs treated with or
without IFN-y and was subjected to real-time PCR us-
ing MARCO-specific primers. The mRNA level of
MARCO was decreased in IFN-y-treated PEMs com-
pared to that of control PEMs (fig. 4a). To further ana-
lyze the inhibitory function of IFN-y on PEMs, we col-
lected PEMs treated with or without IFN-y and lysed
with RIPA buffer containing protease inhibitors. The
lysates were subjected to Western blot with the anti-
MARCO antibody. Consistently, the MARCO protein
level of IFN-y-treated PEMs was reduced to about 30%
of control PEMs (fig. 4b). These data indicate that the
reduced efficacy of macrophages to phagocytize nonop-
sonized particles is likely linked to down-regulation of
MARCO protein levels.

To confirm whether the decreased MARCO level was
responsible for the down-regulation of nonopsonized
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Fig. 3. IFN-y significantly suppressed the adhesive ability of mac-
rophages to nonopsonized cRBCs. The freshly isolated PEMs were 0.8
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of two independent experiments with identical results. ** p < 0.01
and *** p < 0.001, vs. the control group.

phagocytosis induced by IFN-y, we detected the adhesive
and phagocytic abilities of PEMs blocked with the anti-
MARCO antibody. The adhesive capacity of PEMs
blocked with the anti-MARCO antibody was about 50%
that of control PEMs (fig. 4c). Moreover, treatment with
the anti-MARCO antibody impaired phagocytosis of
macrophages to cRBCs in a dose-dependent manner
(fig. 4d). Taken together, IFN-y inhibited nonopsonized
phagocytosis of macrophages through down-regulation
of MARCO expression.

IFN-y Decreased Nonopsonized Phagocytosis of

Macrophages by the mTOR-c/EBPB Pathway

Ina previous report, MARCO expression was deficient
in ¢/EBPB-knockout mice [31]. To determine whether
¢/EBPP was involved in the IFN-y-induced reduction in
nonopsonized phagocytosis of macrophages, we exam-
ined c/EBPP expression of IFN-y-treated PEMs. Mean-
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while, ¢/EBPa, another ¢/EBP family member, was de-
tected as a control. As shown in figure 4, c/EBPJ expres-
sion was gradually reduced along with the prolongation
of IFN-y treatment and synchronized with MARCO ex-
pression (fig. 4e). We performed ChiP assays to investi-
gate whether MARCO expression was directly regulated
by the upstream promoter element c/EBPP. ChIP assay
results revealed that ¢/EBPP could directly bind to the
¢/EBP-binding site of the MARCO gene promoter range
(fig. 4f).

It was demonstrated that rapamycin could increase
the protein level of ¢/EBPp in a bacterial keratitis model
[38]. We first confirmed that mTORCI was activated by
IFN-y treatment (fig. 4e) using Western blot, which is
consistent with the previously reported results [39].
Therefore, we speculated that inhibition of mTOR by ra-
pamycin may rescue the IFN-y-inhibitory effect on
c/EBP expression in PEMs. To investigate this hypoth-

Wang/Zhou/Sun/Lei/Peng/Li/Ding/Lu/
Zhao




* %
T 60
1.2 — 30 — ;\3
< 10 90/ Control o\; 20 < 2o X
% 08 C c 3
e ontrol  IFN-y = 2
S MARCO % £ S 5o
€ 04 14.1% 0 g
N < o | MARCO S\ 5
& 3 104/ & 0 4 8 12
a (/o‘\ K b c CFSE ¥ d Anti-MARCO (pg/ml)
IFN-y treatment (h) P
0 3 6 12 15 %gﬁ? > &
——C & A AN * %
M o S Boom
S * . B IFN-y * %
© 54 ¥ RT-PCR AKt308 < © r—\
e e=e = C/EBPp & & P _ p-Akt S 5|0 IFN-y + Rapa
* ¢/EBPa % 0 5 10 15 6 & /8PP g4
i o 6wk S I varco 2 3 o
“Acti - —o—p-S6 . < 1
Cn—— 2 S — — i P
0 0
0 5 10 15 0 R ©
C N S
e IFN-y treatment (h) f g ®\§‘ (J\‘& Q
*ok ok
[ = * %k . * %k %k
| X 07 — 4k o = >0 *k ok S 40 * 5k
[ 4309 | Control 8§ 40 423%  Control & 40 2 30 —
2% € 30 4 S
. 4 | 8 30 5, 20
e % 0 [ 46.7%  |Rapa gzo % 10
w| 207% (MNvoo& | o 210 £,
iy o S A e oW 274%  |IFN-y 0 A
g T ~ K % Q ) - 4 Q
5 IFN Y (}Oé «é XQ:D 8 ol o | IFN- o> > N 2 0(\ \(<$ qb‘g
| 389%  +Rapa A 2 5 Y & XX R ¢
«é [l 38.0% + Rapa (/O A\ \\x *x
h CFSE-FITC i CFSE-FITC & i &

Fig. 4. The mTOR-c/EBPB-MACRO pathway was involved in
IFN-y-reduced nonopsonized phagocytosis of macrophages. The
freshly isolated mouse PEMs were treated with IFN-y for 12 h.
MARCO mRNA (a) and protein (b) expression were determined
by real-time PCR and Western blots. The adhesive (c) and phago-
cytic (d) ability of PEMs was examined by FCM after pretreatment
with the anti-MARCO antibody. e PEMs were stimulated with
IFN-y for 12 h, and then lysed for Western blot to analyze the ex-
pression of MARCO, c¢/EBPJ, ¢/EBPa and p-S6. The ratios of the
intensity of each dot to the B-actin dot were summarized. f PEMs
were subjected to ChIP using anti-c/EBPB antibody or normal
mouse IgG. ¢/EBP-binding regions of the MARCO gene were am-
plified by specific primers as described in the Materials and Meth-
ods. g PEMs were treated with IFN-y alone or IFN-y plus rapamy-
cin (100 nM/ml) and then lysed. The cell lysate was analyzed by
Western blot with the indicated antibodies. The ratio of the inten-
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sity of each dot to the f-actin dot was summarized. h PEMs were
primed with IFN-y alone or IFN-y plus rapamycin (100 nM) for
12 h. These PEMs were then cocultured with CSFE-labeled cRBCs
for 2 h at 37°C. The phagocytosis percentage of the F4/80+ cells
was determined by FCM. i C57BL/6 mice were intraperitoneally
injected with IFN-y alone (2 ug/mouse) or IFN-y plus rapamycin
(750 pg/kg body weight) for 2 days. PEMs were isolated and sub-
jected to phagocytosis assays in vitro. j PEMs were primed with
IFN-y alone or IFN-y plus LY294002 (20 puM). These cells were
then cocultured with CSFE-labeled cRBCs as described in the Ma-
terials and Methods. Phagocytosis of F4/80+ cells was determined
by FCM. Data are the mean + SD (n = 3-5/group) from one of at
least two independent experiments with identical results. Rapa =
Rapamycin. * p < 0.05, ** p < 0.01 and *** p < 0.001, vs. the control

group or the indicated group. PE = Phycoerythrin; IP = immuno-
precipitation.
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esis, PEMs were treated with IFN-y plus rapamycin for
12 h, and the lysate extracted from differently treated
PEMs was subjected to Western blot with the indicated
antibodies. We found that rapamycin could, at least par-
tially, recover the IFN-y-inhibitory effect on ¢/EBP and
MARCO expression (fig. 4g). We next determined
whether rapamycin could recover the suppressive effect
of IFN-y on nonopsonized phagocytosis of macrophages.
As shown in figure 4h, rapamycin treatment significant-
ly recovered the suppressive influence induced by IFN-y
on nonopsonized phagocytosis of macrophages in vitro.
To further verify the role of mTOR on nonopsonized
phagocytosis of macrophages in vivo, we treated mice
with IFN-y in the presence or absence of rapamycin, as
described in the Materials and Methods. As expected,
IFN-y treatment significantly inhibited nonopsonized
phagocytosis of macrophages, whereas rapamycin also
reversed this effect of IFN-y (fig. 4i). In addition, we have
included LY294002, an inhibitor of phosphatidylinositol
3-kinase (PI3K), to verify involvement of the PI3K-Akt
pathway. The data showed that LY294002 (20 uMm) sig-
nificantly reversed the inhibitory effect of IFN-y on the
nonopsonized phagocytosis function of macrophages
(p < 0.01; fig. 4j). These data collectively demonstrate
that IFN-y participates in down-regulating nonopso-
nized phagocytosis through the PI3K-Akt-mTOR-c/
EBPB-MARCO pathway.

Rapamycin Protected Mice from Bacterial Attack

during Recovery from Influenza Infection

It was previously reported that pulmonary IFN-y pro-
duced during T cell responses to influenza infection in
mice inhibited initial bacterial clearance from the lung
by alveolar macrophages [6]. To better understand the
biological significance of our finding, we examined
whether rapamycin could protect mice from S. pneu-
moniae infection during recovery from influenza infec-
tion. We performed viral challenge by intranasal inocu-
lation with 100 PFU of A/PR8/34 influenza virus and
treatment of mice with rapamycin at a dose of 750 ug/kg
body weight for 2 days beginning 1 day before S. pneu-
moniae infection, as described in figure 5a. Notably,
treatment with rapamycin resulted in a much higher
number of mice surviving S. pneumoniae infection than
did treatment with control buffer (fig. 5b). Moreover,
rapamycin-treated mice lost less body weight and cleared
bacteria faster than control mice (p < 0.001; fig. 5¢, d). In
addition, rapamycin treatment failed to cause significant
effects on the survival in S. pneumoniae-infected mice if
the hosts did not receive a pre-infection of influenza
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(fig. 5e). On the other hand, we also studied the impor-
tance of opsonized phagocytosis mediated by natural an-
tibody directed against S. pneumoniae in this model.
These mice had very low levels of anti-S. pneumoniae
antibody in the sera compared with the S. pneumoniae-
infected positive control mice by ELISA assays (p <
0.001; fig. 5f). In order to determine whether short-term
treatment with rapamycin affects local IFN-y levels in
the lung of influenza-infected mice, we assessed IFN-y
levels in BALF after infection with influenza. IFN-y lev-
els in BALF of rapamycin-treated mice were similar to
those of rapamycin-untreated mice after influenza infec-
tion (p > 0.05; fig. 5g). Thus, we speculated that nonop-
sonized phagocytosis may be the major approach for
macrophages to phagocytize S. pneumoniae in these
mice, although we could not at all exclude opsonized
phagocytosis in this model. Thus, treatment with ra-
pamycin during recovery from influenza infection en-
hanced protection against S. pneumoniae.

Discussion

Macrophages play critical roles in the initial defense
against pathogens and macrophage immunity signifi-
cantly influences subsequent acquired immune responses
(40, 41]. Phagocytosis is one of the key processes for host
defense mediated by macrophages. So far, most of our
understanding of the signaling pathways leading to
phagocytosis in macrophages comes from studies of op-
sonized phagocytosis, especially FcR-mediated phagocy-
tosis. There are few reports about the mechanism of regu-
lation of nonopsonized phagocytosis. Here, we have elu-
cidated the mechanism by which IFN-y regulated
nonopsonized phagocytosis of macrophages through the
mTORCI-c/EBPB-MARCO pathway.

The present studies demonstrated that IFN-y had dual
functions on regulating phagocytosis of macrophages.
IFN-y priming has been shown to enhance FcR- and CR-
mediated phagocytosis of macrophages, but to reduce
nonopsonized phagocytosis. We found that the expres-
sion of MARCO, the major nonopsonized phagocytosis
receptor, was significantly decreased in macrophages, not
only at the mRNA but also at the protein level, by IFN-y
treatment. In addition, macrophages blocked with anti-
MARCO antibody showed lower adhesive and phagocytic
ability to cRBCs. These data provide evidence that IFN-y
participated in the down-regulation of nonopsonized
phagocytosis through inhibition of MARCO expression
on macrophages.
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Fig. 5. Rapamycin (Rapa) treatment enhanced host protection
against S. pneumoniae infection following influenza (influ) infec-
tion. a Experimental design. Mice were infected with 100 PFU of
A/PR8/34 influenza virus. On day 6 after infection, mice were in-
jected with rapamycin at a dose of 750 pg/kg body weight for 2 days
beginning 1 day prior to S. pneumoniae infection on day 7 after
virus infection. b, ¢ Survival (b) and body weight (c) of C57BL/6
mice given intraperitoneal injection of rapamycin or control buffer
were analyzed. d The bacterial loads in mice were detected as de-
scribed in the Materials and Methods. Survived S. pneumoniae (%)
are shown (mean CFU = SD, 4 mice/group). * p < 0.05, ** p < 0.01
and *** p < 0.001, vs. the control group or the indicated group.

Rapamycin, a specific inhibitor of mTOR, remark-
ably reversed the IFN-y-suppressive effect on nonopso-
nized phagocytosis of macrophages in vivo and in vitro,
indicating that IFN-y might inhibit nonopsonized
phagocytosis of macrophages through mTOR-depen-
dent pathways. mTOR, a serine-threonine kinase, plays
a critical role in cell growth and proliferation, ribosome
biogenesis, cytoskeletal organization, antibody switch-
ing and germinal centers [38, 42-44]. mTOR complexes
are activated by many factors, such as growth factors,
hormones and cytokines for example [45]. It is reported
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e Naive C57BL/6 mice were infected with 1 x 10> CFU S. pneu-
moniae. In addition, some mice were injected with rapamycin at a
dose of 750 pg/kg body weight or control buffer for 2 days begin-
ning 1 day before S. pneumoniae infection. The survival of mice
was analyzed (7 mice/group). f The natural anti-S. pneumoniae
antibodies in the sera of 6- to 8-week-old C57BL/6 mice were de-
tected by ELISA. The sera of S. pneumoniae-infected C57BL/6
mice were used as a positive control. g Rapamycin treatment did
not significantly alter the levels of IFN-y in the BALF of influenza-
infected mice. Data are the mean + SD (n = 3-5 mice/group). * p <
0.05, ** p < 0.01 and *** p < 0.001, vs. the control group.

that mTORCI1 can be activated by IFN-y via its down-
stream PI3K-AKT pathway [39]. Therefore, we specu-
lated that a PI3K inhibitor might recover the IFN-y-
suppressive effect on nonopsonized phagocytosis. We
used LY294002, an inhibitor of PI3K, to verify the de-
duction. The data showed that LY294002 significantly
recovered the inhibitory effect of IFN-y on the nonop-
sonized phagocytosis function of macrophages. These
data demonstrated that IFN-y participates in the down-
regulation of nonopsonized phagocytosis via the PI3K-
Akt-mTOR pathway.
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It is reported that c/EBPP expression is dramatically
increased during macrophage differentiation [46, 47]
and macrophages from c¢/EBPB-deficient mice have a
defective ability to kill bacteria and clear tumor cells
[48-50]. It is suggested that the production of nitric ox-
ide (NO) is necessary but not sufficient for bacterial and
tumor killing by activated macrophages [49]. These data
indicate that there exists an NO-independent mecha-
nism of bacterial and tumor killing that is mediated by
¢/EBPp in activated macrophages. We herein identified
another mechanism by ¢/EBP to regulate macrophage
function, i.e. ¢/EBPP positively controls nonopsonized
phagocytosis of macrophages. In the present study, we
showed that IFN-y inhibited ¢/EBPP expression in
macrophages in a time-dependent manner. Important-
ly, our data showed that ¢/EBPp could directly bind to
the MARCO gene promoter, indicating the direct regu-
latory role of ¢/EBPP on MARCO expression. Further
studies indicated that mTOR activation induced by
IFN-y could markedly inhibit ¢/EBP(B expression in
macrophages. Thus, the activation of PI3K-AKT-mTOR
decreased c/EBPp expression, which subsequently re-
sulted in decreased expression of MARCO, and finally
caused the deficient nonopsonized phagocytosis in
IFN-y-stimulated macrophages.

Secondary bacterial pneumonia results in excess mor-
bidity and mortality during influenza pandemics [2]. Sev-
eral mechanisms, including the suppression of neutrophil
function, the increased bacterial adherence to epithelia
and the decreased macrophage phagocytosis by IFN-y,
may be involved in the enhanced susceptibility to second-
ary bacterial infection in virus-infected hosts [3, 4, 6].
However, the molecular mechanisms responsible for the
decreased phagocytosis by IFN-y were not addressed.
Our data showed that IFN-y enhanced mTOR activity in
macrophages, followed by hampering the expression of
¢/EBP, which is a key promoter element of MARCO. To
further prove the biological significance of mTOR in
IFN-y-mediated inhibition of macrophage phagocytosis
function in vivo, the viral-bacterial synergy mouse model
described previously [6] has been used in the present
study. Our data demonstrated that rapamycin could pro-
tect mice from a secondary bacterial attack during recov-
ery from influenza infection, suggesting that mTOR may
serve as a key molecule target for therapy of secondary
bacterial infection caused by primary influenza infection.
However, it is worthy to point out that the present study
could not exclude the involvement of opsonized phago-
cytosis mediated by natural antibody directed against
S. pneumoniae in this model. It is true that these mice
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housed under specific pathogen-free conditions had very
low levels of anti-S. pneumoniae antibody in the sera and
we speculated that nonopsonized phagocytosis may be
the major approach for macrophages to phagocytize
S. pneumoniae in these mice. The involvement of opso-
nized phagocytosis in this model needs to be addressed in
the future.

Hinojosaetal. [51] reported thatlong-term rapamycin
treatment (4 months) protected aged C57BL/6 mice (9-
22 months) against pneumonia through reduced lung
cellular senescence. However, in our study, the short-
term rapamycin treatment (only two injections) did not
show a protective effect on pneumonia infection in naive
young mice (6-8 weeks) without virus infection. The in-
consistency is likely due to the differences in the period
of rapamycin treatment and age of the hosts.

In summary, our data demonstrated that IFN-y plays
distinct roles in opsonized and nonopsonized phagocy-
tosis. The activation of PI3K-AKT-mTOR by IFN-y de-
creased ¢/EBPP expression, subsequently resulted in re-
duced MARCO expression and finally caused a defect in
nonopsonized phagocytosis in macrophages. Short-term
rapamycin treatment significantly interrupted the viral-
bacterial synergy and enhanced the protection against
secondary S. pneumoniae in infection. Thus, the data
presented here will help us to better understand the mo-
lecular mechanisms of nonopsonized phagocytosis.
More importantly, rapamycin may be used to prevent
potential bacterial infection caused by primary influenza
infection.
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