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Community-acquired pneumonia is a common disease with considerable morbidity and mortality, for which Streptococcus
pneumoniae is accepted as a leading cause. Although �-lactam-plus-macrolide combination therapy for this disease is recom-
mended in several guidelines, the clinical efficacy of this strategy against pneumococcal pneumonia remains controversial. In
this study, we examined the effects of �-lactam-plus-macrolide combination therapy on lethal mouse pneumococcal pneumonia
and explored the mechanisms of action in vitro and in vivo. We investigated survival, lung bacterial burden, and cellular host
responses in bronchoalveolar lavage fluids obtained from mice infected with pneumonia and treated with ceftriaxone, azithro-
mycin, or both in combination. Although in vitro synergy was not observed, significant survival benefits were demonstrated
with combination treatment. Lung neutrophil influx was significantly lower in the ceftriaxone-plus-azithromycin-treated group
than in the ceftriaxone-treated group, whereas no differences in the lung bacterial burden were observed on day 3 between the
ceftriaxone-plus-azithromycin-treated group and the ceftriaxone-treated group. Notably, the analysis of cell surface markers in
the ceftriaxone-plus-azithromycin combination group exhibited upregulation of presumed immune checkpoint ligand CD86
and major histocompatibility complex class II in neutrophils and CD11b-positive CD11c-positive (CD11b� CD11c�) macro-
phages and dendritic cells, as well as downregulation of immune checkpoint receptors cytotoxic-T lymphocyte-associated anti-
gen 4 and programmed death 1 in T helper and T regulatory cells. Our data demonstrate that the survival benefits of ceftriaxone-
plus-azithromycin therapy occur through modulation of immune checkpoints in mouse pneumococcal pneumonia. In addition,
immune checkpoint molecules may be a novel target class for future macrolide research.

Community-acquired pneumonia (CAP), a common but po-
tentially serious illness, is associated with morbidity and mor-

tality (1, 2). Streptococcus pneumoniae is commonly associated
with CAP (2–4). However, despite recent progress in the molecu-
lar understanding of CAP pathogenesis, CAP remains a serious
health concern (2).

The use of several antibiotics in CAP antimicrobial therapeutic
regimens has been discussed and implemented. In particular, for
hospitalized patients with S. pneumoniae-related CAP, combina-
tion therapy with �-lactams plus macrolides is the preferred
choice in several guidelines (3–5). Although accumulating clinical
evidence has shown the efficacy of combination therapies incor-
porating macrolides, the efficacy of combination therapies with
quinolones or tetracyclines has not been demonstrated (6–9). A
few available clinical studies have demonstrated contrasting re-
sults (2). No experimental evidence has shown the superiority of
�-lactam-plus-macrolide combination therapy against lethal
pneumococcal pneumonia. Thus, the efficacy of macrolide com-
bination therapy is still controversial for severe CAP patients.

Macrolides are protein synthesis inhibitors that are active
against various microorganisms, including Gram-positive cocci,
anaerobic bacteria, and atypical pathogens. Certain macrolide an-
tibiotics, such as erythromycin, clarithromycin, and azithromy-
cin, have been reported to possess immunomodulatory potential
beyond their direct antibacterial potential. The established effi-
cacy of macrolides in patients with diffuse panbronchiolitis and
cystic fibrosis, even in those infected or colonized with Pseudomo-
nas aeruginosa, is the best illustration of such potential (10–12).
Moreover, the application of macrolide therapy is being expanded
to various diseases, such as chronic obstructive pulmonary disease
and asthma (1, 8). Recently, immune checkpoint ligands (e.g.,

CD86 and major histocompatibility complex class II [MHC-II])
and receptors (e.g., cytotoxic-T lymphocyte-associated antigen 4
[CTLA-4] and programmed death 1 [PD-1]) have gained atten-
tion and have provided new insights into our understanding of the
pathogenesis of various diseases, such as cancer (13, 14), autoim-
mune diseases (15), and sepsis. These factors are believed to be
associated with an imbalance of inflammation and immune reac-
tions, which may be responsible for determining severity and
prognosis in several life-threatening conditions (16, 17). How-
ever, to our knowledge, no reports have examined the correlation
between macrolide combination effects and immune checkpoint
systems in S. pneumoniae pneumonia.

In this study, we evaluated the benefits of combination therapy
using ceftriaxone, a �-lactam, and azithromycin in a mouse model
of lethal pneumococcal pneumonia; these were characterized in
terms of survival, bacterial burden, accumulation of inflamma-
tory cells, and immune checkpoint ligands and receptors.
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MATERIALS AND METHODS
Mice. Specific-pathogen-free 6- to 7-week-old female CBA/JN mice
(Charles River Laboratories Japan, Inc., Yokohama, Japan) (18, 19) were
housed under specific-pathogen-free conditions in the Laboratory Ani-
mal Research Center of Toho University School of Medicine until the day
of sacrifice. All experiments were conducted according to our institution’s
ethical guidelines for animal experimentation. Animal protocols were
performed with the approval of the Institutional Animal Care and Use
Committee (approval number 14-52-220).

Bacteria. We used a clinical isolate of Streptococcus pneumoniae strain
741 (serotype 19F) that was stocked in the Department of Microbiology
and Infectious Diseases (Toho University School of Medicine, Tokyo,
Japan). This strain of bacteria was used in our previous mouse pneumonia
model (18).

Antimicrobial agents. Ceftriaxone sodium hydrate was purchased
from Chugai Pharmaceutical Co., Ltd. (Tokyo, Japan). Azithromycin hy-
drate was purchased from Pfizer Japan Inc. (Tokyo, Japan).

Antimicrobial susceptibility test and checkerboard assay. An anti-
microbial susceptibility test of ceftriaxone or azithromycin was deter-
mined by the broth microdilution method according to the recommen-
dations of the Clinical and Laboratory Standards Institute (CLSI) (20). To
investigate the combination effects of ceftriaxone and azithromycin,
checkerboard assays were performed using a 96-well microplate with cat-
ion-adjusted Mueller-Hinton broth including 5% lysed horse blood that
contained two antimicrobial agents in 2-fold dilutions dispensed in a
checkerboard fashion. When the bacterial suspension was inoculated into
the 96-well microplate, the final bacterial concentration was approxi-
mately 5 � 105 CFU/ml. We determined the MIC of each antimicrobial
agent alone and in combination at 20 h after inoculation at 35°C. Then, we
calculated the fractional inhibitory concentration index (FICI). The re-
sults were interpreted as follows: an FICI of �0.5 indicated synergy, an
FICI of �0.5 and �4 indicated no interaction, and an FICI of �4 indi-
cated antagonism (21). The S. pneumoniae strain ATCC 49619 was used as
a quality control strain.

Experimental mouse model of lethal pneumococcal pneumonia. S.
pneumoniae strain 741 was incubated on Mueller-Hinton agar (Becton,
Dickinson [BD] & Co., Sparks, MD, USA) supplemented with 5% defi-
brinated horse blood at 35°C for 14 h. The culture was then scraped from
the agar and suspended in brain heart infusion broth (BD) that was sup-
plemented with 0.5% yeast extract (BD) and cultured at 35°C for 5 h at log
phase. CBA/JN mice were challenged with approximately 107 CFU of S.
pneumoniae strain 741 (18). Mice were anesthetized intramuscularly with
50 mg/kg of body weight ketamine (Daiichi Sankyo Co., Ltd., Tokyo,
Japan) and 10 mg/kg xylazine (Bayer Yakuhin, Ltd., Osaka, Japan). A
30-�l sample of bacterial suspension was administered intranasally.

Treatment protocol. Mice infected with S. pneumoniae were ran-
domly assigned to receive one of the following four treatments: ceftriax-
one at 20 mg/kg (22) plus azithromycin at 50, 75, or 100 mg/kg; ceftriax-
one at 20 mg/kg; azithromycin at 50, 75, or 100 mg/kg; and control
(diluents, saline). A higher dose of azithromycin is required in mice than
in humans because of their faster liver metabolism (23, 24), which results
in a shorter half-life in mice. Therefore, azithromycin doses of 50, 75, and
100 mg/kg were chosen for the mouse survival study. Treatments were
applied three times every 24 h beginning at 6 h after infection. Ceftriaxone
was administered intraperitoneally. Azithromycin was administered sub-
cutaneously.

Survival study. Ten mice were included in each treatment group.
Mouse survival was evaluated every 24 h for a total of 14 days after infec-
tion.

Bacteriological examination of the lung. At day 1 and day 3 after
infection, the right lungs (n � 5 for each group) were homogenized in 1 ml
phosphate-buffered saline (PBS) containing a protease inhibitor cocktail
(cOmplete; Roche Diagnostics GmbH, Mannheim, Germany) using a tis-
sue homogenizer (IKA Japan K.K., Osaka, Japan). To count the bacterial
burden, 10 �l of each homogenate was inoculated onto Mueller-Hinton

agar that was supplemented with 5% defibrinated horse blood after serial
1:10 dilutions, followed by inoculation at 35°C for 24 h.

Bronchoalveolar lavage fluid analysis by flow cytometry. At day 3
after infection, bronchoalveolar lavage was performed three times se-
quentially with 1 ml PBS each time. Leukocytes collected from the lavage
fluid of each mouse were washed with the cells that were kept on ice.
Leukocyte numbers were counted with a hemocytometer, and the fre-
quencies of neutrophils and macrophages were analyzed by flow cytom-
etry. Cell suspensions with stain buffer (PBS plus 2% bovine serum albu-
min) were incubated with an anti-Fc receptor-blocking antibody
(purified anti-mouse CD16/32 antibody, clone 93) from BioLegend (San
Diego, CA, USA) for 15 min on ice to reduce nonspecific antibody bind-
ing. Cells were then washed with stain buffer and surface stained for 30
min on ice using each experimental design combination of PerCP/Cy5.5
anti-mouse CD11b antibody (clone M1/70), FITC anti-mouse Ly6G an-
tibody (clone 1A8), PE/Cy7 anti-mouse F4/80 antibody (clone BM8), PE
rat IgG2a, � isotype ctrl antibody (clone RTK2758), APC rat IgG2b, �
isotype ctrl antibody (clone RTK4530), APC/Cy7 anti-mouse CD3ε anti-
body (clone 145-2C11), PerCP anti-mouse CD4 antibody (clone RM4-5),
FITC anti-mouse CD25 antibody (clone PC61), APC anti-mouse CD28
antibody (clone E18), PE anti-mouse CD152 (known as CTLA-4) anti-
body (clone UC10-4B9), APC mouse IgG2b, � isotype ctrl antibody
(clone MPC-11), PE Armenian hamster IgG isotype ctrl antibody (clone
HTK888), and PE/Cy7 Armenian hamster IgG isotype ctrl antibody
(clone HTK888) from BioLegend; APC/Cy7 anti-mouse CD11c (clone
N418), PE anti-mouse CD86 (B7-2) (clone GL-1), and APC anti-mouse
MHC class II (I-A/I-E) (clone M5/114.15.2) from Tonbo Biosciences (San
Diego, CA, USA); or PE/Cy7 anti-mouse CD279 (PD-1) antibody (clone
J43) from eBioscience, Inc. (San Diego, CA, USA). Isotype-matched con-
trols and single-conjugate controls were always included. Cells were
washed with stain buffer and fixed with 4% paraformaldehyde in PBS for
15 min. Cells were then washed and stored at 4°C until analysis by flow
cytometry. Flow cytometry was performed on a BD FACSCanto II (BD
Biosciences) and analyzed using FlowJo software (version 7.6.5; Tree Star,
Ashland, OR, USA). Compensation was performed using cells stained
with each labeled antibody individually.

Statistical analysis. Statistical analyses were performed using Graph-
Pad Prism 5 software (GraphPad, Inc., La Jolla, CA, USA). Survival rates
were presented using the Kaplan-Meier method, and survival analyses
were tested by log-rank tests. Data are presented as means � standard
errors of the mean (SEM). Significance was tested by one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparison post hoc
test. A P value of 	0.05 was considered statistically significant.

RESULTS
Effects of combinations of ceftriaxone and azithromycin using
the in vitro checkerboard assay. To determine whether ceftriax-
one-plus-azithromycin combination therapy had synergistic ef-
fect, we examined 2 strains of S. pneumoniae (741 and ATCC
49619) in a checkerboard method as described in the Materials
and Methods. As shown in Table 1, the MIC of azithromycin to
strain 741 was 2 �g/ml (resistant according to the CLSI), whereas
both strains were designated sensitive to ceftriaxone. From the
checkerboard MIC data, the FICIs for strains 741 and ATCC
49619 were calculated as 1 and 0.75, respectively, which were de-
fined as showing “no interaction.”

Effects of combinations of ceftriaxone and azithromycin on
the survival of mice with lethal pneumococcal pneumonia. To
investigate whether survival can be significantly improved by
ceftriaxone-plus-azithromycin combination therapy, mouse sur-
vival was observed every 24 h for a total of 14 days after the intra-
nasal bacterial challenge. Antibiotic treatments were started 6 h
after infection and administered once a day for 3 days as described
in the Materials and Methods. As shown in Fig. 1A, all control
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mice (but few in the treatment group) died by day 4. Single indi-
vidual treatments with ceftriaxone at 20 mg/kg or azithromycin at
50 or 75 mg/kg significantly prolonged survival; however, no mice
were alive after day 8 postinfection. Moreover, the survival of mice
treated with a combination therapy of ceftriaxone at 20 mg/kg
plus azithromycin at 50 or 75 mg/kg improved significantly com-
pared with that of mice treated with monotherapy consisting of
ceftriaxone at 20 mg/kg or azithromycin at 50 or 75 mg/kg. In
particular, the survival of mice treated with a combination therapy
of ceftriaxone at 20 mg/kg plus azithromycin at 75 mg/kg im-
proved significantly compared with that of mice treated with a
combination therapy of ceftriaxone at 20 mg/kg plus azithromy-
cin at 50 mg/kg. In Fig. 1B, the results show that mice given 20
mg/kg ceftriaxone or 100 mg/kg azithromycin survived signifi-
cantly longer than did control mice. Furthermore, mice given
combination therapy with ceftriaxone at 20 mg/kg plus azithro-

mycin at 100 mg/kg survived significantly longer than mice given
monotherapy with ceftriaxone at 20 mg/kg or azithromycin at 100
mg/kg. Subsequently, we investigated how ceftriaxone-plus-azi-
thromycin combination therapy worked in this mouse model, us-
ing ceftriaxone at 20 mg/kg, azithromycin at 75 mg/kg, or their
combination.

Bacterial burden in the lungs of mice treated with ceftriax-
one, azithromycin, or their combination. We examined the bac-
terial burden in the lungs of mice at day 1 and 3 after infection
(Fig. 2). The three antibiotic treatment groups (ceftriaxone, azi-
thromycin, and ceftriaxone plus azithromycin) had significantly
reduced bacterial numbers in the lungs compared to that of the
nontreatment group, although there were no differences among
these three treatment groups on day 1 (Fig. 2A). On day 3, we
observed a significant reduction in bacterial abundance in the
lungs of ceftriaxone- and ceftriaxone-plus-azithromycin-treated

TABLE 1 In vitro antimicrobial activities of ceftriaxone, azithromycin, or their combination against S. pneumoniae strains 741 and ATCC 49619

Strain

MIC (�g/ml)

FICIaCeftriaxone Azithromycin
Ceftriaxone-azithromycin combination
(ceftriaxone MIC/azithromycin MIC)

741 0.5 2 0.25/1 1
ATCC 49619b 0.062 0.125 0.015/0.062 0.75
a The results were interpreted as follows: FICI � 0.5, synergy; 0.5 	 FICI � 4, no interaction; and FICI � 4, antagonism.
b S. pneumoniae strain ATCC 49619 was used as a quality control strain.

FIG 1 Effects of ceftriaxone-plus-azithromycin combination therapy on the survival of mice with pneumococcal pneumonia. Treatments (down arrows) were
applied three times every 24 h beginning at 6 h after infection. Mouse survival was evaluated every 24 h for a total of 14 days after infection. (A) Mice infected by
S. pneumoniae strain 741 were divided into six treatment groups (n � 10 each). The results are displayed as Kaplan-Meier curves and were compared using
log-rank tests. ¶, P 	 0.05 compared with the ceftriaxone 20 mg/kg plus azithromycin 50 mg/kg combination group; ###, P 	 0.001 compared with the
ceftriaxone 20 mg/kg group; ##, P 	 0.01 compared with the ceftriaxone 20 mg/kg group; †††, P 	 0.001 compared with the azithromycin 75 mg/kg group; ‡‡,
P 	 0.01 compared with the azithromycin 50 mg/kg group; ***, P 	 0.001 compared with the control group; ****, P 	 0.0001 compared with the control group.
(B) Mice infected by S. pneumoniae strain 741 were divided into four treatment groups (n � 10 each). ##, P 	 0.01 compared with the ceftriaxone 20 mg/kg
group; ††, P 	 0.01 compared with the azithromycin 100 mg/kg group; **, P 	 0.01 compared with the control group.
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mice compared to that of the azithromycin-treated group,
whereas no difference was observed between the ceftriaxone and
the ceftriaxone-plus-azithromycin groups (Fig. 2B).

Cell types and populations in bronchoalveolar lavage fluids
of mice treated with ceftriaxone, azithromycin, or their combi-
nation. Next, we evaluated the cell types and populations in bron-
choalveolar lavage fluids using a hemocytometer and flow cytom-
etry at day 3 postinfection. Table 2 shows the specific antibodies
used for the identification of neutrophils, macrophages, dendritic
cells, T helper cells, and T regulatory cells as described previously
(25–30). The ceftriaxone-plus-azithromycin-treated group
demonstrated a lower number of total cells compared to the
ceftriaxone- or azithromycin-treated groups, although statisti-
cal significance was only observed between the ceftriaxone and
combination groups (Fig. 3A). A lower frequency of neutrophils
was demonstrated in the ceftriaxone-plus-azithromycin combi-
nation group, although, as before, a significant difference was only
observed between the ceftriaxone-treated and combination-
treated groups (Fig. 3B). In contrast, a higher frequency of mac-
rophages was demonstrated in the ceftriaxone-plus-azithromy-
cin-treated group, although a significant difference was only

observed between the azithromycin-treated group and the com-
bination-treated groups (Fig. 3C).

Effects of antibiotic treatments on CD86 and MHC class II
expression on the surfaces of inflammatory cells accumulated in
the bronchoalveolar lavage fluids of mice with pneumonia. To
investigate the impacts of the antibiotic treatments on the activa-
tion of inflammatory cells, such as neutrophils, macrophages, and
dendritic cells, we examined the expression of the cell surface
markers, CD86 and MHC class II, by flow cytometry. In neutro-
phils, slightly stronger expression levels of CD86 and MHC class II
were shown in the ceftriaxone-plus-azithromycin-treated groups
compared to those observed in the ceftriaxone- or azithromycin-
treated groups, although there were no differences in the neutro-
phil expression of these factors between ceftriaxone- and azithro-
mycin-treated mice (Fig. 4A and B). In contrast, when mice were
treated with combination therapy, clearer upregulation of the expres-
sion levels of CD86 and MHC class II was demonstrated in macro-
phages (Fig. 4C to F) and in dendritic cells (Fig. 4G to J), especially for
CD11b-positive CD11c-positive (CD11b
 CD11c
)-type cells (Fig.
4C, D, G, and H). These data demonstrated that the upregulated
expression of CD86 and MHC class II in neutrophils, macro-
phages, and dendritic cells was apparent in the combination treat-
ment group.

Effects of antibiotic treatments on the cell surface expression
of immune checkpoint receptors on T helper and T regulatory
cells. To further examine the mechanisms of ceftriaxone-plus-
azithromycin combination effects, we determined the expression
of several immune checkpoint receptors, such as CD28, CTLA-4,
and PD-1, on CD4-positive (CD4
) T helper cells and CD4


CD25
 T regulatory cells. For CD28 expression, a slight increase
in expression was observed in CD4
 T helper cells, but not in
CD4
 CD25
 T regulatory cells, when mice were treated with a
ceftriaxone-plus-azithromycin combination (Fig. 5A and D). In
contrast, suppressed expression of CTLA-4 and PD-1 was seen in
both cell-types from the mice treated with the ceftriaxone-plus-
azithromycin combination (Fig. 5B, C, E, and F). Notably, the
reduction of expression of CTLA-4 in the ceftriaxone-plus-azi-
thromycin combination group was prominent, with less than 50%

FIG 2 Effects of ceftriaxone-plus-azithromycin combination therapy on bacterial burden in the lungs of mice with pneumococcal pneumonia. The bacterial
burden of the right lung was assessed among treatments of ceftriaxone plus azithromycin, ceftriaxone, azithromycin, or control at day 1 (A) and day 3 (B) after
infection. Treatments were applied three times every 24 h beginning at 6 h after infection. Data are presented as means � SEM (n � 5) and were statistically
analyzed using one-way ANOVA followed by a Turkey’s post hoc test. ††, P 	 0.01 compared with treatment of the control group on day 1; †††, P 	 0.001
compared with treatment of the control group on day 1; *, P 	 0.05 compared with treatment of the azithromycin group on day 3.

TABLE 2 Identification of specific cell types from bronchoalveolar
lavage fluids

Cell types Properties

Neutrophils F4/80� CD11b
 Ly6G


Macrophages F4/80
 CD11c


CD11b
 CD11c
 F4/80
 CD11b
 CD11c


CD11b� CD11c


(alveolar macrophages)
F4/80
 CD11b� CD11c


Dendritic cells
CD11b
 CD11c
 F4/80� Ly6G� CD11b
 CD11c


CD11b� CD11c
 F4/80� Ly6G� CD11b� CD11c


T helper cells CD3
 CD4


T regulatory cells CD3
 CD4
 CD25
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of the ceftriaxone monotherapy group expression levels observed
in CD4
 T helper cells and CD4
 CD25
 T regulatory cells (Fig.
5B and E).

DISCUSSION

The results of this study, to our knowledge, have shown for the
first time a significant survival benefit of combination therapy
using ceftriaxone plus azithromycin in a lethal model of pneumo-
coccal pneumonia in immunocompetent mice.

Prior to performing animal model experiments, we examined
the in vitro synergy effects of combination therapy in 2 strains of S.
pneumoniae using the checkerboard method. As mentioned
above, the results were defined as indicating “no interaction” in
both strains. These results were well correlated with previous re-
ports, in which the checkerboard method was applied along with
time-kill analyses in multiple strains of S. pneumoniae with differ-
ent susceptibilities to macrolides and �-lactams (31, 32). Consis-
tent with our in vitro data, in the in vivo model, there were no
significant differences in bacterial burdens in the lungs of mice on
day 1 (ceftriaxone, azithromycin, and combination) and on day 3
(ceftriaxone and combination). These findings suggest that direct
antimicrobial synergy in the combination group may not account
for the survival benefit in the ceftriaxone-plus-azithromycin
group. The present data suggest that the efficacy of combination
therapy might involve modulation of the host immune/inflam-
mation systems.

Despite their being no statistical difference in the lung bac-
terial burdens at the designated time points, significant differ-
ences were found in some of the examined markers, such as cell
accumulation. Total cell numbers (especially neutrophils but not
macrophages) were significantly lower in the ceftriaxone-plus-
azithromycin combination group. These data suggest that ceftri-
axone-plus-azithromycin may suppress robust, potentially exces-
sive host inflammatory responses, which may in turn be associated
with the improved survival observed following macrolide combi-
nation therapy.

In contrast to the inhibitory actions of combination therapy on
the influx of neutrophils, an upregulation of CD86 and MHC class
II molecules (i.e., presumed immune checkpoint ligands) was
consistently observed in neutrophils, macrophages, and dendritic
cells. Although upregulation of these markers was observed in
several types of macrophages and dendritic cells (CD11b


CD11c
, CD11b-negative CD11c-positive [CD11b� CD11c
]),
the CD11b
 CD11c
 cell subset was shown to be the most sus-
ceptible to the effects of combination therapy under our experi-
mental conditions. In the literature, mounting evidence has
demonstrated the anti-infective and immunomodulatory roles
of CD11b/CD11c-positive cells under a variety of conditions.
Kirby et al. (33) reported an increase of a distinct subset of
CD11bhi alveolar macrophages after pneumococcal challenge
to the lungs. Furthermore, Poole and colleagues (34) demon-

FIG 3 Effects of ceftriaxone-plus-azithromycin combination therapy on the influx of inflammatory cells into the lungs of mice with pneumococcal pneumonia.
Total cells (A) and the frequency of neutrophils (B) and macrophages (C) were evaluated in bronchoalveolar lavage fluids using a hemocytometer and flow
cytometer at day 3 postinfection after three applications of each treatment. Data are presented as means � SEM (n � 4), which were calculated by combining data
from three independent experiments, and were statistically analyzed using one-way ANOVA followed by a Turkey’s post hoc test. *, P 	 0.05 compared with
treatment of the ceftriaxone plus azithromycin group.
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strated that CD11b
 CD11c
 macrophages in the lungs play a
critical role in downregulating the inflammatory responses to or-
ganic dust extract. In addition, CD11b
 Ly6Chi F4/80
 macro-
phages expanded by galectin-9, a �-galactoside-binding lectin,
were reported to possess immunosuppressive characteristics to
ameliorate T-cell-mediated lung inflammation (35). CD11b


CD11c
 MHC-II
 dendritic cells were also shown to be essen-
tial for the maintenance of inducible bronchus-associated lym-
phoid tissue, which supported T and B cell proliferation during
the immune response in a mouse model of influenza infection
(36). CCR2-mediated CD11b
 CD11c
 dendritic cells in the
lungs were found to be important for the clearance of Cryptococcus
neoformans (37).

In the present study, a lethal mouse model of pneumococcal
pneumonia, which was likely complicated with bacteremia (19)
and sepsis at the end stage of infection, was applied to evaluate the
effects of ceftriaxone-plus-azithromycin combination therapy.
The previous clinical data demonstrated that macrolide combina-
tion effects were more prominent in more severe cases of pneu-

monia (38, 39). Accordingly, the question of how macrolides af-
fect and modulate sepsis and sepsis-related host responses reflects
another important issue for investigation. Nearly four decades of
investigating anti-inflammation strategies against sepsis, based on
the concept that excessive inflammation might be the main cause
for the adverse outcomes of sepsis, have yielded disappointing
results. However, there is now evidence that the immunosuppres-
sive state involves a misbalance between proinflammatory reac-
tions and anti-inflammatory responses following the initial hy-
perinflammation state in sepsis, which may contribute to the high
mortality of sepsis (16, 17, 40). Among several target molecules
that have been proposed to overcome the immunosuppressive
state in sepsis patients, most attention has been focused on
immune checkpoint receptors such as PD-1 and CTLA-4 as
promising molecules, based on several clinical and experimen-
tal findings.

In the present study, we observed downregulation of PD-1 and
CTLA-4 but not of CD28 in T helper and T regulatory cells in the
setting of ceftriaxone-plus-azithromycin combination therapy.

FIG 4 Effects of ceftriaxone-plus-azithromycin combination therapy on the cell surface markers CD86 and major histocompatibility complex (MHC) class II on
neutrophils, macrophages, and dendritic cells in mice with pneumococcal pneumonia. We performed bronchoalveolar lavages at day 3 postinfection after three
applications of each treatment of ceftriaxone plus azithromycin, ceftriaxone, or azithromycin (n � 1 each). CD86 (A, C, E, G, and I) and MHC class II expression
(B, D, F, H, and J) on neutrophils (A and B), CD11b
 CD11c
 macrophages (C and D), CD11b� CD11c
 macrophages (E and F), CD11b
 CD11c
 dendritic cells
(G and H), and CD11b� CD11c
 dendritic cells (I and J) were determined by flow cytometry. Filled histograms show the respective isotype controls. Values in the
upper right corner of each graph represent the specific mean fluorescence intensity (MFI) of treatments of ceftriaxone plus azithromycin (top), ceftriaxone
(middle), or azithromycin (bottom). Data are representative of three independent experiments with similar results.
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This is the first report describing the effects of a macrolide on the
coinhibitory molecules PD-1 and CTLA-4 in S. pneumoniae pneu-
monia. Risso et al. (41) reported the overexpression of CTLA-4 on
CD4 T cells in bronchoalveolar lavage fluids from patients with
infectious acute respiratory distress syndrome. Guignant and col-
leagues (42), in a prospective and observational study includ-
ing 64 patients with septic shock, reported that PD-1 levels
were correlated with increased mortality and immune dysfunc-
tions in these patients. Brahmamdam et al. (43), using a novel
therapeutic strategy, reported that an anti-PD-1 antibody ad-
ministered 24 h after cecal ligation and puncture prevented the
sepsis-induced depletion of lymphocytes and dendritic cells
and improved survival. More recently, Chang and collabora-
tors (40) reported that the blockade of PD-1 and CTLA-4 by
the respective antibodies improved survival in a Candida-chal-
lenged sepsis mouse model. Ceftriaxone-plus-azithromycin
combination therapy may involve an optimal modulation of
CTLA-4 and PD-1 expression to restore immune functions and
contribute to enhanced survival in a mouse model of lethal
pneumococcal pneumonia.

Although the present data demonstrated significant survival
benefits from combination therapy without the alteration of un-
derlying bacterial burdens, it was difficult to clearly separate the
macrolide combination effects on the host defense systems and
the modulation of bacterial virulence without viability. Previous
reports have demonstrated that macrolides suppress the virulence
factors of S. pneumoniae, such as pneumolysin, regardless of the

bacterial number (44). This reflects a limitation of animal infec-
tion models when applying live bacteria. Further studies, includ-
ing virulence-factor-specific host responses and macrolide effects
on immune checkpoint molecules, will be required to clarify the
mechanisms of macrolide actions and to develop future strategies
to treat life-threatening S. pneumoniae infections such as pneu-
monia and sepsis.

In conclusion, we provide the first evidence that the survival
benefits of ceftriaxone-plus-azithromycin combination therapy
occur through the modulation of the immune checkpoints in a
mouse model of lethal pneumococcal pneumonia. The efficacy of
combination therapy may involve not only modulation of host
inflammation systems but also immune systems, such as the im-
mune checkpoints. In addition, immune checkpoint molecules on
inflammatory/immunological cells may serve as a novel potential
target class for future macrolide research.
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FIG 5 Effects of ceftriaxone-plus-azithromycin combination therapy on the cell surface markers cytotoxic-T lymphocyte-associated antigen 4 (CTLA-4) and
programmed death 1 (PD-1) on CD4
 T helper cells and CD4
 CD25
 T regulatory cells in mice with pneumococcal pneumonia. We performed bronchoal-
veolar lavages at day 3 postinfection after three treatment applications of ceftriaxone plus azithromycin, ceftriaxone, or azithromycin (n � 1 each). CD28 (A and
D), CTLA-4 (B and E), and PD-1 (C and F) expression on CD4
 T helper cells (A, B, and C) and CD4
 CD25
 T regulatory cells (D, E, and F) were determined
by flow cytometry. Filled histograms show the respective isotype controls. Values in the upper right corner of each graph represent the specific mean fluorescence
intensity (MFI) of treatments of ceftriaxone plus azithromycin (top), ceftriaxone (middle), or azithromycin (bottom). Data are representative of three indepen-
dent experiments with similar results.
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